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ABSTRACT

A m olecular genetic analysis of Wilms tum our and the W ilms tum our 
predisposition syndromes.

Genetic analysis of Wilms tum our (WT) and WT predisposition  
syndromes has revealed that a complex set of genetic events are associated 
w ith  the development of this tumour. This thesis analyses specific genetic 
loci in a series of patients and tum ours in o rder to gain a greater 
understanding of the molecular aetiology of this tum our. Sporadic Wilms 
tum ours are the most common type and constitute the bulk of the analysis 
presented. The W Tl gene in l lp l3  was analysed using SSCP and DNA 
sequencing in 36 tumours. M utations were only found in lo f 32 sporadic 
Wilms tum ours, strongly suggesting that W Tl has only a lim ited role to 
play in the development of sporadic WT. Karyotypic analysis and Loss of 
Heterozygosity (LOH) studies have implicated loci on chromosome arms 7p 
and 16q in Wilms tumourigenesis. Paired constitutional and tum our DNA 
from sporadic WT were studied for LOH using polymorphic microsatellite 
repeats from both these chromosomes. 15% showed LOH for 16q and there 
w as evidence for a worse outcome in this small group. LOH for 7p was 
found in 10% of cases and in one tum our a hom ozygous deletion was 
detected, this finding suggests the locaton of a tum our suppressor gene on 
7p. Previous analysis of Beckwith-W iedemann syndrom e (BWS) patients 
has suggested another WT predisposition gene lies in l lp l5 .  Two patients 
w ith  constitutional translocations were analysed using fluoresence in situ 
hybridisation (FISH) and trisomy for the l lp l5  region was identified. 
Analysis of the extent of the triplication was studied using llp l5 -specific  
cosmids. The importance of these observations in the developm ent of WT 
are discussed. Perlm an syndrom e (PS) is another WT pred isposition  
syndrom e and cytogenetic analysis in two patients w ith  this syndrom e 
suggested rearrangements of l lp lS . Detailed FISH and molecular anlaysis 
has been used to characterise the nature of these rearrangm ents. The data 
presented in this thesis adds to the body of evidence dem onstrating the 
com plex na tu re  of the m olecular m echanism s u n d e rly in g  W ilm s 
tum origenesis.
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Chapter 1

Introduction



1.1 Historical perspective
Kidney tumours in children were recognised and described in the 

literature some 80 years before Professor Max Wilms published his 
definitive essay (Ranee, 1814). Charles West, one of the co-founders of the 
Hospitals for Sick Children on Great Ormond Street, London, described a 
child w ith a renal tum our in 1850 (Zantinga and Coppes, 1992). The first well 
documented histological description of a nephroblastoma is attributed to 
Eberth in 1872 (Eberth, 1872). William Osier described two patients with 
renal cancers, one of which had intra-caval extension and regarded these 
tumours as oncological curiosities’ (Osier, 1879). Doderlein and Birch- 
Hirschfeld were the first to recognise that a num ber of different terms - 
embryonal sarcoma, adenosarcoma, mesoblastic sarcoma, sarcoma of the 
kidney and sarcoma musculare etc. - all described the same tumour. Their 
contribution to the literature resulted in nephroblastomas being transiently 
known as Birch-Hirschfeld' tum ours before being superseded by the more 
enduring eponym of Wilms tum our (Doderlein and Birch-Hirschfeld, 1894). 
Wilms' classical monograph published in 1899 drew together the clinical 
and histological features of the tum our that still bears his name (Wilms, 
1899). In addition to adding 7 new cases, each with a very thorough 
histological description, Wilms recognised that all of the tissues present in 
the tum our arose from the same germ cell. This concept showed remarkable
insight and remains unchallenged even in view of recent molecular studies
suggesting the involvement of multiple genetic loci in the development of 
Wilms tum our.

Over 100 different terms have been used to describe the renal tumours 
of childhood (Bennington and Beckwith, 1975) but this long list has now 
been distilled to identify just five distinct renal tum ours as follows :

i. Congenital mesoblastic nephrom a (CMN),
ii. Clear cell sarcoma of the kidney (CCSK),
iii. Rhabdoid tum our of the kidney (R T),
iv. Renal-cell carcinoma (RCC)
V. Wilms tum our (WT).

As Wilms tum our is one of five different prim ary tum ours of the kidney, it 
is possible that Wilms tum our itself may represent more than one genetic 
entity, or that a number of distinct pathogenic pathways lead to the same 
endpoint - the development of a Wilms tumour. This thesis concentrates on 
the molecular genetics of Wilms tum our and the Wilms tum our



predisposition syndromes. Advances in our understanding of the other 
prim ary renal tumours are discussed in the context of Wilms tum our in 
section 1.8.

1.2 CLINICAL PRESENTATION
The most common, first sign of a Wilms tum our is the discovery of 

an asymptomatic abdominal mass or abdominal distension. Wilms tum ours 
are often large at presentation due to a num ber of factors. These include an 
estimated doubling time of 17 days, which means these tum ours grow 
relatively rapidly [M De Baum personal communication] and that the 
retroperitoneum  and abdominal cavity provide a non-confined space in 
which these tumours can develop before causing symptoms. Children w ith 
Wilms rarely present w ith renal failure as the residual normal kidney 
compensates. Finally, young children are rarely able to accurately verbalise 
their symptoms which may include abdominal pain and malaise.

1.2.1 Clinical Examination
The clinical signs of the various phenotypes that predispose to Wilms 

tum our should be assidiously sought [See section 1.3]. Hypertension is 
present in about 25% of cases (Green, 1985). In some cases this is due to renal 
ischemia which is either secondary to direct pressure on the renal artery, the 
Goldblatt phenomenonon; (Goldblatt et al, 1934) or indirectly by renal 
compression within the renal capsule [ Paget phenomenon (Paget, 1939)]. 
Arterio-venous fistula formation w ithin the tum our (Sukarochana et al, 
1972) and evidence for renin production by some tum ours may also account 
for hypertension (Khan et al, 1990, Mitchell et al, 1970, Shet et al, 1978,
Voûte et al, 1971). Macroscopic haematuria is noted at presentation in 10- 
20% of children and was once, erroneously, thought to be a poor prognostic 
sign (Lemerle et al, 1976, Tournade et al, 1992). Intratum oural bleeding 
occurs in many children but the clinical implications vary (Gonzalez-Crussi, 
1984). Massive haemorrhage often presents w ith rapid abdominal 
enlargement, anaemia, hypotension and fever, whereas a lesser degree of 
bleeding may go unnoticed (Ramsey et al, 1977). Intratum oural bleeding is 
best diagnosed by renal ultrasound and "lakes of blood" may be seen. A 
number of paraneoplastic syndromes have been reported in association w ith 
Wilms tumour. A bleeding disorder similar to Von W illebrand disease is 
seen in a few patients, usually detected on routine laboratory screening by a 
prolonged activated partial thromboplastin time (Coppes et al, 1992, Jonge



Poerink-Stockschlader et al, 1996). However, clinically significant bleeding 
occurred in only 3 of the 10 reported cases of Von W illebrand disease 
associated with Wilms tumour (Bracey et al, 1987, Coppes et al, 1992, Han 
et al, 1987, Jonge Poerink-Stockschlader et al, 1996, Noronha et al, 1979,
Scott et al, 1981). The exact mechanism of this acquired bleeding disorder in 
patients w ith Wilms tum our is unclear, bu t all patients should have 
clotting studies performed prior to any surgical intervention. Although 
erythropoietin levels are elevated in over 50 % of patients, erythrocytosis is a 
rare finding, suggesting that the glycoprotein is biologically inactive 
(Greenwood and Holland, 1984, Shalet et al, 1967, Slee et al, 1978). 
Hypercalcaemia is more likely to indicate the presence of congenital 
mesoblastic nephroma or rhabdoid tum our than Wilms tum our [section 1.8] 
(Jayabose et al, 1988).

The clinicopathologic staging of any tum our is essential because (a) it 
enables the development of appropriate treatm ent regimes and refinement 
of therapy based on set criteria, (b) it allows standardisation of treatm ent in 
different centres and (c) enables worldwide comparison of the data. 
A ttendant on new developments that would enable stratification of 
tum ours into those with biologically favourable or unfavourable 
characteristics (Grundy et al, 1994), the primary basis of staging in Wilms 
tum our is the anatomical extent of the disease and the histopathologic 
features. The most widely used staging systems for Wilms tum our include 
those of the national Wilms tum our study group (NWTS) based in the 
United States of America and the Société Internationale d'Oncologie 
Pédiatrique (SIOP ) in Europe but excluding Great Britain [see Table 1.1].
STOP have used the same staging system since the inception of the SIOP 
trials, while the grouping system used in the first two National Wilms 
tum our trials was superseded by a staging system for the subsequent trials 
from NWTS 3 onwards (D'Angio et al, 1989, D'Angio et al, 1981, D'Angio 
et al, 1976). Retrospective analysis has validated the NWTS clinicopathologic 
system which provides a better risk estimate than the grouping system used 
in NWTS 1 and 2 (Farewell et al, 1981).



Table 1.1 Clinicopathologic staging as used by the NWTS and UKW l

Stage 1 Tumour limited to the kidney and completely excised
The surface of the renal capsule is intact. The tum our 
was not ruptured before or during removal. There is no 
residual tum our apparent beyond the margins of 
excision.

Stage II Tumour extends beyond the kidney, but is completely
excised
There is regional extension of the tum our (i.e. 
penetration through the surface of the renal capsule 
into the perirenal soft tissue). Vessels outside the kidney 
substance are infiltrated or contain tum our thrombus. 
The tum our may have been biopsied or there has been 
local spillage or tum our confined to the flank. There is 
no residual tumour apparent at or beyond the margins 
of excision.

Stage III Residual nonhaem atogenous tum our confined to the
abdomen.
Any of the following may occur a) lym ph nodes on 
biopsy are found to be involved in the hilus, the 
periaortic chains or beyond, b) there has been diffuse 
peritoneal contamination by the tum our, such as 
spillage of the tum our beyond the flank before or during 
surgery, or tum our growth that has penetrated on the 
peritoneal surface, c) implants are found on the 
peritoneal surfaces, d) the tum our extends beyond the 
surgical margins either microscopically or grossly, e) the 
tumour is not completely resectable because of local 
infiltration into vital structures.

Stage rv  Haematogenous metastasis
Deposits beyond stage III ( lung, liver, bones and brain).

Stage V Bilateral renal involvement at diagnosis.



The staging criteria used by SIOP are the same as above save two major 
differences, SIOP adopts the terms "stage II negative " and "stage II positive", 
thus this latter group will include some patients designated stage III by 
NWTS who have infradiphragmatic disease and the SIOP staging system is 
applied in the majority of cases after initial treatm ent has been undertaken. 
The UKCCSG studies are based on the above staging system.

1.2.2 Treatm ent and outcome
Surgical excision alone, nephrectomy, will cure approximately 15- 

30% of children with Wilms tumour; the addition of radiotherapy raises 
this figure to 30-50 % (Ledlie et al, 1970). A combination of multimodal 
chemotherapy, surgery and radiotherapy cures 85% of all children w ith this 
tumour (D'Angio et al, 1989, Pritchard et al, 1995, Tournade et al, 1993).
This improvement in cure rate has been achieved by collaborative efforts, in 
the United States of America by the NWTS group, in Europe by SIOP and, 
in the United Kingdom, initially by the Medical Research Council (MRC) 
and more recently by the United Kingdom Children's Cancer Study Group 
(UKCCSG). Although divergent approaches have been taken, the outcome 
reported by the various groups is comparable (D'Angio et al, 1989, Pritchard 
et al, 1995, Tournade et al, 1993). One of the underlying principles relies on 
the stratification of patients into groups based on age, stage and histology 
and requires increasing intensity of treatment for those w ith higher stage 
an d /o r unfavourable histology [see section 1.5.2]. Efficient multimodal 
chemotherapy including the active agents vincristine, actinomycin -D and 
Doxorubicin have decreased the incidence of local or distant relapse to 15%, 
while 10% of those who relapse after initial treatm ent can be cured by 
further treatment (D'Angio et al, 1989, Pritchard et al, 1995, Tournade et al, 
1993). Most relapses occur within the first two years following surgical 
removal of the kidney, although late recurrences have been reported. The 
most common site of métastasés include lungs, abdom en and liver (Thomas 
et al, 1991).

Unfortunately, there is no such thing as a free lunch' and the 
treatm ent of Wilms tumour is associated w ith a num ber of late effects; the 
more successful the treatment and the longer the patient survives, the 
greater the im port and impact of these late effects on the survivors. Reported 
side effects include abnormalities such as scoliosis which is predom inantly 
due to radiotherapy (Evans et al, 1991), cardiac problems due to the use of 
Doxorubicin exacerbated by irradiation to the lung fields (Sorenson et al.



1995) and compensatory renal hypertrophy in nephrectom ised patients 
(Sorenson et al, 1995). Progressive renal damage has been reported recently 
(Tullio et al, 1996 ). These effects are predom inantly found in patients who 
received abdominal radiation (Sorenson et al, 1995). Second malignant 
neoplasms are reported following treatm ent and are discussed further in 
section 1.6.8.

In summary, the rem aining problems facing clinicians in the 
m anagement of Wilms tum our include, finding a way of curing the thus far 
elusive 15 % that still succumb from the disease and refining treatm ent 
regimens so that cure can be achieved at least cost. Current stratification 
methods using stage and histological features have served us well but have 
their limitations. For example, only 5% of Wilms tum ours have 
unfavourable histology yet we fail to cure 15% of patients. Conversely, it is 
possible that other patients are receiving too m uch therapy. For example, is 
it necessary to treat all children w ith stage 1 disease ? There is evidence that 
the rare monomorphous epithelial variety of Wilms tum our m ay be cured 
by nephrectomy alone. Do all stage 3 patients require Doxorubicin ? In order 
to refine treatment further we need to gain a better understanding of the 
biology of Wilms tum our this will enable the stratification of patients into 
those with biologically favourable and unfavourable disease - a concept that 
is discussed further in Chapter 4.

1.2.3 Extrarenal Wilms Tum our
Extrarenal Wilms tum our is a rare occurrence but has been well 

documented in a number of case reports. The aetiology of extrarenal Wilms 
tum our is unclear, it is possible that they arise either from extrarenal 
displacement of metanephric or mesonephric rem nants (Alterman et al, 
1979, Orlowski et al, 1980), or the persistence of cells w ith an embryonic 
potential which subsequently become m alignant (McCauley et al, 1979).

Clinically, extrarenal Wilms tum our present in a m anner similar to 
renal Wilms in terms of sex and age. The majority of extrarenal Wilms 
tumours arise in the retroperitoneum  and inguinal canal (Bell et al, 1985, 
Coppes et al, 1991). Retroperitoneal Wilms tum ours are more common in 
males, while those arising in the inguinal canal are more common in 
females (Bell et al, 1985, Coppes et al, 1991). Extrarenal Wilms tum ours have 
a different pattern of métastasés to renal Wilms, w ith métastasés occurring 
to chest wall, mediastinum, ovary, vagina and scrotum (De Camargo et al, 
1988). Accordingly, difficulties are encountered in determining the extent



and stage of the disease and therefore the necessary treatment. The NWTS 
and SIOP staging systems are not appropriate for disease arising outside the 
kidney. The T.N.M. system that is based on the size of the prim ary tum our 
(T), regional lym ph node involvement (N) and the presence of distant 
métastasés (M), has been used to good effect and currently is the best means 
to stage this rare condition. Chemotherapy, as employed in the treatm ent of 
renal Wilms tumour, appears to be equally effective. The benefit of 
radiotherapy is more difficult to assess from the literature. This treatm ent 
modality is best limited to patients w ith unresectable, gross residual disease 
or métastasés as in the NWTS 1 and 2 trials. A maximum dose of 20 Gy has 
been suggested. The use of preoperative chemotherapy for large tumours 
which have been biopsied may be beneficial. Although the numbers are 
small, extrarenal Wilms tum our is eminently treatable w ith an estimated 
overall 2 year survival of 82% (Coppes et al, 1991).

1.2.4 Wilms Tum our In Adults
Both renal and extrarenal Wilms tum ours have been reported in 

adults. Although the true incidence of these tumours has been difficult to 
determine, mostly due to the difficulties in m aking the correct histological 
diagnosis, it has been estimated that Wilms tum our represents 3% of all 
renal tum ours in adults (Slevin et al, 1987). The stage-for-stage outcome in 
adults is not as favourable as that for children (Bozeman et al, 1995, Slevin 
et al, 1987). This may be due, in part, to the increased finding of anaplasia in 
adult Wilms tum our which occurs in 51% of deaths due to Wilms tum our 
in the older age group compared to 5% of children (Codec et al, 1987). Adults 
also tend to have more advanced disease at diagnosis, w ith 29% having 
metastatic disease at presentation, compared to 10% of children (Beckwith 
and Palmer, 1978, Byrd et al, 1982). All stages of adult Wilms tum our 
w arrant more intensive therapy than would be given to an equivalent stage 
in children. Using multimodal therapy a 67%, 3 year survival has been 
reported (Arrigo et al, 1990, Kattan et al, 1994). The prognosis after relapse, 
however, is dismal and again worse than in children (Kattan et al, 1994, 
Pinkerton et al, 1991).

1.3 CLINICAL PHENOTYPES ASSOCIATED WITH WILMS TUMOUR
One of the fascinating aspects of Wilms tum our is the association 

between a num ber of congenital abnormalities, specific genetic abnormalities 
and tumorigenesis. Cytogenetic and molecular genetic studies of these rare
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syndromes have provided useful genetic clues that have furthered our 
understanding of the molecular pathology of Wilms tum our. Congenital 
anomalies are found in 13.75 % of patients with Wilms tum our and are 
twice as common in patients with bilateral tum ours as those w ith unilateral 
tumours (Breslow and Beckwith, 1982). The clinical phenotypes can be 
grouped into five categories shown in table 1.2.

Table 1.2 Clinical phenotypes associated w ith Wilms tum our

Aniridia: Sporadic Aniridia 
WAGR syndrom e

Genitourinary Abnormalities: Cryptorchidism / Hypospadias 
Horseshoe kidney 
Denys-Drash syndrome (DDS)

Overgrowth disorders: Hem ihypertrophy (HH) 
W iedemann-Beckwith syndrom e 
(WBS)

Perlman syndrom e 
Sotos syndrome
Simpson Golahmi-Behmel syndrom e

Familial Familial Wilms tum our

Others: Hamatomatous disorders
i.e. Neurofibromatosis 
Trisomy 18
Turners syndrome (45,X)

1.3.1 Aniridia
Aniridia (AN) is a congenital abnormality of the eye in which there is 

almost complete, bilateral absence of the iris. This condition occurs either 
sporadically or in a familial form where it shows an autosomal dom inant 
mode of inheritance but w ith variable expressivity. Hereditary AN 
represents 66% of all cases (Nelson et al, 1984). The sporadic type of AN is 
associated with specific congenital abnormalities and a greatly increased risk



of developing Wilms tum our (Miller et al, 1964). 1% of patients in the 
NWTS and STOP studies have aniridia (Breslow and Beckwith, 1982, Pastore 
et al, 1988). These findings suggested that the presence of AN and Wilms 
tum our might be linked. The m edian age at onset of Wilms tum our in 
patients with aniridia is 28 months, considerably younger than the general 
Wilms tumour population (Breslow et al, 1993),

1.3.1.1 WAGR syndrome
The congenital abnormalities associated w ith sporadic Aniridia 

include mental Retardation and Genitourinary abnormalities, an association 
known as the AGR triad. These patients have a 50 % chance of developing 
Wilms tum our (Narahara et al, 1984). The full phenotype is term ed the 
W AGR syndrome. Most patients w ith the WAGR syndrome have relatively 
mild genital abnormalities w ith 75 % of the males having cryptorchidism 
alone. Severe genital ambiguities are found in 25% of children w ith this 
disorder (Turleau et al, 1984). The link between the WAGR syndrome and 
Wilms tum our was made from constitutional cytogenetic studies in these 
patients, described in section 1.7.1.

1.3.2 Congenital Genitourinary Abnormalities
4-8 % of patients with Wilms tum our have a congenital anomaly of 

the genitourinary system (Breslow and Beckwith, 1982, Pastore et al, 1988). 
The reported incidence of cryptorchidism, hypospadias and other 
genitourinary anomalies in patients w ith Wilms tum our was 27.8, 17.8 and
2.1 per 1,000 cases respectively. This represents a 2 fold increase over the rate 
in the general population (Breslow and Beckwith, 1982). The increased 
incidence of genitourinary abnormalities in patients w ith Wilms tum our 
raises the possibility that the gene or genes responsible for genitourinary 
development are closely related to the gene, or genes, responsible for the 
development of Wilms tumour. The other possibility is that the gene for 
Wilms tum our acts pleiotropically, playing a role in both the development 
of the gonadal and of the renal systems.

1.3.2.1 Horseshoe kidney
As its name implies, horseshoe kidney is a fusion of the left and right 

kidneys most frequently at their lower pole. This abnormality is though to 
arise from the union of both m etanephri at around 6 weeks gestation. The 
incidence of horseshoe kidney among patients w ith Wilms tum our is
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slightly higher than reported in the general population, leading to the 
proposal that there is a common genetic predisposition for both disorders 
(Mesrobian et al, 1985, Olson et al, 1995). Interestingly, horseshoe kidney is 
also one of the abnormalities associated with trisomy 18 [see section 1.3.9.1 ]

1.3.3 Denys-Drash Syndrome
Denys-Drash syndrome is a rare congenital syndrome comprising 

nephropathy, ambiguous genitalia and a predisposition to Wilms tum our 
(Denys et al, 1967, Drash et al, 1970). Initially, the syndrome included males 
alone (Goldman et al, 1981) but there are now clear cut reports of this 
characteristic triad in females (Eddy and Mauer, 1985, Habib et al, 1985, 
Thorner et al, 1984), as well as in patients who did not express the full 
phenotype (Barakat, 1988).These reports have broadened the spectrum  of this 
syndrome. A nephropathy is now generally accepted as the common 
denominator of this syndrome (Jadresic et al, 1990). Jadresic and colleagues, 
in a clinicopathologic review, suggested a sub-classification of Denys-Drash 
syndrome as follows (Jadresic et al, 1990):

a). Those w ith nephropathy and Wilms' tumour.
b). Those w ith nephropathy and genital abnormalities alone.
c). Those with all 3 abnormalities.

The nephropathy in Denys-Drash syndrome is clinically characterised 
by the presence of proteinuria at an early age. Onset is usually w ithin the 
first year of life, often within the first 6 months, bu t in a few patients years 
m ay elapse before the diagnosis is made. In most patients the nephropathy 
progresses to nephrotic syndrome and to end stage renal failure by 3 years of 
age (Denys et al, 1967, Drash et al, 1970, Goldman et al, 1981, Habib et al, 
1985, Jadresic et al, 1990). The most consistent histological features include 
hypertrophy of the podocyte layer of the glomerulus and a varying degree of 
focal or diffuse mesangial sclerosis (Habib et al, 1985). Although 
complement and immunoglobulin depositions have been noted in the 
glomeruli of several patients, their significance is not known (Jadresic et al,
1990).

Diffuse mesangial sclerosis (DMS) is a distinct but rare 
clinicopathological entity, which may occur either as an isolated finding or 
as part of the Denys-Drash syndrome. DMS is almost invariably 
characterised by a nephrotic syndrome that is usually diagnosed within the
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first year of life and then progresses rapidly to end stage renal failure, usually 
by 3 years of age. The gender ratio is equal. In a recent review of 26 affected 
children, 8 patients had a similarity affected sibling ( 5 kindreds) including 1 
set of twins (Habib, 1993). In 2 other families, the affected children were born 
to consanguinous parents (Mendelsohn et al, 1982, Zunin and Soave, 1964). 
Although this suggests an autosomal recessive mode of inheritance, no 
chromosomal studies have been reported to date, nor has linkage analysis 
been performed as there are insufficient cases for such studies. The 
molecular pathogenesis of Denys-Drash has turned out to be complex, but 
DMS still provides an ideal opportunity to study the common denominator 
of DDS - the nephropathy- as a seperate and sole entity.

The spectrum of intersex disorders in Denys-Drash syndrome is 
considerable. In children with an XY karyotype, anomalies of the external 
genitalia range from penoscrotal hypospadias w ith bilateral cryptorchidism 
to an enlarged 'clitoris' w ith 'labia' that are almost fused and the presence of 
a urogenital sinus. In those children with an XX karyotype, the external 
genitalia are usually outwardly normal but the internal reproductive organs 
may be affected. Here the phenotypic spectrum varies from a small atrophic 
vagina to severe ovarian dysgenesis or 'streak ovaries'. Patients w ith a 46, 
XY karyotype may also have internal anomalies including dysgenetic testes 
(Jadresic et al, 1990). These malformations reflect an underlying defect of the 
processes involved in normal embryonal genital differentiation and 
developm ent.

The mean age of diagnosis of Wilms tum our in patients w ith Denys- 
Drash syndrome is 18 months, considerably earlier than the mean age of 
diagnosis in children w ith sporadic WT (45.1 months) (Breslow et al, 1988, 
Goldman et al, 1981, Jadresic et al, 1990). The incidence of bilateral Wilms 
tum our is 35%, three times higher than that found among patients w ith 
sporadic disease (Coppes et al, 1989, Jadresic et al, 1990, Montgomery et al,
1991). The histological features of Wilms tum our in this disorder are no 
different from those described in sporadic Wilms tum our, though 78% of 
patients w ith DDS have intralobar nephrogenic rests compared to 15% of 
patients w ith sporadic unilateral disease (Beckwith, 1993). The presence of 
intralobar rests is thought to be consistent w ith an early developmental 
insult to the kidney [see section 1.5.3]. A num ber of these features are 
consistent w ith a germline predisposition to Wilms' tumorigenesis in this 
syndrome [see Chapter 3] (Knudson and Strong, 1972). A few patients w ith
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Denys-Drash syndrome have developed gonadoblastoma at a young age 
(Eddy and Mauer, 1985, Fisher et al, 1983), an increased risk of developing 
gonadoblastoma has also been reported in children w ith deletions of the 
short arm of chromosome 11 (Andersen et al, 1978).

1.3.3.1 Frasier syndrome
Chronic renal failure, XY gonadal dysgenesis, streak gonads and 

gonadoblastoma are the main characteristics of this syndrome. There are 
similarities between Frasier and Denys-Drash syndromes, and some patients 
m ay have been misdiagnosed in the past (Moorthy et al, 1987). However, 
both  the onset and course of renal failure in Frasier syndrome occurs later 
and progresses more slowly than in DDS. Although renal histology is varied 
in Frasier syndrome diffuse mesangial sclerosis is not seen. Five of the six 
reported cases of Frasier syndrome developed gonadoblastomas in the streak 
gonad, whilst Wilms tum our has not been reported.

1.3.4 Hem ihypertrophy
The now well-known association between hem ihypertrophy/ 

hemihyperplasia (HH) and Wilms tum our suggests that a growth-factor 
excess may be im portant in the pathogenesis of both conditions. The 
relationship between HH and Wilms tum our was first appreciated by a 
m ulti-hospital survey performed by Miller and colleagues (Miller et al, 
1964). The incidence of HH among patients w ith Wilms tum our is around 
3% whilst its incidence in the general population is only 0.03% (Breslow and 
Beckwith, 1982, Pastore et al, 1988). The oncogenic link between H H  and 
Wilms tum our is strengthened by the occurrence of Wilms tum our in three 
offspring of a mother with HH and in a sibling of a child with HH (Meadows 
e t al, 1974). Furthermore, HH is one of the recognised phenotypic 
characteristics of the Wiedemann-Beckwith syndrome [see Figure 1.1 and 
section 1.3.5] and patients w ith WBS and HH have an increased incidence of 
cancer (Wiedemann, 1983). This association is discussed later in this section. 
However, the age at diagnosis of Wilms tum our in children w ith isolated 
H H  is no different than that for unilateral sporadic disease (Breslow et al, 
1988).

Interestingly, the tumours in patients w ith HH does not necessarily 
arise on the same side of the body as the hypertrophy (Fraumeni et al, 1967). 
In  25 reported cases, the HH was ipsilateral in 13, contralateral in 8 and 
crossed - involving different anatomic areas on both sides of the body in 4
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children (Fraumeni et al, 1967). There also appears to be a familial 
component to HH as a number of cases have been reported in which the 
affected individuals are either siblings or present in succcesive generations 
from the maternal line (Fraumeni et al, 1967).

1.3.5 W iedemann-Beckwith Syndrome (WBS)
Since it was independently described by W iedemann in 1963 and 

Beckwith in 1969 (Beckwith, 1969, Wiedemann, 1964), this syndrome has 
attracted a number of eponyms. It was originally known as the EMC 
syndrome after the 3 cardinal signs of the syndrome; Exomphalos, 
Macroglossia and Gigantism. It is now variously called either the Beckwith- 
W iedemann syndrome (BWS), or perhaps more correctly, in order of 
historical contributions, the W iedemann-Beckwith syndrom e (WBS).

1.3.5.1 Clinical features
WBS is an overgrowth syndrome characterised by multiple, 

congenital abnormalities and an increased risk of developing embryonal 
tum ours in the paediatric age group [Table 1.3 and Figure 1.1]. It is a 
genetically heterogeneous syndrome with a wide spectrum  of phenotypic 
expression. There is a tendency for the clinical manifestations to become less 
obvious with increasing age (Hunter and Allanson, 1994, Niikawa et al, 
1986). The incidence of WBS has been estimated to be 0.07 per 1000 births 
(Higuarashi et al, 1980, Thorburn et al, 1970), although there may be a degree 
of under-reporting (Engstrom et al, 1988). Although there are no set 
diagnostic criteria for WBS, 3 major clinical features Exomphalos, 
Macroglossia and Gigantism are generally recognised in addition to a 
num ber of minor clinical features which, in conjunction w ith certain 
laboratory or pathological findings, should make a diagnosis possible [see 
table 1.3] (Elliott and Maher, 1994b).
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Table 1.3 Clinical Features of W iedemann-Beckwith syndrome

Clinical features Frequency
Macroglossia 95%
Pre- or Postnatal gigantism ( Growth >90th Centile) 87%
Abdominal wall defect ( Exomphalos, Umbilical hernia 

or diastasis recti) 77%
Ear creases or posterior helical pits 75%

Renal abnormalities ( nephromegaly, multiple calyceal cysts 
or hydronephrosis) 62%

Facial flame naevus 62%

Hypoglycaemia 59%

H em ihypertrophy 23%

Congenital cardiac malformations 9%

Neoplasia 7%

Moderate /  severe mental retardation 4%

Data presented in this table is a composite from two large reviews (Elliot et 
al, 1994, Pettenati et al, 1986).
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Figure 1.1 Infant with Wiedemann-Beckwith syndrome.

This infant shows some of the clinical features of WBS with 
macroglossia, and right sided hemihyperplasia. Although no scale is shown 
this boy also has somatic gigantism. He subsequently developed and was 
cured of a unilateral Wilms tumour.
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Table 1.4 Major and m inor clinical features of WBS *

Major C linical Features M inor Clinical Features

Anterior A bdom inal Wall Defect Ear Pits Or Creases

M acroglossia Facial Flame N aevu s

Pre or Post Natal Gigantism H yp oglycaem ia

N ep h rom egaly

H yp oglycaem ia

* To fulfil the diagnosis of WBS patients should have 3 major features or 2 
major features plus 3 minor features (Elliott and Maher, 1994b),

WBS should be differentiated from other congenital overgrowth syndromes, 
including; Perlman Syndrome (Grundy et al, 1992), the Simpson-Golabi- 
Behmel Syndrome (Hughes-Benzie et al, 1992) and Sotos syndrome (Cole 
and Hughes, 1990), as disscussed in sections -1.3.6-1.3.8. The more common 
anomalies found in WBS are discussed below and are summarised in tables
1.3 and 1.4

Major Clinical features
Exomphalos describes herniation of abdominal viscera covered by a 

thin translucent peritoneal and amniotic membrane into the base of the 
umbilical cord. It may be detected by prenatal ultrasound and may require 
surgical correction (Elliot et al, 1994, Winter et al, 1986). Other, milder 
defects of closure of the abdominal wall including umbilical hernia and 
diastasis recti are recognised (Filipi and McKusick, 1970).

Macroglossia, the most frequent finding is present in 85% to 100% of 
all patients with WBS and usually results from prim ary hyperplasia or 
hypertrophy of tongue muscle fibres (Elliot et al, 1994, Engstrom et al, 1988, 
Pettenati et al, 1986). Macroglossia may be problematic. Difficulties include 
airway obstruction in the neonatal period, problems w ith feeding and speech 
delay due to mechanical interference w ith articulation (Elliot et al, 1994). 
Overall, these problems become less significant w ith time, although some 
patients require tongue reduction surgery (Elliot et al, 1994).

The overgrowth or gigantism, may be somatic, limited to one side of 
the body - that is hemihyperplasia - or only affect certain organs or tissues 
particularly the adrenal gland, pancreas, kidney, liver, heart and spleen. 
Gigantism is manifest by increased birth weight and length and is usually
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more marked in the male. In some cases, especially in those born 
prematurely, the growth rate may be normal or sub-normal before growth 
acceleration, resulting in height and weight above the 90th centile. Growth 
velocity is usually above the 90th centile for at least the first 5 years of life, 
often persisting into adolescence but becoming normal thereafter (Sippel et 
al, 1989, Smith, 1982). A normal life expectancy is usual.

Partial or complete hemihypertrophy, or more correctly 
hemihyperplasia, is noted in 12.5% to 25 % of patients (Beckwith, 1969, Elliot 
et al, 1994, Pettenati et al, 1986, Wiedemann, 1964) but is present in 40% of 
the patients who subsequently develop a neoplasm (Wiedemann, 1983).

Minor clinical features
Nephromegaly is due to excessive production of nephrons (Beckwith, 

1969) and is often associated with renal malformation and genitourinary- 
urinary abnormalities, most commonly multiple calyceal cysts and 
hydronephrosis. In the two large series in which all of the patients were 
reviewed by the authors themselves, 60 and 100% of patients had renal 
abnormalities (Elliot et al, 1994, Pettenati et al, 1986). Patients with 
Wiedemann-Beckwith syndrome are reported to have both perilobular and 
intralobar nephrogenic rests [see section 1.5.3]. Nephroblastomatosis has also 
been reported in WBS, although the exact frequency is not known. 
Cytomegaly of the adrenal cortex is common and often occurs in 
conjunction with nesidioblastosis (Beckwith, 1969, Dammacco et al, 1973, 
Wockel et al, 1981).

Other important phenotypic abnormalities include those of the 
craniofacial structures including ear abnormalities, facial flame naevus, and 
m id facial hypoplasia. The ear lobe abnormalities, include linear 
indentations of the lobe which are usually bilateral but not always 
symmetrical, and /o r post helical pits (Irving, 1970, Kosseff et al, 1976, 
W iedemann, 1964). Occasionally, ear lobe abnormalities are the only 
manifestation of the syndrome. Other craniofacial abnormalities include 
mid-facial hypoplasia, microcephaly and prom inent occiput.

Children with Wiedemann-Beckwith syndrome and those born to 
diabetic mothers share a number of clinical features such as gigantism, 
increased fat deposits, craniofacial abnormalities and cardiac defects 
(Aynsley-Green, 1989, Burn, 1987). The pathophysiology of this is discussed 
in Chapter 6.
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Neonatal hypoglycaemia in WBS is usually mild, responding to 
increased feeds, but in 15% of cases it is more severe and may result in long 
term neurological sequelae if not recognised prom ptly and treated (Irving, 
1970, Martinez-y-Martinez et al, 1985). Other risk factors for mental 
retardation include chromosomal duplications and prem aturity (Elliot et al, 
1994, Irving, 1970, Martinez-y-Martinez et al, 1985). Most BWS children are, 
however, of normal intelligence (Hunter and Allanson, 1994). The 
misdiagnosis of some patients w ith the Simpson-Golabi-Behmel syndrome 
as WBS may have also contributed to the impression of intellectual 
handicap in WBS (Hughes-Benzie et al, 1992) as may macroglossia which is 
often associated with 'cretinism'. Gigantism may also lead to an increased 
expectation of m aturity in thought and deed in these patients .

Pregnancy related problems in mothers giving birth to children w ith 
WBS are frequent. In one series, 50% delivered prem aturely, 33% had 
polyhydramnios and 8% had pre-eclampsia (Elliot et al, 1994). The placenta is 
large, often twice the expected weight and excessive cord length is a 
manifestation of increased placental size (Weng et al, 1995). The findings of 
polyhydramnios, large placenta and a long umbilical cord should raise 
suspicion of the diagnosis of WBS at birth.

An interesting, but unusual aspect of the natural history of WBS was 
observed in 2 unrelated infants who were 'normal' at birth bu t subsequently 
developed characteristic clinical features of this syndrome (Chitayat et al, 
1990b). Both had neonatal hypoglycaemia and then gradually developed 
coarse facial features, umbilical hernia and macroglossia. As this remains an 
isolated report, the significance at present, is questionable.

1.3.5.2 WBS and malignancy
Patients with WBS have an increased risk of developing a num ber of 

specific childhood tumours, both benign and malignant (Sotelo-Avila et al, 
1980, Wiedemann, 1983). The link between WBS and malignancy is still not 
completely understood but it is possible that the gene or genes responsible 
for the WBS phenotype perpetuate populations of cells which are 
subsequently targets for transforming events in certain tissues. In the largest 
published series of 388 affected children, 29 developed a total of 32 tumours 
(i.e. 3 w ith double tumours), giving a risk estimate of 7.5% (Wiedemann,
1983). The majority, 26, were intra-abdominal or retroperitioneal - 14 Wilms 
tumours, 5 adrenal carcinomas and 2 hepatoblastomas. A recent, and as yet 
unpublished study, found 14 tumours among 183 children w ith WBS
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(M Baum, personal communication ). This survey found a significant excess 
of hepatoblastomas but the means of collecting the data may be subject to 
ascertainment bias. Despite the inherent difficulties of diagnosis, a 
prospective International survey of all patients w ith WBS w ho are followed 
from birth is still required.

Table 1.5 Tum our types associated w ith WBS

Tum our types N um ber of 
patients 
( total =183)

Relative risk Confidence
Intervals

W ilms tum our 7 816 95% Cl 359-1156
Hepatoblastoma 5 2280 95% Cl 928-11656
N euroblastom a 2 197 95% Cl 22-711

Adrenal carcinoma is a rare malignancy in childhood, bu t it occurs 
w ith a 40-fold excess in WBS. Pancreaticoblastoma, neural crest tumours, 
neuroblastoma, optic glioma and Non-Hodgkin's Lymphoma have also 
been reported (Drut and Jones, 1988, Emery et al, 1983, Sirinelli et al, 1989, 
Wienstein et al, 1986, Wojciechowski and Pritchard, 1981). The m edian age 
of Wilms tum our at diagnosis was 31 months compared to 41 m onths for 
unilateral sporadic disease, bu t there is no increase in the incidence of 
bilateral disease. Hemihypertrophy is found in 40% of patients w ho develop 
a tum our, compared to 12.5% of all patients w ith this disorder (Sotelo-Avila 
et al, 1980, Vaughan et al, 1995, Wiedemann, 1983). In the absence of 
hem ihypertrophy the overall risk of malignancy is 1%. Clearly there is some 
genetic mechanism responsible for the somatic overgrowth, which in some 
way increases the risk of malignancy. A smaller study estimated the risk of 
malignancy at 5% (Pettenati et al, 1986). The true incidence of malignancy in 
this syndrome has probably been underestimated, partly because of the 
variable phenotypic expression of WBS but also because of the imprecision 
of the diagnostic criteria. Examples include, two patients w ith adrenocortical 
carcinoma, normally a rare tum our in chldren and omphalocele bu t no 
other stigmata of WBS (Fraumeni and Miller, 1967) and one w ith  postnatal 
gigantism, asymmetry but not hem ihypertrophy and a Wilms tum our 
(Benson et al, 1963). A molecular genetic test for WBS w ould obviously be 
invaluable for such patients.
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There is some evidence for a relatively favourable outcome for 
patients w ith  WBS who present w ith intra-abdominal tum ours (Vaughan et 
al, 1995). The disease-free survival in this select group is 100 % with a 
average follow up of 9 years, 31 % of the patients in this study had 
hem ihypertrophy (Vaughan et al, 1995). Although this study is limited by 
the num ber of patients, it raises further questions about the relationship 
betw een WBS and malignancy.

The m ode of inheritance of WBS is complex. Most of the new cases of 
this disorder are sporadic but, in approximately 15% of WBS cases, it occurs 
in a familial form. A num ber of authors have contributed WBS pedigrees to 
the literature consistent w ith an autosomal dom inant inheritance w ith 
im paired penetrance (Aleck and Hadro, 1989, Chemke, 1976, Irving, 1967, 
Kosseff et al, 1976, Koufos et al, 1989, Moutou et al, 1992, Niikawa et al,
1986, Pettenati et al, 1986, Viljoen and Ramesar, 1992, Wiedemann, 1964). 
The gene for familial WBS has been m apped to chromosome l lp l5  by 
linkage analyis (Koufos et al, 1989, Ping et al, 1989). Considerable phenotypic 
variation between different generations exist in familial WBS, although 
affected siblings have similar phenotypes (Koufos et al, 1989). Similarly, 
analysis of five unrelated kindreds, each w ith more than 1 affected member, 
found a m arked variation in clinical features which became less distinct 
w ith age, further supporting an autosomal dom inant inheritance pattern 
w ith impaired expressivity (Niikawa et al, 1986). Interestingly, it was noted 
that transmission of WBS from mother to offspring was two or three times 
more frequent than from the father (Niikawa et al, 1986). A number of 
genetic models have been proposed to explain the complexities of 
transmission of this condition, including both maternal and paternal 
im printing.

The phenom enon of prem utation has also been invoked to explain 
the findings in some pedigrees (Kosseff et al, 1976, Lubinsky et al, 1974). That 
is, WBS is an irregular 'dominant' resulting from the segregation of a stable 
prem utation passed through males and females but the condition is 
only expressed in the offspring of female carriers of the premutation.
Support for this hypothesis was provided by the findings in a 4 generation 
family in which the affected offspring were produced only by female 
members of the family (Aleck and Hadro, 1989).

A recent analysis of 19 published pedigrees that suggested autosomal 
dom inant inheritance revealed an excess of transm itting females. Two
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reasons for this were suggested - a reduced fecundity in males and a smaller 
risk for those subjects who inherited the gene from their father (Moutou et 
al, 1992). These authors concluded that the inheritance pattern could be 
explained by genomic imprinting and they proposed a model which 
involved two or more closely linked genes. One of these is a growth 
prom oting gene that is maternally imprinted and the other is a tum our 
suppressor gene that is paternally imprinted [see section 1.15 and Chapter 6].

Paternal imprinting is suggested by the report of a pedigree w ith an 
excess of female cases and the observation that maternal transmission was 
often associated w ith a more severe phenotype than paternal transmission 
(Viljoen and Ramesar, 1992). However, Viljoen et al (1992) also presented a 
case that supported paternal imprinting, an unaffected male had affected 
grandchildren through unaffected daughters born of different wives 
(Viljoen and Ramesar, 1992).

Fifteen monozygotic twin pairs have been reported of which 13 are 
discordant for WBS. Of these discordant pairs, 12 are female (Benke, 1978, 
Berry et al, 1980, Bose et al, 1985, Clayton-Smith et al, 1992, Estabrooks et al, 
1989, Francesschini et al, 1993, Litz et al, 1988, Lubinsky et al, 1974, Olney et 
al, 1988). The possibility of such female predominance occurring by chance 
alone was estimated at less than 1 in 200, thus supporting an association 
betw een monozygotic twinning in females and the WBS locus (Clayton- 
Smith et al, 1992). Monozygotic twinning occurs at 8-10 days gestation, which 
is around the time of X-chromosome inactivation (Boklage, 1981, James, 
1980). It has been suggested that X-inactivation, or the presence of more than 
one X chromosome, may influence imprinting at autosomal loci such as 
that for WBS (Lubinsky and Hall, 1991). However, the description of three 
sets of male monozygotic twins discordant for WBS questions this 
hypothesis (Chien et al, 1990, Leonard et al, 1996).

1.3.6 Perlman Syndrome
Perlman syndrome was first identified in a consanguineous Yemenite 

Jewish family in which the parents were second cousins. The first two of 
their six children presented with metanephric hamartom as and 
nephroblastomatosis (Liban and Kozenitzky, 1970). The birth of three other 
similarly-affected siblings, one of whom had a WT, prom pted further 
reports (Perlman, 1986, Perlman et al, 1973, Perlman et al, 1974). In 1984, 
two additional cases with similar features were described in a non- 
consanguineous family and the eponym 'Perlman syndrome' was suggested
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(Neri et al, 1984). The spectrum of Perlman syndrome is now known to be 
m uch w ider and a number of extra-renal manifestations are recognised 
(Greenberg et al, 1988, Greenberg et al, 1986, Grundy et al, 1992, Hamel et al, 
1989, M urata et al, 1989, Neri et al, 1984). This condition is very rare indeed 
and to date only of 14 cases have been reported in the world literature.
There are phenotypic similarities w ith Wiedemann-Beckwith syndrom e but 
the two conditions are distinct (Greenberg et al, 1988, Greenberg et al, 1986, 
G rundy et al, 1992, Hamel et al, 1989, Murata et al, 1989, Neri et al, 1984). 
This syndrome is discused in greater detail in chapter 5.

1.3.7 Sotos Syndrome
Cerebral gigantism, or Sotos syndrome, is an overgrow th syndrome in 

which the affected children show post-natal gigantism and grow w ith 
excessive rapidity. Facial features include hypertelorism and a high arched 
palate. Large hands and feet are also characteristic. Affected children have a 
non-progressive mental retardation and dialtation of the cerebral ventricles 
is a common radiological finding (Soto et al, 1977). There is an increased risk 
of developing a variety of different tumour types, including hepatocellular 
carcinoma. Two patients with Sotos syndrome and Wilms tum ours have 
been reported, but due to the small numbers of patients w ith this syndrome, 
it is not yet certain whether this association is real or not (Maldonado et al,
1984).

1.3.8 Simpson-Golabi-Behmel Syndrome
This syndrome had been seperately identified by Golabi et al (Golabi 

and Rosen, 1984) and Behmel et al in 1984 (Behmel et al, 1984) and in a 
milder form by Simpson in 1975 (Simpson et al, 1975). The strands were 
draw n together by Neri who suggested the full appellation of Simpson- 
Golabi-Behmel syndrome (Behmel et al, 1984, Golabi and Rosen, 1984, Neri 
et al, 1988, Simpson et al, 1975). This overgrowth syndrome is characterised 
by macrocephaly and coarse facial features including thickened lips, a wide 
m outh, macroglossia, a high arched palate, malposition of the teeth and a 
prom inent jaw. Other distinctive features include polydactly, supernum ary 
nipples, cardiac defects, renal dysplasia and, in some pedigrees, mental 
retardation. SGBS and WBS share a number of phentoypic characteristics 
including macrosomia, macroglossia, umbilical herniae, visceromegaly, 
neonatal hypoglycaemia, ear lobe creases and phenotypic variability 
(Hughes-Benzie et al, 1992). Most significantly for this thesis, is an apparent
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increased risk of developing an embryonal neoplasm in SGBS, although the 
num bers of affected children is still small. Both neuroblastoma and Wilms 
tum our have occurred in SGBS in 3 of 27 reported patients (Hughes-Benzie 
et al, 1994). The true incidence is not yet known and may be m asked by the 
overlap between this syndrome and WBS. The gene for this syndrom e has 
been m apped to Xq25-q27 by linkage analysis and from a patient previously 
m isdagnosed as WBS who was found to to have a translocation breakpoint 
at this region (Xuan et al, 1994); Hughes-Benzie et al, 1992). The SGBS gene 
has now been cloned from Xq26 (Pilia et al, 1996) and shows sequence 
homology w ith the glypican family (David, 1993, Stipp et al, 1992). This gene 
designated GPC3, is interupted by the previously mentioned translocation 
and was deleted in three other families with SGBS (Pilia et al, 1996). 
Interstingly, this gene has been shown to bind to IGF2, an im portant fetal 
mitogen, and may act to modulate the action of this growth prom oting gene 
[see Chapter 6] (Pilia et al, 1996). There is much to be learned about the role of 
GPC3 in overgrowth syndromes and about the interaction of this gene with 
other growth promoting genes. For example, is GPC3 involved in IGF2 
autoregualtion, does it have any role in the regulation of the im printing 
status of IGF2 ? These possibilities are discussed further in Chapter 6. Finally, 
w hat role, if any, does GPC3 play in the development of embryonal 
tum ours ?

1.3.9 O ther Associations W ith Wilms Tum our
Hamartomous disorders including haemangiomas, cafe-au-lait spots 

and other birth marks may be present in 5 -10 % of patients w ith Wilms 
tum our (Miller et al, 1964). The incidence of neurofibromatosis in patients 
w ith Wilms tum our is 30 times that found in the general population, which 
may either reflect the constitutional predisposition of patients w ith 
neurofibromatosis to malignancy or the limitations of a small study group 
(Stay and Vawter, 1977).

1.3.9.1 Trisomy 18
Wilms tum our has been occasionally reported in individuals w ith 

trisomy 18. In a recent study which assessed n o n -llp  constitutional 
chromosomal abnormalities from the NWTS group data, four patients w ith 
trisomy 18 were reported , all had late onset disease w ith a mean age of 8.5 
years and were female (Olson et al, 1995). Five of eight patients w ith trisomy 
18 had nodular renal blastema which is considered a precursor lesion of
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Wilms tum our (Beckwith, 1993). The age spectrum, however, is unusual 
and som ewhat counters this suggestion. W hether trisomy 18 predisposes to 
W ilms tum our is therefore not yet clear.

1.3.9.2 Turners syndrome
An association w ith Turner syndrome (45,X0) and Wilms tum our has 

been reported in four patients (Olson et al, 1995).

1.4 EMBRYOLOGY
Wilms tum our provides a model system for studying the relationship 

betw een aberrant differentiation and malignancy. The pathw ay for 
producing the mature kidney is one in which the pluripotential kidney stem 
cells progressively lose their ability to divide as they become increasingly 
committed to the final phenotype. Any disruption that favours 
proliferation may give the cell a selective advantage bu t may therefore also 
disturb normal renal development. The histology of Wilms tum our has 
features that recapitulate the normal stages of renal development (Beckwith 
et al, 1990). This suggests that W ilms tum our' predisposition genes play a 
crucial role in normal kidney development. An understanding of the 
embryological development of the kidney is therefore essential for a full 
appreciation of both the complexities of histological classification of 
childhood renal tumours and the genetic processes at work during normal 
and abnormal renal development .

The sequential development of the kidney in mammals has been 
divided into three distinct phases; the rudim entary pronephros, the 
transitory mesonephros and the metanephros (Saxen, 1987). The perm anent 
kidney develops from 2 mesodermal components, the epithelium  of the 
ureteric bud arising from the Woolfian duct and the metanephric 
mesenchyme. Wilms tum our arises from m etanephric cells that would 
norm ally differentiate into nephrons.

The pronephros, except for the caudal end of the prenephric duct, 
disappears at about 30 days gestation. The transient pronephroi are 
represented by a few tubular-arranged structures of which the pronephric 
ducts, which open into the cloaca, are the only residues. The mesonephros 
appears caudally to the pronephros it regresses. Renal tubules are formed in 
the intermediate mesoderm in the thoracolumbar region. Each tubule 
appears as a mass of cells which hollow in the centre to form renal vesicles. 
One end of each vesicle grows towards and opens into the metanephric duct.
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One end of each vesicle grows towards and opens into the metanephric duct, 
which is the primary excretory duct, whilst the other end forms the 
glomerulus. This primary glomerulus dilates and invaginates to form the 
glomerular capsule. Up to 70-80 tubules and glomeruli are formed at this 
stage. By the end of the 6th week of development, a projection known as the 
mesonephric ridge, or Woolfian body, forms on the mesonephros and the 
genital gland develops on its medial side. The final renal system - the 
metanephros - begins to form at around 35 days gestation via an interaction 
between the epithelial ureteric bud and the mesenchymal metanephric 
blastema. This process is known as 'reciprocal induction' because, in the 
absence of the ureteric bud, the mesenchyme does not condense to form 
tubules and, in the absence of mesenchyme, the ureteric bud does not branch 
[Figure 1.2 a].

Figure 1.2 Early stages of Kidney development
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Early stages o f  kidney developm ent. M, m etanephric m esenchym e;
U. ureteric bud; C, condensed  m esenchym e; RV. renal vesicle;
DC, B ow m an's capsule; P. podoc^ies; PT and DT, proxim al and  distal 
tubule; CD. co llen in g  duct; G, glom erulus; RC. renal corpuscle.

The epithelial ureteric bud develops from the dorsal aspect of the 
mesonephric duct near the point at which it opens into the cloaca. The bud

26



expanding cranial end of the ureteric bud goes on to form the ureter, the 
ureteric pelvis, the calyceal system and the collecting tubules outwards 
towards the cortex. During this branching process, mesenchymal stem cells 
(blastemal cells or nephroblasts) are induced to develop into the 
predom inantly epithelial nephrons consisting of the renal corpuscles 
(glomeruli in their Bowman's capsule) and tubules which join up w ith the 
collecting tubules derived from the ureteric bud. The blastemal cells 
disappear around 36 weeks gestation by which time about a million 
nephrons have formed.

Blastemal cells have a varying capacity to divide further into 
epithelial tubules, mesenchymal stroma or, even into striated muscle and 
cartilage cells (Beckwith et al, 1990). This phenomenon, and their relatively 
long life span prior to differentiation, may explain the presence of ectopic 
tissues of mesodermal origin (including skeletal muscle, bone and cartilage) 
in Wilms tumours. The ureteric bud then grows and undergoes a series of 
bifurcations whilst, at the same time, the m etanephric mesenchyme 
condenses around the growing bud and segregates into small condensations 
[figure 1.1 b]. These structures form the so-called 'S'-shaped bodies [figure 
l .ld ] , which develop into epithelia and fuse w ith the ureteric duct. As this 
happens, blood vessels invade the proximal parts of the S-shaped bodies 
which form vascularised filtering glomeruli [Figure 1.1 e and f]. The 
inductive interaction does not occur sim ultaneously throughout the 
developing kidney, since some of the peripheral mesenchyme persists as 
blastemal cells which enter the nephrogenic pathw ay only w hen induced to 
do so by the presence of the ureteric bud. In Wilms tum our the cells of the 
metanephric blastema are held at an early embryonal stage such that renal 
vesicles, comma and S-shaped bodies and glomeruloid bodies persist in the 
tum our.

Because there is a close physical and temporal relationship between 
kidney and gonadal development, the interruption of genes involved in 
renal development may also affect normal genitourinary development. As 
metanephric development begins, the gonadal duct appears in both sexes as 
a thickening on the sides of the mesonephri. Primordial germ cells then 
migrate into the gonad and subsequent development and differentiation is 
gender-dependent. The mesonephros is integral to the developm ent of the 
male reproductive system. The caudal end of the mesonephric duct fuses 
with the urogenital sinus, so that the duct itself becomes the canal of the
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epididym is and the anterior remnant of the mesonephric duct ultimately 
forms the vas deferens. In the female, the mesonephric duct is vestigial and 
the reproductive system is formed from M ullerian duct derivatives.

1.5 WILMS TUMOUR PATHOLOGY

1.5.1 Gross morphology
Wilms tum our is an embryonal malignancy which usually presents 

as a large solitary tum our arising from any part of either kidney. The surface 
is often multilobar and the tumour may appear to be encapsulated, by a 
'pseudo capsule' - a compressed rim of renal parenchyma and perirenal soft- 
tissue. The presence of a 'pseudo capsule' helps distinguish this tum our 
from other prim ary tumours such as congenital mesoblastic nephrom a 
[section 1.8]. The cut surface may reveal cystic, necrotic and haemorrhagic 
areas. Calcification occurs in up to 10 % of cases and may be seen on 
abdominal X-ray (Gonzalez-Crussi, 1984).

1.5.2 Microscopy
Wilms tumours exhibit wide histopathological variation depending 

on the degree of differentiation within the tum our, w ith varying 
proportions of blastema, stroma and epithelium -the three cell types seen in 
the normal fetal kidney. When all three cell types are present the term 
'triphasic ' is often used, whereas other tumours may be biphasic or even 
monomorphic (Chatten, 1976). Beckwith and Palmer (1978) classified Wilms 
tum ors into epithelial, blastemal or strom al-predom inant or of mixed type, 
subdividing each group into those with or w ithout evidence of anaplasia 
(Beckwith and Palmer, 1978). This in turn  led to a simpler classification, 
which divided of Wilms tumours into those showing either favourable 
(PH) or unfavourable (UH) histology. It is essential to note that this 
histopathological grading system is only meaningful in the context of 
current therapy for Wilms tumour. Tumours exhibiting favourable 
histology form by far the larger group (85-87%) and include the classical 
'triphasic' tum ours .

Anaplasia is associated with a relatively unfavourable prognosis, but 
is relatively uncommon, with a reported incidence which varies between 3 
to 7.5% (Bonadio et al, 1985, D'Angio et al, 1989, Zuppan et al, 1988). 
Anaplasia is rarely seen in children younger than 2 years but becomes more 
common w ith  age and is found in 13% of Wilms tum ours in children over 5
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years of age (D'Angio et al, 1989). Anaplasia is characterised by the presence 
of nuclear enlargement to three or more times the size of adjacent cells, 
hyper chromatic (apoptotic) nuclei and abnormal mitotic figures. When 
found in less than 10% of microscopic fields at high magnification anaplasia 
is designated 'focal', but if present in more than 10%, then the term diffuse' 
anaplasia is applied (Bonadio et al, 1985). As anaplasia tends to be patchy, it 
has to be conscientiously sought and is often best appreciated under low 
power microscopy.

1.5.3 Nephrogenic rests and Nephroblastomatosis
Normal kidney development is usually complete by 36 weeks 

gestation and nephrogenic cells that persist after this time are known as 
nephrogenic rests' (NR). These cells can be found in approximately 1% of all 
infant postmortems and in 30 to 40 % of kidneys removed due to Wilms 
tum our (Bennington and Beckwith, 1975, Bove and McAdams, 1976). Two 
distinct patterns of NR are appreciated 'perilobar' and 'intralobar', which are 
differentiated on the basis of their location w ithin the kidney. The presence 
of multiple, or diffuse, NR of either type occuring in one or both kidneys is 
term ed nephroblastomatosis (Beckwith et al, 1990). Perilobar nephrogenic 
rests (PLNR), which are found in the periphery of the renal cortex, are 
sharply demarcated and are composed predominantly of blastemal cells. 
PLNR are the result of disturbances occurring relatively late in 
embryogenesis, at a time when the major developmental activity is the 
accumulation of new nephrons at the outer rim of the kidney. PLNR are the 
more common variety, being found in 25% of all kidneys rem oved for 
Wilms tum our and in 60% of patients with hem ihypertrophy or 
Wiedemann-Beckwith syndrome (Beckwith et al, 1990). The second type of 
NR- intralobar nephrogenic rests (ILNR) - occur in 15% of kidneys removed 
due to Wilms tumour. They are randomly distributed throughout the renal 
tissue, tend to be interstitial, poorly demarcated and rich in embryonic 
stroma. Wilms tumours associated with an ILNR show features which 
mimic the entire spectrum of renal histogenesis, whereas those associated 
w ith PLNR consist of structures found in the later stages of nephrogenesis. 
Furthermore, ILNRs are associated with an earlier age at presentation of 
Wilms tum our than PLNR. The presence of ILNR may thus reflect the 
disruption of earlier events in nephrogenesis compared w ith PLNR 
(Beckwith et al, 1990). Nephrogenic rests are found in the majority of cases 
of bilateral Wilms tumour. In synchronous tum ours the majority of rests
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are PLNRs (76%) with ILNRs present in 38% of cases (Beckwith et al,
1990). The converse holds for metachronous tumours. Clearly this 
observation may be indicating something about the biology of these two 
conditions but awaits a greater understanding of the basic biology of the 
different rest forms.

Nephroblastomatosis is defined as the w idespread presence of 
persistent embryonal remnants in the kidney and may reflect a germ line 
defect in  genes critical to renal development. Nephroblastomatosis occurs in 
various microscopic and macroscopic forms and has been classified by its 
histological features and distribution in the kidney into perilobular, 
intralobar and panrenal varieties (Baccarini et al, 1993, Beckwith et al, 1990, 
Bove, 1989, Bove and McAdams, 1976, Machin and McCaughey, 1983). 
Associations between nephroblastomatosis and the development of WT are 
well documented. Perilobar nephroblastomatosis is related to classical 
triphasic and epithelial nephroblastomas that are usually sporadic and 
solitary (Chatten, 1976). This type of nephroblastomatosis also accompanies 
some examples of Wiedemann-Beckwith syndrome. Intralobar 
nephroblastomatosis, on the other hand, is apparently always bilateral and 
accompanies Wilms’ tumours that are frequently multifocal or bilateral and 
are composed predominantly of stromal or blastemal elements (Machin and 
McCaughey, 1983). Intralobular nephroblastomatosis is generally found in 
patients w ith a genetic predisposition to WT such as the WAGR syndrome 
(Beckwith, 1993, Beckwith et al, 1990). The panrenal variety of 
nephroblastomatosis is incompatible with life and has been described in 
Perlman syndrome (Hou and Holman, 1961, Murata et al, 1989). Patients 
w ith WBS are reported to have perilobular nephroblastomatosis supporting 
the idea that mutations leading to tumorigenesis in these patients occur as 
late events and that the gene responsible for overgrowth merely serves to 
increase the size of the pool of potential tum our precursor cells in which 
other genetic (tumorigenic) lesions can occur.

1.6 EPIDEMIOLOGY OF WILMS TUMOUR
Epidemiological studies have provided im portant clues as to the 

pathogenesis and aetiology of Wilms tumour.

1.6.1 Incidence
It was once thought that the incidence of Wilms tum our was constant 

throughout the world, it was therefore regarded as the index’ tum our
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against which the relative rates of the other tum ours could be compared in 
ascertaining the accuracy of tumour registries (Editorial, 1973, Innis, 1973). 
More recent analysis of the data in the cancer incidence in 5 continents ( CI- 
5 ) demonstrates that the incidence rates of Wilms tum our in East Asia were 
lower than Europe and North America (Breslow and Langholz, 1983). The 
comparative worldwide incidence of Wilms tum our is shown in table 1.6. 
The highest incidence is found in black populations both in the United 
States and African countries (Kramer et al, 1984, Young et al, 1986). Children 
of Asian descent born in Hawaii have a m uch lower incidence rate of renal 
tum ours than Hawaiian Caucasians (Goodman et al, 1989) and the relative 
rate in Asians in Britain is half of that found in the white British (Stiller et 
al, 1991). The rate among West Indians is twice that of the white British in 
comparison to other forms of childhood cancer (Stiller et al, 1991). The 3-4 
fold ratio between the maximum and minim um  w orld-wide rate seen in 
Wilms tum our is considerably lower than the 10-20 fold ratio typically 
observed for adult epithelial cancers (Parkin et al, 1988). The high ratio seen 
in adult cancers reflects the crucial role played by environmental factors in 
the aetiology of adult carcinomas. Furthermore, the incidence of Wilms 
tum our appears to have been very stable over time, w ith no real increase for 
the last 40 years (Blair and Birch, 1994). Together, these facts suggest that a 
genetic component is more important than environm ental factors in Wilms 
tumorigenesis. However, it is not clear whether these differences reflect 
either a heightened genetic susceptibility or a varying exposure to risk factors 
for m utations which, in turn, lead to the development of Wilms tum our in 
these different populations. The annual incidence of Wilms tum our lies 
between 2.5 and 10.9 per million in children under the age of 15 years and, 
overall, WT accounts for 5 to 10.5 % of all paediatric malignancies (Birch et 
al, 1980, Breslow and Langholz, 1983, Craft et al, 1987, Ericsson et al, 1978, 
Griffel, 1977, Kramer et al, 1984, McWhirter and Bacon, 1981, Young et al,
1986).
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Table 1.6 Age standardised rates per m illion for Wilms tumour.

United States, African American 10.9
Nigeria, Ibadan 10.3
Sw eden 9.2
United States, Caucasians 8.5
Federal Republic of Germany 8.0

Australia, New South Wales 7.5
Brazil, Sao Paulo 7.2
England and Wales 7.2
Isra e l, Jewish 6.8
Kuwait, Non-Kuwati 6.0
Israel, Non-Jewish 4.6
Kuwait,Kuwati 3.8
India, Bombay 3.8
Japan 3.2
Chinese 2.5

1.6.2 Environmental effects
Case control studies have so far failed to detect an effect for external 

factors such as environmental exposure, parental occupation or m aternal 
events occurring in the prenatal period. In order to establish a link between 
Wilms tum our and an environmental link a num ber of criteria have to be 
met :

Table 1.7 Criteria for determ ining a relationship betw een environm ent and 
a cancer

Persistence Temporal association
Consistency Biological plausibility
Strength Specificity
Dose-response

Persistence refers to an inescapable finding of an association despite 
other explanatory factors. The consistency implies that similar associations 
are made by several studies in different populations and strength refers to 
the magnitude of the relative risk. Other factors include exposure of the 
individual during the relevant time period and a scientific rationale for the
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proposed association. Specificity refers to there being a clear association 
between exposure to a certain factor and a specific cancer, which is often 
difficult to determine as the factor could cause more than one histological 
type of cancer. Many of the studies which set out to look for an 
environmental effect in Wilms tum our were of an insufficient size or had 
methodological limitations (Breslow et al, 1993). There is then a need for a 
large multicentre study designed to test defined hypotheses which includes a 
truly random  population as a control. This may be best undertaken once the 
genetic factors underlying Wilms tum our are better understood as further 
study of environmental factors may then be of greater value.

1.6.3 Gender
The male : female ratio is probably equal overall, girls account for 

52.6% of the cases in American (NWTS ) studies (Breslow et al, 1993) but 
European studies have reported ratios above and below unity (Birch et al, 
1980, Ericsson et al, 1978, Ledlie et al, 1970, Lemerle et al, 1976, Pastore et al, 
1988). The most recent large study showed a sex ratio of unity (Bonaiti- 
Pellie et al, 1992).

1.6.4 Laterality
There are studies supporting both a predominance of right (Breslow et 

al, 1978, Griffel, 1977, Ledlie et al, 1970) and left sided (Lemerle et al, 1976) 
tumours, while still others indicate no bias to one side or the other (Bonaiti- 
Pellie et al, 1992). 5-10% of children present w ith synchronous bilateral 
disease (Coppes et al, 1989, Montgomery et al, 1991) ( see section 1.2.3).

1.6.5 Bilateral Wilms tum our
The incidence of synchronous, bilateral Wilms tum our is 5-10% 

(Coppes et al, 1989, Montgomery et al, 1991), with a median age at 
presentation of 31.9 months, compared to the median age at diagnosis for 
sporadic, unilateral disease of 45 months (Breslow et al, 1993). Almost 50% of 
patients presenting w ith bilateral Wilms tum our demonstrate one or other 
of the characteristic clinical abnormalities associated w ith this disease [see 
table 1.2 ] (Bond, 1975, Breslow et al, 1993, Coppes et al, 1989, Shearer et al,
1993).
The two most im portant prognostic factors in synchronous bilateral 
tumours are the stage of the more advanced tum our at diagnosis and the age 
at presentation (Breslow et al, 1978, Coppes et al, 1989). Children under two
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years of age at presentation with bilateral disease seem to fare better than 
older children (Breslow et al, 1978, Coppes et al, 1989). Although the 
numbers are small and preclude statistical analysis, the occurrance of a 
metachronous, bilateral Wilms tumours appears to confer a worse prognosis 
than synchronous bilateral disease, despite the majority of the initial 
tumours being stage 1 at presentation (Coppes et al, 1989).

Table 1.8 Incidence of congenital anomalies associated w ith bilateral Wilms 
tum our patients
Clinical
Features

References 
(Coppes et al, 
1989)

(Breslow et al, 
1993)

(Shearer et 
al, 1993)

A niridia 4.5% 1.3% (1.3%)* Not reported
H H :

6% 8.6% (3%)* 5.6%

WBS 2 Not reported 1.6% (0.9%)* 2.8% @
G.U.3-

M alform ations 13.4% 16.8% (5.4%)* 11.1%

KEY 1- H em ihypertrophy

2- W iedem ann Beckwith syndrom e [ see section 1.3.5 ]

3 - Genitourinary abnormalities

* - Incidence of congenital abnorm laities in patients w ith  sporadic unilateral W ilm s

tumour.

®  NB this represents on ly  1 patient !

The majority of patients w ith metachronous bilateral tum ours 
present around one year of age w ith the subsequent tum our being diagnosed 
at 36 months. These tumours may represent relapse in the contralateral 
kidney, or incipient bilateral disease not recognised at the time of initial 
presentation.

Since the advent of multimodal chemotherapy, the prognosis for 
bilateral Wilms tum our has improved considerably w ith the philosophy of 
treatment evolving from radical surgery to the use of pre-operative 
chemotherapy and nephron-sparing surgery (Montgomery et al, 1991). The

34



aim is now to reduce the likelihood of end-stage renal disease w ithout 
compromising outcome. The overall survival of patients w ith bilateral 
disease is currently 70% at ten years (Coppes et al, 1989, Montgomery et al, 
1991, Shearer et al, 1993).

1.6.6 Age
The peak age of incidence for WT is in the fourth year of life and 90% 

of all tum ours occur before nine years of age. Congenital Wilms tum our is 
very rare indeed and only 15% of cases present in the first year. Interesting 
variations have been noted in the age at presentation related to gender, 
stage, presence of precursor lesions and of congenital abnormalities. A 
num ber of studies have shown that girls manifest Wilms tum our on 
average 6 months later than boys, the male incidence peaking in the second 
to third year, while the female peak remains high into the fourth year, 
especially for unilateral disease (Breslow et al, 1988, Breslow et al, 1993, 
Breslow and Beckwith, 1982, Pasture et al, 1988). The mean age of onset for 
unilateral, unicentric tumours, which constitute 86% of all cases, was 45.1 
m onths and 44.6 months for multicentric, unilateral tum ours. Wilms 
tum our presents earlier in Asians and later in blacks compared w ith 
Caucasians (Breslow et al, 1988). The mean age for bilateral WT is 30.5 
months, significantly less than for those w ith unilateral disease (Breslow et 
al, 1988). Children with aniridia and characteristic genitourinary 
abnormalities are younger at diagnosis than those children w ithout 
congenital abnormalities. Children w ith isolated hem ihypertrophy, 
however, present at 41 months, at a similar time to those patients w ith no 
congenital anomalies.

The Wilms tumours of patients presenting at, or under, two years of 
age are more likely to have intralobar nephrogenic rests (ILNR) than 
perilobar nephrogenic rests (PLNR), indeed the peak age for perilobar 
nephrogenic rests is at four years of life (Breslow et al, 1993). ILNR are 
associated w ith aniridia and genital anomalies whist PLNR are associated 
w ith  hemihypertrophy and BWS. The m ean age at presentation of patients 
w ith  Wilms tum our and Wiedemann-Beckwith syndrom e, is 36 months. 
This observation among other factors, questions the associations made 
between the presence of rests and the different syndromes [see section 1.5.4].
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1.6.7 Twin and family studies.
A comprehensive, if early, review of the literature revealed three 

pairs of twins concordant for Wilms tum our w ith a mean age at onset of 14 
months (Juberg et al, 1975). As the tw in pairs were all the same gender, 
monozygosity was presumed but not proven. In one interesting family, 
although one member of a monozygotic tw in pair developed a Wilms 
tum our at two years of age, his twin remained unaffected. In this family a 
younger sibling presented at 12 months w ith the same condition (Juberg et 
al, 1975). 71 patients from the National Wilms tum our study (NWTS) had a 
tw in sibling, but the only pair concordant for Wilms tum our was dizygotic. 
Four discordant pairs had a family history of Wilms tum our suggesting that 
the penetrance is incomplete. The study also found that there was a slightly 
increased risk of Wilms tumour for the other twin but the sample size was 
too small to estimate this risk (Olson et al, 1993). Although the num bers in 
this study are small, the findings are consistent w ith the notion that, overall, 
inheritance is less important than post-conception events such as 
im printing for example, which is discussed in section 1.15.

The risk of more than one child developing sporadic Wilms tum our 
in a family w ith no prior history or predisposing factors is relatively low. 
Estimates vary from 0.4% to 4%. This risk is even lower in higher degree 
relatives (Bonaiti-Pellie et al, 1992, Hawkins et al, 1995, Li et al, 1988).

1.6.8 Second primary neoplasms ( SMNs).
Initial reports of second malignant neoplasms, or second primaries, in 

patients treated for Wilms tumour were only isolated case reports. Two large 
studies have since addressed this problem more systematically - the 
population based Childhood Cancer Research Group (CCRG) and the 
NWTS (Breslow et al, 1993, Hawkins et al, 1989). In addition, two smaller 
studies from the Institut Gustav Roussy (IGR) and the Manchester 
Children's Tumour Registry (MCTR) have also been reported (de Vathaire et 
al, 1989, Hartley et al, 1994c). The CCRG study calculated that the relative 
risk of developing a SMN was 8, while the NWTS reported a risk of 8.4 
(Breslow et al, 1993, Hawkins et al, 1989). The smaller studies found relative 
rates of 5 (IGR) and 11 (MCTR) (de Vathaire et al, 1989, Hartley et al, 1994c).
In each study most of the second primaries appeared to be related to 
previous radiation and chemotherapy. The cumulative risk of a second 
tum our after Wilms tumour is 1% at 10 years after diagnosis but the risk is 
considerably higher for those children who had radiation as part of their
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treatm ent (Breslow et al, 1988b). A number of different second primaries 
have been reported, with bone and soft tissue sarcomas being the most 
common [Table 1.9]. Brain tumours, lymphomas and various carcinomas, 
occurring at a much younger age than expected, have also been reported 
(Hartley et al, 1994c, Hawkins et al, 1989). A French study found a small but 
significant excess of cancer deaths in close relatives of patients w ith Wilms 
tum our, specifically bone and brain tumours similar to the pattern of second 
malignancies in Wilms tumour patients (Moutou et al, 1994).

Table 1.9 Second cancers in survivors of Wilms tum our

Second cancer Patient series #
NW TS CCRG/MTCR

Total

Soft tissue sarcoma 7 4 11
Bone sarcoma 6 2 8
Acute myeloid leukaemia 6 0 6
Other leukaemia * 3 1 4
Brain t 5 0 5
Colon 2 3 5
Head and neck A 5 0 5
Liver H 3 1 4
Breast 2 1 3
Kidney 0 1 1
Basal cell carcinoma 1 5 6

40 18 58

# (Breslow et al, 1988b, de Vathaire et al, 1989, Hartley et al, 1994c, Hawkins 
et al, 1989)
* Tw o chronic leukaem ia, 2 acute leukaemias.

A Two thyroid, tw o parotid and 1 tongue.

t  Two lym phom a, one gliom a, one PNEt and one unspecified.

1  three hepatocellular carcinomas, one hepatoblastom a.

Although there is a clear relationship betw een previous treatm ent 
and risk of developing a second malignancy it is possible that genetic factors 
may contribute, especially in relatively young patients. A comparable 
situation w ould be patients w ith hereditary retinoblastoma or germline 
carriers of p53 mutations. In a recent MCTR survey, the most common
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second prim ary neoplasms were benign osseous/chondrom atous tum ours 
(Hartley et al, 1994c). Interestingly, four of seven Wilms tum our patients 
who subsequently developed a SMN had one or more exostoses and, in 
three patients , the exostoses were clinically apparent before the SMN 
(Hartley et al, 1994c). These lesions are found in approximately 3.5% of 
Wilms tum our patients (Evans et al, 1991) and may arise in the absence of 
irradiation (Walker et al, 1992). The possibility that the development of bony 
exostoses results from a pleiotropic effect of a m utation in a Wilms tum our 
gene, or a closely linked gene (Walker et al, 1992), is supported by the recent 
description of a patient w ith WAGR and a deletion in l lp l3  w ith multiple 
exostoses (Hartley et al, 1994c). The presence of exostoses may therefore 
identify a subgroup of patients who are more susceptible to developing a 
SMN.

1.6.9 Other cancers in Wilms tum our patients and their families.
The incidence of cancer in the parents and close relatives of Wilms 

tum our patients has been assessed by two groups. A study conducted in 
France pooled all the available data from a number of oncology centres and 
reported on the relatives of 501 children w ith Wilms tum our (Moutou et al,
1994). There was no clear evidence for cancer prone families but there was a 
small but significant increase in bone and brain tumours. In both instances 
five tum ours were reported where less than two were expected (Moutou et 
al, 1994). Interestingly, these two cancers occur frequently as second cancers 
in survivors of Wilms tum our (Birch and Breslow, 1995). The limitations of 
this study include the relatively small sample size and the fact that it was 
not population based. Studies performed using the MCTR avoid this latter 
bias and their studies on the families of children w ith Wilms tum our have 
produced interesting results. For example, a detailed pedigree analysis from 
the MCTR suggested that Wilms tum our may be an uncommon bu t specific 
component of the Li-Fraumeni syndrome (Hartley et al, 1993). A recent 
survey revealed several cases of lymphoproliferative disorders in relatives 
of children diagnosed w ith Wilms tum our but it is not yet clear whether this 
reflects a common underlying genetic predisposition (Hartley et al, 1994). 
Using the same population based MTCR registry, 21 genitourinary tumours 
were diagnosed in 19 first degree relatives (Hartley et al, 1994). These 
tum ours constituted a wide range of neoplasms, both benign and malignant 
and no clear associations could be made. There was a trend toward younger 
age at presentation for the malignant tum ours but the patient num bers were
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again small. It was proposed that the association between Wilms tum our in 
the offspring and genitourinary tum ours in the parents represented an 
underlying genetic predisposition to develop tum ours of the genitourinary 
tract, either due to a pleiotropic effect of a gene involved in Wilms tum our 
predisposition (Hartley et al, 1994). However, 12 of the 19 tum ours diagnosed 
in this group were carcinoma in situ of the uterine cervix, a cancer in which 
environmental factors are known to play a central aetiological role. Due to 
the small sample size the excess risk of developing either a 
lymphoproliferative disease or a genitourinary cancer could not be 
calculated. These findings therefore, are of interest bu t require corroboration 
by larger studies. These and other reports raised the possibility that having a 
child w ith cancer may predict an increased risk for the parents and close 
relatives of such children (Birch et al, 1990, Thompson et al, 1988). In order 
to assess the overall risk, a large populationbased survey was recently 
performed and found that cancer in children did not result in an increased 
risk of cancers in the parents or close relatives (Olsen et al, 1995).

1.6.10 Prenatal Factors
There is indirect evidence that germline m utations may give rise to a 

proportion of Wilms tum our cases based on the finding of an increased risk 
for the development of sporadic WT w ith increasing parental age. For 
fathers over 55 years of age the relative risk is 2.1 compared to 1.4 for fathers 
under 20. A lower risk was found for increased maternal age (Olson et al,
1993). There was no increase in bilateral disease w ith increased parental age 
in this NWTS study which was rather unexpected. Those children w ith 
associated congenital anomalies, especially aniridia or cryptorchidism /  
hypospadias or intralobar nephrogenic rests, had parents that were at least a 
year older than average. These findings were taken to suggest that a number 
of Wilms tumours arise from new germline m utations (Olson et al, 1993). A 
French study found that the average parental age was slightly higher than 
the average for those with bilateral disease, although the increase did not 
reach formal statistical significance (Bonaiti-Pellie et al, 1992). In familial 
cases an increase in parental age was also noted but this only reached 
statistical significance for the maternal age (Bonaiti-Pellie et al, 1992). Germ 
line m utations, however, should not increase in females w ith increasing age 
because the female gametes are formed prior to birth. The finding of an effect 
for increased maternal age, therefore is, of dubious significance. An analysis 
of over 1800 children w ith Wilms tum our has revealed that these patients
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have a significantly higher birth weight than the general population. This 
was especially true for those children w ith either Wiedemann-Beckwith 
syndrom e or hemihypertrophy. By contrast, children w ith aniridia and 
Wilms tum our have a lower mean birth weight than the general 
population. This has been taken to suggest an effect for prenatal growth 
factors on the subsequent development of Wilms tum our (Leisenring et al,
1994). Again suggesting a multifactorial pathogenesis for Wilms tumour.

1.6.11 Familial Wilms Tum our
Wilms tum our in multiple affected family members does occur bu t is 

rare. Estimates of the incidence vary from 1% to 2.4% depending upon the 
completeness of ascertainment and whether second or higher degree 
relatives are included (Bonaiti-Pellie et al, 1992, Breslow and Beckwith, 
1982). The highest incidence of familial Wilms tum our, 12 of 501 patients 
(2.4%), has been reported by a French study which may be explained in part 
by the detailed analysis of the family history of all children w ith Wilms 
tum our in that study (Bonaiti-Pellie et al, 1992). However, in this study only 
second-degree and more distant relatives were affected rather than first 
degree relatives. The sample size, however, was relatively small and this 
was not a population based survey (Bonaiti-Pellie et al, 1992). The NWTS 
provides a large and relatively unselected population, accruing an estimated 
70% of all Wilms tumours diagnosed in the USA since 1980. In a recent 
survey of 6209 patients registered with the NWTS, 93 (1.4%) patients, from 
63 seperate families, had a positive family history. Affected siblings were 
seen in 20 cases, an affected half sibling in three and a parent in seven. The 
rem ainder were either first or second cousins or even higher degree 
relatives (Breslow et al, 1996). Although inheritance is clearly dom inant in 
some families (Baird et al, 1994), other pedigrees suggest variable penetrance 
(Breslow et al, 1996). Affected children with normal parents may be 
explained by either non-penetrance or by gonadal mosaicism. The 
phenomena of 'premutation' has been invoked to explain the occurrence of 
Wilms tum our in cousins. The genetic basis of prem utation is not known 
bu t it is possible that a DNA change occurs that does not give rise directly to 
a mutation, but predisposes to further changes which do. The other 
possibility is that different types of m utations in predisposing genes give rise 
to different levels of penetrance was clearly shown in low penetrance 
retinoblastoma families (Dryja et al, 1993, Onadim et al, 1992). In these 
families the number of unilateral cases exceeds bilateral ones and there are
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unaffected obligate carriers. Molecular analysis has revealed m utations in 
the RB 1 gene that are qualitatively different to other RB families. It has been 
proposed that the m utant protein product resulting from the m utation 
retains some of the tum our suppressor' function of the wild type protein 
(Dryja et al, 1993, Onadim et al, 1992). Similar mechanisms m ay operate in 
the low penetrance Wilms tum our families.

Histological features of familial Wilms tum our were similar to non- 
familial cases in the NWTS group survey. Interestingly, no rhabdoid or clear 
cell sarcomas of the kidney were diagnosed in this cohort where 4.5 cases 
w ould have been expected (Breslow et al, 1996). Bilateral disease was noted 
in 16.1% of familial cases compared to 7 % for sporadic Wilms tumour. The 
m edian age of onset for bilateral familial cases was 8 months and for 
unilateral disease 25 months, whereas for sporadic disease the m edian ages 
are 27 and 39 months respectively (Breslow et al, 1996). The clinicopathologic 
stage and outcome were the same for sporadic and familial cases but, 
interestingly, the finding of bilateral or metastatic disease tended to cluster in 
families. An equal number of family cases are transm itted via mothers and 
fathers and there was no difference in the average age of mothers and fathers 
at the birth of the affected child (Bonaiti-Pellie et al, 1992, Breslow et al,
1996). An earlier review found familial cases of paternal origin presented 
earlier than those of maternal origin (Matsunaga, 1981). However, this was 
based on case reports and therefore represents selected data.

1.6.12 Hereditability of Wilms tum our
A multicentre study involving 96 long term survivors of unilateral 

sporadic Wilms tum our with 179 live born offspring - m edian age six years- 
found that none of the offspring had developed Wilms tum our. A risk 
factor of less than 2% was thus calculated (Li et al, 1988). A more recent 
survey from the population-based National register of childhood tum ours 
in the United Kingdom obtained data on 318 long term  survivors of Wilms 
tumour which were diagnosed between 1940-1975. There were 146 offspring 
of 78 survivors with a mean period of follow up of 7.5 years (Hawkins et al, 
1995). Two eligible patients with bilateral disease had not had children.
Three offspring developed Wilms tum our and, of these, a m other and her 
son were both diagnosed with unilateral disease (Hawkins et al, 1995). One 
other mother produced two affected offspring (Hawkins et al, 1995) and this 
family has been fully investigated at the molecular level (Baird et al, 1994). 
Combining the data on all such studies, there are 362 known offspring of
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long term  survivors, four of these have developed Wilms tum our giving a 
population-based risk estimate of 3% by 10 years of age (Byrne et al, 1988, 
Hawkins et al, 1995, Li et al, 1988). This figure is considerably higher than 
that predicted from the earlier study and probably reflects the marked 
im provem ents in overall survival. This is particularity so for patients w ith 
bilateral disease before the improvements in survival w ith  m ultimodal 
chemotherapy and nephron sparing surgery (Montgomery et al, 1991). 
Therefore, there is, as yet, no data available on the offspring of survivors of 
bilateral disease. A further confounding factor may be the high incidence of 
genitourinary abnormalities in this patient group [ section 1.3.2 ], which may 
result in reduced fecundity. Future study is thus w arrented as the heritability 
of Wilms tum our may be greater than currently recognised.

1.6.13 Summary
Apparent differences in racial incidence, the age at presentation 

depending on gender, laterality or predisposing conditions, the presence of 
precursor lesions, all suggest that Wilms tumour is a genetically 
heterogeneous disease.

1.7 CYTOGENETICS OF WILMS TUMOUR AND THE WILMS TUMOUR 
PREDISPOSITION SYNDROMES

Chromosomes were first recognised in the nineteenth century. The 
name reflects their ability to take up stains and is derived from the Greek ; 
chromos, colour and soma; body. The possibility that chromosomal changes 
are responsible for malignancy was proposed in 1914 but initially was not 
widely accepted. A combination of improved cytogenetic and molecular 
techniques has now proven this issue unequivocally (Rabbitts, 1994). There 
are three main forms of cytogenetic changes; deletions, translocations and 
inversions. Deletions usually result in the loss of a tum our suppressor 
gene' (or genes). Molecular characterisation of the deletion, if specific, can 
lead to the identification of a gene(s) whose loss on one allele, plus m utation 
in the other, results in malignancy [see section 1.8]. Translocations and 
inversions may be consistently found in certain tum our types and are then 
considered specific for that malignancy, or may be identified by consistent, 
albeit, sporadic reports of chromosomal abnormalities in a specific tumour. 
Both of these approaches may provide genetic clues indicating the location 
of genes which may be involved in the malignant process. Translocations or 
inversions result in two possible consequences, the first is the repositioning
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of a gene so that it lies near a proto-oncogene thereby activating it (Bishop,
1987). The second possibility is that the breakpoints of the translocation or 
inversion occur w ithin a gene on both chromosomes so that a fusion gene' 
is created, resulting in the production of a chimeric protein (Rabbitts, 1994). 
This appears to the main consequence of chromosomal translocations in 
leukaemias (Rabbitts, 1994). Clonal chromosomal aberrations can also be 
divided into two groups, those that appear to be prim ary events and those 
that are secondary. Primary events usually represent the sole cytogenetic 
abnormality and are believed to be rate limiting steps in carcinogenesis and 
are correlated w ith tumour type (Mitleman et al, 1991). Secondary changes 
are acquired during tumour development and probably represent karyotypic 
evolution in evolving sub-clones of the tum our (Golden et al, 1992).

1.7.1 Cytogenetics of Aniridia and the WAGR syndrome
The recognised association between sporadic aniridia and Wilms 

tum our identifies individuals at risk for Wilms tum our and implies that 
the genetic cause of these two disparate clinical phenotypes may be related 
(Miller et al, 1964). The clinical spectrum of patients at risk is w ide and 
ranges from those with aniridia alone to those w ith Aniridia, m ental 
Retardation and abnormal male Genitalia - the AGR triad. This phenotypic 
variation, in addition to a negative family history, suggested that some of 
these individuals had a chromosomal deletion rather than a single gene 
mutation. In 1978 interstitial deletions of l i p  were found in 6 unrelated 
patients with the AGR triad. Because two of these patients also had Wilms 
tum our the location of a critical gene was implied (Riccardi et al, 1978). This 
finding was subsequently confirmed by a number of other groups (Francke et 
al, 1979, Fryns et al, 1981, Hittner et al, 1979, Nakagome et al, 1984, Riccardi 
et al, 1980, Shannon et al, 1982, Turleau et al, 1984, Yunis and Ramsey, 
1980). The deletions in l ip  were of variable length but always involved band 
l lp l3  (Francke et al, 1979, Lavedan et al, 1989, Yunis and Ramsey, 1980). 
Three particular reports of Wilms tum our patients provided further insight 
into the role of the chromosomal abnormalities in this complex phenotype. 
The first patient had aniridia and ambiguous genitalia but no evidence of 
mental retardation or Wilms tumour. The deletion in this case involved 
l lp l3  and the proximal portion of llp l4 .1 . Patients 2 and 3 were 
monozygous twins, each of whom had aniridia and mental retardation but 
who were discordant for Wilms tumour and their karyotype was 46 XX
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de l(ll)  (pl3 p lS .l) (Riccardi et al, 1980). These findings suggested that a 
deletion involving l lp l3  was not sufficient in itself to cause malignancy and 
that the WAGR syndrome resulted from the disruption of a contiguous 
gene sequence with a close physical proximity of genes that control the 
developm ent of the eye, kidney and urogenital tract. The size and position of 
a deletion in this region was then reflected in the phenotype.

During the characterisation of these deletions the catalase gene was 
m apped to l lp l3  (Junien et al, 1990). Reduced catalase activity is a consistent 
feature of patients w ith both aniridia and Wilms tum our whereas catalase 
activity is normal in patients w ith sporadic Wilms tum our and isolated 
aniridia (Junien et al, 1983). The presence of an 11 (p ll;p l3 ) deletion in a 
child w ith Wilms tumour, chordee and cryptorchidism w ithout aniridia 
dem onstrated that the genes for aniridia and Wilms tum our are close but 
separate and that the gene for aniridia lay in the distal part of l lp l3 . This 
possibility was confirmed by the findings in two other patients, one of whom 
had Wilms tum our and cryptorchidism, the other aniridia, cryptorchidism 
and hypospadias. These deletions separated the genetic loci for aniridia 
genitourinary abnormalities and Wilms tum our (Van Heyningen et al, 
1990).

1.7.2 Cytogenetics of Denys-Drash syndrome
The comprehensive clinicopathologic review of 12 patients w ith DOS 

by Jadresic et al (1990) (Jadresic et al, 1990), helped define this rare syndrome, 
as discussed in section 1.3.3. Cytogenetic and molecular analysis showed that 
one patient found to carry a constitutional l lp l3  deletion, but gene dosage 
studies using probes for l lp l3  showed no abnormalities in the 
constitutional DNA of the other patients (Jadresic et al, 1991).

1.7.3 Cytogenetics of Wilms tumour
Karyotypic findings have now been reported for over 100 Wilms 

tum ours and the results are summarised in table 1.9.
Single chromosomal aberrations in Wilms tum our are rare although 

the majority of tumours have DNA content in the diploid range. 
Hyperdiploidy, on the other hand, is associated with an anaplastic 
morphology and a poor prognosis (Douglass et al, 1986, Schmidt et al, 1986). 
Overall, chromosomal gains are more common than losses and trisomy has 
been reported for a number of chromosomes as shown in table 1.10.
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Table 1.10 Compilation of cytogenetic rearrangem ents reported in Wilms 
tum our from the literature with the percentage of the different 
rearrangem ents calculated as a percentage of the whole series.

C hrom osom e Cytogenetic 
rearrangem ents (%)

Specific aberrations 
(% of the whole 
series)

1 33 dup lq21-qter (16%)

2 8

3 18 Total trisom y (8%)

4 6

5 5

6 20 Total trisom y (11%)

7 23 Total trisom y, du p  (7q) 

(14%)

8 19 Total trisom y (15%)

9 15 Total trisom y (10%)

10 17 Total trisom y (9%)

11 35 del ( l ip )  (20%)

12 35 Total trisom y (26%)

13 10

14 10

15 4

16 30 Total m onosom y  

del (16q) (10%)

17 16 Total trisom y (8%)

18 15 Total trisom y (13%)

References (Douglass et al, 1986, Douglass et al, 1985, Ferrell et al, 1983, 
Kaneko et al, 1991, Kondo et al, 1984, McDowell et al, 1989, McGavran et al, 
1985, Slater, 1986, Slater and De Kraker, 1982, Slater et al, 1985, Slater and 
Mannens, 1992, Solis et al, 1988, Soulie et al, 1985, Tsai et al, 1987, 
Vekemans et al, 1989, Wang-Wuu et al, 1988, W olman et al, 1987)

In a recently reviewed series, trisomy 12 was noted in 26% of tumours, 
representing 75% of changes noted for this chromosome (Austruy et al.
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1995). In most cases trisomy involved the whole of chromosome 12, 
although abnormalities limited to 12q have been reported (Wang-Wuu et 
al, 1990). Two tum ours have been reported w ith translocation breakpoints at 
12ql3; the first with a t(ll;12)(pl3;ql3) and the second w ith a t(ll;12)(p ll;q l3) 
(Slater, 1986, Vekemans et al, 1989). In an analysis of cells from both 
tum ours occuring in a bilaterally affected patient showed the same 
chromosomal band, 12ql3, was involved in both cases. In one series, trisomy 
12 was associated w ith unfavourable histology in 50% of the cases (Wang- 
W uu et al, 1990) but other authors claim that tum ours w ith this 
chromosomal abnormality tend to have lower stage disease (Austruy et al,
1995). Trisomy 12 has also been reported as a secondary event in 16% of 
Ewings sarcomas and is found in at least 40% of patients w ith B-cell chronic 
lymphocytic leukaemia (CLL), where it is often the only abnormality 
(Juliusson et al, 1988, Mugneret et al, 1988). These observations possibly 
suggest that this chromosomal change is a primary event in B-cell CLL 
(Mecucci et al, 1988).

The most common structural chromosomal abnorm ality in Wilms 
tum ours involves the short arm of chromosome 11. Of 115 kayotyped 
Wilms tumours this abnormality was noted in 25% of cases (Slater, 1986). In 
all cases studied the abnormality, usually a deletion, involves the short arm 
of chromosome 11. Involvement of both the long and short arm of 
chromosome 1 have also been reported and abnormality of the short arm of 
this chromosome usually involves the lp31-36 region. Abnormalities in this 
region are also seen in neuroblastoma, retinoblastoma and 
rhabdomyosarcoma (Brodeur and Fong, 1989, Douglass et al, 1985b). 
Involvement of the long arm of chromosome 1 in Wilms tum our 
predom inantly involves translocations centred around lq21. Most of these 
are apparently unbalanced translocations resulting in trisomy for the lq21- 
qter region. The smallest duplicated region lies between lq23 and lq32. 
Abnormalities of chromosome 1 have also been reported in a wide range of 
other malignancies and, as these changes often occur as 'late events', and 
are thought to represent a marker for tum our progression rather than 
initiation. Chromosome 16 abnormalities have been reported in 20% of 
Wilms tum our and predominantly involve the long arm  (Austruy et al, 
1995, Slater and Mannens, 1992). The involvement of chromosome 16 in 
Wilms tumorigenesis is discussed further in Chapter 4. Abnormalities of 
chromosome 7 have also been reported in 23% of Wilms tum ours with
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whole chromosome trisomy being the most frequently described 
abnormality. Cytogenetic abnormalities involving chromosome 7 in Wilms 
tum our are also disussed further in Chapter 4. Breakpoints on the short arm 
of chromosome 17 have also been reported which is an interesting finding 
in  view of the genomic localisation of the p53 tum our suppressor gene. The 
relationship between Wilms tum our and p53 is discussed in section 1.14. 
There is also a reported association between constitutional trisomy 18 
(Edward's syndrome) and Wilms tumour. However, as m any children with 
this rare chromosomal abnormality do not survive for long, it is difficult to 
assess the strength of this association [section 1.3.9].

Telomeric associations (TAS) involve the break and fusion of 
telomeres. Telomeric fusion reflects the DNA sequence homology at 
telomeres and this event may be part of the normal replication cycle which 
is necessary for chromosomal stability. Telomere loss results in fusion 
events and chromosomal instability (Hastie and Allshire, 1989). TAS causes 
deletions and structural rearrangements due to the breakage and fusion 
cycles between centromeres of dicentric chromosomes (Hastie and Allshire,
1989). Dicentric chromosomes originating from telomeric fusion tend to pull 
apart during mitosis, resulting in deletions and unbalanced segments due to 
breakage between the two chromosomes (Hastie and Allshire, 1989). Two 
cases of TAS have been reported in Wilms tum our (Fett-Conte et al, 1993, 
Sawyer et al, 1994). In one patient TAS were seen in almost all of the 
chromosomes w ith no structural rearrangem ent observed for l i p  or any 
other chromosome (Fett-Conte et al, 1993). A second report described 
recurrent clonal telomeric association initiated breakage cycles that resulted 
in deletions of chromosome bands l lp lS , l lp l3  and, subsequently, the entire 
short arm of chromosome 11 (Sawyer et al, 1994). TAS involving the long 
arms of chromosomes 7 and 9 resulted in the deletion of 7q (Sawyer et al, 
1994). These findings reveal another mechanism by which progressive loss 
of chromosomal regions associated with tum our suppression m ay occur, in 
this case, as a result of chromosomal instability initiated by TAS.

Although cytogenetic studies have been invaluable in identifying the 
chromosomes involved in Wilms tumorigenesis, the relevent changes need 
to be relatively large to be detected by conventional karyotypic analysis. This 
is illustrated by two studies in which l i p  abnormalities were detected with 
molecular techniques even though both chromosome 11 homologues 
appeared to be normal using conventional cytogenetic analysis (Dao et al.
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1987, Mannens et al, 1988). Obtaining adequate numbers of metaphase 
spreads for chromosomal analysis is frequently extremely difficult from solid 
tumours. Recent technological advances, for example fluoresence in situ 
hybridisation (FISH), have markedly im proved the resolution and 
identification of chromosomal abnormalities [see section 1.10.4]

1.8 OTHER PRIMARY RENAL TUMOURS OF CHILDHOOD
Wilms tum our (WT) is the commonest histologic subtype of 

childhood renal tum our and accounts for 90% of all renal tum ours occuring 
in childhood. Four other distinct primary renal tumours are recognised. In 
this section the clinical, histological and molecular pathlogical details of each 
tum our type are compared and contrasted to Wilms tum our.

1.8.1 Congenital Mesoblastic Nephroma (CMN)
Congenital mesoblastic nephromas are rare, predom inantly benign 

tumours that usually present within the first three m onths of life as a 
painless abdominal mass (Bolande et al, 1967). The histogenesis of CMN is 
contoversial w ith some authors believing this tum our arises from the early 
metanephric blastema (Kumar et al, 1986, Mireau et al, 1987). Whilst others 
consider it a differentiated form of Wilms tum our - the differentiated 
counterpart of 'uninduced' nephrogenic mesenchyme -this theory arises 
because of the presence of CMN like foci in Wilms tum our samples 
(Bolande et al, 1967) and because CMN grown in tissue culture occassionally 
differentiates into glomeruli and tubules, suggesting an origin from 
metanephric blastema (Grosfeld, 1982). It has also been suggested that CMN 
arises from scondary mesenchyme which, unlike prim ary mesenchyme 
does not differentiate in to epithelial structures (Wigger, 1975), though 
recent knowledge now makes this explanation less acceptable. There has also 
been speculation as to the relationship between CMN and clear cell sarcoma 
of the kidney (CSSK) w ith CSSK representing the overtly malignant 
expression of CMN (Haas et al, 1984).

CMN account for < 3% of primary renal neoplasms w ith an incidence 
of approximately 1 in 500,000. As w ith Wilms tumour, CMN may be 
associated w ith congenital abnormalities especially those involving the 
genito-urinary tract and has been reported in a patient w ith a variant of 
Wiedemann-Beckwith syndrome (Chan et al, 1987, Wockel et al, 1981).
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1.8.1.2 Pathology
CMNs are always unilateral. The affected kidney is markedly enlarged 

w ith a mean weight 140 grams and with the renal capsule stretched taughtly 
over the surface of the mass. The tumour is not encapsulated and extends 
into normal kidney. Microscopically CMN are predom inantly composed of 
interlacing bundles of spindle-shaped mesenchymal cells resembling 
fibroblasts or smooth muscle cells. Ultrastructural studies have shown 
features similar to those seen in fibroblasts (Mireau et al, 1987).

1.5.1.3 Treatm ent and outcome
A major advance was the recognition that CMN were a separate entity 

to Wilms tum our (Bolande et al, 1967). A carefully perform ed nephrectomy 
alone is usually curative (Howell et al, 1982). However, local recurrence and 
metastatic CMN have been reported (Ali et al, 1994, Chan et al, 1987, 
Gonzalez-Crussi et al, 1980, Joshi et al, 1986, Steinfeld et al, 1984, Walker 
and Richard, 1973). Attempts to determine the prognostic factors which can 
enable clinicians to identify patients likely to relapse have not acheived the 
consensus seen for Wilms tumour, probably due to the rarity of CMN. 
Adequacy of resection appears to be the most im portant prognostic feature. A 
'positive' surgical margin is the only adverse prognostic factor to reach 
significance in a recent review, especially if the medial margin is involved 
(Gormley et al, 1989). Presenting age may be im portant as seven of the ten 
CMN patients who have relapsed were over 3 months of age at diagnosis. 
However, given clear surgical margins, age alone is not an adverse 
prognostic marker (Gormley et al, 1989).

Intratum oural haemorrhage, necrosis, increased cellularity or a high 
mitotic index have also been associated with local recurrence a n d /o r  distal 
metastasis (Ali et al, 1994, Chan et al, 1987, Fu and Kay, 1973, Gonzalez- 
Crussi et al, 1980, Howell et al, 1982, Joshi et al, 1986, Steinfeld et al, 1984, 
Walker and Richard, 1973). The term 'atypical' or 'cellular' mesoblastic 
nephroma has been used to describe tumours w ith these specific pathologic 
features (Joshi et al, 1986). Whether 'atypical' pathologic is an independent 
prognostic factor is still not clear, although some authors are of the view that 
the presence of atypical pathologic features should not alter the treatm ent 
beyond surgical excision and other investigators have found no correlation 
between pathological findings and outcome (Pettinato et al, 1989) In a series 
of 18 CMN's, half of which were classic and half atypical or cellular, there 
was no difference in outcome in the two groups. However the presence of
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atypical pathology was considered sufficient to warrent the use of 
chemotherapy in 4 patients. The single patient who had a local relapse had 
atypical CMN but gross residual disease remained after surgery (Chan et al,
1987). Two cases of CMN metastatic to the brain have been reported. The first 
presented at birth and histopathology showed a CMN of mixed classic and 
cellular pattern. Nephrectomy alone was perform ed and the child 
subsequently relapsed with metastatic disease in the brain. The second case 
was a two m onth old child who presented w ith a recurrent abdominal mass, 
the histopathology showed atypical CMN. Despite vincristine and 
Actinomycin-D the patient relapsed with metastatic disease to the brain.
Both children died despite further intensive chemotherapy. There is one 
reported case of an inoperable CMN responding to Vincristine enabling 
subsequent resection (Chan et al, 1995).

l.S.1.4 Cytogenetic and Molecular studies of CMN
The molecular biology of CMN is attracting increasing attention and 

may, in time, aid our understanding of this entity, improve our ability to 
prognosticate and determine optimal treatment. Trisomy and tetrasomy of 
chromosome 11 -an jextremely rare finding in Wilms tum our - has been 
reported as the sole abnormality CMN (Kaneko et al, 1991, Mannens, 1991, 
Schofield et al, 1993). Using centromeric probes for chromosome 11, a 
relationship between copy number and histology has recently been shown. 
All typical CMN's were disomic for 11 whereas 7 of 10 CMN's w ith atypical 
or mixed histology were tri- or tetrasomie for 11 (Schofield et al, 1993). Gains 
of chromosome 8 and 17 were also noted in the atypical CMN's (Schofield et 
al, 1993). The one patient in this series with metastatic disease had no 
demonstrable karyotyic abnormality. These findings suggest that classic 
CMN's arise from events other than gains of chromosome 11 bu t raises the 
possibility that the latter may be a later event and that 'classic' CMN evolves 
into an atypical' CMN. Additional chromosome abnormalities of 8 and 17 
may then follow. However, the possibility that typical and atypical CMN's 
arise by a divergent pathway cannot be excluded. Polysomy 11, often 
accompanied by polysomy 8,17 and 20, is also characteristic of infantile 
fibrosarcoma, raising the possibility of a link beteween these two conditions. 
Partial trisomy occurs constitutionally in some patients w ith the 
Wiedemann-Beckwith syndome [see Chapter 6] raising the possibility that 
mesoblastic nephroma may be related to that form of Wilms tum our that 
involving abnormalities of band llp lS . Further evidence for this hypothesis
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comes from the report of a CMN with a chromosome rearrangem ent 
involving l lp l5  (Roberts et al, 1993). High levels of IGF2, a gene located in 
l lp l5 ,  have been shown in CMN by Southern blot experiments (Tomlinson 
et al, 1984) bu t this finding may simply reflect the normal production of IGF 
2 by relatively undifferentiated kidney cells [ see Chapter 6]. Loss of 
heterozygosity (LOH) [see section 1.95] has also been reported for DNA 
markers on l i p  in CMN. LOH was not found in the 'premalignant' tissue 
suggesting that the LOH is a secondary event, the first being a point 
m utation or microdeletion. Recent evidence suggests that CMN shows loss 
of im printing at the IGF2 locus in a similar m anner to Wilms tumour. How 
abnorm al IGF2 gene expression influences tum our initiation or evolution is 
not yet clear [see chapter 6].

1.8.2 Clear Cell Sarcoma Of The Kidney (CCSK)
Clear cell sarcoma of the kidney (CCSK) was first recognised in 1970 

(Kidd, 1970) it is also known by the term bone-metastasizing tum our of 
childhood' because of the relatively high proportion of patients who 
develop bone secondaries (Marsden and Lawler, 1978). This tum our is more 
common in boys than girls. A more definitive term awaits identification of 
the cell of origin of this tumour. CCSK accounts for about 4 % of renal 
tum ours, it is highly malignant and until recently the outcome was poor. 
M odern multimodal therapy with vincristine, actinomycin and doxorubicin 
has resulted in a 6 year relapse-free survival of 63.5% (Green et al, 1994c).
Two cases of CCSK have been reported with deletions at l lp l3  (Douglass et 
al, 1985, W ang-Wuu et al, 1990) raising the question of whether this tum our 
is related to WT, particularly the form that involves l lp l3 .  However, 
bilateral CCSK has not been reported nor have any of the Wilms tum our 
associated congenital abnormalities such as aniridia. Other chromosomal 
abnormalities reported in CCSK include t(2:22)(q21,qll) and t(10;17)(q22;pl3) 
(Kaneko et al, 1991, Punnett et al, 1989)

1.8.3 Rhabdoïd Tumour Of The Kidney (RTK).
This tum our is almost always fatal despite m ultim odal therapy 

(Beckwith and Palmer, 1978, Palmer and Sutow, 1983). It usually arises in 
very young children with a median age of 16 months. Distinct primary brain 
tum ours, usually^ prim itive neuroectodermal tum ours, are now recognised. 
The association between these two tum our types is of interest and strongly
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suggests that a germline mutation may predispose to both tum ours (cf. 
retinoblastoma and osteosarcoma). Brain métastasés are relatively 
uncomm on in RTK but rare in Wilms tumour. There are as yet no reports 
of familial cases, this may be due to the rarity of this condition. The cell of 
origin of this tum our remains unknown, though there is evidence it arises 
from the neural crest (Haas et al, 1981). This tum our w ould appear to be 
clinically and pathologically distinct from Wilms tumour. However, 
cytogenetic studies of rhabdoid tumours have shown specific abnormalities 
involving chromosome 11 at band p l3  and p l5  as well as del (3)(q21) 
(Douglass et al, 1990, Hirosa et al, 1996, Karnes et al, 1991).The changes 
involving l lp l3  and l lp lS  raise the possibility that RTK and Wilms tum our 
may share similar molecular pathogenesis,

1.8.4 Renal-Cell Carcinoma
Also known as Grawitz tumour or hypernephrom a, this tum our is 

occasionally reported in children, particularly older children and 
adolescents. RCC arise from the proximal tubular cells and are therefore, 
ultim ately derived from metanephric blastema. The incidence of this 
tum our is estimated at between 0.3 and 3 % of all renal tum ours in children 
(Young et al, 1986). Clinical presentation is usually w ith haem aturia and an 
abdominal mass. Metastasis is to liver, lungs, bone and abnominal lym ph 
nodes. Nephrectomy may be sufficient in well encapsulated tum ours 
(Leuschner et al, 1991) but chemotherapy and radiotherapy are used w ithout 
consistent success in unresectable tumours. Familial renal-cell carcinoma 
has been reported in 2 families and was associated w ith a constitutional 
translocation between chromosome 3pl4.2 and another chromosome 
(Cohen et al, 1979, Novacs et al, 1989). Attempts to clone the gene at 3pl4.2 
are in progress (Boldog et al, 1994).

1.9 ONCOGENESIS, ONCOGENES AND TUMOUR SUPPRESSOR 
GENES

We currently understand malignant transform ation as a multistage 
process driven by genetic and epigenetic changes in susceptible cells that 
gain a selective growth advantage and undergo clonal then subclonal 
expansion. Disorder in the interaction between cells and their local 
environm ent results in invasion and metastasis. The genetic changes can 
be broadly classified into

52



i. altered gene function
ii. altered gene expression
iii. loss of function.

Much of the early work on the molecular pathology of cancer 
focused on cellular genes whose activation by amplification, 
chromosomal translocation or by mutation converts them into 
dom inantly acting genes involved in tumour initiation and progression 
(Bishop, 1987, Krontiris, 1995). These genes, whose altered protein product 
or changed expression is essential to the initiation or maintenance of the 
m alignant state are collectively known as 'oncogenes' ( Onkos - tum our' 
or growth' ). The normal counterparts of 'oncogenes' are know n as 
proto-oncogenes' and are known to play a central role in the norm al 
control of cellular proliferation and / or differentation (Bishop, 1987, 
Krontiris, 1995). Under normal circumstances tissue homeostasis is 
m aintained by ensuring that increases in cell num ber due to cell division 
are balanced by withdrawal from the cell cycle by differentiation or 
program m ed cell death ( apoptosis). Any change in this delicate balance 
results in an increase or decrease in cell number.

The concept that cancer might arise as a sequel to loss of specific 
functions required for the normal control of growth and differentiation 
rather than gain of function(s) promoting malignancy - that is as a 
recessive events at the cellular level - evolved from three m ain lines of 
evidence.

i. The study of somatic cell hybrids,
ii. Familial cancer
iii. Loss of heterozygosity in tumours.

1.9.1 Somatic cell hybrid studies
In a series of experiments in which malignant and non-m alignant 

mouse cells were fused together the resultant hybrid cells became unable to 
form tumours in suitable hosts (Harris et al, 1969). Hybrid cell lines are 
genetically unstable and successive passage results in chromosome loss 
and reversion to the malignant phenotype (Harris, 1988). This suggested 
that suppression of the malignant phenotype of the hybrid cells results 
from the aquisition of tumour suppressor genes from norm al cells.
Specific losses of chromosomes could restore the malignant phenotype 
impling that there was an underlying genetic element that is able to
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suppress malignancy. From these results Commings proposed a model in 
which cells carry genes which encode products that act as repressors of 
tumour-causing genes (Comings, 1973). Evidence that a specific 
chromosome could be involved in the tum our suppression came from 
stable fusions of HeLa cells (a breast cancer cell line) and non-malignant 
hum an diploid fibroblast cells. When both copies of the fibroblast 
chromosome 11 were present no tum ours formed, whilst loss of one or 
other copy of 11 was associated with expression of the m alignant 
phenotype (Klinger, 1983, Stanbridge et al, 1981).

1.9.2 Familial cancers
Many cancers occur both in normal and in genetically predisposed 

individuals. Compared w ith sporadic cancers, hereditary cancers are rare 
but their study has taught us much about the mechanisms of oncogenesis. 
Over 25 years ago a prophetic Dr Robert DeMars suggested that one of the 
parents of patients with hereditary cancers might be heterozygous for a 
recessive m utation and that the cancer appears as a result of a subsequent 
somatic m utation in which one or more cells become homozygous for a 
cancer-causing gene (DeMars, 1970).

One of the intellectual cornerstones for the molecular study of 
embryonal tumours was provided by a model proposed by Dr A1 Knudson 
in 1971 (Knudson, 1971). The two m utation model, soon dubbed the two 
hit hypothesis' was based on a statistical analysis of cases of retinoblastoma 
and assumed that carcinogenesis is related to discrete changes occurring 
random ly at a constant, 'average' rate and that the changes are related to 
m utational events. Comparison of the data for the familial, bilateral, 
unilateral and sporadic cases of retinoblastoma revealed that the familial 
and bilateral cases had an earlier age at onset and that familial cases were 
more often bilateral (multiple) than sporadic cases (Knudson, 1971). These 
findings were consistent with the Poisson distribution for a single rare 
event, leading Dr Knudson to propose that a tum our develops from two 
rate-limiting m utational events, or two 'hits', the first of which m ay be pre 
or post-zygotic, whilst the second is (always) post-zygotic. In the case of 
retinoblastoma, the second somatic m utation occurs in a proportion of 
predisposed retinoblasts that are differentiating at an exponential rate, 
reflected by an exponential decline in new tumours w ith the increasing age 
of the child. In sporadic cases the incidence of retinoblastoma declines 
more slowly suggesting that the second event is dependent upon the
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variable timing of the initial hit. If the first m utational event occurs in a 
cancer susceptibility gene pre-zygotically (i.e. in the germline), the tum our 
is hereditary whereas if it occurs post-zygotically the tum our is non- 
hereditary. Patients w ith a germline m utation in the susceptibility gene are 
more likely to acquire a second 'hit' in a time dependent m anner since all 
the cells already carry the first event. These children present relatively 
early w ith a greater incidence of bilateral disease. By contrast, in the non- 
hereditary tum ours, both 'hits' m ust occur post-zygotically w ithin the 
same somatic cell in order to cause a tumour. As the probability of this 
happening even in more than one cell is small, it is more likely that the 
resultant tum our is unilateral and that such tum ours arise later than 
hereditary tumours. In 1972, Knudson and Strong extended their model to 
include Wilms tumour. Although the number of hereditary cases was 
very small, the same conclusions were draw n (Knudson and Strong, 1972). 
According to the Knudson theory, although the mode of inheritance of 
heritable cancers was 'autosomal dominant' at the cellular level, 
inheritance was apparently 'recessive' because not all the cells became 
malignant. Therefore, the risk for developing cancer is inherited not the 
cancer itself. Cancer can thus be viewed as a genetic disorder of somatic 
cells.

The 'two-hit' hypothesis suggests that paediatric neoplasms arise 
following the loss of both alleles of a recessively acting gene whose normal 
function is to suppress tum our formation (Comings, 1973, Knudson,
1985). These genes have been termed tum our suppressor genes'.
Although it is comforting to think that nature has evolved to produce 
genes whose primary function is to suppress cancer, this viewpoint is 
rather reductionist. It is more likely that these genes are involved in 
essential differentiation steps. The absence of differentiation factors at 
critical stages might result in incompletely differentiated cells that 
continue to divide and hence have a growth or selection advantage over 
other cells. The rubric 'tumour suppressor gene' does not reflect the 
rapidly increasing insights into the complexity of the genetic mechanisms 
underlying neoplastic transformation in these cases, bu t has gained 
popular support.

1.9.3 DNA polymorphism s
At first, there were no suitable experimental techniques for testing 

the two-hit hypothesis but, with the increasing availability of polymorphic
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DNA sequence markers, which were m apped to specific hum an 
chromosomes, the search for chromosome losses became possible. 
Polymorphisms are normally inherited variations in DNA sequence that 
'mark' the maternal and paternal copies of genomic DNA. Except for the 
sex chromosomes, every person carries two copies of every chromosome, 
one from the mother and the one from the father. If a polymorphism  is 
to be informative (heterozygous), the DNA sequence of the polymorphic 
site in the two chromosomes m ust differ .

Initial studies relied on detecting differences in the behaviour of a 
protein, for example, by differences in enzyme activity or electrophoretic 
mobility. More recently, the recognition that single base pair changes, 
which are innocuous in their own right, but alter a restriction enzyme site 
so that an enzyme no longer cuts at that site are polymorphic, opened up 
this field [see section 1.9.3]. The most frequent polymorphism  is a single 
base pair change, it is estimated that this occurs on average every 100 base 
pairs. Most of these changes are innocuous but may alter a restriction 
enzyme cutting site these differences in restriction endonuclease 
restriction sites at a given locus are inherited in a M endelian co-dominant 
fashion. Initial studies relied upon the large variations in the length of 
polymorphic site, detectable by restriction enzyme digestion of genomic 
DNA and visualisation of the polymorphism by Southern blotting. W hen 
total genomic DNA is 'cut' by a certain restriction endonuclease a 
heterogeneous population of digested fragments of varying size - so called 
restriction fragment length polymorphisms (RFLPs) - are produced. 
Variations in the length of these fragments can be detected by Southern 
analysis. An RFLP is not a mutation resulting in a genetic disease but 
rather should be considered as a marker for a gene or chromosomal region 
of interest. Although the most abundant sequence variation in DNA is 
due to a simple base pair change within the restriction enzyme recognition 
site, insertions or deletions may also occur. If analysis reveals two separate 
bands corresponding to the maternal and paternal alleles, the patient is 
termed informative' at this locus.

The recent discovery a vast source of polymorphic markers in the 
hum an genome has revolutionised genetic study of hum an disease and 
are pivotal to realising the goal of creating a hum an genetic linkage m ap 
(Weissenbach, 1993). These polymorphic m arkers comprise short DNA 
sequences which are repeated a variable number of times - so-called
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variable num ber tandem  repeat sequences (VNTRs ). VNTRs are either 
termed mini or micro - satellite repeats depending on their length 
(Weissenbach, 1993, Jeffries et al, 1985). Minisatellites w ith repeat lengths 
of 9-60 bp  are routinely detected by restriction endonuclease digestion of 
DNA, Southern blotting and hybridisation, though some smaller 
minisateUite repeats can be detected by PCR (Jeffries et al, 1988). 
Microsatellites are smaller usually 1-5 bp and are routinely analysed by the 
PCR (Weber, 1990). W hen tandemly repeated sequences are replicated in 
cell division the number of repeat units may change, this occurs frequently 
enough to make alternate and therefore detectable differences in alleles 
relatively common but these changes are stable enough over generations 
to enable family studies to be performed. Although mini and micro - 
satellite repeats are usually equally informative, minisatellite repeats are 
preferentially located near the telomeric region of the chromosome 
whereas minisatellite repeats are uniformly distributed throughout the 
genome (Weber, 1990, Weissenbach, 1993). Minisatellites are estim ated to 
occur in 50,000 to 100,000 locations within the genome (Weber, 1990, 
Weissenbach, 1993). Microsatellite repeats are short simple-sequence 
tandem  repeats, predominantly (dC - dA)n • (dG - dT)n giving rise to their 
alternative name CA repeats. The abundance, ease of detection have made 
these the markers of choice for linkage studies and more recently for loss 
of heterozygosity studies as described in Chapter 4.

1.9.4 W hy do we have microsatellite repeats?
The biological role of microsatellite repeats is intriguing. Most 

microsatellite repeats occur outside coding regions and are not translated, 
but they are often highly conserved consistent w ith some sort of functional 
role. Indeed, the possibility that microsatellite repeats are involved in gene 
regulation is raised by the discovery of a range of proteins in the cell nucleus 
that b ind  to them (Richards et al, 1993). Microsatellite repeats are also 
involved in a number of genetic diseases and they may undergo dynamic 
m utation w ith an increase in copy number, a phenom enon that is thought 
to underlie a num ber of neurological diseases such as Huntington's disease 
and fragile X syndrome (Sutherland and Richards, 1994).

1.9.5 Loss of heterozygosity
The only reliable indication for the genomic localisation of genes 

predisposing to cancer are provided by linkage analysis. Unfortunately,
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most cancers even w hen showing familial aggregation, are not inherited 
in a M endelian fashion and are, therefore, not suitable for linkage analysis. 
An alternative approach is to search for the loss for specific chromosomal 
regions within the tumour. Loss of heterozygosity - LOH - is defined as the 
absence in tum our DNA of a polymorphism present in constitutional 
DNA. LOH for polymorphic markers at a given chromosomal locus 
reflects the absence of critical genes from that region and implicates them 
in the development of that tum our (Cowell, 1992). LOH studies have 
theefore been useful in the genomic localisation of a num ber of potential 
recessive cancer genes (Cowell, 1992). Providing there are sufficient 
num bers of informative polymorphic markers in the region of interest, 
determination of LOH can be considered as a refined version of 
cytogenetic analysis. LOH studies have the potential to detect much 
smaller genetic abnormalities than conventional cytogenetic analysis and 
infer subtle chromosomal mechanisms, such as parent-of-origin effects 
and mitotic recombination, that are undetectable using microscopy.
Because LOH often involves large regions of the chromosome, LOH 
studies have been extremely successful in the hunt for tum our suppressor 
genes (Ponder, 1988).

The recessive nature of the Wilms tum our gene was suggested by a 
comparison of genetic probes from norm al versus Wilms tum our tissue 
from the same patient. Four independent laboratories published similar 
findings in a single issue of Nature (Fearon et al, 1984, Koufos et al, 1984, 
Orkin et al, 1984, Reeve et al, 1984). Overall these investigators found loss 
of constitutional heterozygosity for polymorphic markers from the short 
arm of chromosome 11 in 55% of tumours by Southern blotting using 
probes for genes known to be located there - the c-Harvey-ras oncogene. 
Insulin, hum an C-globin locus and PTH (Fearon et al, 1984, Koufos et al, 
1984, Orkin et al, 1984, Reeve et al, 1984). The generation of homozygosity 
in the Wilms tumours arose by a variety of mechanisms. The simplest of 
which included duplication of the chromosome carrying the recessive 
mutation and loss of the normal copy, leading to homozygosity in the 
non-deleted alleles in the tumour cells. This process was distinguished 
from a simple deletion by densitometry using a non-syntenic locus as an 
internal standard (Fearon et al, 1984, Koufos et al, 1984). In patients 
showing a deletion of a restriction fragment on Southern analysis, the 
remaining band in the tum our had twice the intensity of the
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corresponding band in the normal kidney tissue (Fearon et al, 1984,
Koufos et al, 1984). Interestingly, in one of two tum ours it was noted that 
the m aternal allele was lost (Reeve et al, 1984).

The possibility that LOH was a non-specific phenomenon was 
excluded by using polymorphic markers on different chromosomes. Using 
polymorphic markers from chromosomes, 1,6,13,14,15, 17, 18 and 20, 
whenever heterozygosity was dem onstrated in the normal tissue, the 
tum our was also heterozygous at that locus (Fearon et al, 1984, Koufos et 
al, 1984, Orkin et al, 1984, Reeve et al, 1984, Mannens et al, 1990). The 
maintenance of heterozygosity for l i p  markers in norm al kidney 
suggested that the development of homozygosity did not occur during 
embryogenesis of the kidney, but was related the development of the 
Wilms tum our (Fearon et al, 1984, Koufos et al, 1984, Orkin et al, 1984, 
Reeve et al, 1984).

Analogous observations of tum our specific LOH have also been 
made in retinoblastoma. This led to a model in which each of the proposed 
chromosomal mechanisms results in a somatic cell becoming homozygous 
for a m utant allele of a cancer susceptibility gene as shown schematically in 
figure 1.3 (Cavenee et al, 1983). These include:

a). Mitotic non-disjunction associated with loss of the wild type 
chromosome resulting in hemizygosity at all loci on the chromosome.
b). Mitotic non-disjunction followed by duplication of the m utant 
chromosome resulting in homozygosity for all loci on the 
chrom osom e.
c). Mitotic recombination between the chromosomal homologues with 
a breakpoint between the tum our locus and the centromere which 
w ould resulting in hererozygosity at loci in the proximal part of the 
chromosome and homozygosity in the rest of the chromosome, 
including the locus of the tum our suppressor gene.
d). Simple loss resulting hemizygosity at all loci on the chromosome.
e). Regional second events such as deletion or mutation.

Although LOH is usually considered to represent the second hit 
uncovering' a recessive m utation on the other allele, there is no a priori 
reason why LOH cannot represent the first hit. LOH can occur by any of the 
above mechanisms though most commonly by mitotic recombination.
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1.9.5.1 Evidence that LOH in Wilms tum our involved two distinct 
regions.

As described in section 1.3.1.1, children w ith the WAGR syndrome 
invariably have a germline deletion involving chromosome band l lp l3  
(Riccardi et al, 1978), a region predicted to harbour the Wilms tum our 
predisposition gene. According to the two-hit hypothesis (Knudson and 
Strong, 1972), loss of both alleles of this gene at l lp l3  would be sufficient 
to cause Wilms tumour. Consistent with this theory, studies in a num ber 
of sporadic Wilms tumours found LOH for polymorphic m arkers in l i p  15. 
In view of the predicted location of the Wilms tum our predisposition gene 
in l lp l3 ,  it was assumed that the region of allelic loss extended proximally 
to include l lp l3  (Fearon et al, 1984, Koufos et al, 1984, Orkin et al, 1984, 
Reeve et al, 1984, Razis et al, 1985). However three separate studies 
questioned this assumption and confirmed that LOH for l i p  involved two 
separate regions - l lp l3  and l lp l5  - and that a sub-set of tum ours w ith 
LOH for l lp l5  retained heterozygosity at l lp l3  (Mannens et al, 1990 , 
Mannens et al, 1988, Reeve et al, 1989, Wadey et al, 1990). Overall, about 
20% of Wilms tumours show LOH for l lp l3 ,  whereas LOH in some 
Wilms tum ours was found to be restricted to a region proximal to HBB 
and to involve the IGF2 locus in llp l5 .5 | (Mannens
et al, 1990). This observation suggests that there is a second, probably 
independent, tum our suppressor gene in l lp l5 .  More recent analysis 
suggests that in some tumours there is an interaction between these two 
regions. For example, three patients with the WAGR syndrom e and 
germline l lp l3  deletions developed Wilms tum ours w ith LOH for l lp l5  
bu t not l lp l3  (Henry et al, 1989, Jeanpierre et al, 1990). LOH at l lp l5  may 
therefore arise independently, as a result of mitotic recombination, and 
positive selection for recessive mutations for the tum our suppressor gene 
in  l lp l5  may be important in the genesis of Wilms tumour. Two tum ours 
w ith LOH for l lp l5  alone were found to have low levels of W Tl mRNA 
(Coppes et al, 1992a) and a sporadic tumour w ith evidence of chromosome 
11 loss and reduplication prior to the mutation in WTl (Haber et al, 1990). 
These cases suggest that tumorigenesis might require alteration at both 
l i p  loci and raises the possibility of sequential involvement of Wilms 
tumour genes in l lp l3  and llp l5 .

60



Figure 1.3 Mechanisms of loss of heterozygosity

First
"hit"

Mvtation

X 1 r

Q (
X

Mitotic Recombinaticn mitotic non-disjunction

Loss

Segregation

Q Q

Second
Hit

Mkotic
recombination

Inactivate nof 
second gendby 
mutationor 
ddetion

Chiomosomal Chromosome 
non disjunction Loss

This diagram  üka strates the m echanism s by w hich inactivation cf both all e le s c f a  tum our su ppre æor  
gene can o ccu r.T hefirst "hit" involves a m utation ord  efe ti on that inactivates one allele .T he second  
"Hit" may occur in any o f  the ways detailed above w ith  the sa m ee  nd re su It - m itotic recom bination  
leads to L CH o f  a llthe genes distal to the recombination event. Chrom osom al nondysjunction w  ill 
result in  2 co p ies o f the chrom osom e carrying the mu tation w hile chrom osom e loss resu Its in  a single 
copy o f a m u ta fe d gene.

61



1.9.5.2 LOH as a prognostic marker
No correlation has been found between the stage or histology of the 

tum our at presentation and allelic loss for markers on chromosome 11, 
suggesting that LOH is a relatively early event in tumorigenesis (Mannens 
et al, 1990, W adey et al, 1990). Furthermore, as there is no detectable signal 
from the deleted chromosome 11 allele, it seems likely that clonal 
expansion occurred after allele loss (Wadey and Cowell, 1989). Allele loss 
from the short arm of chromosome 11 has been detected in a variety of 
embryonal and epithelial tumours, raising the possibility that this 
abnormality is non-specific [Table 1.11]. If this were truly the case, complete 
rather than partial allelic loss, i.e. reduction to homozygosity for the whole 
chromosome would be expected. Acquired partial allelic loss for l i p  must, 
therefore, confer a growth advantage on cells. Allelic loss at l lp l5  may 
therefore represent a generalised recessive tum our progression gene, but 
this can only be determined when the elusive gene at l lp lS  is cloned. LOH 
for the long arm of chromosome 16 and 7 has also been demonstrated in 
sporadic Wilms tum our and is reviewed in chapter 4.

Table 1.11 LOH for alleles on the short arm of chromosome 11 in a 
variety of different tum our types other than W ilms tum our

Tum our type Frequency of 
allele Loss

Reference

Rhabdoid tum our lo f  1 (Schofield et al, 1996)

Hepatoblastoma 2 of 3 (67 %) 
l o f l  
4 of 66 
2 of 18

(Koufos et al, 1985) 
(Little et al, 1988) 
(Byrne et al, 1993) 
(Albrecht et al, 1994)

Rhabdomyosarcoma l o f  2 (Koufos et al, 1985)

Bladder carcinoma 5 of 12 (Fearon et al, 1985)

Breast cancer 11 of 56 
l o f l

(Ali et al, 1987) 
(Miyagi et al, 1992)

Germ cell tum ours 5 of 20 (Lothe et al, 1993)

Adrenal adenoma l o f l (Hayward et al, 1988)
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A notable feature of tumour cells is the random  loss of chromosomes. 
The exposure of any recessive mutation by this process which confers a 
growth advantage to these cells is likely to be favoured by positive selection. 
As a consequence, the identification of LOH does not necessarily imply a 
causal role for a gene within that region of the genome, in the initial, all 
im portant, events leading to malignant transformation.

1.10 GENETIC AND PHYSICAL MAPS
Until recently the identification of the vast majority of genes 

involved in hum an disease relied on pre-existing knowledge of the basic 
biochemical defect underlying that disease. Strategies resulting in the 
discovery of a gene using this approach are known as 'functional cloning' 
and are limited to disorders for which there is biological information about 
the basic gene defect. For example, the gene for Lesch-Nyhan syndrome, an 
X-linked disorder of purine matabolism, was cloned using knowledge of the 
biochemical pathway involved in this condition (Watson et al, 1992). By 
contrast, the isolation of a disease gene without recourse to information 
about its protein product, is known as 'positional cloning'. This process is 
initiated by mapping the responsible gene to a location on one of the 
chromosomes, then successively narrowing the region of interest by fine 
m apping until the relevant gene is identified. The two fundam entally 
different approaches are contrasted in figure 1.4.

Figure 1.4 Functional and Positional cloning

Disease — ^ — Disease

Map Function Map Function

"Gene

Functional cloning Positional cloning

Contrasting methods of disease-gene identification are depicted above 
[figure 1.4]. Functional cloning is dependent on the availablity of
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information about the protein product an d /o r function of the relevant 
gene. M apping follows the cloning of the gene. Positional cloning, however, 
moves in the opposite direction and function can only be determined once 
the gene has been cloned after mapping procedures.

Identifying the position of a disease gene can be achieved either 
through 'linkage' analysis or by the recognition of disease-associated 
chromosomal abnormalities [see figure 1.5]. From this information a 
physical map of the candidate region is constructed prior to gene cloning 
approaches.

Figure 1.5 Positional cloning of genes involved in genetic disorders
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1.10.1 Linkage analysis
For many diseases, positional cloning begins w ith the collection of 

pedigrees in which the phenotype produced by the gene defect is segregating 
- a process known as linkage analysis. Co-inheritance, or genetic linkage, was 
originally described in Drosophila by the dem onstration that combinations 
of genes tended to be inherited in groups that are linked' together because 
they are physically close to each other on the same chromosome. The closer 
the two markers are on the same chromosome pair, the more frequently 
they are co-inherited in different members of members of a family. Linkage 
is determined by analysing the pattern of inheritance of a gene or marker in 
families. In order to distinguish between the chromosome carrying the 
m utant gene and the normal allele it is necessary to identify polymorphic 
markers segregating in the family. In order to determine inheritance 
patterns there m ust be some means of following these polymorphic 
sequence differences as they are transmitted through the families. As
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described in section 1.9 the realisation that sites recognised by restriction 
endonucleases could be polymorphic opened up the possibilities of linkage 
analysis. An RFLP is inherited like a gene, this m arker can therefore be 
followed from generation to generation by following the inheritance of the 
marker fragments. W hen pairs of homologous chromosomes come together 
in meiosis they exchange chromatid segments in a process called 
recombination. The further a polymorphic locus is from the gene or region 
of interest, the greater the chance of a recombination occurring in this 
interval. In linkage analysis the co-inheritance of a gene and a marker are 
followed in a family, from this information the probability that the 
polym orphism  is not linked i.e. that the observed inheritance pattern could 
occur by chance alone, is calculated. By repeating this calculation assuming a 
pre-determ ined degree of linkage the ratio of the two possibilities - no 
linkage versus a specified degree of linkage - can be determined. The ratio is 
expressed as the odds for (and against) that degree of linkage. As the 
logarithm of the odds ratio is used, the result is expressed as the LOD score.
A LOD score > 3 represents a 1000: 1 odds that the markers are linked. Two 
markers that have a 1% probability of being separated by genetic 
recombination are said to be 1 cM apart, this is a genetic rather than a 
physical m easure of distance between two points since recombination 
events are not equally distributed along the length of a chromosome.

1.10.2 Disease associated chromosomal abnorm alities
The genomic localisation of a hum an disease gene can be detected if 

that disease arises as a consequence of the physical disruption of a gene 
either by deletion, translocation or inversion. These disruptions may be 
large enough to be detected at the cytogenetic level and the deletion of the 
same chromosomal abnormality in two or more patients w ith the same 
condition provides strong, albeit circumstantial, evidence that the disease 
locus is located at, or within, the abnormal region on that chromosome. 
Although the num ber of patients that have an inherited condition as a 
result of a chromosmal abnormality is small, an association betw een a 
number specific chromosomal abnormalities and a disease phenotype are 
well recognised and in many cases have provided the starting point for 
attempts to clone the gene involved.

Although cytogenetic studies have been invaluable in identifying the 
chromosomes involved in a number of disease conditions, and in detecting 
karyotypic abnormalities in tumours, the relevent changes have to be
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relatively large to be detected by conventional karyotypic analysis. Further, 
obtaining adequate metaphase spreads for chromosomal analysis from 
tum ours is frequently extremely difficult. Although a cytogenetic 
abnormality may be apparent under the light microscope, the limited 
resolution of this technique prevents further elucidation of the abnormality. 
The field of cytogentics has been revolutionised by the technique of 
fluoresence in situ hybridisation -FISH - this technique has markedly 
im proved the resolution and determination of chromosomal abnormalities 
and advances in FISH technology have established it as a sensitive, relatively 
rapid, reliable and reproducible technique. In situ hybridisation allows 
specific nucleic acid sequences to be detected in morphologically preserved 
chromosomes and was first described almost thirty years ago (Pardue and 
Gall, 1969). At this time radioactivity was the only m ethod of labelling 
nucleic acids the more recent development of non-radioactive detection 
systems has enabled its widespread application. FISH is based on the same 
principle as Southern analysis that is the ability of single stranded DNA to 
recognise and anneal to complementary DNA (Pinkel et al, 1986). The test 
probe is labelled, in this case by the incorporation of biotin or digoxygenin- 
labelled nucleotides and the target DNA is either the nuclear DNA of 
interphase cells or the DNA of metaphase cells. Therefore, FISH can detect 
the presence or absence and location of specific nucleic acid sequences in 
individual metaphases and interphase nuclei. Three m ain types of probe can 
be used in FISH, those that identify a specific chromosomal structure such as 
alpha-satellite DNA sequences - tandem DNA repeats that are present at the 
centromeres of hum an chromosomes, probes that hybridise to unique DNA 
sequences and those that hybridise to multiple chromosomal sequences. The 
latter are prepared from flow sorted chromosomes and thus contain 
sequences derived from the all parts of the chromosome of interest. In 
hybridisation studies these multiple probe sequences result in the 
deliniation of the whole chromosome w ith a fluorescent probe and are 
known as whole chromosome 'paints'. Advances in technology such as 
multicolour FISH have provided the ability to detect two or three probes 
mapping to a single chromosome simultaneously and to determine the 
relative order of these probes while chromatin release techniques (Heng et 
al, 1992) have improved the resolution so that probes m apping as close as 50 
-100 kb can be distinguished (Fidlerova et al, 1994). The applications of FISH 
are numerous and are detailed briefly in table 1.12.
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Table 1.12 Applications of FISH

Analysis of tumours
i. Detection of numerical and structural chromosomal abnormalities
ii. Molecular analysis of chromosomal abnormalities in hum an
tum ours
iii. Detection of gene amplification i.e. N-myc in neuroblastoma
iv. Monitoring the efficacy of therapy and of minimal resudual disease
V. Detection of early relapse
vi. Identification of the origin of bone marrow cells following bone
m arrow transplant
vii. Identification of rearranged chromosomes of uncertain origin 

A pplications in research
i. Chromosomal localisation of genes and DNA sequences
ii. Preparation of cytogenetic maps
iii. Determination of the relative order and distance between probes
iv. Characterisation of somatic cell hybrids
V. Comparative maps
vi. Replication timing
vii. Comparative genomic hybridisation
viii. Nuclear organisation
ix. Identification and characterisation of constitutional 

chromosomal abnormalities

Comparative genomic hybridisation (CGH) is a novel application of 
FISH technology. Genomic DNA extracted from the tum our is cohybridised 
w ith genomic DNA from normal tissue to normal m etaphase chromosomes 
using dual colour FISH analysis (Kallioniemi et al, 1992). Regions of gain or 
loss of DNA by amplification, duplication or deletion is detected by a change 
in the ratio of the 2 fluorochromes used along the length of the target 
chromosome. This technique enables the identification of m uliple genetic 
changes throughout the genome. However it is still in its infancy and the 
resolution remains relatively low though this is likely to improve in the 
near future (Kallioniemi et al, 1994).
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1.10.3 Physical mapping
W hether the chromosomal location of the gene under investigation 

is determined by genetic-linkage analysis or cytogenetic studies, 'physical' 
mapping of the candidate region is still necessary for cloning the disease 
gene. Physical maps can be generated either by using panels of somatic or 
radiation cell hybrids, the hybridisation of DNA sequences directly to 
chromosomes- cytogenetic in situ hybridisation maps or - by the analysis of 
chromosomal abnormalities that are characteristic to that disease or 
condition - breakpoint maps.

Somatic cell hybrids result from the fusion of rodent and hum an cells 
and are generated in order to carry the hum an chromosome of interest.
W hen rodent and hum an cells are fused, the resultant hybrids are unstable 
and progressively loose human chromosomes. After serial passage, the 
hybrids become more stable and those that retain the hum an component of 
interest then provide a useful mapping resource (Cowell, 1992). For reasons 
that are not entirely clear, human chromosome 11 is often preferentially 
retained in somatic cell hybrids as well as chromosomes 3, 5, 7, 8, and 13. 
However, as there is no means of predicting the future behaviour of hybrid 
cell lines, therefore repetitive evaluation of the cell line is necessary 
(CoweU, 1992).

Hybrid cells that contain fragments of the chromosome of interest are 
particularly useful for mapping studies. These can be generated by using 
hum an chromosomes with translocations or deletions or by irradiating 
hum an chromosomes. Following irradiation hum an DNA fragments in a 
random  manner, these sub-chromosomal fragments can be rescued' by 
fusion with mouse cells which then contain fragments of the chromosome 
of interest (Cox et al, 1990). The latter are known as radiation hybrids (RHs). 
The isolation and culture of the resultant single cell hybrids enables the 
creation of a panel of cell lines each containing varying proportions of the 
chromosome of interest. This panel can be characterised by techniques which 
determine the frequency with which pairs of markers are retained within a 
clone. This is a complicated procedure as each cell may contain more than 
one hum an chromosomal fragment and m ultipoint statistical analysis is 
necessary to calculate the probability that two markers are retained on the 
same fragment- the retention frequency. The retention frequency can then 
be used to calculate the distance between pairs of markers, this distance is 
expressed in centirays (cR) and is analogous to the genetic distance the
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centimorgan (cM). This task is considerably simplified by computer 
program m es such as RH MAP (Boehnke et al, 1991).

1.10.4 Cytogenetic-FISH maps
The most direct and rapid method currently available for identifying 

the chromosomal locus of a single copy probe is by fluorescence in situ 
hybridisation (Lichter et al, 1990). The technique of chromosomal in situ 
suppression (CISS) hybridisation suppresses the hybridisation signal from 
ubiquitous repeated sequences by the addition of competitor DNA such as 
COT-1 DNA. This technique utilises the rapid reassociation kinetics of 
repetitive sequences to damp down background hybridisation and hence 
facilitate the selective hybridisation of unique single copy probes. This allows 
for accurate localisation of the locus to which a specific probe hybridises. 
Visual inspection of FISH hybridisation allows an approximation of the 
relative m ap position of a cosmid or other clone. More accurate 
determ ination can be achieved by using digital image microscopy, in which 
the length and w idth of the chromosome are measured. Then, using a 
cursor, a line is draw n through the long axis of the chromosome and 
through the fluorescent signal on one chromatid. The relative photon 
density of each pixel along this line is then determined against the 
chromosome length and the map position of the probe expressed as the 
fractional length -FL- of the total chromosome relative to a fixed reference 
point usually pter - hence FLpter (Lichter et al, 1990). The resolution of a 
conventional FISH map based on metaphase chromosomes is 1000 kb 
(Lichter et al, 1990). Recent techniques involving the release of free 
chrom atin from interphase nuclei allows the DNA to unravel and linearise 
allowing m apping of probes in the range of 50 kb to 350 kb (Fidlerova et al, 
1994, Heng et al, 1992). The use of multicolour FISH allows the relative 
order of probes mapping to a chromosome to be determined (Redeker et al, 
1994).

Using the chromosomal breakpoints present in somatic cell hybrids 
each chromosome can be divided into several sub regions w ith each region 
delineated by a chromosomal breakpoint. Markers can be m apped by FISH 
relative to these breakpoints and a detailed comparison of the results 
obtained by FLpter measurements following FISH. The m ap order 
determined from somatic cell hybrids revealed an extremely close 
correlation between these two mapping m ethods (Lichter et al, 1990).
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1.10.5 Pulsed field gel electrophoresis (PFGE) maps
PFGE provides a means for the electrophoretic separation of DNA 

fragments up to several megabases in size and has provided a powerful tool 
for the elucidation of genes whose precise physical location is known but the 
gene itself has not been identified. Physical m apping of a large chromosomal 
region is possible using PFGE as DNA molecules up to several million base 
pairs can be seperated by the application of an electrical field that periodically 
changes direction (Gardiner, 1991). The mechanism of PFGE is not 
understood but it is thought to depend on the relative ease w ith which a 
DNA molecule reorientates itself in response to a change in the direction of 
the electric field. Hum an DNA is digested by several 'rare cutting' enzymes - 
restriction endonucleases with CpG dinucleotides in their recognition 
sequence that cut DNA infrequently, so-called rare cutters, and therefore 
produce fragments up to several million base pairs in length. These large 
fragments can be separated by PFGE, but not by conventional electrophoresis 
(Watson et al, 1992). The activity of many restriction enzymes is dependent 
on the méthylation status of the recognition site. CpG islands, which are 
often located at the S' end of genes, are usually unm ethylated, therefore 
analysing the hum an genome with restriction enzymes that preferentially 
cleave at these sites facilitates the localisation of genes (Bird, 1986, Brown 
and Bird, 1986, Lindsay and Bird, 1987). The localisation of markers to these 
retriction length fragments is determined by Southern hybridisation. W ithin 
any one fragment no order can be established. However, those probes 
mapping to the same restriction fragment can be determined and, by analysis 
of the mapping pattern of a series of probes, it is possible to generate a 
continuous fragment map w ith DNA markers in a relative order. The 
distance between two markers can be determined by the sizes of the DNA 
restriction fragments that carry both markers. The smallest fragment that 
contains both markers provides an upper estimate of the distance separating 
them .

1.10.6 'Contig ’maps
An alternative but complementary approach to PFGE for gene 

mapping is provided by building up an ordered, linked set of overlapping 
cloned fragments, 20-40 kbp in length, that have been positioned relative to 
one another. Once assembled these contiguous stretches of DNA are called 
'contigs'. Genomic DNA is digested using restriction endonucleases, the 
resultant DNA fragments can then be cloned into cosmid vectors or more
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recently yeast artificial chromosomes (YACs). YACs can carry m uch larger 
DNA fragments than cosmid or phage clones up  to IM bp in length. A 
num ber of strategies have been used to assemble contigs including ordering 
by 'fingerprinting', that is, ordering clones by the pattern of restriction 
fragments generated by restriction enzyme digestion. Clones that have 5 or 
more restriction fragments in common are assum ed to overlap. A more 
recent method involves the use of so-called ' sequence tagged sites' (STSs). 
An STS is a unique sequence from a known locus that can be amplified by 
the polymerase chain reaction [see section 2. 9]. Each STS is approximatly 200 
to 500 bp in length and can be used for ordering clones by searching for those 
clones that contain the same STS. Once a contig map has been constructed it 
is possible to analyse any piece of DNA down to the level of the base 
sequence.

This section has outlined a number of molecular strategies and the 
methodologies that enable the identification and isolation of disease causing 
genes. The following sections describe how these were then used to clone a 
the first, and so-far only, candidate Wilms tum our gene, WTl.

1.11 CLONING THE ’W Tl' TUMOUR SUPPRESSOR GENE
Three lines of evidence identified l lp l3  as the region likely to contain 

a gene involved in the development of Wilms tum our, (a) the identification 
of WAGR associated deletions, (b) interstitial deletions involving the same 
region of l i p  in sporadic Wilms tum our cells in constitutionally normal 
children (Kaneko et al, 1981) and (c) loss of heterozygosity (LOH) in tum our 
cells for polymorphic markers on the short arm  of chromosome 11 (Fearon 
et al, 1984, Koufos et al, 1984, Reeve et al, 1984). The LOH studies, in 
particular, suggested that the l ip  region contains a so-called tum our 
suppressor' gene. A composite of all the WAGR associated deletions 
suggested that this region was large - at least 1 to 3 megabases (Mb) in size - 
consistent w ith the theory that this region contained, not just one, but a 
cluster of genes involved in the development of the kidney, iris, 
genitourinary system and brain. The cloning and m apping of the catalase 
and follicle stimulating hormone beta ( FSHfi ) genes flanking the smallest 
region of overlap in WAGR syndrome patients, enabled a concentration of 
effort in building up a detailed map of this region (Glaser et al, 1989, Junien 
et al, 1983). The predicted gene order at this time was Centromere - CAT- 
Wilms tum our - AN - FSH6 - Telomere (Cowell et al, 1989, Glaser et al,
1989, Lewis et al, 1988, Porteous et al, 1987, Turleau et al, 1984). Following
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intensive analysis of somatic cell hybrids prepared both from a series of 
patients with chromosomal deletions and translocations, and a panel of 
chromosome 11 radiation hybrids a clearer picture began to emerge. These 
techniques enabled the generation and identification of a cell line 
containing a 3 Mb region that included the WAGR region (Glaser et al, 1989). 
Analysis of the DNA from hybrid cell lines by pulsed field gel 
electrophoresis (PFGE) enabled number of groups to build up  a detailed long 
range map of the l lp l3  region (Compton et al, 1988, Davis et al, 1990, Davis 
et al, 1988, Gessler and Bruns, 1989, Glaser et al, 1989, Rose et al, 1990). The 
discovery of a homozygous deletion of l lp l3  in a sporadic Wilms tum our 
enabled the identification of a 350 kb region within which the gene for WT 
should reside (Rose et al, 1990). The gene, subsequently called W Tl, was 
cloned using independent but complementary approaches (Bonetta et al, 
1990, Call et al, 1990, Gessler et al, 1990). Houseman's group (Call et al, 1990, 
Rose et al, 1990), identified genomic clones that were homozygously deleted 
in the tumour. The clones that showed cross-species hybridisation, 
suggesting evolutionary conservation, were then used to screen cDNA 
libraries from embryonic kidney. Several cDNAs were identified.
Sequencing the longest (WT 33), revealed an open reading frame including 
a proline/ glutamine rich N-terminal dom ain and 4 zinc-finger domains. 
These features are characteristic of a num ber of transcription factors 
including members of the early growth response (EGR) genes, involved in 
pathways controlling cell proliferation (Mitchell and Tijan, 1989, Pavletich 
and Pabo, 1991).

The same gene was identified by a m apping CpG islands by PFGE and 
subsequent cloning by consecutive jumps from one island to the next using 
rare cutting' restriction enzyme jumping libraries - a so-called chromosome 

jumping technique (Gessler et al, 1990). A random  probe, 282-EH2.6, was 
chosen which m apped to the WAGR region and was close to two known 
CpG islands. Using 'rare cutting' restriction enzyme jum ping libraries, the 
starting probe 282-EH2.6, was used to isolate 4 CpG islands. The direction of 
the jumps, and therefore the relative position of the CpG islands, was 
determined by m apping newly identified DNA fragments against somatic 
cell hybrid panels. At two of the CpG islands, conserved sequences were 
identified. A subclone of one of these, LFT3, only detected mRNA from fetal 
kidney RNA, and was used to isolate cDNAs from a fetal kidney library. The 
longest clone identified was LK15. Sequencing this gene revealed almost
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complete homology to the WT 33 cDNA, except this latter gene was 51 
amino acids shorter. It was subsequently recognised that the gene isolated by 
Gessler and colleagues lacked an alternative splice site [see section 1.13.1].

Another distinct transcript, different from W Tl, was identified from 
two independent but overlapping chromosome l lp l3  deletions (Lewis et al,
1988) only 1 of which included the FSHÜ gene. Using a cosmid clone located 
w ithin the deletion the Toronto group progressed by chromosome jumping 
and walking, the latter involving building up a contig of cosmid clones in 
which the order of each cosmid is ordered w ith respect to the others. As the 
contig built up, each of the cosmid and phage clones was screened for 
evolutionarily conserved regions by Southern analysis or for exon-like 
sequences by Northern analysis. Three single copy probes that identified 
distinct transcripts in hum an fetal kidney were identified. One probe 
identified a similar cDNA to that found by the other 2 groups which is now 
known as WTl (Call et al, 1990, Gessler et al, 1990). These workers also 
discovered a unique sequence, distinct from W Tl, called W iTl. W iTl was 
expressed in an identical (tissue-specific) manner to W Tl, bu t at a reduced 
level (Bonetta et al, 1990). Further study showed that this gene was 
transcribed in the opposite direction to W Tl. As yet no protein product has 
been identified for WiTl so the exact function of this gene has yet to be 
elucidated.

1.12 BIOLOGICAL ANALYSIS OF W Tl
One of the pre-requisites for a candidate gene is that it should show an 

expression pattern consistent with its proposed function and phenotype. 
Analysis of W Tl mRNA expression in hum an fetal tissue shows a restricted 
pattern of expression consistent with a role for W Tl in renal development 
[Table 1.13] (Pritchard-Jones et al, 1990). Overall W Tl is expressed in those 
tissues that undergo a mesenchyme to epithelial transition (Pritchard-Jones 
et al, 1990). Much of the more recent detailed work has been perform ed 
using mouse embryos, as it is easier to obtain embryos at distinct and 
defined stages of development.

1.12.1 Expression studies
Initial Northern blot analysis indicated that the expression of WTl 

mRNA was higher in fetal kidney than in adult kidney (Call et al, 1990, 
Huang et al, 1990). In situ analysis of W Tl mRNA expression on hum an 
fetal tissue, showed that WTl mRNA is detectable at each of the three
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different stages of nephrogenesis, suggesting that W Tl is required for the 
early stages of renal development. Initially, low levels of W Tl mRNA are 
detectable in the uninduced metanephric blastema. As reciprocal induction 
occurs in the condensed mesenchyme, W Tl expression increases and is seen 
in the renal vesicles and most strongly in the podocyte layer of the renal 
glomerulus - a very specialised single layer of epithelial cells in the 
glomerulus - where it continues to be expressed in the fully differentiated 
nephron (Pritchard-Jones et al, 1990).

Table 1.13 Expression Pattern of WT 1 mRNA

Embryonic : Kidney- condensing metanephic blastema and podocytes
All organs - Mésothélial cell lining 
Gonadal ridge mésothélium
Spleen - capsule and epithelial supporting reticular tissue 
Central nervous system -
Motor neurones of the spinal cord (area postrema and 

ventral horn)

Adult : Kidney - glomerular epithelium
Ovary - granulosa cells 
Testis - Sertoli and tunica albunginia 
Uterus - decidual cells

Expression of the WTl protein, detected by immunofluoresence 
staining, during renal development parallels W Tl mRNA expression 
(Rackley et al, 1993). WTl protein can be detected within the podocyte 
epithelium of the developing glomerulus and is still present in the adult 
glomerular podocyte suggesting that W Tl may have a function in 
m aintaining the homeostasis of the m ature glomeruli (Mundlos et al, 1993). 
If this is the case it may explain the development of the characteristic 
nephropathy seen in patients with Denys Drash syndrome, with loss of 
function of WTl leading to a failure of maintenance of normal podocyte 
function [see section 1.3.3 and Chapter 3] .

In all Wilms tumours examined, expression of W Tl was seen at a 
level comparable to that of the fetal kidney, although there was marked 
variation in the level of expression seen betw een different tum ours 
(Pritchard-Jones et al, 1990). Correlating expression w ith histopathology
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revealed that tumours that were predom inantly stromal had low levels of 
W Tl, whereas tum ours that were triphasic or predom inantly epithelial 
expressed high levels [ See section 1.5 ] (Gerald, 1992, Miwa et al, 1992, 
Pritchard-Jones et al, 1990, Yeger et al, 1992). Therefore, the epithelial, rather 
than the differentiated mesenchyme, expressed W Tl, suggesting that 
m utations affecting the W Tl gene alter the balance betw een proliferation 
and differentiation. The highest level of W Tl expression was found in 
tubular structures which, by immunohistochemical analysis, were found to 
be equivalent to the early renal vesicle seen in normal development. W Tl 
expression is, therefore, seen only in the malignant counterparts of cell types 
that express the gene during normal nephrogenesis.

Animal studies have also provided insights into the biological role of 
W Tl; it is expressed in cells derived from embryonic mesoderm, explaining 
the tissue-specific pattern of expression that was so striking for this gene. In 
addition to the developing kidney, W Tl is expressed in the gonads, 
particularly the Sertoli and Leydig cells of the testis and the granulosa cells of 
the ovary and the mesothelia of the gonadal ridge (Peletier et al, 1991, 
Pritchard-Jones et al, 1990). There is also expression in the uterus and 
endometrium  in the female (Zhou et al, 1993). W Tl is expressed in the 
mésothélial cells that line the pleural and pericardial cavities and their 
contents (such as the spleen and the heart). The mésothélial cells differ from 
cells of other epithelial surfaces in that they are derived from embryonic 
mesoderm rather than embryonic ectoderm or endoderm . Consequently, 
they share a common embryonic ancestry w ith the kidney and other organs 
of the genitourinary tract. W Tl expression is also seen in the spleen. This 
organ is derived from the mesoderm and exhibits differential W Tl 
expression during the earliest detectable stage of splenic development. WTl 
expression is restricted to the capsule and epithelial supporting reticular 
tissue, but is not expressed in splenocytes. Increased W Tl mRNA expression 
has been detected in acute leukaemia, and chronic myeloid leukaemia in 
blast crisis (Miwa et al, 1992). This suggests that W Tl m ay be involved in the 
early stages of haematological cell differentiation. M alignant mésothélial 
cells express high levels of WTl mRNA and there is some evidence for a 
role for the inactivation of WTl in the aetiology of non-asbestos related 
mesotheliomas (Park et al, 1993).

WTl expression within derivatives of ectoderm also suggests a role 
for this gene in the development of the central nervous system. W Tl
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expression is seen in the ependymal layer of the spinal cord and in the area 
postrema supporting this possibility (Armstrong et al, 1993, Sharma et al,
1992). However at present, the exact role of W Tl in the developm ent of the 
CNS remains unclear .

1.12.2 W Tl gene expression and Denys-Drash syndrom e
The tissue specific expression pattern of W Tl correlates closely with 

the phenotypic features of patients with Denys-Drash syndrome (DDS). For 
example, the characteristic nephropathy w ith hypertrophy of the podocyte 
layer of the glomerulus and mesangial sclerosis is precisely the site of the 
highest W Tl mRNA expression during nephrogenesis (Pritchard-Jones et al,
1990). The severe abnormalities of the gonads in these patients, and their 
predisposition to Wilms tumour at an early age, implies a role for W Tl in 
all three aspects of DDS.

The tightly regulated tissue expression pattern of W Tl m ay explain, 
in part, w hy second tumours are uncommon in patients w ith Wilms 
tumour. Unlike the RB gene for example which is ubiquitously expressed 
and patients cured of retinoblastoma are at a vastly increased risk of 
developing osteosarcomas and soft tissue sarcomas later in life.

1.12.3 Targeted m utations of the WTl gene
Final proof that WTl was essential for the norm al developm ent of 

the various tissues expressing WTl was provided by a 'knock out' model in 
which the W Tl gene was homozygously inactivated by m utation (Kreidberg 
et al, 1993). Mice carrying a hemizygous m utation developed normally 
whereas homozygotes died mid-gestation (Kreidberg et al, 1993). In the W Tl- 
null mice the kidneys developed as far as the uninduced m etanephric 
blastemal stage and then undergo apoptosis. The ureter also fails to 
differentiate. Induction could not be stimulated even in the presence of 
spinal cord - normally a powerful inducing agent. This observation suggests 
that W Tl plays an essential role in reciprocal induction during 
nephrogenesis. Although migration of the prim ordial germ cells to the 
genital ridge occurs, WTl null mice do not form gonads, confirming the 
role of this gene in gonadogenesis. Failure to form a metanephric kidney in 
itself is not fatal. Fish use the mesonephros throughout their adult life. 
However, W Tl null mice appear to die from right sided congestive cardiac 
failure, presumably due to abnormal heart development (Kreidberg et al.
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1993). PAX2 is normally expressed in the Woolfian duct, ureteric bud and 
metanephric mesenchyme yet it is not expressed in the null mouse 
(Kreidberg et al, 1993), confirming a relationship between WTl and PAX2 
predicted by previous co-localisation studies (Eccles et al, 1992). As WTl 
expression increased in the maturing glomeruli, PAX2 expression declined. 
The interaction of genes involved in renal development is complex and 
under active investigation as is the role of the different isoforms of WTl in 
the developing kidney.

1.13 CELLULAR FUNCTION OF WTl

1.13.1 W Tl Structure
The WTl gene contains 10 exons spanning 50kb of genomic DNA and 

encodes a 3.5kb mRNA transcript with four different isoforms reflecting, the 
presence, or absence of two alternative splice sites [see Figures 1.6 and 1.7] 
(Haber et al, 1991).

Figure 1.6 A Diagrammatic Representation Of The WTl protein
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Splice site 1 inserts 17 amino acids between the proline-rich amino 
terminus and inc finger domain I and is encoded by exon 5. The second 
splice site is located between zinc fingers 3 and 4 and introduces amino acids 
lysine, threonine and serine, hence plus 'KTS' (+KTS) (Haber et al, 1991).
The presence or absence of either or both of these two splice sites give rise to 
four possible RNA isoforms and thus four distinct proteins. The four 
different splice forms have been designated A (-17aa -KTS), B(+17aa -KTS),
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C(-17aa + KTS) D (+17aa +KTS) [see figure 1.7]. The four possible W Tl 
mRNA species, (A-D) are shown in figure 1.7 and , reflect the presence or 
absence of each of the alternate splice sites I and II. The ratio of the isoforms 
A:B:C:D is 1.2 : 5 : 3.8 : 8.3 and this relative ratio of the 4 isoforms appears to 
be constant in normal kidney, and is conserved through species, suggesting 
that changes in relative ratio, as seen in Wilms tum our, m ay affect the 
norm al functions of W Tl (Haber et al, 1991). As a result it is more likely that 
all isoforms of W Tl play a role in the normal function of the protein (Haber 
et al, 1991). It was initially thought that the additional amino acids coded by 
the alternative splice site 2 (serine-threonine-lysine) m ight provide a target 
for protein phosphorylation but this does not appear to be the case (Morris et 
al, 1991). The exact role of these splice sites has yet to be clarified. The + /-  
KTS splice site has been conserved through evolution implying that it is 
functionally crucial. The splice site in exon 5 which adds or deletes 17 amino 
acids (51bp) depending upon usage, is only found in mammals and not in 
lower vertebrates (Miyagawa et al, 1994). The presence of an extra splice site 
therefore represents an increase in complexity in W Tl in mammals 
com pared lower vertebrates.

Figure 1.7 W Tl splicing sites and W Tl mRNA splicing forms 
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1.13.2 W Tl function
The W Tl polypeptide shows several features, including its nuclear 

localisation and the presence three potential functional domains that are 
characteristic of a transcription factor [Figure 1.6] (Call et al, 1990, Gessler et 
al, 1990, Mundlos et al, 1993, Peletier et al, 1991). The carboxyl terminus 
contains four 'zinc fingers', in which a zinc molecule is held in position by 
two cysteine and two histidine residues Cys2 - His2 (Lee et al, 1992). These 
are highly conserved motifs and have maintained 99% hom ology through 
vertebrate evolution (Call et al, 1990, Gessler et al, 1990). This motif is 
characteristic of proteins that exhibit sequence-specific binding to DNA and 
indicates that W Tl is a transcriptional factor which acts by regulating the 
expression of other genes (Lee et al, 1992). The amino-terminal end of W Tl 
is proline glycine rich, a feature found in the transacting dom ain of several 
transcription factors (Mitchell and Tijan, 1989). A potential third dom ain of 
W Tl is encoded by the alternatively spliced exon 5. The zinc fingers 
domains, especially 2 to 4, of W Tl have a high degree of homology to those 
in the early growth response genes EGRl and EGR2, particularly EGRl 
(Rauscher et al, 1990). W Tl can bind to the same consensus sequence as EGR, 
a 9 bp - GC -rich sequence (GCG GGG GGG) (Pavletich and Pabo, 1991, 
Rauscher et al, 1990). This is a significant finding as the EGR genes are 
expressed in a num ber of tissues including the renal tubule and are induced 
by mitogenic stimulation (Sukhatme, 1990). However, EGR genes only have 
three zinc fingers, encoded by a single exon whilst, each of the four zinc 
fingers of W Tl are encoded by separate exons (Patwardhan et al, 1991, 
Rangnekar et al, 1990, Sakamoto et al, 1991). Furthermore, the EGR genes 
lack the alternative splice between zinc fingers 3 and 4 seen in W Tl 
(Patwardhan et al, 1991, Rangnekar et al, 1990, Sakamoto et al, 1991). This 
suggests that W Tl is not a member of the EGR family but has evolved 
separately (Rauscher et al, 1990). Furthermore, in the EGR-like proteins there 
are seven amino acids between zinc fingers 3 and 4, whilst the alternative 
splice site in W Tl adds an extra 3 amino acids. This is predicted to alter the 
relative positioning of zinc fingers 3 and 4, displacing the 4th finger relative 
to the EGR binding site (Bickmore et al, 1992, Pavletich and Pabo, 1991). The 
+KTS form cannot bind to the EGR consensus sequence bu t does bind to 
other targets. No consensus sequence binding has yet been defined for the 
+KTS form (Bickmore et al, 1992, Drummond et al, 1994, Pelletier et al, 
1991b, Rauscher et al, 1990). However, the similarities between W Tl and
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EGRl have been considered sufficiently close to draw  parallels. The first zinc 
finger of W Tl shows close homology to another group of DNA binding 
proteins - the SPl family of transcription factors, especially SP3 (Kingsley and 
Winoto, 1992, Pabo and Sauer, 1992). Although the family members of EGR 
and SPl bind to -GC- rich sequences, the binding specificity's of EGR and SPl 
do not overlap (Pabo and Sauer, 1992). This suggests that the in vivo targets 
of W Tl, EGR and SPl are different.

1.13.3 W Tl and transcription
In order to understand how loss of W Tl function contributes to the 

developm ent of Wilms tumour, it is necessary to identify the biochemical 
mechanisms of transcriptional repression and characterise the W Tl 
domains which mediate this function. This can be achieved by so-called 
transient transfection assays, which allow the function of a gene to be 
determined, albeit in an artificial manner. The earliest gene transfer 
experiments used DNA tumour viruses as a vector for introducing DNA 
into a cell. This viral-mediated DNA transfer was term ed transfection, 
distinguishing it from infection. Increasing sophistication of recombinant 
DNA technology has led to 'designer' vectors for introducing foreign DNA 
into cells. These variously incorporate (a) a powerful viral prom otor, (b) an 
intron, because a splicing increases the efficiency of export of mRNA from 
the nucleus for translation, (c) several restriction sites ( a 'polylinker') for 
inserting the foreign DNA to be expressed, and (d) a reporter gene such as 
chloramphenicol acetyltransferase (CAT), that encodes an enzyme that is 
easy to assay. Foreign DNA is rarely incorporated stably into the genome of 
the transfected cell. In most cases, the cells take up the foreign DNA into the 
nucleus where the active promoters transfected along w ith the foreign DNA 
are used by the transcriptional machinery of the cell. This results in the 
transient transcription of downstream sequences, including the foreign gene 
and the reporter gene. The 'window of expression' can be exploited by 
harvesting the cells between 48-72 hours while the cells are still in the 
transient expression phase. The level of the CAT enzyme can then be 
m easured, or the amount of RNA transcribed from the transfected gene 
determined directly by hybridisation to radiolabelled gene probes. Transient 
transfection assays showed that the W Tl protein acts to repress the 
expression of several genes that usually promote cell growth [See Table 1.14] 
(Dey et al, 1994, Drummond et al, 1992, Gashler et al, 1992, Goodyear et al, 
1995, Harrington et al, 1993, Madden et al, 1991, Rupprecht et al, 1993, Ryan
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et al, 1995, Wang et al, 1992, W erner et al, 1993). The -KTS isoform of W Tl 
has predom inantly been used in these experiments and can repress 
transcription from a number of target promoters by acting as a 'negative 
regulator' of cell growth [ table 1.14].

Table 1.14 Target genes for the -KTS form of W Tl

Target Genes Reference

EGRl (Madden et al, 1991)
Insulin-like growth factor type II 
(IGF2)

(Drummond et al, 1992),

Insulin-like growth factor type I 
receptor (IGFl-R)

(Werner et al, 1993)

Platelet-derived growth factor-A 
chain (PDGF-A)

(Wang et al, 1992) 
(Gashler et al, 1992)

Retinoic acid receptor alpha chain (Goodyear et al, 1995)
Transforming growth factor fil 
gene (TGF - fil)

(Dey et al, 1994)

PAX-2 (Ryan et al, 1995)
Colony stimulating factor-1 
prom otor (CSF-1)

(Harrington et al, 1993).

W Tl - Auto regulation (Rupprecht et al, 1993)

These findings lead to the speculation that loss of W Tl function is 
responsible for continuing cell division and deficient, or defective, renal 
differentiation which may be sufficient, on their own, to give rise to a 
Wilms tumour. However, it has been shown that W Tl can regulate 
transcription, either positively or negatively, depending on which W Tl 
binding site is involved (Wang et al, 1993, Wang et al, 1993b). Different 
binding domains on W Tl can therefore determine function, suggesting that 
W Tl may have more than one function.

The + KTS isoform of WTl (rather than the m inus KTS isoform) is 
the predom inant isoform in vivo under norm al circumstances. However, 
the majority of the experiments studying W Tl function to date, have used 
the minus KTS isoform and may, therefore, not be relevant to the in vivo 
situation (Dey et al, 1994, Drummond et al, 1992, Gashler et al, 1992, 
Goodyear et al, 1995, Harrington et al, 1993, Madden et al, 1991, Rupprecht

81



et al, 1993, Ryan et al, 1995, Wang et al, 1992, W erner et al, 1993). 
Furthermore, in the transient transfection assays, W Tl is greatly 
overexpressed, since transcriptional activity is being directed by a constantly 
expressed promoter fragment present in the cloning vector. It is recognised 
that transcription factors can act as repressors or activators depending upon 
their concentration within the cell. There is also evidence that the 
transcriptional effect of WTl is modulated by the choice of expression 
vectors, W Tl activates the Egrl promoter w hen driven by the Rous sarcoma 
virus promoter, but represses the same Egrl promoter when driven by a 
cytomegalovirus promoter (Reddy et al, 1995). It is debatable, therefore, 
whether these transient transfection assays reflect the true in vivo situation. 
Therefore, although WTl can interact w ith the genes listed in table 1.10 , it is 
not clear whether this is physiologically relevant. Indeed, so far, no 
endogenous target for WTl has been identified. That said, most of the 
published data suggests that WTl functions as a repressor and that 
repression is m ediated through the large proline/glutam ine-rich dom ain 
located at the N-terminal end of the protein.

IGF2 has 4 promoters, PI, P2, P3, P4, promoters P2-4 are used during 
fetal life w ith a switch to PI at birth (Vu and Hoffman, 1994). Recently, the 
+KTS isoform of WTl has been shown to bind IGF2 and repress 
transcription from the P3 promoter (Drummond et al, 1994). It has also been 
shown that WTl is also able to regulate its own expression and, recently, 
both the + and - KTS forms have been shown to autoregulate W Tl 
transcription (Rupprecht et al, 1993). Rupprecht and colleagues also showed 
that the W Tl protein containing both splice insertions was the most potent 
repressor suggesting a role for the most abundant W Tl isoform (Rupprecht 
et al, 1993). The hum an WTl promoter has recently been characterised and is 
a member of the GC-rich, TATA-less, CCCAAT-less family of polymerase II 
promoters (Fraizier et al, 1994). Although the expression pattern of W Tl is 
tissue specific, the W Tl promoter was found to be promiscuous, functioning 
in all cell lines analysed (Fraizier et al, 1994). These finding suggests that 
tissue specific expression of WTl is m odulated by additional, regulatory 
elements, such as the capacity for autoregulation (Rupprecht et al, 1993). In 
addition to autoregulation, there is evidence for antisense regulation of 
W Tl activity (Campbell et al, 1994, Eccles et al, 1994, Malik et al, 1995), and 
an antisense promoter has been identified in exon 1 of the WTl gene (Malik 
et al, 1995). Expression of exon 1 antisense mRNA is capable of down-
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regulating cellular W Tl protein levels consistent w ith a role for endogenous 
antisense W Tl mRNA in the regulation of W Tl expression (Malik et al, 
1995). The nature of the effectors acting on the antisense regulatory region 
has not yet been determined, nor is it clear whether or not alterations in 
these effectors could contribute to Wilms tumorigenesis.

In summary, transient transfection assays suggest that W Tl may bind 
to sites other than the EGR consensus sequence and may function either as a 
repressor or enhancer of transcription, depending upon the specific 
prom otor it interacts w ith and whether or not other transcriptional 
regulatory proteins are present. It is thought that loss of W Tl function 
results in the deregulation of multiple pathways, as yet undefined, that 
norm ally restrain cell growth and that the loss of this regulation results in 
Wilms tum our formation. To determine whether these ideas are correct or 
not, the endogenous targets for WTl m ust be identified. Experiments should 
be designed to determine whether or not the W Tl protein binds to the 
prom oters of these genes in physiologically relevant and related cells at the 
correct stage of development.

1.13.4 A role for W Tl in RNA editing ?
Alternative splicing influences the intranuclear localisation of WTl. 

Using anti-WTl antibodies and a confocal microscope, the +KTS form 
preferentially localises to the sub-nuclear domains (with a speckled pattern) 
and also co-localises with the 'active splicing complex' - the small nuclear 
ribonucleic particles which are involved in mRNA splicing (Larsson et al, 
1995). The -KTS form had a more diffuse nuclear localisation pattern  
(Larsson et al, 1995). Co-localisation of the + and -KTS isoforms, however, 
was not absolute and led the authors to propose that W Tl pays a role in post- 
translational processing of mRNA. Exactly how the tum our-suppressor 
activity of W Tl could be exerted by post-translational m odification is not 
clear.

Similar differences in nuclear localisation were also noted by Englert 
et al (Englert et al, 1995), who also found that truncated W Tl proteins w ith a 
disrupted zinc finger domain showed exclusive localisation to sub-nuclear 
clusters. Furthermore, the dimérisation of m utant W Tl w ith w ild-type W Tl 
was associated with a switch from a diffuse to a speckled pattern  of 
expression in the cell nucleus (Englert et al, 1995). This suggested that sub- 
nuclear clusters represent a storage site for W Tl isoforms as well as W Tl 
m utants w ith a reduced DNA-binding activity. This represented functional

83



inactivation rather than novel RNA binding affinity (Englert et al, 1995). 
This finding may provide a explanation for the ability of a m utation 
involving the zinc finger region in one allele of W Tl 'tum our suppressor 
gene' to exert a phenotypic effect - a so-called 'dominant-negative effect 
(Hastie, 1992, Herskowitz, 1987).

Sequence analysis of rat kidney and hum an testes W Tl cDNAs have 
dem onstrated that leucine has been replaced by proline w hen compared 
w ith hum an genomic W Tl DNA (Sharma et al, 1994). This is thought to 
result from RNA 'editing'. However there is no evidence, as yet, for editing 
of this kind in the hum an kidney derived W Tl cDNA. This suggestion is 
supported by the fact that the catalytic component of the editing complex, 
whilst present in hum an testis, it is not present in the hum an kidney 
(Hadjiaapiou et al, 1994). Moreover, although nephrogenesis in the rat is 
virtually complete by birth the process of RNA editing continues into the 
first week of life. RNA editing, therefore, only occurs after the majority of 
nephrons have formed and is more likely to play a role in the maintenance 
of kidney function rather than in nephrogenesis.

1.14 ADDITIONAL LOCI IMPLICATED IN WILMS TUMOUR

1.14.1 p53 and W ilms tum our
The p53 tum our suppressor gene is located at chromosome 17pl3 and 

mutations in this gene are one of the commonest somatic genetic changes 
identified in hum an adult cancers (Lane, 1994). In addition, germline 
mutations of p53 are the cause of a family cancer syndrome, first described 
by two epidemiologists, Li and Fraumeni in the 1970's (Malkin et al, 1994). A 
num ber of factors suggested a role for p53 in Wilms tum our, including a 
child w ith Wilms tum our in a Li-Fraumeni family (Hartley et al, 1993). 
Abnormalities of chromosome 17 have been noted in direct cytogenetic 
analysis of Wilms tum our cells, though these were mostly chromosome 
gains rather than losses (Slater and Mannens, 1992). The experimental 
evidence for an association between p53 and Wilms tum our appears to be 
restricted to those tumours with unfavourable histology and therefore, a 
relatvely poor prognosis.

Co-immunoprecipitation studies have shown that W Tl interacts w ith 
p53 the ubiquitously-expressed tumour suppressor gene (Maheswaran et al,
1993). In the absence of wild-type p53, both plus and minus KTS isoforms of 
WTl will activate transcription from the EGR promotor, yet, in its presence
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W Tl functions as a repressor. Some m utant p53 proteins associate w ith W Tl 
but do not alter its transcriptional properties (Maheswaran et al, 1993).

M utant p53 is usually more stable than the ephemeral wild type 
protein, so the observation of p53 overexpression, using antibodies to p53 in 
a panel of Wilms tumours, suggested that mutations in p53 might be a 
common occurrence in this tum our (Lemoine et al, 1992). p53 was 
overexpressed in all cells analysed, irrespective of age, stage or histology and 
was also found in a wide range of tum our types including hepatoblastoma, 
adrenal tum our and neuroblastoma (Lemoine et al, 1992). Curiously, the 
expression of p53 was often restricted to the tubular epithelium w ith lower 
levels in blastema and stroma, while the reverse might have been expected 
if p53 had a role in the blockade of blastemal differentiation. More recent 
studies have found that immunopositivity correlates w ith anaplasia and 
unfavourable outcome (Bahtimi et al, 1996, Lahoti et al, 1996). The 
developing m urine kidney expresses p53 at an early stage of differentiation. 
Between days 14.5 and 18.5 post-conception expression is restricted to the 
uninduced mesenchyme and newly formed epithelium (Schmid et al, 1991). 
Although the exact function of p53 in the embryo is unclear, certain 
knockout mice lacking p53 do not have abnormalities of their urogenital 
tract (Donehower et al, 1992). It is therefore possible that differentiation 
arrest, preventing renal blastemal cells from m aturing into epithelial 
components - as seen in Wilms tumours, results in a population of cells that 
continue to express genes active at that time. If this speculation is correct, 
continued p53 expression reflects the normal early expression of this gene.

Mutation analysis of p53 has failed to detect an increase of mutations 
in 'favourable histology' Wilms tumours. p53 abnormalities have only been 
found in the anaplastic varient of Wilms tum our and those w ith an 
unfavourable outcome [see table 1.15].

Table 1.15 p53 m utations in Wilms tum ours

Wilms tum ours analysed for p53 
m utations

Reference

2 of 21 (Malkin et al, 1994)
Oof 38 (Waber et al, 1993)
3 of 66 (Takeuchi et al, 1995)
8 of 140 (Bardeesy et al, 1994)
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This discrepancy between the frequency of mutations at the gene level 
and immunohistochemical analysis has also been reportedin studies of 
neuroblastoma. M utation analysis revealed p53 m utations in 2 of 86 
tum ours, whilst immunohistochemical study of 4 tum ours revealed 
positive staining for p53 in all 4 tumours suggesting that p53 
immunopositivity may reflect stabilisation of wild type protein (Imamura et 
al, 1993, Vogan et al, 1993).

There was no obvious difference in age at presentation in those 
Wilms tum ours w ith p53 mutations compared to those w ithout (Malkin et 
al, 1994). Interestingly, the WTl sequence was found to be normal in the 
tum ours w ith p53 mutations, suggesting that the m utations in these two 
genes may be mutually exclusive (Bardeesy et al, 1994)

Analysis of paired samples of Wilms tum our from anaplastic and 
non-anaplastic regions of the same tumour were revealing (Bardeesy et al, 
1995). In one pair of samples, the non-anaplastic tum our contained a 
heterozygous p53 mutation while the anaplastic region had an homozygous 
m utation (Bardeesy et al, 1995). This observation strongly suggests that the 
p53 m utation was directly involved in the transition to anaplasia in this 
patient. As not all anaplastic tumours harbour p53 m utations, it is likely 
that p53 mutations are 'necessary but not essential' for anaplasia. The 
growth rate of a tum our is determined by the balance of cell proliferation 
and cell death, which can occur by necrosis, outstripping of the tum our 
blood supply for example, or by programmed cell death (apoptosis). 
Overexpression of wild-type p53 sensitises transformed cells to apoptosis 
whereas m utant p53 is associated with attenuated apoptosis, decreased 
chemosensitivity and increased resistance to radiotherapy, at least in a 
mouse sarcoma model (Lowe et al, 1994, Lowe et al, 1994). The 
dem onstration of attenuated apoptosis in anaplastic Wilms tum ours w ith 
p53 mutations suggest that mutinous p53 gives these clones a selective 
advantage and decreases the likelihood of cure (Bardeesy et al, 1995).

p53 mutations are important in a subset of Wilms tum ours. However, 
as anaplasia is already known to confer a poor prognosis the value of 
identifying p53 mutations is sub judicae. Anaplasia, especially if it is 
histologically patchy (about 50% of tumours) can be missed by sampling 
error and the demonstration of a p53 m utation in such patients would 
clearly be important. A large prospective study analysing p53 m utations
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alongside the other known prognostic variables will be the best means of 
determ ining the importance this abnormality in Wilms tumour.

1.14.2 Insulin  like growth factors and Wilms tum our
Insulin-like growth factor-2 (IGF2), Insulin-like growth factor 1 

(IGFl) and Insulin belong to a family of polypeptides involved in the 
regulation of tissue growth, m aturation and carbohydrate metabolism. These 
three growth factors show considerable structural homology and utilise the 
same receptors, although each has a preferential affinity for its own receptor 
(Humbel, 1990). Insulin-like growth factor (IGF) was first identified as a 
serum  factor mediating growth hormone - (GH) dependent growth and was 
nam ed 'somatomedin', but it soon became apparent that there was a second 
IGF independent of GH and the current terminology - IGFl and IGF2- was 
adopted (Humbel, 1990). Expression studies indicate that the primary role of 
IGF2 is during fetal development w ith high levels expressed in fetal kidney, 
liver, and muscle. IGF 1 appears to be more im portant for post-natal growth. 
For example, a continuous infusion of recombinant IGFl increases the 
growth rate of new-born rats, whereas IGF2 has little effect in the same 
m odel system (Cordon et al, 1995). Both IGFl and IGF2 receptors can mediate 
the acute metabolic and longer-term mitogenic effects of all three 
polypeptides in vivo , an effect that appears to be tissue related (Macaulay, 
1992). The IGF2 receptor also functions as a mannose -6 -phosphate binding 
protein and a theory for an evolutionary connection has been proposed by 
Haig (1991) (Haig and Graham, 1991). Circulating IGF's are bound to carrier 
proteins which are synthesised by the liver, which prolongs their 
physiological activity (Clemmons, 1992). From in vitro studies IGF s are 
increasingly known to be important cellular mitogens in a num ber of 
tum our types, particularly breast cancer and embryonal tum ours (Macaulay, 
1992). IGFl may be more important in the development of adult cancers 
reflecting the importance of this growth factor in post-natal growth 
(Macaulay, 1992). While IGF2 appears to plays a more im portant role for in 
embryonal tumours and is therefore considered more closely because of the 
emphasis of this thesis .

IGF2 mRNA is most highly expressed in the m etanephric blastema in 
the fetal kidney. The level of expression decreases dramatically as the 
blastema differentiates. (Brice et al, 1989) but ordy low levels are seen in the 
fully differentiated tissue (Scott et al, 1985). W Tl transcripts are absent from 
undifferentiated blastema at a time when IGF2 transcripts are detected in
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abundance. By the renal vesicle stage of development W Tl transcripts are 
present in the epithelial cells but IGF2 transcripts are barely detectable. 
Similarly, W Tl transcripts are abundant in the differentiating podocytes 
while IGF2 is absent. Initial studies suggested an unusual pattern of 
expression was seen in Wilms tumour compared to normal kidney, w ith 
IGF2 mRNA overexpressed by a factor of up to 100 (Reeve et al, 1985, Scott 
et al, 1985). Overexpression of IGF2 was interpreted as evidence for an 
increased paracrine or autocrine signal, resulting in inappropriate cellular 
proliferation increasing the precursor stem pool and leading to malignant 
transformation. An alternative interpretation, however, is that the elevated 
levels of IGF2 merely reflect the continued presence of blastema in the 
tum our and represents an epiphenomenon. The evidence for and against 
each viewpoint is discussed in turn below.

Two independent groups have reported that triphasic Wilms 
tum ours express a similar pattern of IGF2 expression to that seen in the fetus 
being present predom inantly in the blastemal elements of the tum our (Paik 
et al, 1989, Wilkins et al, 1989). Compared to normal embryogenesis, 
differentiation in Wilms tumour is chaotic and results in a large residue of 
undifferentiated blastema which continues to express IGF2. From this 
observation Wilkins et al (1989) suggested that IGF2 was a relatively non
specific marker for undifferentiated tissue and that its varied expression 
reflects the disorganised and incomplete differentiation of the tum our 
(Wilkins et al, 1989). If IGF2 is acting as a permanently activated 
transforming gene then expression should be uniformly high in all Wilms 
tumours, which clearly is not the case. The only exception to the fetal like' 
pattern of IGF2 expression was in the rare monomorphous Wilms tumour, 
usually called epithelial in which an abnormal pattern of IGF2 expression 
was seen (Paik et al, 1989). In a larger study of 31 tumours, Wilkins and 
colleagues demonstrated perturbed IGF2 expression in three epithelial- 
predom inant Wilms tumours, IGF2 transcripts were detectable in the renal 
vesicles as well as in blastema (Yun et al, 1993). From these findings they 
revised their theory and suggested that IGF2 was a transforming growth 
factor in Wilms tum our - at least for the rare epithelial variants of this 
tumour (Paik et al, 1989, Yun et al, 1993).

IGF2 mRNA levels are elevated only in some tumours; others are 
reported to have the same level of expression as normal kidney. These 
differences may reflect underlying histological variation as tum ours w ith
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triphasic histology have lower IGF2 mRNA levels than those w ith 
predom inant blastema (Baccarini et al, 1993). Most importantly this suggests 
that high levels of IGF2 are not a prerequisite for Wilms tumorigenesis. It 
has been proposed that IGF2 expression in Wilms tum our simply represents 
a 'frozen differentiation'. This theory is not tenable. It is more likely that a 
very fine balance exists between the rate at which blastema proliferates and 
the rate at which external factors act on the blastema to induce 
differentiation, w ith abnormally slow blastemal proliferation or strong 
differentiation pressures inhibiting growth. However, if an early m utational 
event gives blastemal cells a slight proliferative advantage, so that they form 
an abnormal focus in the metanephric blastema resistant to normal 
differentiating signals, such as reciprocal induction, this population of cells 
could remain dormant, regress or expand depending on w hat other events 
occur.

A Wilms tum our w ith a structural alteration of the IGF2 gene, 
possibly representing the second "Knudsonian hit', has been reported. The 
authors speculated that similar mutations might be responsible for the 
increased IGF2 expression see in some tumours (Irminger et al, 1989). 
However, to date, no other reports of sequence alterations in the IGF2 gene 
have been reported .

Despite the m arkedly elevated IGF2 mRNA levels in some Wilms 
tum ours, immunoreactive - biologically active- IGF2 is only present at 4-6 
times higher levels in tum our compared w ith normal kidney (Hasselbacher 
et al, 1987). This suggests that either (a) there is regulation at the 
transcriptional level, (b) that IGF2 mRNA from Wilms tum ours is 
functionally inactive, or (c) that mutant IGF2 is not protein bound and is 
thus rapidly degraded (Hasselbacher et al, 1987). Antisense IGF2 transcripts 
have recently been detected (Baccarini et al, 1993), which m ay explain why 
low levels of IGF2 were detected in Wilms tumours by Haselbacher and 
colleagues (Hasselbacher et al, 1987). The antisense transcripts are expressed 
in the same cell(s) as the sense transcripts suggesting that they may play a 
role in regulating IGF2 expression (Baccarini et al, 1993).

Many of the physiological actions of IGF2 are mediated through 
the IGFl receptor (IGFl-R). Membrane extracts from Wilms tumours contain 
more type IGFl-R than normal kidney and these receptors have increased 
basal tyrosine kinase activity compared to normal kidney suggesting an 
increase in functional activity (Gansler et al, 1988). In addition antibodies

89



blocking the IGFl-R, alpha IR-3, temporarily suppresses the growth of 
Wilms tum our in culture and in athymic mice (Gansler et al, 1989). After 42 
days the Wilms tumours grew again despite continued infusion of antibody 
(Gansler et al, 1989), suggesting either that clones whose growth is IGFl- 
R/IGF2 independent have emerged or the antibody effect on cell growth is 
non-specific. Alpha IR-3, can also inhibit the growth of fetal kidney in 
normal rats (Rogers et al, 1991). Surprisingly, levels of IGFl-R are lower in 
blastemal rich tum ours - (as seen in WBS) which have the highest IGF2 
expression - raising the possibility that the link between IGF2 and IGFl-R 
expression is indirect. Normal kidney expresses low levels of both IGFl-R 
and W Tl mRNAs, so alterations in the respective expression of these genes 
is only part of the story. When amplified in NIH 3T3 cells, IGFl-R when 
stimulated by exogenous IGFl or insulin can behave like oncogenic protein 
(Kaleko et al, 1990).

IGF binding protein (IGFBP) is expressed by blastemal elements of 
Wilms tum our and may play a role in IGF2-dependent growth. The 
function of the IGF binding proteins is not clear. In chick fibroblasts high 
levels of IGFBP-2 inhibit DNA synthesis (Ross et al, 1989), whilst bovine 
IGFBP-2 potentiates the mitogenic activity of IGF2 in islet cells (Clemmons,
1992). As IGFBP-2 expression is higher in the blastema than in more 
differentiated areas of Wilms tumour, it is possible that this binding protein 
may suppress differentiation of the metanephric blastema by controlling 
IGF2 bioavailability. It is known that IGF2 expression is lost w ith 
differentiation of the blastema in developing kidney (Paik et al, 1989). This 
suggests that IGF2 is involved in fetal nephrogenesis and that its expression 
is inversely related to normal epithelial differentiation bu t still does not 
answer the central question of whether increased levels of IGF2 are causally 
implicated in Wilms tumourigenesis or a 'bystander' epiphenomenon.

Suramin is a polysulphonated napthylurea that binds to and 
inactivates a wide range of peptide growth factors including the IGFl- 
receptor (Pollack and Richards, 1990) it also has an antineoplastic activity 
against adrenocortical carcinoma and other adult tum our types (Stein et al, 
1989). Suramin was found to inhibit the growth of a rhabdomyosarcoma cell 
line, an effect that could be reversed by the addition of exogenous 
recombinant IGFl or IGF2 (Stein et al, 1989). Stein et al therefore proposed 
that suram in inhibited the growth of tum our cells by disrupting an 
autocrine growth loop. The action of suram in on two Wilms tum our cell
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lines has recently been published, one line, W13 derived from a 
histologically blastemal predom inant tumour, and the other (W4) from an 
anaplastic tumour. Suramin and the alpha IR-3 antibody abolished growth 
of both the W13 and W4 cells in vitro, though the concentration of Suramin 
required to kill the anaplastic cell line was six fold higher than was lethal for 
the W4 cell line. In vivo, studies in mice confirmed that at clinically 
achievable levels, suram in inhibited the increase in m ean tum our mass by 
40% (Vincent et al, 1996). However the tum ours continue to grow, albeit at a 
reduced rate, thus other factors are active in the prom otion of 
tumorigenesis. The authors suggest that suram in may be a useful drug in 
the treatm ent of Wilms tum our and its activity in phase I and II trials 
should be considered (Vincent et al, 1996).

There is however evidence that elevated IGF2 expression is not 
necessary for tum our progression nor maintenance of the malignant state 
(Little et al, 1987). Transplantation of Wilms tum our cell lines expressing 
IGF2 into nude mice resulted in proliferation of the cell line but IGF2 
expression had been 'switched off in these cells (Little et al, 1987). There is 
also evidence that IGF2 acts as a' tumour suppressor gene'. Using a 
malignant fibroblast cell line that does not express endogenous IGF2 -IGF2 
cDNA was introduced into a retroviral expression vector which was then 
cloned into the m alignant fibroblast cell line (Schofield et al, 1991). This 
resulted in a greatly prolonged - five fold- delay to tum our formation. When 
they appeared the sarcomas had either lost or inactivated the introduced 
IGF2 genes (Schofield et al, 1991). Therefore, the presence of IGF2 resulted in 
tum our suppression, whilst loss of IGF2 resulted in reversion to the 
malignant state (Schofield et al, 1991).

Over-expression of IGF2 has been used to study the long term effects 
of excess IGF2 in mice. Two different methods have been used. One group of 
workers attached the 'trans' gene to the keratin prom otor, which is activated 
in late fetal life (Ward et al, 1994); the other attached the 'trans' gene to the 
major urinary protein promotor which is not expressed until puberty 
(Rogler et al, 1994). While both groups found that there was a slight increase 
in body weight, mainly as fat, only one of them found an increase in the 
occurrence of malignancies at 18 months of mouse age (Rogler et al, 1994). 
The other group followed their mice only to 9 m onths of age which may not 
have been long enough for tumour formation to have occurred (Ward et al,
1994). The most frequent tumour types were hepatocellular carcinoma and
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lymphoma but squamous cell and thyroid carcinomas and sarcomas were 
also seen (Rogler et al, 1994). The long latent period and formation of diverse 
tum our types suggest that if IGF2 has a pleiotropic role in oncogenesis, and is 
more likely to act as a 'progression' factor than an initiator. There is, 
therefore, evidence for and against a role for IGF2 in Wilms tumourigenesis 
w th  no definative experimental proof for either view.

1.14.3 Cyclin dependent kinase inhibitor p57 and Wilms tum our
The gene for p57 is a cyclin dependent kinase inhibitor whose 

overexpression causes G1 phase arrest, has recently been m apped to llp l5 .5  
(Matsuoka et al, 1995). This putative tumour suppressor gene m apped to the 
500 Kb region that suppressed malignancy w hen introduced into malignant 
cell lines (Koi et al, 1993, Reid et al, 1996), and maps 100 Kb to the 
centromeric side to the distal WBS breakpoint cluster region - WBS CRl. 
Features that suggest this gene may be involved in  Wilms tumourigenesis 
(Hoovers et al, 1995, Koi et al, 1993, Reid et al, 1996). Further m utation 
analysis in 75 of soft tissue sarcomas and 51 Wilms tum ours found no 
mutations in this gene (Orlow et al, 1996). There is evidence for an 
imprinting effect as p57 is preferentially expressed from the maternal 
allele although this was not absolute finding as the paternal allele also 
expressed this gene (Matsuoka et al, 1996). The imprinting status of this gene 
was therefore assessed in Wilms tumour w ith 2 of 12 tum ours showing 
relaxation of imprinting (Matsuoka et al, 1996). As the im printing status of 
this gene is not absolute it seems that a role for abnormalities of im printing 
or indeed other abnormalities of p5 7 *^^  ̂ the genesis of Wilms tum our is 
extremely unlikely.

1.15 IMPRINTING (Memories Of Mother And Father)
Mammals inherit two complete sets of chromosomes from their 

parents and thus have two copies of each autosomal gene. Normally, both 
copies are expressed, but a considerable body of evidence now suggests that 
the maternal and paternal chromosomes in mammals can function 
differently. This occurs via a gamete-specific modification causing 
differential expression of two alleles of a gene in somatic cells. This 
phenomenon is defined as the 'differential modification of the m aternal and 
paternal contribution to the zygote resulting in the differential expression of 
parental alleles during development and in the adult' and has been term ed 
'genomic imprinting' (Monk, 1988). Im printing is a form of developm ental
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gene regulation whereby only one of the parental alleles is expressed. 
Therefore, if the phenotype produced by a gene differs w hen that gene is 
m aternally inherited, compared to when it is paternally inherited then that 
gene is imprinted. By definition, paternal im printing implies that a 
paternally derived allele is not expressed and therefore has no phenotypic 
effect; the converse holds true for maternal imprinting. The outcome of 
im printing is a non-Mendelian form of gene replication because, although 
an im printed gene is inherited in a Mendelian m anner, the expression of 
the phenotype is determined by the sex of the transm itting parent and is 
independent of the sex of the offspring. This phenom enon has added an 
extra dimension to the traditional framework of genetics laid dow n by 
Mendel and Garrod (Strickberger, 1976). Mechanistically, im printing is the 
process that leads to the transcriptional silencing of one of the alleles of a 
subset of genes and results in functional hemizygosity (Efstratidis, 1994). This 
version of 'voluntary ' hemizygosity is dangerous for a cell, so the benefits of 
im printing m ust outweigh the disadvantages. The following section 
discusses the evidence for imprinting and briefly considers the mechanism 
and evolutionary implications for this phenomenon.

1.15.1 Early evidence for im printing
Genomic imprinting was first suggested by an observation m ade in 

mice that both copies of the whole genome, or of chromosomal segments, 
were derived from the same parent. Embryos with two female genetic 
complements, ('gynogenones'), where the male pronuclei were replaced by 
female pronuclei, grew relatively normally to the early somite stage before 
involution, but extra-embryonal tissue development was rudim entary 
(Barton et al, 1984, McGrath and Solter, 1984, Surani et al, 1984). By contrast, 
embryos w ith two male genetic complements, ('androgenones'), developed 
to the pre-implantation stage but usually failed to implant. Those that did 
im plant showed relatively normal extra embryonal tissue developm ent but 
resulted in a poorly developed fetus (Barton et al, 1984, McGrath and Solter, 
1984, Surani et al, 1984). This suggested that the maternal and paternal 
genomes are both essential for normal embryonic developm ent and that the 
contribution of the maternal and paternal genomes to the growth and 
development of the early conceptus is not equal. The genes essential for the 
growth of the trophoblastic tissue are preferentially expressed from the 
paternally transm itted genome, whereas the maternal genome provides 
genes essential for development of the embryo. These reciprocal,
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uniparental phenotypes are thought to reflect abnormal gain or loss of 
functions encoded by genes which are transcriptionally controlled in a 
parent-of-origin-dependent fashion (Walsh et al, 1994). Evidence to support 
this theory was provided by cytogenetic analysis of both hydatiform moles, 
which are predominantly of trophoblastic tissue, and benign ovarian 
teratomas, which differentiate into a broad spectrum of somatic tissues 
except placental elements. Moles were found to contain a reduplicated 
complement of paternal chromosomes, whereas teratomas contained a 
reduplicated set of maternal chromosomes from the unfertilised oocyte 
(Lawler et al, 1982, Linder et al, 1975). Malignant extra-embryonal 
differentiation of the trophoblast gives rise to chorioncarcinoma and 
approximately 50% of chorioncarcinomas are derived from complete moles 
(Barrett and Mann, 1992). These findings, therefore, provided the first 
suggestion of a link between genomic imprinting and cancer.

I.15.2 Evidence for the existence of imprinted regions and transgenic mouse
studies of imprinting.

From a series of classical genetic experimental crosses in mice it 
appears that the survival and expression of the normal phenotype also 
depends on a differentially modified maternal and paternal genetic 
contribution (Cattanach and Kirk, 1985, Searle and Beechey, 1990). Mice 
disomic for a paternally derived Robertsonian translocation of chromosome
II , whichever their sex, were found to be proportionately bigger than their 
litter mates at birth but smaller if the disomy was maternally derived 
(Cattanach and Kirk, 1985). By contrast, mice disomic for chromosome 13 
appeared normal in every respect (Cattanach and Kirk, 1985). Other 
experiments generated fetuses disomic for large portions of the m aternal 
chromosome 7 but with no copies of the corresponding region of the 
paternal chromosome 7 (Searle and Beechey, 1978). These fetuses were 
developmentally retarded, had small placentas and died in utero in m id
gestation. The converse cross, with two paternal chromosome 7 
homologues, died at an earlier stage (Searle and Beechey, 1978). This 
observation suggests differential functioning of maternal and paternal gene 
loci within these chromosomal regions. By scoring experimental crosses 
involving a number of chromosomes and sub-chromosomal regions for 
their ability to produce an abnormal phenotype w hen inherited as a 
unipaternal disomy, a low resolution im printing m ap was constructed 
(Searle et al, 1989). The observation that, in certain lines of transgenic mice,
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the transgene was subject to allele-specific DNA méthylation drew wider 
attention to the phenomenon of imprinting (Reik et al, 1987, Sapienza et 
al, 1987, Swain et al, 1987). However, because transgenes may be modified by 
the zygotic methyltransferase after insertion into the chromosome, and the 
recognised but unquantifiable potential for unpredictable effects of the 
transgene on subsequent gene expression, some scepticism rem ained about 
the validity of these findings (Monk, 1987).

1.15.3 M ethods for determ ining im printing
An unequal involvement of chromosomes a n d /o r  of particular 

chromosomal rearrangements can occasionally be observed at the 
cytogenetic level. The recent discovery of cosmid probes spanning a 
polymorphic region, which can be used in FISH studies, m ay make this 
approach more widely applicable (Ijdo et al, 1992). The sequence identified by 
the cosmid is inherited in a Mendelian fashion and is located in the sub- 
telomeric region of at least 12 chromosomes. This sequence is polymorphic 
because it may occur, either on the long or the short arm, therefore giving 
rise to a detectable cytological variantion (Ijdo et al, 1992). An approach 
which m ay be useful in determining other im printed regions.

The hallmark of imprinting is parent-of-origin-specific, monallelic 
expression, which can be determined by the dem onstration of heterozygosity 
at polymorphic loci where there is a demonstrable difference between the 
contribution of paternal and maternal chromosomes. If informative', 
transcribed polymorphisms are present in the region of interest, these can 
then be used to demonstrate their pattern of expression, i.e. mono- or bi- 
allelic, as well as identify the parent of origin. Usually this approach 
involves the analysis of restriction endonuclease digestion of an RT-PCR 
product which can identify specific, known polymorphisms in the gene of 
interest (Ogawa et al, 1993b, Rainer et al, 1993, Tadokoro et al, 1991).

Méthylation studies allow the maternal and paternal origin of certain 
chromosomes to be distinguished by their unequal m éthylation patterns 
(Reik et al, 1994). The availablity of a pair of restriction enzymes, Msp I - 
H p a ll , although recognising the same genomic sequence (CCGG), only cut 
w hen the CpG island is methylated or non-methylated respectively.
M aternal and paternal-specific méthylation patterns are very stable for a 
given gene and in a specific tissue. As a result, once the méthylation pattern 
has been established for that tissue it is possible to determine the parental 
origin of the im printed gene without recourse to parental material. This
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m ethod has recently been applied to determine uniparental disomy (UPD) in 
Wiedemann-Beckwith syndrome for example [see Chapter 6] (Reik et al,
1994).

Cell cycle replication time is one of the param eters that has been 
shown to be associated with tissue-specific gene expression (Holmquist,
1987). The relative order of replication of homologous alleles and of other 
loci can be compared by the using FISH analysis of interphase nuclei 
(Bickmore and Carothers, 1995, Brandeis et al, 1993, Kitsberg et al, 1993,
Knoll et al, 1994, Selig et al, 1992). Unreplicated DNA segments give singlet 
hybridisation signals in normal diploid cells whereas replicated loci are 
characterised by doublets (Selig et al, 1992). The distribution of these singlet 
and doublet patterns can be used to determine the S-phase replication status 
of any DNA sequence. Moreover, determination of the singlet/doublet ratio 
allows a good estimation of the degree of replication asynchrony of two 
homologous alleles (Bickmore and Carothers, 1995, Brandeis et al, 1993, 
Kitsberg et al, 1993, Knoll et al, 1994, Selig et al, 1992). Using cell lines with 
deletions, disomies or centromeric satellite polymorphism s which could be 
detected by FISH, it was observed that the paternal allele always replicated 
before the maternal allele (Kitsberg et al, 1993). Although singlet and doublet 
patterns are not always indicative of unreplicated and replicated loci, the 
results obtained by FISH are in general agreement w ith those obtained by 
other methods (Bickmore and Carothers, 1995, Kitsberg et al, 1993). A major 
advantage of a FISH-based replication assay is that large chromosomal 
regions can be analysed within the context of an individual cell nucleus. 
Using this methodology, several regions of the hum an and mouse genomes 
have been shown to replicate asynchronously between homologous 
chromosmes and that this is influenced by the parental origin of the 
chromosome i.e. a form of imprinting (Kitsberg et al, 1993). As a result of 
this type of analysis, the entire genome now appears to be organised into a 
series of replication bands (Selig et al, 1992) whose specific timing in S-phase 
is probably controlled by long range cis acting sequences (Kitsberg et al, 1993). 
Imprinted genes thus appear to cluster in so called im printing domains' 
characterised by allele-specific replication timing that can be differentially 
regulated on the two parental chromosomes.

1.15.4 Mechanisms of imprinting
Any proposed mechanism for imprinting m ust satisfy four criteria. It 

must (a) be made prior to fertilisation, (b) be present on one gamete in a
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sufficiently stable form to be propagated, via mitosis, to every cell in the 
embryo, (c) be able to transcriptionally silence an allele and (d) be reversible. 
Therefore, the im printing process 'must' have an epigenetic component. 
DNA méthylation is the best candidate so far. In mammals, DNA 
m éthylation is restricted to the cytosine base, usually in 'CpG' dinucleotides 
(^C pG ). These CpG 'islands' are usually associated w ith prom oter regions at 
the 5' ends of genes (Bird, 1992). After replication, half of the CpG 
nucleotides are methylated which provide a unique substrate for DNA 
methyltransferase, (DNA MTase). The action of this enzyme is restricted to 
previously methylated sequences and so acts to propagate stable, 
chromosome-specific méthylation patterns to daughter cells. Méthylation 
patterns are removed and reset during gametogenesis, thus fulfilling the 
reversibility criterion' (Bird, 1992). DNA is known to be differentially 
m ethylated in maternal, versus paternal, gametes (Howlett and Reik, 1991, 
Monk et al, 1987). The simplest, perhaps least likely, explanation is that the 
im printing process is established during gametogenesis by differences in the 
allelic m éthylation patterns at CpG islands, which then exert an influence 
over allelic gene expression during critical stages of development and 
differentiation.

Targeted disruption of DNA MTase in mice provides support for 
m éthylation as the imprintor since embryos homozygous for the null 
m utation have markedly reduced levels of DNA m éthylation and have 
altered expression of specific genes such as H I9, Insulin -likegi'oivth factor 2 
(Igf2 ) and the Insulin -likegrowth factor 2 receptor (Igf2-r). The norm ally 
silent, paternal allele of the H19 gene is expressed in these mice, whereas the 
norm ally active paternal Igf 2 gene and the active maternal allele of the Igf- 
2r gene are silenced. This suggests that DNA méthylation is critically 
involved in the differential expression of maternal and paternal alleles of 
im printed genes (Li et al, 1993). The méthylation status of a num ber of 
im printed genes has now been established in mice. For example, the inactive 
paternal allele of H19 is highly methylated (Ferguson-Smith et al, 1991), as is 
the active maternal IGF2 receptor allele (Bartolomei et al, 1993). Although 
there is no consistent pattern of méthylation, the m éthylation pattern is at 
least parent specific, as predicted for an imprintor.

1.15.5 Evidence for im printed genes in mammals IGF2 and H19
Evidence for genomic imprinting of endogenous genes residing in 

their normal chromosomal locations was subsequently provided by a series
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of mouse breeding experiments in which the maternal and paternal genes 
could be distinguished. These experiments showed that IGF2 was expressed 
as mRNA only from the paternal allele and that the insulin-like growth 
factor 2 receptor (IGF2 r) and H19, a differentiation-related fetal RNA, were 
expressed only from the maternal allele (Barlow et al, 1991, Bartolomei et al, 
1991, DeChiara et al, 1991). IGF2 and H19 both m ap to llp l5 .5  in man and 
are tightly linked on the syntenic region on chromosome 7 in mouse (Bell et 
al, 1985, Glaser et al, 1989, Zemel et al, 1992). IGF2 and H19 were 
subsequently shown to be monoallelically expressed in hum ans being 
im printed in a reciprocal manner. IGF2 is maternally im printed (therefore 
paternally expressed), whilst H19 is paternally imprinted. It has now been 
show n that the direction of the parental im print has been conserved 
through evolution (DeChiara et al, 1991, Giannoukakis et al, 1993, Ohlsson 
et al, 1993, Rachmilewitz et al, 1992, Rainer et al, 1993, Zhang et al, 1993, 
Zhang and Tycko, 1992). The function of the H19 gene is unknown, but its 
transcript is the most abundant mRNA in the developing mouse embryo 
and it has been suggested that it exerts its effect as an RNA molecule 
(Bartolomei et al, 1991, Brannan et al, 1990). H19 and IGF2 show similar 
spatial and temporal patterns of expression (Ohlsson et al, 1994). Evidence 
for parental imprinting of H19 was initially suggested by finding that specific 
sites in the promotor and 5' portions of the gene were only m ethylated on 
the paternal chromosome (Ferguson-Smith et al, 1991). Using a DNA 
polymorphism  detectable at the RNA level, H19 was shown to be expressed 
in hum ans only from the maternal allele (Zhang and Tycko, 1992, 
Rachmilewitz et al, 1992). There is recent evidence that H19 functions as a 
maternally-expressed tumour suppressor gene w hen transfected and 
overexpressed in two malignant cell lines (Hao et al, 1993). The close 
physical linkage and conservation of the imprinting pattern of IGF2 and H19 
suggest that these two genes form a functional im printing dom ain and that 
this provides a selective advantage to mammals. Based on mouse studies an 
'enhancer-competitor' model had been proposed in which im printing at a 
single chromosomal site controls the activity of both genes (Bartolomei et al,
1993). IGF2 and H19, therefore, compete for the two enhancers downstream 
from H19. The enhancers seem to activate IGF2 only if H19 is methylated 
and inactivated, as on the paternal chromosome.

1.15.6 Im printing and hum an genetic disease
At least 10 hum an genetic conditions are suspected to involve genomic
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im printing (Hall, 1990). The evidence for im printing in hum an disease is 
based on :

a). Conditions that have an equal sex incidence but the condition 
either exclusively or preferentially transm itted by the m other or 
father.
b). The severity of the condition is affected by inheritance from 
m other or father.
c). Conditions in which there is uniparental disomy (Malcolm et al,
1991).

Angelm an and Prader-Willi and the W iedemann-Beckwith 
syndromes are the most studied and best characterised to date. The genetics 
of Angelman syndrome (AS) and Prader-Willi syndrom es (PWS) are 
complex. Evidence for a role for imprinting was provided by the finding that 
AS may result from either maternally-inherited deletions of chromosome 
15qll-13 or from paternal unipaternal disomy for chromosome 15, whereas 
PWS is caused by a paternal deletion of this region or maternal disomy for 
chromosome 15 (Butler and Palmer, 1983, Knoll et al, 1989, Malcolm et al, 
1991, Nicholls et al, 1989). Furthermore, one AS family has been reported in 
which inheritance of a 15qll-13 deletion produced a case of AS, transmitted 
from the mother, and two cases of PWS, transmitted from the father 
(Hulten et al, 1991). It was initially thought that a single gene which was 
paternally im printed in some cell types and m aternally im printed in others 
could explain the genetics of these clinically very different syndromes. A 
more recent and more plausible hypothesis suggests that PWS and AS are 
caused by two very closely linked but distinct genes or gene clusters which 
are im printed in opposite directions (Wagstaff et al, 1992).

The triplet repeat diseases - fragile X syndrome, Huntingdon's chorea, 
and myotonic dystrophy - have been considered to show im printing effects. 
These disorders result from the presence of repetitive trinucleotide DNA 
sequences w ithin the disease genes. When a repeated sequence exceeds a 
critical number of bases it becomes unstable and can undergo massive 
length expasions during cellular DNA replication, thereby functionally 
inactivating the associated genes and causing the disease phenotype 
(Mandel, 1993). Asymptomatic carriers have a 'moderate' expansion of 
trinucleotide repeats which renders the locus unstable. This situation is 
denoted 'premutation', whereas the massive expansion seen in affected 
individuals represents the 'full mutation' (Fu et al, 1991). Im printing in
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these disorders was suggested by the observation that the disease phenotype 
shows earlier onset (in myotonic dystrophy and Huntingtons) or greater 
clinical severity (in fragile X) after passage through the germline of one 
parent - mothers in fragile X and myotonic dystrophy and fathers in 
Huntingtons disease (Harper, 1975, Laird, 1987, Ridley et al, 1988). W hether 
or not all of these conditions are truly the result of an im printing 
mechanism is still unclear and the tendency to invoke im printing to explain 
any unusual genetic phenomenon should be resisted. An understanding of 
the molecular basis of imprinting, however, will, in turn, enable us to 
understand the molecular mechanism and impact of triplet repeats. The role 
of imprinting in WBS and in cancer is discussed fully in chapters 6 and 7.

1.16 SUMMARY AND AIMS OF THIS THESIS
From the above discussion it is clear that the genetics of Wilms 

tum our is complex. In this thesis, I have set out to investigate several 
different bu t related questions in order to gain a greater insight into the 
genetic factors involved in Wilms tumorigenesis. The isolation and cloning 
of the candidate WTl tum our suppressor gene from chromsome l lp l3  has 
been described. In Chapter 3 ,1 examine the role of this gene in the genesis of 
sporadic Wilms tumours. A number of other chromosomal loci have been 
implicated in Wilms tumorigenesis. Evidence for another WT gene located 
on the short arm of chromosome 7 involved in the genesis of Wilms 
tum our is presented in Chapter 4, along with experimental support for a 
Wilms tum our progression gene (or genes) on the long arm  of chromosome 
16. We have learnt m uch about the aetiology of Wilms tum our from the 
study of a num ber of uncommon but im portant clinical syndromes that 
predispose to Wilms tumour. Chapter 5 details the clinical cytogenetic and 
molecular study of Perlman syndrome^a rare but potentially im portant 
Wilms tum our predisposition syndrome. In Chapter 6 a molecular 

cytogenetic study of Wiedemann-Beckwith syndrome is presented along with 
discussion of the role of imprinting in the genesis of this syndrome. Chapter 
7 places the findings presented in this thesis in context and summarises our 
current understanding of the molecular pathology of this fascinating 
tum our.
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Chapter 2

Materials and Methods
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2.1 WBS Case Reports
Both of the children studied here have been reported previously (Brown 

et al, 1992b, Wales et al, 1986).

PH, a male, was the first born child of unrelated, healthy parents. The 
pregnancy was complicated by severe polyhydramnios. Prenatal ultrasound 
showed enlarged liver and kidneys. Labour was induced at 34 weeks. Birth 
weight was on the 90th centile and length was on the 97th centile. The baby was 
hypotonic, had macroglossia, linear creases of the left ear lobe, hepato- and 
nephromegaly. At the age of 6 months he was noted to have mild 
developmental delay.

GS, was born at 31 weeks gestation to unrelated patents. Polyhydramnios was 
present during the pregnancy. Labour commenced spontaneously but delivery 
was by lower segment Caesarean section. The birth weight was 1840g -on the 
50th centile. The baby had a prominent occiput and macroglossia. He was 
ventilated for hyaline membrane disease and required phototherapy for 
hyperbilirubinaemia. A patent ductus arteriosus was treated by indomethacin. 
He subsequently developed hepatocellular dysfunction, liver ultrasound 
detected hepatomegaly but apparently normal liver architecture. The general 
condition deteriorated from day 30 and the child died from hepatic and renal 
failure aged 5 weeks. Autopsy revealed hypoplasia of the intralobular bile 
ducts.

2.2 BASIC TECHNIQUES

2.2.1 Separation of lymphocytes from blood
5 mis of peripheral blood was obtained from patients and diluted by 

adding the same volume of serum free RPMI cell culture medium. The 
resultant suspension was layered gently onto 8 ml of Lymphoprep cell density 
separation medium (Flow Labs) in a 25 ml sterile universal centrifuge tube. The 
diluted blood sample forms the upper layer. The samples were then centrifuged 
at 1200 rpm in a Jouan BR 3.11 centrifuge fitted w ith a RP50 rotor for 20 
minutes at 4®C. The lymphocytes collect at the interface between the 
Lymphoprep and the RPMI and the more dense red blood cells, granulocytes 
and platelets pass through the Lymphoprep phase. The lymphocytes were 
removed from the interface with a 1 ml pipette and washed twice in an excess 
volume of PBS. These cells were then either used immediately to generate 
somatic cell hybrids or were frozen in fetal calf serum (PCS) w ith 10% DMSO
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initially by placing at - 70^C for 24 hours after which they were transferred to 
liquid nitrogen for later use.

2.2.2 Tissue Culture
All hybrids and cell lines were grown in appropriate media at 37“C in 7% 

CO 2 . All manipulations were performed in a laminar flow cabinet under strict 
aseptic conditions.

2.2.3 Lymphoblastoid cell lines
Aliquots of lymphoblastoid cell lines were added to 30 ml of Roswell 

Park Memorial Institute (RPMI) 1640 medium supplemented with 10% foetal 
calf serum (PCS) and 2 mM glutamine. Suspensions were split 1:3 once the 
medium became orange (acidic), by pouring 20 ml of fresh medium into 2 new 
flasks and adding 10 ml of the original culture. 20 ml of fresh m edium  was 
then added to the original flask resulting in all 3 flasks containing 10 ml of cells 
and growth factors secreted into the original medium.

2.2.4 Bacterial Culture
Escherichia coli strain JM83 (1", ara, D{lac-pro AB), rpsL, thi-1, 

f80kcZDM15) (Pharmacia) was used in all manipulations involving bacteria 
except for high efficiency cloning where Maximum efficiency DH5a competent 
cells (BRL) were used. Bacteria were grown at 37°C in the appropriate culture 
media liquid cultures in a rotary shaker (controlled environmental shaker. 
New Brunswick Scientific, Edison, NJ, USA) whereas cultures on agar plates 
were grown in a dry incubator (LEEC CV2 Nottingham UK). Media and stock 
solutions were made with ddH 20 and autoclaved at 121*C for 15 m in to ensure 
sterility. The following media were used

Luria Broth (LB) Difco Bactotryptone 15g/l, Difco Bacto Yeast Extract
5g/l, NaC15g/l.

Luria Agar (L-agar) as LB with Difco Bacto Agar 14g/l.

L-agar was melted in a microwave oven as required. Transformed 
bacteria were grown on antibiotic selection with the addition of the antibiotic 
after the LB was cooled to 65“C. For short term use ( up to 4 weeks) transformed 
bacteria were maintained on L-agar plates at 4“C, for long term storage cell 
stocks were frozen at -70“C in LB containing 15% (v /v) glycerol.
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2.3 PREPARATION OF DNA PROTOCOLS

2.3.1 Preparing plasmid DNA
Small scale preparations were performed in 10 ml of LB ampicillin in a 

Universal tube, for large scale preparations 100 ml of LB ampicillin in an 
autoclaved conical flask was used. Care was taken to ensure adequate 
oxygenation by not overfilling the flasks and using cotton wool bungs.
Bacterial cultures were grown for no more than 16 hr as autolysis of bacteria 
with degradation of both plasmid and probe DNA may result. The composition 
of all solutions is given in table .

Table 2.1 Solutions for preparation of plasmid/cosmid DNA

Solution 1 50 mM glucose
25 mM Tris-HCl, pH 8
lOmMEDTA, pH 8

Solution 2 0.2 mM NaOH
1%SDS
- made fresh for each use

Solution 3 3 M Potassium acetate pH 5 with acetic acid

2.3.2 Preparation of plasmid DNA - small scale
1.5 ml of the overnight culture was pipetted into an eppendorf tube and 

spun in a microfuge at 13,000 rpm for 3 min. The supernatant was discarded 
and the pellet was resuspended in 200 |il of Solution 1. A few grains of 
lysosyme were added and the tube left for 2 min at room temperature. The 
cells were lysed by adding 400 |il of Solution 2, rendering the solution 
transparent. The bacterial DNA and protein was precipitated by adding 200 |il 
of Solution 3 and leaving the tube on ice for 20 min. Centrifugation at 13,000 
rpm  for 10 min allowed separation of the plasmid containing supernatant, and 
the precipitate, containing the protein and bacterial DNA, was discarded. 
Pipetting off the supernatant was done w ith care, as the precipitate is 
electrostatic and readily sticks to the pipette tip. Small scale plasmid DNA 
preparations were only used to confirm the presence of a sequence of interest 
and were not routinely treated with RNA Plasmid DNA was precipitated by
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adding 0 .6  x vol. iso-propyl alcohol and leaving on ice for 2 0  min. 
Centrifugation at 13,000 rpm for 10 min pelleted the plasmid DNA which was 
washed in 70% ethanol, air-dried and resuspended in 50 |il of TE.

2.3.3 Large Scale preparation
The principles for large scale preparations are the same as mini 

preparations but the volumes used are adjusted accordingly. A 1 0 0  ml culture 
was divided into 2 x 50 ml Falcon tubes and centrifuged at 4,000 rpm  for 10 
min. The supernatant was discarded and both precipitates resuspended in a 
total of 10 ml of Solution 1. 20 ml of Solution 2 and 10 ml of Solution 3 were 
added as above and, following DNA precipitation and washing, the plasmid 
DNA was resuspended in 5 ml of TE. 25 pi of 10 m g/m l RNase were added 
and the DNA incubated at 37°C for 40 min. Extraction w ith equal volumes of 
equilibrated phenol and phenol/chloroform (5050) removed the remaining 
protein and inactivated the RNase. At each stage the sample was mixed 
thoroughly, then spun to separate the aqueous and solvent layers. The upper 
aqueous layer containing the DNA was transferred to a fresh eppendorf tube 
leaving the protein behind as a coagulated layer at the interface. A final 
extraction with an equal volume of chloroform alone removed the remaining 
phenol which would interfere with subsequent enzyme digestion of the 
plasmid. The DNA was precipitated in 2 x vol. ethanol and 1 x vol. of 3M 
Sodium acetate, washed in 70% ethanol and resuspended in 500 pi of TE. The 
concentration of the final DNA solution was ascertained by comparative DNA 
fluorescence as described in section 2.5.2.

2.3.4 Preparing DNA From Blood.
Blood samples were collected in lithium heparin anticoagulant tubes. 

Each 10 ml sample was mixed with 20 ml of sterile, cold distilled water to lyse 
the red cells. Following centrifugation at 4,000 rpm  for 15 minutes the 
supernatant was removed and the pellet, containing the white blood cells, was 
resuspended in 30 ml of 0.1% Nonidet P 40 to lyse the cell membrane but not 
the nuclear membrane. After further centrifugation at 4,000 rpm  for 15 minutes 
the supernatant was removed and the nuclei resuspended in 5ml of blood lysis 
buffer [table 2.5 ]. SDS was added to a final concentration of 1.0%. Digestion of 
cellular proteins was performed overnight at 37“C with Proteinase K or for 2 
hours at 60*C at a final concentration of 100 pg/m l. After proteinase K 
digestion, the DNA was extracted with phenol / chloroform and precipitated 
with ethanol.
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Table 2.2 Solutions used for preparation of DNA from blood samples

Cell lysis buffer 100 mM NaCl, lOmM EDTA, 100 mM Tris HCl pH
8.0
SDS 10% SDS (sodium dodecyl sulphate)
PBSA phosphate buffered saline A
1 M Tris HCl pH  8.0 IM Tris base adjusted to pH  8.0 with HCl

2.3.5 Preparation of DNA from Lymphoblastoid Cell Lines
Lymphoblastoid cells grown to 2 x 10^/m l were harvested by 

centrifugation at 2 ,0 0 0  rpm  for 1 0  minutes, after which the pellet was washed in 
ice-cold PBSA and the cells resuspended in cell lysis buffer. Once fully 
resuspended the cells were lysed by adding SDS to 0.1% (w /v). The addition of 
SDS before complete resuspension resulted in clumping of cells, and reduction 
of DNA yield. DNA was digested overnight with proteinase K (100|ig/ml) at 
37°C or for 2  hours at 60'C and then purified by phenol/chloroform  extraction 
and ethanol precipitation as described in sections. The DNA from each 50 ml 
culture of lymphoblastoid cells (approximately 1 0 ® cells) was subsequently 
dissolved in 3 ml of TE. The cellular RNA was digested with RNase A (Sigma) 
at a final concentration of 50pg/m l in a water bath at 37°C for 1 hour. Prior to 
digestion, a stock solution of RNase A, at a concentration of 10 m g/m l, was 
heated at 90°C for 10 minutes in order to inactivate potential contaminating 
DNases. Finally, the DNA was extracted w ith phenol/chloroform  and 
precipitated w ith ethanol as described in section and resuspended in TE buffer.

2.3.6 Preparation of DNA from Tumours
Fresh tumour tissue was finely ground under liquid nitrogen using a 

pestle and mortar. Approximately 2 0  mis of lysis buffer per gram of tissue was 
added and the ground tissue resuspended by vigorous shaking in a capped 50 
ml Falcon tube. Resuspension of the ground tissue in a smaller volume results 
in a highly viscous solution that made pipetting difficult during the DNA 
extraction phase. Protinase-K was added to the lysed cells to a final 
concentration of 20m g/m l and the sample incubated at 55 or 37°C overnight. 
Protein was removed by phenol extraction and residual phenol removed in 
turn by chloroform extraction followed by salt and ethanol precipitation. The 
tumour DNA was resuspended in TE to give a final concentration of 500- 
1 0 0 0 |ig /m l
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2.4 PURIFICATION OF DNA.

2.4.1 Phenol Chloroform extraction.
In order to separate cellular proteins from DNA, a phenol chloroform 

extraction was carried out. Proteins denature and enter the non-aqueous 
phenol/chloroform  layer whereas DNA remains in the aqueous phase. 
W ater-saturated phenol (Rathburn chemicals, Walkerburn, Scotland) is acidic 
and was, therefore, equilibrated with IM Tris, pH  8.0 to allow the DNA to enter 
the aqueous layer. An equal volume of IM  Tris pH  8.0 was added and the 
solution was shaken gently and left to stand overnight at 4“C. If necessary, this 
process was repeated by removing the upper layer and adding fresh IM  Tris 
HCl pH  8.0, until the pH  of the phenol was 8.0. Hydroxyquinolone was added 
to equilibrated phenol to a final concentration of 0 .1 % to preserve the solution 
by preventing oxidation and enable the phenol layer to be clearly identified.

In order to prepare pure DNA using phenol /  chloroform, an equal 
volume of equilibrated phenol was firstly added to the sample. The mixture 
was then shaken gently for 60 seconds, if genomic DNA was being extracted, to 
prevent shearing the DNA but PGR products were vortexed. Centrifugation 
was then carried out in an eppendorf microfuge for 1 minute if the sample 
volume was <1.5 ml, or in a Jencon benchtop centrifuge for 5 minutes at 1,200 
rpm  for larger volumes. Following centrifugation, the upper layer was 
removed, leaving the interface behind, and transferred to a fresh tube. An 
equal volume of phenol and chloroform (Analar) in a 11 ratio was added to the 
upper layer and, following extraction and centrifugation, the upper layer was 
again transferred to a new tube and mixed w ith an equal volume of chloroform. 
When genomic DNA was extracted, during the phenol/chloroform  extraction, 
the upper end of a 1 0  ml pipette was used to transfer the supernatant, to 
prevent shearing of the DNA. This was not necessary when PCR amplified 
DNA was purified because the products were small and there was no danger of 
shearing the DNA. The phenol chloroform extraction was repeated until there 
was no obvious precipitate at the interface. After the final chloroform 
extraction, the upper aqueous layer was precipitated w ith ethanol (see section 
2.4.2), unless otherwise stated.

2.4.2 Ethanol Precipitation
DNA was precipitated with sodium acetate by adding 1/10 volume of a 

3M sodium hydroxide (NaOH) solution pH  5.2, and 2 - 2.5 volumes of ice cold 
100% ethanol. Genomic DNA was collected, by spooling if possible, and
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washed in 70% ethanol to remove excess salts and resuspended in 100|il of TE. 
W hen genomic DNA was present in insufficient amounts to allow spooling, or 
w hen PCR DNA was extracted, the DNA was collected by centrifugation in a 
benchtop microfuge for 15 minutes after precipitating at -70“C for 30 minutes. 
The pellet was washed in 70% ethanol, recentrifuged for 15 minutes and 
resuspended in TE. If, after resuspension in TE, the solution was white and 
cloudy the Proteinase K treatment (see section ) was repeated to remove 
undigested cellular proteins. The quality and quantity of DNA was measured 
by spectrophotometry, agarose gel electrophoresis or dot quantitation, or a 
combination of these as described in section

2.5 DNA QUANTITATION
Two methods were used spectrophotometry and comparative analysis of 

fluorescence.

2.5.1 Spectrophotometry
DNA concentration is determined by the absorbance of light through a 

sample of DNA which was diluted 120 in TE. The spectrophotometer was 
zeroed against an absorbance matched cuvette containing TE alone. Readings 
were taken at wavelengths of A^^^ and A^^^. Nucleic acids alone absorb light 
at A^^^ whereas at A^®^ light is also absorbed by protein and other 
contaminants. This absorbance of light (the optical density (OD)) is related to 
the concentration of DNA (an OD at A^^O of 1 is 50 pg /m l of DNA) The ratio 
of absorbance of 260/280 should be between 1.7 and 1.9 if the DNA is free from 
contaminating proteins and this measure of DNA 'cleanliness ' is the major 
advantage of this method. The disadvantage is that the DNA often settles out 
in the photocell, making readings unstable and the method also requires 
relatively large volumes of DNA which is not always practicable.

2.5.2 Comparative analysis of DNA fluorescence
This method compares the fluorescence of an aliquot of DNA in 

ethidium bromide w ith that of a series of DNA standards of known 
concentration 1 pi of the test DNA sample was added to 9pl of 2 pg /m l of 
ethidium bromide placed on transparent parafilm and mixed w ith a pipette tip. 
1 pi aliquots of DNA standards of known concentration (20 n g /p l to 100 ng/p i) 
were added to 9 pi of 2 pg /m l ethidium bromide as above. The parafilm was 
placed on an ultraviolet light transilluminator and photographed. The DNA 
standard which compared most closely in fluorescence intensity to the test 
DNA is taken as the concentration of the sample. Dilution of the sample may
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be required to ensure that it falls within the scale of the panel of control DNAs. 
Although only semi-quantitative, this method has the advantage of ease, speed 
and uses much less DNA than spectrophotometry. This was the method of 
choice for small samples of DNA.

Figure 2.1 Comparative D N A  fluorescence w ith  D N A  standards (top) and cosm id D N A

20 40 60 80 100 ng/pl

Cosmid DNA
2.6 Gel electrophoresis.

As DNA is positively charged it can be separated by size when subjected 
to electrophoresis through agarose, the smaller fragments migrating further 
than the larger ones. The current applied and the density of the agarose are 
other important determinants of DNA migration; the larger the current the 
faster the migration, whereas the higher the concentration of agarose the slower 
the migration. The concentration of the agarose gel can be altered depending on 
the size of the fragment to be resolved

Table 2.3 Concentration of agarose gel required for DNA fragment 
separation

Size of DNA Fragment Percentage of Agarose Gel
> 1500 base pairs 0.8-1%

800 - 200 base pairs 2%
< 200 base pairs 3%

Agarose is melted in Ix TAB at the required concentration. After cooling 
the molten gel ethidium bromide (Et Br) is added to 5pg/ml, Et Br intercalates 
DNA and fluoresces after ultraviolet light irradiation allowing direct 
visualisation of DNA. The agarose is then poured into a perspex gel former and 
gel combs set in place. When the gel has set the combs are removed leaving

109



wells into which the DNA can be introduced prior to electrophoresis. DNA is 
admixed w ith loading buffer which increases the density of the solution 
keeping the DNA in the well and allows assessment of the progress of the DNA 
through the gel. The size of the DNA fragments can be estimated by the use of 
molecular weight markers which are electrophoresed alongside the DNA of 
interest. HHR markers are used for assessing larger fragments whereas a 1 kb 
ladder marker is used for smaller fragments [Figures 2.2 and 2.3]. In order to 
check for complete digestion of DNA, or the result of a PCR reaction, 150 volts 
was applied for approximately 1 hour. For slower, but more accurate 
separation of DNA fragments for Southern blotting experiments this was 
achieved by applying approximately 40 volts for 16 hours.
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Figure 2.2 A photograph of the HHR ladder marker.
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The lambda HHR marker following seperation by electrophoresis on a 
1% agarose gel. The size of the bands are given in kb.

I l l



Figure 2.3 A photograph of the Ikb ladder marker.

ORIGIN

12216-
5090
3054

517, 506

220 - 75

A photograph showing the Ikb ladder (Gibco BRL) following 
electrophoresis on a 2% agarose gel the size of the bands is given in bp. It is not 
possible to distinguish any of the 8 bands betweeen 12216 and 5090bp in length 
and they appear as a broad smear (uppermost band).
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Table 2.4 Solutions for gel electrophoresis

TAE 0.04 M Tris acetate
0.002 M EDTA

Loading Buffer 50% (v/v) glycerol
0.42% (w /v) bromophenol blue.

2.7 Southern Blotting
The term 'Southern blotting' arose from the original paper by Ed 

Southern describing a technique required in order to probe DNA using a 
specific DNA sequence (Southern, 1975). This paper led to the development of a 
num ber of techniques for messenger RNA and protein analysis nam ed by other 
points of the compass, namely Northern and Western blotting. Strictly speaking 
Southern's paper only suggested a technique for immobilising DNA on 
reusable membrane (Southern, 1975). By common usage the term Southern 
blotting is now generally accepted to refer to a process involving four separate 
steps;

a) Electrophoretic separation of the DNA
b) Transfer to and immobilisation on a permanent membrane as single 
strand DNA
c) Binding of the analytical probe to the target DNA bound to the 
membrane (hybridisation)
d) Visualisation of bound probe

The technique of hybridisation then involves radioactively labelling a specific 
DNA probe, denaturing it to render it single stranded, and applying it to a 
membrane to which single stranded DNA has been fixed.

2.7.1 Restriction Enzyme Digestion
Before Southern blot analysis can be performed, fragments of DNA must 

be produced by enzymatic digestion with restriction endonucleases. These 
enzymes are produced by micro-organisms to restrict the growth of other 
competing bacteria by cutting their DNA at specific cleavage sites determined 
by nucleic acid sequence. Different bacterial strains produce restriction 
enzymes that have different recognition sequences and each enzyme is named 
after the bacterial strain from which it is obtained, for example; Eco R1 is from
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Eschericia coli Restriction enzyme 1 . As restriction endonucleases cleave DNA 
only at specific sites each enzyme produces a characteristic and reproducible 
number of fragments from a set length of DNA. 5 units of enzyme are required 
to digest l|ig  of genomic DNA, 2 units/pg  for either cosmid, plasmid or Yeast 
artificial chromosome DNA. Enzymes vary in their buffer and temperature 
requirements, but these days are usually predetermined by the supplier. 
Digestion is usually complete within 4 hours, though longer may be necessary 
for genomic DNA. For DNA that is difficult to digest the use of O.IM 
spermidine ( 25 pi per lOOpl reaction mixture) may be beneficial and serves to 
bind contaminants. Most enzymes can be heat inactivated at 65 or frozen at
-20 oc.

The DNA fragments were then run through a 0.8 -1  % gel in IxTAE for 
16 hours at 40 volts with HHR marker ladder. The gel can then be placed on a 
UV light source and photographed with a ruler alongside so that the position of 
the band on the gel could be correlated with its molecular weight shown on the 
markers, thereby fascilitating the interpretation of the subsequent 
autoradiograph. As DNA will only recognise and adhere to its complementary 
strand when single stranded, the gel was the denatured. This was achieved by 
placing the gel in denaturing solution followed by neutralising solution (Table
2.5)

Table 2.5 Solutions used in Southern hybridisation.

Denaturing solution 1.5 M NaCl
0.5 M NaOH

Neutralising solution 0.5 M Tris base
0.3 M Sodium citrate 
3 M NaCl
- pH  5.5 with conc. HCl

20xSSC 3 M NaCl
0.3 M Sodium citrate

2.7.2 Transfer and immobilisation of DNA
Transferring and fixing the DNA to a nylon membrane results in a more 

durable replica of the DNA in the gel. This was achieved by capillary action.
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Hybridisation membrane cut to the same size as the gel was pre-soaked in 
2xSSC and placed onto of the gel which itself was placed on a platform covered 
in W hatman 3MM paper which acts as a wick. The platform was placed inside a 
tray filled with 20xSSC, 2  more pieces of 3M paper cut to the size of the gel 
were placed on top of the nylon membrane followed by a pile of paper towels 
and a weight. Transfer was usually complete within 16 hours, the wells of the 
gel were marked on the nylon membrane as a future reference point. Baking at 
SO^C covalently linked the DNA to the membrane, this could then be stored at 
room temperature until required

2.7.3 H ybrid isation .
If a sequence complementary to the DNA probe exists on the DNA 

bound to the membrane, the probe will hybridise to it and be revealed by a 
black band on autoradiography. The composition of all the buffers used is 
shown in table 2 .6 .

2.7.3.1 Oligolabelling
The aim is to generate a' labelled' single-stranded copy of the probe so 

that it is possible to detect the probe once it has hybridised to homologous 
sequences immobilised on the membrane. Incorporating radioactivity into he 
probe is the most sensitive method. Oligolabelling results in exact copies of the 
single stranded probe being made using random hexanucleotides, non
radioactive deoxyribonucleotides dATP, dGTP and dTTP and radioactive 
dCTP, and the reaction is catalysed by the Klenow fragment enzyme (Feinberg 
and Vogelstein, 1983).

100 ng of probe DNA was made up to a total volume of 21 |il with 
ddH 20, boiled for 3 min to denature the DNA and snap cooled on ice. 3 pi of 
lOx oligolabelling buffer (OLE) and 1.5 pi of 10 m g/m l bovine serum albumin 
(BSA) were added followed by 3 pi radio-phosphorous labelled 
deoxycytidinetriphosphate (^^p dCTP, >5000 Ci/mmol). 1.5 pi of Klenow DNA 
polymerase (NBL) was added to the reaction mix which was left at room 
temperature for 4 -1 6  hours (final volume 30pl ). To increase the specificity of 
the hybridisation, the labelled probe was separated from the un-incorporated 
^^p dCTP by elution through a sephadex G-50 column. A ball of polymer wool 
was inserted into a 1 ml syringe and Sephadex suspension added until the 
syringe was full. The syringe was then inserted into a 15 ml conical centrifuge 
tube (Falcon) and spun at 1500g for 3 min to dry the column. 30 pi of labelled 
probe was made up to a final volume of lOOpl with TE and added to the column
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and spun at 1500g for 3 min. The specific activity of the probe was calculated 
from a 5 pi sample using a Bioscan QC 2000 counter (V.A.Howe Co. Ltd., 
London, UK). The specific activity was usually in the region of 2 x 10^ cpm /p g  
of probe DNA but this depended on the quality of the DNA and the age of the 
radionucleotides used.

Table 2.6 Hybridisation solutions

lOx Oligolabelling buffer
Solution A 1.25 M Tris-HCl, pH 8

125 mM Magnesium chloride 
225 mM C-mercaptoethanol 
0.5 mM of dGTP, dATP, dTTP

Solution B 2 M Hepes, pH 6  w ith NaOH

Solution C 90 CD A^^^ units/m l random hexanucleotides in TE 

-Mix solutions A, B, C in the ratio of 253 

Church buffer
7% SDS
0.5M NaPi, pH 7.2 
1 mM EDTA
1% Bovine serum albumin 
- 1 M NaPi is

71 g N a2 HP0 4  in 11 d d H 2 0  
-pH 7.2 with phosphoric acid.

The aim of the hybridisation technique is to
a) Prepare the membrane so as to minimise the non-specific binding of 
the radioactive probe.
b) To add single stranded probe DNA
c) To perform the hybridisation reaction in such a way as to optimise the 
specificity of annealing between probe and membrane bound homologue 
without decreasing sensitivity.
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This could be achieved by altering the type of hybridisation fluid used and 
introducing competitive binding of any repetitive DNA sequences in the probe.

Hybridisation solution needs to contain a wetting agent, a salt 
concentration which allows annealing of homologous sequences w ith little non
specific binding and a 'blocking agent' to prevent physical trapping of 
radioactive probe in the irregularities in the membrane. The most frequently 
used hybridisation solution was Church buffer, which produced 
autoradiograph w ith little background signal. However, some probes 
produced poor signal intensity with Church buffer and for these the less 
stringent Denhart's solution was used. Both solutions were used for 
hybridisation at 65“C. It is important that the membrane is in contact w ith 
freely circulating hybridisation fluid at a strictly controlled temperature and I 
found that placing the membrane in rotating cylindrical glass bottles in a 
hybridisation oven (Hybaid, UK) to be the most efficient method. Membranes 
were prewetted in 2 x SSC if Denhart's hybridisation solution was used or 0.5M 
NaPi [Table 2.6] for use with Church buffer. The membrane was placed on a 
nylon mesh in the appropriate solution and, if more than one membrane was to 
be hybridised with the same probe, a further nylon mesh was inserted between 
each membrane to ensure adequate circulation of hybridisation solution. The 
membranes were rolled up, placed in a pre-warmed glass hybridisation bottle 
and 20 ml of 2  X SSC or 0.5 ml NaPi at 65’C was added. The hybridisation 
bottle was then rolled in the direction which caused the membrane to adhere to 
the sides of the bottle. The solution was poured off, hybridisation solution was 
added (minimum 15 ml) and the bottle placed in the rôtisserie of the preheated 
hybridisation oven in such a way that the direction of rotation of the rôtisserie 
did not cause the membranes to roll up again and lose contact w ith the 
hybridisation fluid.

The membranes were 'prehybridised' (to block any physical trapping of 
probe) for 2 hours at 65 °C

2.7.3.2 Addition of Probe
The separated probe was boiled for 3 min, snap cooled on ice and added 

to the hybridisation fluid in the cylindrical glass bottle, aiming to achieve a 
specific activity of 1 x 10^ cpm per ml of hybridisation solution. Hybridisation 
was for 16 hr at 65°C. However, if the probe was known to contain repetitive 
elements, their effect could be reduced by competitive binding w ith Cot-1 DNA 
(total hum an DNA enriched for repetitive sequences, Gibco BRL). In most 
cases successful results were obtained by adding 5 |il of 10 m g /m l Cot-1 DNA,
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50 |il of 20xSSC, 25 }il of ddH20 and 2 0  |j.l of 0.1% (w /v) SDS to 100 |xl of the 
separated probe, boiling for 3 min and then allowing it to anneal at 65°C for 1 

hr. The probe was then added to the hybridisation fluid in the bottle without 
further boiling. Competition could also be applied at the oligolabelling stage, 
and the addition of 100 pg /m l of sheared hum an placental DNA to the 
hybridisation fluid further reduced the effect of repetitive elements in the 
probe.

2.7.3.3 W ashing
Non-specific binding of un-incorporated nucleotides and probe DNA 

occurred in spite of adequate prehybridisation. W ashing aimed to displace the 
non-specific hybridisation but leave the probe hybridised to homologous 
sequences on the membrane. The stringency of washing is determined by salt 
concentration and temperature the lower the salt concentration and the higher 
the temperature, the more stringent the wash. Reducing salt concentration is a 
greater change in stringency than increasing the temperature. The radioactive 
hybridisation solution was poured off and the remaining traces removed by 
swilling the bottle out with 100 mM NaPi, 0.1% SDS. If the washing conditions 
for the probe were known, the correct washes were performed in the 
hybridisation bottle, if not, sequential increases in stringency were applied. 
Deciding whether to increase the stringency of the wash was based on checking 
the filter with a Geiger-Muller monitor (Mini-L, Mini Instruments Ltd., Essex, 
UK). High generalised activity indicated the need for more stringent w ash ing , 
or the presence of repetitive sequences in the probe.

2.7.4 Autoradiography
Once washed, filters were blotted with 3MM W hatman paper to remove 

surface fluid and sandwiched between pieces of Saran wrap. They were then 
placed in light proof cassettes and exposed to XAR-5 autoradiography film 
(Kodak) w ith intensifying screens (Kronex Quanta 3, DuPont) at -70°C for 16 hr 
and the film was then developed. The position of a black band on 
autoradiography denoted the presence of a sequence homologous to the probe 
at the corresponding position on the filter. If the band appeared pale, the 
exposure time was increased. To allow the membranes to be re-used more 
quickly than if the radioactivity band was allowed to decay naturally, the 
radioactive probe was stripped off by immersing the membranes in boiling 1 % 
SDS, 10 mM Tris HCl pH 8  and leaving to cool to room temperature with 
vigorous agitation.
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2.8 SCREENING LIBRARIES
2.8.1 Screening Cosmid libraries

In the ICRF library 20,000 cosmid clones from chromosome 11 are 
gridded robotically onto 2 0  cm x 2 0  cm hybridisation membranes in ordered 
arrays and the DNA from the clones denatured, neutralised and fixed to the 
membrane. 70 ng of probe DNA was by the random  probing method and 
hybridised to the cosmid library membrane in Church buffer at 65“C for 16 
hours. Post hybridisation washing is to 100 mM N aPi/ 0.1% SDS at 65°C for 30 
min for cDNA probes, and 50 mM NaPi 0.1% SDS 65°C for 30 m in for genomic 
probes. In order that the location of the positive clones can be assessed relative 
to the filter as a whole, Lawrist DNA is oligolabelled using ^^S dATP. 70 ng of 
sheared Lawrist DNA is oligolabelled by the random  priming m ethod outlined 
in section 2.7.3.1 except that the oligolabelling buffer is made up w ith dCTP, 
dGTP, and dTTP (i.e. lacking dATP). Instead of ̂ ^p dCTP, the Lawrist host is 
labelled with 3 |il of ̂ ^S dATP. The rest of the oligolabelling procedure was 
identical to that described for 'standard' DNA probes (section 2.7) but the 
radioactive signal strength of the ^^S-labelled probes had to be assessed using a 
specially collimated Geiger-Muller monitor. The dATP labelled Lawrist 
vector hybridises to all the colonies on the filter but less intensely than the ^^p 
probe, allowing the intense probe signal to be localised on the background of 
weaker yeast host signal [figure 5.5]. The co-ordinates for the positive clone are 
then accurately ascertained and the relevant cosmid clone was obtained from 
the ICRF.

2.9 POLYMERASE CHAIN REACTION
The polymerase chain reaction (PCR) allows the selective amplification 

of short DNA sequences between selected oligonucleotide primers from DNA 
samples used as templates (Mullis and Faloona, 1987). At least part of the 
sequence to be amplified must be known so that highly specific, short (18-25 
base) DNA oligonucleotides can be designed to prime the reaction, hence the 
term 'primers'. The PCR exploits certain features of DNA replication, for DNA 
polymerase to begin DNA synthesis it must recognise a region of double 
stranded DNA followed by a stretch of single stranded DNA. By heating DNA 
to 96°C it is rendered single stranded, supplying an oligoncleotide primer that 
anneals to the template at the required point creates the above conditions and 
allows DNA polymerase to work. Both DNA strands act as templates thus a 
separate primer is required for the 3' and the 5' strands. Although there are a 
number of variations each PCR cycle has the following stages dénaturation of
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the DNA resulting in single stranded DNA, annealing of the primers to the 
single stranded DNA and extension of the sequence from one oligonucleotide 
primer to the other in the 5' and 3' direction. Each cycle results in the 
production of 2 strands of DNA homologous to the template. The number of 
template sequences is doubled with each cycle accumulating at an exponential 
rate of 2 (where n is the number of PCR cycles) (Mullis and Faloona, 1987).
The end result is the amplification of a specific region of DNA. Very small 
amounts of template DNA is required for PCR (lO-lOOng). Too much DNA can 
result in a decreased yield of PCR products similarly the sensitivity of this 
reaction may lead to false positives and a true negative reaction containing no 
template DNA should always be included. The extension is carried out using 
the heat-stable DNA polymerase enzyme produced by the bacteria 
Thermobacillus aquaticus (Taq).

2.9.1 The PCR Reaction
The reagents essential for PCR are, for a 50 |i 1 reaction, as follows

a) DNA template (100 ng)
b) A pair of oligonucleotide primers specific for the sequence to be 
investigated (2  pM)
c) Deoxyribonucleotide triphosphates (dATP, dTTP, dGTP, dCTP; 200 pM 
each)
d) Appropriate buffer (5 pi of 110 dilution of Taq polymerase buffer)
e) A heat stable DNA polymerase (Taq, - Promega, 1 unit).
f) SOjil of mineral oil (Sigma) is added to each reaction to prevent 
evaporation.

The most frequently used buffers are either KCl-based or NH 4 -based. KCl 
buffer results in more efficient annealing but can also result in the production of 
non-specific bands. Taq polymerase may be added to the premix in which case 
a dénaturation time of 4 minutes was used to avoid destroying the activity of 
the Taq polymerase. This method results in less chance of contamination but is 
not as specific as the "hot start" method which allows a 1 0  minute dénaturation 
ensuring that all the DNA is single stranded before adding the enzyme. 
Following a 10 minute dénaturation the temperature of the thermal cycler block 
was dropped to lO^C above the annealing temperature of the primer so the Taq 
could be added to each reaction tube.

All reactions were performed using an automated thermal cycler by the 
following method. An initial dénaturation step of 4 or 10 minutes at 94^C was
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performed to make the DNA template single stranded and the subsequent 
cycles proceeded as follows

Dénaturation was normally at 9 4 for 30 sec but longer if the sequence 
to be amplified was greater than 500 bp long.

Annealing at a temperature determined by the melting temperature of 
the oligonucleotide primers being used, and for a time determined by the 
length of the expected sequence, this is a key variable in PCR experiments.

Extension at 72®C, the time being determined by the length of the 
expected product, a larger product would requiring a longer extension time.

Number of cycles After 30 cycles the fidelity of the PCR can decrease as 
secondary non-specific amplification occurs. When screening for the presence 
or absence of a particular DNA sequence identified by the oligonucleotide 
primers, 30 cycles was sufficient but, in circumstances where maximum 
product yield was necessary, up to 40 were used. The precise reaction 
conditions for each set of oligonucleotide primers used is given in the Results 
section along with other relevant information.

5-10 |il of the PCR product was separated by electrophoresis on a 2% gel 
w ith 1Kb molecular weight markers in TAE buffer including ethidium bromide 
and viewed on a UV light source.

2.9.2 Primer Considerations
Despite predicted annealing, times using both complex and simple 

mathematical formulae based upon the GC and AT content of the primers, it 
was still necessary to try a range of temperature conditions and concentrations 
of Magnesium chloride before reproducible results could be obtained. All 
primers were prepared by Dr. I. Goldsmith at the ICRF Oligonucleotide 
Synthesis Lab, Clare Hall. They were supplied fully de-protected and dried 
down. Ethanol precipitation was then necessary to remove any of the side 
products of synthesis. The oligonucleotide was dissolved in 200|il of 0.3 M 
sodium acetate, lOmM magnesium chloride and after mixing, 600|il of ice cold 
ethanol was added. After 30 minutes at -70°C the precipitated primer was spun 
down and then washed in 80% ethanol, precipitated dried and dissolved in a 
final volume to give a lOX stock concentration.

2.9.3 Purification of PCR products
Although several methods are available for purification of PCR products 

the Promega Wizard^"^ PCR-purification system was found to be the most 
effective. This involved removing the PCR product from below the mineral oil 
layer and diluting by adding lOOpl of elution buffer. 1ml of well resuspended
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cellulose resin was then added and mixed well for 1 minute by Vortex'. The 
resin containing the bound PCR product was then decanted into a syringe and 
gently pushed through a microspin column. The resin was retained in the 
column while the eluant, containing unbound DNA including primers, passed 
through into the eppendorf. 2 ml 80% isopropyl alcohol (IPA) was then placed 
in the syringe barrel and pushed through the microspin column, the column 
was then spun at 13000 rpm for 30 seconds in order to remove any IPA. The 
purified PCR product was then eluted by the addition of 50|il of pre-warmed 
TE.

2.9.4 Cloning PCR products.
The p-Gem®-t vector system provides a convenient method for cloning 

PCR products, and takes advantage of the fact that Taq polymerase adds non
specific adenosine bases to the end of PCR products. In the p-Gem®-t vector 
system the vector is 'cut' with ECOR V  and a terminal 3' thymidine is added to 
both ends. This manipulation improves the efficiency of PCR ligation into the 
plasmid by preventing recircularisation of the vector and providing a 
compatible overhang for PCR products to attach to. The success of the ligation 
process relies upon a pure PCR product, free from excess primers or 
nucleotides. The PCR product is ligated into the p-Gem(E)-t vector system using 
T4 ligase at 4’C for 16 hours, a negative control minus DNA was run in tandem. 
The ligated product was then used to transform high efficiency, competent JM 
109 cells. Competent cells are stored at -70°C and thawed on ice immediately 
prior to use. 50|il of resuspended cells is then added to the ligation product 
and mixed gently, and placed on ice for 20 minutes. The vector system is 
introduced into the JM 109 cells using the heat shock method which renders the 
cell wall porous so that the ligated product is internalised. 950|il of LB was then 
added and the eppendorf which was placed in a shaking incubator at 37“C for 
90 minutes. lOOpl of the transformed culture was then plated out on pre
prepared agar plates containing X-galactosidase and IPTG and incubated 
overnight at 37°C. The following day white and blue colonies should be present 
on the test plates and blue colonies alone on the negative control plate. The blue 
colour indicates that the C galactosidase gene has not been disrupted by the 
insertion of a ligated product. White colonies were picked, grown up in LB 
agar and the presence of the PCR product confirmed by PCR using the specific 
primers for the original product.
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2.10 Single Strand Conformation Polymorphism (SSCP).
The migration of single-stranded (SS) DNA in non-denaturing 

polyacrylamide gels is sequence dependent. Any change in DNA sequence can 
potentially change that conformation and hence the position the SS molecule 
reaches in the gel. Therefore, when m utant and normal SS DNA molecules are 
compared they may produce a different banding profile as shown schematically 
in figure 2.4.

2 .1 0 .1  PCR amplification for SSCP analysis
For SSCP analysis, individual exons were amplified using PCR as 

described in section 2.9.1. In order to visualise the PCR products folowing the 
amplification, Ipl (lOpCi) [a-^^P]dCTP (3,000Ci/mmol; Amersham, U.K.) was 
added to the PCR reaction mixture and the "cold" dCTP concentration was 
reduced to a final concentration of 0.02mM to promote incorporation of labelled 
dCTP and to ensure a high specific activity. The final concentration of dATP, 
dGTP and dTTP was 0.2mM. The [a-^^P]dCTP was added separately just prior 
to overlaying regents with mineral oil and amplifying by the PCR as described 
in section 2.9.1.

Following amplification, the quality and quantity of the PCR product 
was checked by analysing 5pl on a 2.0% agarose gel (see section ). Providing 
that only a single product and residual primers were visualised, the DNA was 
diluted as described in section 2 .1 0 .2 .
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Figure 2.4 The Principle of SSCP.
Mutant double stranded (DS) DNA containing, for example, a C->A 
transversion and normal DS DNA are denatured, by heating, to form SS DNA, 
and loaded onto a non-denaturing polyacrylamide gel, allowing the formation 
of unique single stranded conformations. The final positions of the SS DNA 
species are different because the distance migrated in the gel is dependent on 
their conformation.
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2 .1 0 .2  Sample preparation and analysis.
A 5|il aliquot of the PCR amplified product was removed from beneath 

the oil and the pipette tip was wiped on the rim of the tube to prevent oil 
carryover which may distort the entry of the DNA into the SSCP gel. The DNA 
was added to 35|il of amplification dilution solution, ADS, (0.1% SDS/lOmM 
EDTA) and the solution mixed well. 2|il of this mixture was added to 2|il of 
Sequenase stop mix and the samples were stored at -20°C.

2.10.3 Preparation of non-denaturing gels for SSC P.
Polyacrylamide was polymerised from acrylamide during gel casting in 

a radical reaction, starting with Ammonium persulfate (Sigma) and TEMED 
(N,N,N',N'-tetra methyl ethylene diamine, BRL). For a standard 6 % 
polyacrylamide "non-denaturing" gel an acrylamide solution containing a 40% 
120 bisacrylamide ratio (NBL) was used. The addition of 10% glycerol, which 
acts as a mild dénaturant, was found to give the best separation of normal and 
m utant DNA.

The gel was prepared by mixing 27 ml of 40% acrylamide (bisacrylamide 
120), 18 ml of 10 X TBE, 18 ml of glycerol and adjusting the volume to 180 ml 
with distilled water. Because glycerol is extremely viscous, it was diluted to 
50% with distilled water. Gels for SSCA were poured between a large 0.3 mm x 
40 cm X 30 cm and a smaller 0.3 mm x 38 cm x 30 cm glass plate. Gels were 
poured between a large 0.3 mm x 40 cm x 30 cm and a smaller 0.3 mm x 38 cm x 
30 cm glass plate. It was necessary to use clean plates to avoid bubbles forming 
when the gel was poured which may, otherwise, interfere w ith the 
electrophoresis of the samples. Gel plates were cleaned w ith detergent, rinsed 
with distilled water, dried, wiped with 70% ethanol and finally, 100% ethanol. 
To prevent the gel adhering to it, the smaller gel plate was coated with 
dimethyldichlorsilane solution (BDH) and left for 10 minutes in a fume hood. 
This plate was then rinsed with distilled water and gently wiped dry. 0.3 mm 
plastic spacers w ith 2  cm long sponge pads at the top to fill the gap left by the 
smaller plate, were inserted between the plates along the longitudinal edge and 
the plates were then positioned and held in place by bulldog clips. 
Commercially bought "Sharks tooth" combs were not used for SSCP because 
they tended to result in curved bands on gels and, being so close together, often 
obscured bandshifts. A gel comb was, therefore, cut from 0.3 mm model plastic 
to form square wells, 0.5 cm wide and 0.8 cm deep. The gel comb was rinsed in 
distilled water and wiped with 100% ethanol prior to use. Before pouring the 
gel, 180|il of TEMED (N,N,N',N'-tetramethylethylenediamine) (Gibco BRL) and
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216|il of freshly prepared 25% ammonium persulphate (APS) (Gibco BRL) were 
added to the gel solution in a glass beaker to catalyse polymerisation. APS is 
extremely hygroscopic and should be dry and granular. If gels took a long time 
to polymerise a new batch was used. After adding TEMED and APS, the gel 
solution was mixed by inverting. The gel plates were laid horizontally on a flat 
surface and the gel solution was pipetted onto the larger glass plates and 
allowed to advance by capillary action. Once the gel had reached the top of the 
plates, the comb was inserted and bulldog clamps were applied to the sides of 
the plates. The gel was left for 45 minutes to polymerise. IX TBE was dribbled 
over the wells and the top of the gel were covered with paper towels soaked in 
1 X TBE to prevent them drying out.

After the gel had set it was left for at least two hours at 4“C to ensure it 
cooled sufficiently. If not for immediate use once the gel was set, it could be 
stored overnight by laying soft paper towels soaked in IxTBE over the comb 
and covering the towels with Saran wrap to prevent desiccation of the gel. 1.5 
litres of 1 X TBE running buffer was also left at 4“C overnight. SSCP was most 
efficient w hen performed at 4*C (Orita et al, 1989).

In order to use gel, the clamps were removed, the glass plates were 
washed and the comb was also removed. The gel was placed in a vertical gel 
electrophoresis tank (BRL/Life Technologies Model 2) w ith the shorter glass 
plate innermost and clamped in position. One litre of 1 x TBE running buffer 
was added, 500 ml to the upper and 500 ml to the lower reservoir chambers. 
Silicon gel was used to seal any leaks. Unpolymerised acrylamide was removed 
by injecting 1 x TBE in between the wells of the gel at least twice.

2.10.4 SSCP Gel electrophoresis ( non-denaturing).
Prior to loading, the DNA samples for SSCP were denatured at 95'C for 

3 minutes The samples were then placed immediately on ice for 30 seconds to 
prevent renaturation then briefly microfuged and returned to ice before being 
loaded into the gel wells which had been thoroughly rinsed using a syringe and 
needle in 1 X TBE to remove residual polyacrylamide. Duck bill pipette tips 
(Anachem) were used to load the sample to ensure it reached the bottom of the 
well. Because distortion of the migration of samples was shown to occur 
frequently in the 3 outside wells on either side of the gel, these were not used.
In general, at least 6  different samples for any one exon were run in adjacent 
wells so that any variation in the positions of the resultant bands could be seen 
clearly. An undenatured sample, which was not heated at 95“C, was also 
analysed to establish the position occupied by the double stranded DNA.
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Electrophoresis was performed at 4°C for 4-6 hours at 60 watts in 1 X TBE. 
Running the gels at 60W was essential to give sharp bands (see section 3.5.1). 
The duration of electrophoresis was dependent on the length of the DNA 
fragments. Generally, gels were electrophoresed for 5 hours. Following 
electrophoresis, the gel plates were prised apart applying force to the lower, 
larger, unsiliconised plate to ensure that the gel remained firmly adhered to it. 
After clean separation of the plates the gel could be dried immediately as 
fixation of SSCP gels is not necessary. Difficulties in separating the plates was 
not uncommon and often resulted in bubbles, buckles or tears in the gel. These 
could usually be resolved by placing the gel in a shallow bath of 1 0 % 
m ethanol/1 0 % acetic acid where it could be manipulated, usually w ithout 
damaging it. Two layers of 3 mm chromatography paper were laid onto the gel 
and the paper w ith the gel attached was then peeled back. The gel was covered 
in "Saran wrap" and dried in a vacuum gel dryer for 1-2 hours and exposed to 
XAR-5 film (Kodak) for 12-72 hours at -70“C without an intensifying screen 
which otherwise tended to blur the image.

Table 2.7 Solutions for non-denaturing and denaturing gel electrophoresis

TBE 0.089 M Tris base
0.089 M Boric acid 
0.002 M EDTA, pH 8  

-( 11 of lOx stock requires 108 g Tris base, 55 g Boric acid, 9.3 g EDTA)

Stop buffer (USB) 95% formamide
20 mM EDTA
0.05% Bromophenol Blue
0.05% Xylene cyanol

2 .1 1  DIRECT SEQUENCING METHODS.

2.11.1 Preparation of the template for sequencing.
The Sanger dideoxy sequencing procedure was the m ethod of choice for 

direct sequencing because of its relative simplicity and the commercial 
availability of sequencing kits. Dideoxy sequencing is based on the extension 
from an oligonucleotide "sequencing" primer by a DNA polymerase in the 
presence of deoxynucleotides and dideoxynucleotides. The dideoxynucleotides.
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which lack the 3' OH group necessary for DNA strand elongation by DNA 
polymerases, cause chain termination. PCR products are double stranded and 
Sequenase (USB) (a modified form of T7 DNA polymerase), only extends from 
a short region of DS DNA, created by the annealing of the sequencing primer, 
to the DNA "template" requiring sequencing. Thus the DNA to be sequenced 
had to be rendered single stranded, this was best achieved by using 
biotinylated primers so that biotin was incorporated into the resultant PCR 
product. The Biotin-labelled DNA can be purified and separated using 
"Dynabeads", (Dynal, Merseyside, UK) which are streptavidin-coated magnetic 
beads to which biotin binds with a strong affinity. The principle is shown in 
figure 2.5.

The DNA template for sequencing was amplified by PCR except that one 
primer was biotin-labelled at the 3' end and the amount of both primers was 
decreased to 5-15 picomoles. This did not affect the quality or quantity of the 
PCR product bu t was necessary to avoid saturating the streptavidin-coated 
beads with excess primer .

The supernatant was removed from a 30|il aliquot of resuspended 
magnetic streptavidin-coated "Dynabeads". A magnetic particle concentrator 
(MPC), (Dynal) was used to immobilise the beads, allowing removal of the 
supernatant. The MPC consists of a magnetic rack in which eppendorf tubes fit 
with their rear 'wall in contact with the magnetic surface. The tube containing 
the beads was placed in the MPC for 30 seconds after which the supernatant 
was gently removed with a pipette. The beads were washed twice in lOOpl of 
STE by removing the tube from the MPC, resuspending the beads in the STE 
then returning the tube to the MPC to immobilise the beads so that the 
supernatant could be removed as described above.

The PCR product was carefully taken from beneath the mineral oil 
layer and added to the washed beads which were gently resuspended. 
Adsorption of the DNA to the beads took place in a 28'C water bath for 5 
minutes with occasional gentle mixing. Following adsorption of the DNA to the 
beads, the tube was placed in the MPC for 30 seconds and the supernatant 
(containing excess, unbound DNA) was removed with a pipette. The tube was 
removed from the MPC and the beads were resuspended in freshly prepared 
0.15M NaOH for 5 minutes to denature the double-stranded DNA. The tube 
was again placed in the MPC for 30 seconds and the non-biotinylated DNA 
removed and set aside.
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Figure 2 .5  Sequencing using magnetic streptavidin coated beads. 
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Table 2.8 Solutions used in di-deoxy sequencing

STE 10 mM Tris-HCl 
1 mM EDTA 
0.1 M NaCl

5x sequenase buffer (USB) 200 mM Tris-HCL, pH  7.5 
100 mM Magnesium chloride 
250 mM NaCl

5x labelling mix (USB)

Enzyme dilution buffer (USB)

ddATP termination mix

ddCTP termination mix

ddTTP termination mix

ddGTP termination mix

7.5 |iM each of dGTP, dCTP, dTTP

10 mM Tris-HCl, pH  8  

5 mM DTT
0.5 m g/m l Bovine serum albumin

SOpMdCTP, SOpM dATP, SOpM dCTP, 
SOpMdTTP, SpM ddATP, 50mM NaCl 
SOpM dGTP, SOpM dATP, SOpM dCTP, 
SOpM dTTP, BpM ddCTP, 50mM NaCl 
SOpM dATP, SOpM dTTP, SOpM dCTP, 
SOpM dGTP, SpM ddTTP, 50mM NaCl 
SOpM dATP, BOpM dTTP, BOpM dCTP, 
BOpM dGTP, BpM ddGTP, 50mM NaCl

The tube was finally removed from the MPC and the beads, w ith the 
biotinylated strand attached, were resuspended in lOOpl of STE. The tube was 
placed in the MPC for 30 seconds and the supernatant removed. The tube was 
removed from the MPC, lOOpl of water was added, the tube was returned to the 
MPC, the supernatant removed and finally the beads with the biotinylated 
strands attached were resuspended in 7pl of water. The immobilised 
biotinylated DNA was sequenced while still bound to the beads and the non- 
biotinylated strand was sequenced following precipitation. The non- 
biotinylated strands were precipitated by adding 10|il of 3M sodium acetate, 
pH  5.2 and 250|il of 100% ethanol and left overnight at -70°C. The DNA was
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recovered by centrifugation at 1 2 ,0 0 0  g in a microfuge for 2 0  minutes and the 
pellet was washed in 75% ethanol and resuspended in 5pl of water. The 
biotinylated and non-biotinylated DNA was then sequenced . To ensure that 
extension from the primer during the labelling step (when dideoxy 
nucleotides are not present) was minimal, the labelling mix was diluted 115 
which allowed the sequence close to the primer to be read.

2.11.2 Annealing reaction.
Annealing of the sequencing primer to the DNA template was achieved 

by adding Ijil of primer to 7|il of DNA and 2|il of 5 X sequenase reaction buffer. 
The mixture was heated to 65°C in a beaker of water for 2 minutes and left in 
the beaker as the water cooled to below 37"C.

2.11.3 Labelling reaction.
The labelling reaction is performed to allow the incorporation of [a- 

^^S]dATP into the DNA molecule as it is being extended from the sequencing 
primer by T7 DNA polymerase. The labelling mix containing the dNTPs was 
diluted 1 :15  when sequencing was carried out according to the procedures 
described in sections 2.11.2 and 2.11.3. A lower concentration of dNTPs in the 
sequencing reaction is preferable to allow sequence close to the primer to be 
read. When the DNA template-primer from 2.5.6.1 was cooled to <37”C, l |il  of
O.IM DTT, 2.0|il of diluted labelling mix and 0.5|il of [a-^^S]dATP (1,000 
Ci/m m ol) was added. Sequenase Version 2.0 (USB) DNA polymerase (on ice) 
was diluted 18 in enzyme dilution buffer and 2 .0 |il was added to the reaction 
which was then incubated at room temperature for 5 minutes. After the 
labelling step, the labelled DNA molecules are extended rapidly with 
Sequenase in the presence of a high concentration of dNTPs and terminate 
when a ddNTP, also present in the reaction, is incorporated.

2.11.4 Termination reaction

During the labelling reaction, 2.5|il of one of the ddNTP termination 
mixes was added to each of 4 tubes (ddATP, ddGTP, ddTTP, ddCTP). These 
tubes were prewarmed at 37“C for 1 minute. Following the labelling reaction, 
3.5|il of the solution was added to each of the 4 ddNTP tubes. The termination 
reaction proceeded at 37°C for 4 min, following which, 4.0|il of Sequenase stop 
mix was added. The tubes were then placed on ice or frozen prior to running on 
a denaturing gel [see section 2.11.5].
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2.11.5 Denaturing gel electrophoresis.
Denaturing gels were used to seperate the PCR products of sequencing 

reactions and for seperating allelic bands in microsatellite polymorphism 
analysis [section 2.12]. Denaturing polyacrylamide gels were made by a similar 
method to non-denaturing gels for SSCP [section 2.10], w ith the addition of 
urea and omission of glycerol. A stock denaturing gel solution was prepared 
[table 2.9]. Depending on the length of the sequence which was to be resolved 
on the denaturing gel, either a 6 % or a 4% polyacrylamide gel was prepared 
[see table 2 .1 0 ].

Table 2.9 Stock Denaturing gel solution

71 mis of 40% (w /v) acrylamide stock (acrylamide: Bis-acrylamide, 19:1).
227.4 g ultra pure urea.
54 mis of lOX TBE.
ddH 2 0  were added to make a final volume of 540 mis.

90 mis of stock gel solution was required for each gel, polymerisation 
was again catalysed by the addition of 90 |il of TEMED and 110 pi of freshly 
made 25% ammonium persulfate. Denaturing gels were poured in a similar 
manner to SSCP gels [section 2.10.4] and allowed to set at room temperature, 
similar precautions to prevent the gel drying out were utilised but the gel was 
left at room temperature. Denaturing gels were set up as for SSCP and were run 
prior to the addition of samples so that the gel was warm  by connecting to a 
suitable power supply (LKB Bromma 300X1, Biorad) and by run at 60 W 
constant power for 30 minutes. This had two advantages it ensured that the 
samples remained denatured and facilitated the elution of any unincorporated 
urea in to the gel when flushing with a syringe. Because urea crystals can 
retard the radioactively labelled molecule, resulting in the appearance of 
'streaks' on the autoradiograph, unpolymerised acrylamide and urea crystals 
were flushed out by syringing 1 x TBE into the wells of the gel at least twice.

The DNA samples were denatured at 95“C for 3 minutes before loading 
on the denaturing g e l. Because it takes a while to load the gel it was important 
to keep the waiting samples at >85°C until their turn. It was also possible to do 
both a 2 hour and a 4 hour run on the same gel by staggering the loading times. 
Electrophoresis was at 60 W constant power for 2-4 hr [see table 2.10], following 
which the buffer was drained off and the gel assembly withdraw n from the 
tank.
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Table 2.10 Conditions for denaturing gels.

Size of the PCR 
product *

Polyacrylamide
concentration

Time (hours)

1 0 - 2 0 0  bp 6 % 2

65-300 bp 6 % 3
up to 400 bp 4% 4

* Either length from the 3' end of primer (bp) or size of the PCR product of 
the microsatellite loci

The shorter siliconised plate was prised off and the gel, adherent to the 
lower, larger plate, was placed in a large plastic tray and fixed in 2  litres of 1 0 % 
methanol : 10% glacial acetic acid for 40 min in a fume hood. This procedure 
removed the urea which would otherwise make the gel brittle. The 'fixed' gel 
was then transferred to 3MM Whatman paper, covered in Saran W rap and 
dried for 90 min in a gel drier (model 583 Biorad), attached to a vacuum pum p 
(Genevac CVP 50). The gels were overlaid with autoradiography film (Kodak, 
XAR5) inside light proof cassettes for 16 hr at room temperature without an 
intensifying screen and the resultant autoradiograph read on a light box.

2.12 Microsatellite Repeat Analysis
Because microsatellite alleles often differ by only a single repeat -CA- 

analysis of this type of polymorphic marker involves detecting small size 
differences between DNA fragments these differences are best resolved by 
electrophoresis through polyacrylamide gels as even with high concentration 
agarose gels small differences in DNA length are difficult to detect. A number 
of different methods for visualising microsatellite polymorphisms have been 
described and are detailed below.

i. Southern blot analysis : DNA from PCR is electrophoresed through a 
polyacrylamide g e l, transferred to a nylon membrane and hybridised with a 
radioactively labelled generic (CA)n repeat probe. The advantages of this 
system include the option of running several different PCR products of 
differing size on the same gel (multiplex analysis ) and the fact that several 
different polymorphisms can be detected in a single hybridisation.

ii. Ethidium bromide or silver staining of amplified product: The use of 
different stains to detect the PCR product have been reported. Advantages 
include less "stuttering' of bands and that radioactivity does not have to be
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used (Watkins et al, 1991). However, the amount of DNA produced by the 
PCR may not be sufficient for detection by staining unless at least 50 |j1 
reactions are used precluding the use of microtitre plates and requiring 
considerably greater quantities of reaction reagents. Practical difficulties 
include difficulties in manipulating large polyacrylamide gels w ithout tearing 
them-.

iii. Direct incorporation of radioactivity into the amplified product. 
Incorporation of alpha- 32 p . dCTP into elongated DNA strands during PCR 
or by end-labelling one of the PCR primers using gamma p  -dATP and T4 
polynucleotide kinase allows detection of amplified products by 
autoradiography. The end labelling technique is favoured by several 
investigators since the banding patterns are simpler than those obtained using 
the other approach (Dracopoli and Meisler, 1989, Litt and Lu tty, 1989). 
Although end-labelling requires the additional, 1 hour step of radiolabelling 
the primer, this is not particularly inconvenient as several primers can be 
labelled at the same time and stored at - 2 0  °C until required.

2.12.1 Microsatellite Repeat Analysis Using Multi titre PCR
For the study of allele loss on the long arm of chromosome 16 and the 

short arm of chromosome 7 in 40 sporadic Wilms tumours [Chapter 4], a 
multititre PCR based analysis was chosen for the following reasons:
a) Using a 96 well multititre plate enabled a larger number of reactions to be 
run simultaneously under identical conditions than on a conventional thermal 
cycler.
b) Labelling of tubes is unnecessary.
c) Overall assembly of the PCR components is quicker, easier and more 
accurate.

For microsatellite repeat analysis radioactivity was incorporated in the 
PCR product by end labelling one of the primer pairs of each system using the 
polynucleotide kinase enzyme. The kinase mixture consisted of 1-2 pmol of 
primer and 0.4 fiCi of gamma 32 p per reaction, 3|il of lOx polynucleotide kinase 
buffer and Ijil of T4 polynucleotide kinase enzyme. The mixture was made up 
to 30 |il by the addition of double distilled water. The reaction was incubated at 
37“C for 1 hour, then either used immediately, or frozen at - 2 0  “C until required. 
The PCR mixture contained 30|il of kinase mix, 1 Ox Taq polymerase buffer, 
dNTP s at a final concentration of 0.2mM, 1.5-2 mmol Magnesium chloride, 1-2 
pmol unlabelled primer per reaction and double distilled w ater to make the 
final volume up to a 10 pi per reaction. 1 pi aliquots of template DNA (50-200
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ng) were placed in the appropriate wells of the microtitre dish which was then 
placed on ice. 9|il of PCR/ kinase mix was added to each well and overlaid w ith 
mineral oil. PCR amplification was carried out in a Biometra thermal cycler 
where the plate was placed on the block after it had reached 90“C which 
improved specificity. The annealing temperature varied w ith each primer 
system (see chapters 4 and 5).

On completion of the PCR, 6|il of stop solution [Table 2.7] was added to 
each well and the samples heated to 95“C for 3 minutes. 3pl of the resultant 
solution was loaded onto a 6% denaturing polyacrylamide gel [section 2.11.5]. 
The gel was run at 60 watts constant power in Ix TAE buffer; the length of time 
depended on the fragment size [see table 2.10]. Finally gels were fixed in 10 % 
methanol, 10% acetic acid prior to drying [see section 2.11.5]. When dry the gel 
was exposed to XAR-5 film (Kodak) for 12-72 hours w ithout an intensifying 
screen which otherwise tended to blur the image.

2.12.2 Microsatellite Repeat Analysis Using Southern blot analysis.
Southern blot analysis was the preferred method used to reveal 

microsatelllite polymorphic markers at CEPH. The major advantage is that a 
large number of different polymorphic loci can be visualised in one 
hybridisation experiement using a generic radioactively labelled CA repeat 
probe. The relevant PCR was performed using primer pairs that flanked the 
microsatellite repeats of interest [section 2.9] and the PCR product checked on 
an agarose gel to ensure amplification of the relevant DNA [section 2.6]. On 
completion of the PCR, 5|xl of the PCR product was admixed w ith 5|il stop 
solution [Table 2.7] and the samples heated to 95“C for 3 minutes. 3pl of the 
resultant solution was loaded onto a 6% denaturing polyacrylamide gel [section
2.11.5]. The gel was run at 60 watts constant power in Ix TAE buffer; the length 
of time depended on the fragment size [see Table 2.10]. The denaturing gels 
was then placed in a O.IM solution of sodium hydroxide for 30 minutes to 
ensure that the DNA was rendered single stranded. A nylon membrane 
(Hybond) was then placed over the gel to allow transferrence and fixation of 
the DNA, this was achieved by capillary action [section 2.7.2]. Transfer was 
usually complete within 8 hours. Polymorphic markers were revealed by 
hybridisation with a labelled CA repeat probe as described in sections 2.7.3. 
After overnight hybridisation the membranes were washed as described in 
section 2.7.3.3. The dried membrane was then exposed to XAR-5 film (Kodak) 
for 12-72 hours w ithout an intensifying screen which otherwise tended to blur 
the image.
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2.13 CHROMOSOME ANALYSIS.

2.13.1 Trypsin Giemsa banding.
Metaphase chromosome spreads were prepared from peripheral blood 

lymphocytes after 72 hours of stimulation with phytohaemagglutinin using 
standard air-drying procedures. Chromosome banding was achieved by 
treating the chromosomes with 0.1 m g/m l trypsin before staining in 1% Giemsa 
solution (Gibco).

2.13.2 Replication b a n d in g .
Metaphase chromosome spreads were prepared from lymphoblastoid 

cell lines grown in RPM I1640 with 10% fetal calf serum and 2mM L-glutamine 
(Complete medium). 1-2 x 10^ cells were resuspended in 10 mis RPMI complete 
medium and incubated overnight at 37^0. Cell synchronisation in S-phase 
was achieved by overnight incubation in thymidine (6mg/ml). After a 15-18 
hour incubation, the cell suspension was spun at 1200 rpm  for 5 minutes the 
supernatent discarded and resuspended in 10 mis of pre-warmed phosphate 
buffered saline. This was repeated twice to remove the synchronisation agent. 
The cells were then resuspended in 10 mis of pre-warmed complete medium 
and released by the addition of Bromodeoxyuirdine (2mg/ml). Following a 6-7 
hours incubation, lOOpl colchicine (4|ig/ml) was added to halt replication for 15 
mins. The cells were then spun down, resuspended in 10 mis of hypotonic 
solution (0.075 M potassium chloride) and left to stand at room temperature for 
10 minutes. 4 drops of fixative solution (31 Methanol Acetic acid) were then 
added and the cell suspension was spun down. The pellet was resuspended in 5 
mis of fixative solution and spun down twice. Final re-suspension in fixative 
depended on the size of the final pellet. Chromosome spreads were prepared 
on wet slides and left to air dry for 3-7 days at room temperature. Slides were 
then incubated in Hoechst solution for 20 minutes (2.5|ig/ml Hoechst 33258) 
and then rinsed in 2x SSC. A coverslip was placed over the metaphase spread 
and placed under a ultraviolet light for 90 minutes (15 W, UV light of 
approximately 360 nm). The slides were rinsed in tap water and incubated in 
Earle solution pH  6.5 at 87.5 ® C for 6 minutes before staining with giemsa 1.5% 
for 6 minutes.

2.14 FLUORESCENCE IN SITU HYBRIDISATION .
Fluorescence in situ hybridisation (FISH) relies on the principle of DNA 

hybridisation, i.e. that a single copy DNA probe when rendered single
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stranded by heating will anneal to its complementary sequence in a denatured 
chromosome (Pinkel et al, 1988). The experimental process involves labelling a 
probe of interest with a label that will allow their detection after hybridisation 
to the target DNA. In all cases an indirect method was used which involves 
incorporating biotin or digoxigenin into the probe by a process known as nick 
translation. The indirect method is preferred for smaller probes around 50 Kb in 
size. If biotin was used this was then coupled to fluorescently labelled 
streptavidin. Nick translation synthesises labelled nucleic acids using modified 
nucleotides. The nick translation reaction is carried out by two enzymes; DNase 
1 and DNA polymerase. DNAase 1 nicks the double stranded DNA and then 
the DNA polymerase repairs the DNA allowing incorporation of labelled 
nucleotides along both strands of the DNA duplex. The most important 
parameter is the action of DNAase 1, as insufficient nicking can lead to 
inadequate incorporation of the label. The dNTP mixture contains all 4 
nucleotides with a lower molar equivalent of dATP which is made equal to the 
other nucleotides with the addition of Biotin-14 dATP. The hapten-conjugated 
'biotinylated' probe is hybridised to metaphase spreads or interphase nuclei 
and later coupled to fluorescently labelled avidin which allows visualisation of 
the probe relying on a 'sandwich' of labelled probes to produce sufficient 
amplification for signal detection. Viewed under a fluorescence microscope it is 
possible to determine the localisation of the probe on specific chromosomes or 
its presence or absence on chromosomes or interphase nuclei in the cells of 
interest.

2.14.1 Preparation of metaphase chromosomes
High quality metaphase preparations are necessary for effective DNA in 

situ hybridisation. Residual cytoplasm and other cellular material reduces the 
in situ signal and can generate high levels of background signal. Acceptable 
spreads are those which appear with high contrast when examined under phase 
contrast. For analysis of the normal hybridisation pattern of a given probe, 
chromosomes were prepared from the lymphocytes of healthy donors. Patients 
samples were prepared in the same way if fresh peripheral blood was available 
otherwise from lymphoblastoid cell lines. Peripheral blood lymphocytes were 
grown for 4 days in the presence of the cell mitogen, phytohaemagglutinin 
(PHA) which stimulates lymphocyte proliferation. Approximately Im  of blood 
was added to 10 mis of RPMI 1640 which included 100|il gentamycin and 200pl 
PHA and incubated at 37°C for 72 hours. 1 hour prior to fixation colcemid was 
added to a final concentration of 0.2 |ig to arrest dividing cells in metaphase.
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The cells were then pelleted and resuspended in a hypotonic solution (0.7M 
KCl ) and allowed to stand for 20 minutes, this procedure lyses the red cells 
membranes and swells the membranes of white cells. The lymphocytes are 
extremely fragile at this stage and careful m anipulation is necessary to prevent 
spontaneous lysis. The cells are pelleted at 1200 rpm  and the supernatant 
removed. The cells are then gently resuspended in the small volume of liquid 
remaining in the bottom of the universal by tapping the side of the tube. The 
usual fixative for chromosome preparations is 3 parts methanol to 1 part glacial 
acetic acid. Methanol, a volatile alcohol plays an important role in flattening 
and spreading the chromosomes during air drying. The 3:1 ratio of methanol to 
acetic acid should be accurately measured as excess acetic acid m ay result in 
premature rupture of the cell membrane. The fixative is then added in a 
dropwise fashion, while still resuspending the cells by tapping on the side of 
the tube. This is a critical step to avoid clumping of cells and thus loss of 
material for making metaphase spreads. Lymphocytes are then washed a 
number of times in fresh changes of the same fixative and centrifuged at 600 x g 
to eliminate cellular debris. These fixed cells can be stored in about 10 ml of 
fixative at -20® C for up to 12 months. However, stored cells m ust be washed 
and resuspended in fresh fixative before being used to make further spreads at 
a later time.

2.14.2 Synchronisation of lymphoblastoid cell line cultures
Thymidine blockade can be used to induce cell synchronisation in 

lymphoblastoid cell culture, a modification which enables analysis of hum an 
chromosomes at an earlier stage of cell division. As chromosomes are less 
condensed in pro- or early-metaphase compared w ith metaphase, harvesting 
lymphoblastoid cell cultures at this stage of cell division provides qualitatively 
better chromosome spreads against which to hybridise fluorescently labelled 
probes [see section 2.14] (Lichter et al, 1990). It has been shown that there is less 
variability in the hybridisation signal when elongated prometaphase 
chromosomes were used compared with compact metaphase chromosomes 
(Lichter et al, 1990). As a result a more consistent and reliable results were 
possible (Lichter et al, 1990). The limiting factor in non-synchronised cultures is 
the relatively low proportion of pro- and early metaphase cells compared to 
mid- and late metaphase cells. A problem that can be resolved by introducing a 
partial or complete chemical blocking agent into lymphoblastoid cell culture, 
when released form the block the cells proceed through the cell cycle in 
reasonable synchrony. High concentrations of thymidine cause a partial
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synchronisation block by feedback inhibition from the thymidine triphosphate 
(TTP) pool. Similarly FUdR is an antagonist of the enzyme thymidinylate 
synthetase and can also be used as a G l/S  phase blocking agent. Although the 
thymidine block effectively introduces another day to the production of 
metaphase spreads, the in situ hybridisation results obtained w ith longer 
metaphases were considerably better than standard techniques and w orth the 
extra effort.

In order to synchronise lymphoblastoid cell cultures prior to harvesting 
for FISH studies, the following protocol was adopted. The first step involved 
determining the cell concentration of the lymphoblastoid cell culture by taking 
a 100 |il sample of a growing culture adding 20 |il of concentrated trypan blue 
and counting the number of cells a using a haemocytometer. Lymphoblastoid 
cells were seeded at 1-2 x 10  ̂ per 10 mis of complete medium and allowed to 
replicate for 24 hours at 37 *C. The following day 1 ml of thymidine was added 
( 6m g/m l in sterile PBS ) and the culture left for 16 hours at 37 “C. The cells 
were then spun down and resuspended in 10 mis of sterile PBS at 37 *C, this 
procedure was then repeated to remove all traces of thymidine. The cells were 
then resuspended in 10 mis complete media and incubated at 37 °C for 5 hours. 
At this point colcemid was added to a final concentration of 0.1 pg for 10 min ( 
NB a lower concentraton of colcemid and a considerable shorter exposure to 
this spindle inhibitor is required for synchronised cultures). Hypotonic solution 
(0.7M KCl ) was then added and the cells left for no more than 10 min after 
which the cells were fixed in methanol/acetic acid as described above.

Slide preparation is important to allow the production of well spread 
chromosomes which remain intact as complete metaphase spreads on the slide 
and to reduce the background contamination and hence non-specific binding of 
the probe. Slides were pre-washed in a solution of hot water containing 1% 
Decon and rinsed in hot running tap water followed by one wash in distilled 
water. Slides were stored in 70% ethanol at 4^C. Prior to use, slides were again 
rinsed in distilled water and chilled. Lymphocytes were resuspended in a small 
volume of fixative and 20-50pl of the cell suspension was dropped from 
approximately 12 inches onto dried misted slides and held at an angle of 30* 
they were then air dried. Slides containing metaphase spreads were allowed to 
age at least overnight before hybridisation.
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2.14.3 Nick translation
Using the ' Bionick' kit, Ijig of either cosmid or YAC DNA was nick 

translated in the presence of bio-14-ATP (Gibco, BRL). The probe DNA was 
placed in an eppendorf, 5|il of dNTP mix (0.5mM dATP, dCTP, 
dCTP, O.SmM biotin-14-dATP and0.12mM d l  IP), 5pl of enzyme mix, and 
double distilled water to 45|il was added before incubated at 16°C for 1 hour. 
5pl of stop solution was added to halt the enzyme action. 50ng/pl tRNA and 
50ng/|il of sonicated salmon sperm DNA (acting as carriers to maximise the 
precipitation of the biotinylated probes) which had been heat denatured were 
then added. The biotinylated probes were precipitated by the addition of ice 
cold 100% ethanol and 0.1 x the volume of 3M sodium acetate and left 
overnight at -20°C or at -70°C for at lest 2 hours. The precipitated probes were 
then spun at 13,000 rpm for 10 mins. The biotin which had not been 
incorporated during the nick translation reaction remained in the supernatant. 
The probes were dried and resuspended in 50|il of TE, after which 2.5|ig/pl of 
COT-1 hum an DNA was added. The addition of COT-1 as competitor DNA 
prior to hybridisation greatly improved the signal clarity as only sequences 
specific to the target are available for probe hybridisation. COT-1 also binds to 
nucleoplasm and cytoplasm which might otherwise bind to either the probe or 
detection reagents (avidin or fluorescin). Following another precipitation in 
ethanol the probes were suspended in hybridisation mix ( 50% Formamide 10% 
Dextran sulphate 1% Tween 20 2 x SSC) and denatured at 70®C for 5 minutes. 
The probes were then allowed to pre-anneal to the COT-1 DNA for 1-2 hours at 
37® C, allowing the binding of repeat sequences as described.

2.14.4 Hybridisation
Chromosomal DNA from the cells on the slide are denatured to allow 

hybridisation with the fluorescently labelled probe. The slides were pre-treated 
by incubation in 2XSSC at 37® C for 30 -60 minutes then immersed in 70% 
form am ide/2x SSC at 70®C for 2 min followed by dehydration in an ethanol 
series (70,80, and 100% ethanol) for 3 minutes each. The denatured slides were 
placed on a hot plate and the pre-annealed probe was spun briefly and then 
30|il was added to each slide. A coverslip was placed over the hybridisation 
area and sealed with cow gum. Hybridisation was facilitated by placing the 
slides 37®C in a humidified, sealed chamber for 24-48 hours.
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2.14.5 Post hybridisation washes and signal detection.
Post hybridisation washes are carried out in a more stringent solution 

than the hybridisation mix to denature and remove weakly bound probe. It is 
important that the slides are not allowed to dry out at any point. Biotin is 
immunogenic and a two-detection system is used with this probe. Avidin is a 
glycoprotein extracted from egg white and has a significant avidity for biotin. 
The first step in the detection of biotin is the addition of avidin conjugated to a 
signal generating system. The signal is amplified by adding biotinylated anti- 
avidin (an antibody raised against avidin conjugated to biotin) followed by a 
further layer of avidin conjugated to the signal generating system.

Following hybridisation the coverslip was gently removed, by inserting 
a fine point under one corner and lifting the coverslip up. The slides were then 
washed three times in 50% formamide/2X SSC followed by another three 
washes in 2xSSC at 4 2 for 5 min each. All solutions used are described in 
table 2.12. The slides were then washed in 4ST at room temperature for 3 min 
followed by a 10 min wash in 4ST-BSA, which allowed blocking of non specific 
protein binding, followed by another 3 min wash in 4ST.

2.14.6 Signal detection
Because fluorescent probes are readily photo-bleached thus all 

incubations were performed in the dark. 100 |il of avidin solution was added 
to each slide, a coverslip applied to prevent the slide drying during the 20 min 
incubation period. The coverslips were then removed and slides washed three 
times in 4ST at room temperature. 100 |il of biotinylated goat-anti-mouse 
anti-avidin antibody was then applied in a similar manner. This resulted in a 
sandwich labelling effect due to the protein-protein interaction of biotin/avidin 
bonding, plus the antibody affinity binding of anti-avidin to streptavidin. The 
signal could be intensified two-fold following another incubation of the slides 
in streptavidin because of an intensification of the protein-protein interaction 
and the more specific antibody binding interaction.
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Table 2.11 Solutions used in FISH signal detection and post hybridisation 
washes

Fluorescein Streptavidin (5 pg/m l final)
Stock = 2m g/m l in 4ST-BSA
12fil stock in 5|il 4ST-BSA (working solution)

Biotinylated Anti-streptavidin (5 p g /|il final)
Stock = 2m g/m l in 4ST-BSA
12|il stock in 5ml 4ST-BSA (working
solution)

70% Formamide/2x SSC
formamide (de-ionised) 70ml 
2ÜX SSC 10 ml 
ddH 20 20 ml

4ST buffer

4ST-B buffer

20x SSC 200ml 
Tween 20 SOOul
ddH20 to a final volume of 1 litre

200ml 4ST
6 gm BSA (bovine serum albumin)

After a final wash in 4ST the slides were m ounted in Citifluor and 
2 |ig /m l DAPI which acted as an enhancer of fluorescent signals and as a 
counterstain of chromosomes. The slides were viewed using a Zeiss Axiophot 
fluorescence microscope attached to a cooled CCD camera (Photometries) 
linked to smart capture software designed by Digital Scientific (Cambridge).
The software allowed viewing of the flourescein-labelled probes which 
remained hybridised to the unique regions of the chromosomes.

2.14.7 Centromeres Specific probes.
Centromere specific probes consist of chromosome specific sequences 

form highly repetitive human satellite DNA. In most cases the alpha satellite 
sequence located in the centromeric regions. These sequences are relatively 
short and unique for most but not for all chromosomes. Hybridisation is simple.
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as the target is large and usually highly localised. Centromere specific probes 
are available commercially (Cambio) and are pre-labelled w ith Rhodamine or 
biotin. 1-2 |il of the centromere probe is added to the 30 ^1 hybridisation mix 
prior to pre-annealing. The hybridisation, coupling to fluorescein-labelled 
avidin and post hybridisation washing procedures are the same as those 
described in sections 2.13.5 to 2.13.7

2.14.8 FISH using Dual -colour whole chromosome paints
Freshly prepared air dried slides from 31 methanol acetic acid fixed 

preparations were used, these were dehydrated by serial ethanol washes in 70, 
85 and 100% ethanol and then air dried (as in section) Whole chromosome 
paints specific for 5 and 11 (Cambio) were warmed to 42'C, for each metaphase 
slide 15|il of biotin-labelled paint and 15|il of FITC-labelled was mixed in an 
eppendorf and denatured at 70°C for 5 min. then incubated at 37‘‘C for 1 hour. 
The slides were denatured in 70% formamide at 65"C for 2 m in and were 
dehydrated in an ethanol series. 30|il of mixed probe was pipetted onto each 
slide, overlaid w ith a cover slip sealed w ith cow gum and incubated for 16 
hours at 37°C in a humidified chamber.

2.14.9 Post-hybridisation washes.
Detection reagents B3, B4, FI and F2 were diluted in 4STB in each case 

lOOjil per slide w ith a 50|il excess was made. Three dilutions were prepares a 1 
500 final dilution of detection reagent B3, a mixture of a 1 250 final dilution of 
detection reagent B4 and a 1 400 final dilution of FI and a mixture of 1 500 
final dilution of B3 and a 1 100 final dilution of F2. (B3 998}il 4 STB + 2|il B3 ; 
B4/F1 993|il 4STB +4^il B4 +3^1 FI ; B3/F2 988pl 4STB + 2\il B3 +10^il F2 ). These 
were then incubated at room temperature for 10 min. spun at 13000 rpm  and 
the supernatant used. The post hybridisation washing solutions were 
prewarmed to 42°C these included 3 Coplin jars containing 50% formamide and 
3 Coplin jars containing 2 x SSC. The cow gum and coverslips were carefully 
removed and the slides were washed in the series of 50% formamide jars by 
incubating for 5 mins in each jar followed by 5 min. washes in each of the 3 jars 
containing 2xSSC. lOOfil of diluted detection reagent B3 was pipetted onto each 
slide, overlaid by a coverslip and incubated at 37°C for 15 min. The slides were 
washed 3 times in  4ST at 42°C for 5 mins. each time. For the second layer lOÔ il 
of diluted detection reagent mixture B4/F1 was pipetted onto each slide and 
incubated then washed as above. The final layer was lOOpl of B3/F2 followed
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by the above described incubation and washes. Slides were m ounted in citifluor 
and viewed in the usual manner.

Table 2.12 Source of cosmids used in Perlman FISH studies

R egion Cosm id Locus Source
I Cos 5 3 6 / 537 H RASl P Little
I IGF2 ICRF

Insulin M Mannens
in cC Ill-555 D11S724 P Little
IV cC Ill-469 D11S679 P Little

V L163 D11S517 R W ad ey / 
R Grundy

cC Ill-237 D11S454 P Little
02313/2328 D11S12 P Little
cos HG 50 HBBC M M annens

VI ZnFp83 D11S776 P Little
cC Ill-440 D11S572 P Little

V ila cC Ill-489 D11S690 P Little
L29 D11S501 R W ad ey / 

R Grundy

vnb cC Ill-310 D11S475 P Little

VIHa ZnFP94 D11S777 P Little
vnib ZnFP40 D11S779 P Little
IX ZnFP65 D11S834 P Little
X ZnFP57 D11S780 P Little
XI c444-b P Little
xn c464 -b P Little
xin ZnFP17 D11S781 P Little
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CHAPTER 3

Fine structure analysis of the W Tl gene 
in sporadic Wilms tumours
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3.1 INTRODUCTION

3.1.1 W Tl m utations in Wilms tumours
Final confirmation of the involvement of any candidate tum our 

suppressor gene in tumorigenesis depends upon the dem onstration of 
rearrangements or mutations of that gene in tum our cells. One of the genes 
that has been implicated in the genesis of Wilms tum our, W Tl, fulfils 
several of the other requirements of a tumour suppressor gene including 
chromosomal location, function and tissue expression [sections 1.11 to 1.13]. 
W Tl was identified by positional cloning and is located at l i p  13 (Call et al, 
1990, Gessler et al, 1990), which was the chromosomal region initially 
implicated in Wilms tumour development because of the dem onstration of 
cytogenetically visible deletions at this locus in patients w ith the WAGR 
syndrome (Riccardi et al, 1978). Although less than 1% of all children with 
Wilms' tum our have the WAGR phenotype, (as discussed in section 1.3), 
23% of sporadic Wilms tumours have cytogenetic abnormalities involving 
the short arm of chromosome 11 and almost 50% of these show loss of 
heterozygosity for some part of l ip  (Kaneko et al, 1991, Mannens et al, 1988, 
Reeve et al, 1989, Wadey et al, 1990). WT-1 encodes a 3.5 Kb mRNA w ith 10 
exons, 4 of which code individually for zinc finger motifs characteristically 
found in DNA binding transcription regulators [section 1.13] (Call et al, 
1990, Gessler et al, 1990). WTl is specifically expressed in the developing 
kidney and gonadal ridges, a pattern of expression consistent w ith a role for 
WT-1 in metanephric stem cell development, i.e. the cell type from which 
WT is thought to arise [section 1.12] (Bennington and Beckwith, 1975, 
Pritchard-Jones et al, 1990). Because of its spatial and temporal pattern of 
expression it was suggested that the WTl gene regulates a pattern of gene 
expression during differentiation of mesenchyme to epithelium. Mice w ith 
homozygous deletion or inactivation of the W Tl gene fail to develop a 
normal urogenital system (Kreidberg et al, 1993). This is consistent w ith 
W Tl having a role for in normal kidney development and as a candidate 
gene for Wilms tumorigenesis.

The first homozygous deletion of the l lp l3  region in a Wilms 
tum our was reported before WTl was cloned. This tum our was apparently 
cytogenetically normal but had a 30 Kb deletion in l lp l3  providing the first 
evidence for the involvement of this locus in sporadic Wilms tum our 
(Lewis et al, 1988). The WTl gene was independently cloned by two 
laboratories (Call et al, 1990, Gessler et al, 1990). The candidate gene
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described by Gessler and colleagues -the 'LK15 gene'- showed homozygous 
deletions in two tum ours (Gessler et al, 1990). In both cases, however, the 
deletions were large, approximately 170 Kb, and included LK15 (WTl) 
(Gessler et al, 1990). However, in 63 other Wilms tum ours, no 
rearrangem ent or deletion could be detected by Southern analysis and no 
abnormal sized transcript for LK15 was detected in the 12 tum ours analysed 
(Gessler et al, 1990). Indeed, the majority of the Wilms tum ours analysed 
expressed high levels of WT-1 mRNA which had the norm al 3.2kb size 
suggesting that, if WT-1 mutations were present, they were likely to be more 
subtle and not detectable by Northern blotting (Gerald, 1992, Haber et al, 
1990, H uang et al, 1990). Other groups also identified deletions in Wilms 
tum ours, although, again these were large and extended beyond the W Tl 
locus, raising the possibility that perhaps adjacent genes may also be 
candidates (Royer-Pokora et al, 1991). More refined analysis subsequently 
identified smaller deletions. For example, a 16 Kb homozygous deletion that 
extended only into exon 1, was reported by Ton et al. (Ton et al, 1990). 
Another tum our - GOS 129- showed a homozygous deletion involving only 
the 5' end of the W Tl gene which eliminated exon 10 (Cowell et al, 1991).
As the 3' end of the deletion in GOS 129 did not extend into the adjacent 
CpG island, which are highly associated with the 5' ends of genes (Bird,
1986), it was predicted that this deletion only inactivated the W Tl gene, 
thereby implicating it in Wilms tumorigenesis (Cowell et al, 1991). Notably, 
this was the only Wilms tumour of the 55 which were analysed, that had a 
hom ozygous deletion, although three other tum ours showed abnormal 
sized bands on Southern analysis (Cowell et al, 1991). Algar et al (1995) also 
reported a Wilms tum our with a homozygous deletion encompassing exon 
10 and the 3' untranslated region (Algar et al, 1995). This deletion arose on 
the paternal allele and became homozygous due to a somatic recombination 
event in l lp l3 .  High levels of the abnormal W Tl transcript were also noted, 
raising the possibility that an abnormal transcript may play a role in the 
genesis of the tum our (Algar et al, 1995). Southern blot analysis of 42 
patients w ith Wilms tum our revealed one child w ith a germline 8 Kb 
intragenic deletion on his paternally derived chromosome which removed 
exons 6 and 7; the maternal allele was lost in the tum our (Tadokoro et al, 
1992). As predicted from the 2-hit hypothesis, bilateral tum ours should 
llose the function of both copies of the Wilms tum our suppressor gene. 
Using the WT-33 cDNA clone, [see section 1.11] a patient w ith synchronous, 
bilateral Wilms tum our was found to have a small, 11 Kb, homozygous
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deletion w ithin the W Tl gene, thus providing the first report of a small, 
tumour-specific, germline deletion (Huff et al, 1991). This 96bp nucleotide 
deletion caused a reading frame shift resulting in an in-frame term ination 
codon. W hen the full structure of WTl became available, subsequent 
analysis revealed that this deletion was in exon 6 and, as a result, the carboxy 
term inus containing the four zinc fingers were not transcribed (Huff et al, 
1991). Using a number of polymorphic markers on the short arm of 
chromosome 11 Huff et al (1991) were able to demonstrate that both the right 
and left sided tum our had lost their maternal alleles but that this had come 
about by a different mechanism in each tum our (Huff et al, 1991). LOH in 
the left tum our was due to somatic recombination, whereas chromosome 
loss and reduplication had occurred in the right tum our (Huff et al, 1991). 
Therefore, the germline event was a paternal deletion followed by reduction 
to homozygosity for WTl through loss of the norm al m aternal allele. 
Previous analysis had shown that, in seven of eight patients the 
constitutional deletions in l lp l3  were of paternal origin, raising the 
possibility that this chromosomal abnormality resulted from an increased 
germinal m utation rate in males (Huff et al, 1990).

In keeping w ith the tumour suppressor gene hypothesis (Knudson, 
1985), it was expected that loss of function m utations of the W Tl gene would 
cause the majority of Wilms tumours. A lthough m utations involving WT 
1 had been reported in sporadic Wilms tumours, this did not appear to be a 
universal finding (Call et al, 1990, Cowell et al, 1991, Gessler et al, 1990, 
Tadokoro et al, 1992). As Southern blotting alone may have missed point 
mutations that inactivated the WTl gene, a series of sporadic Wilms 
tum ours were screened for W Tl mutations, using the techniques of single 
strand conformational polymorphism analysis and direct sequencing.

3.1.2 M utations and their effects
Mutations within coding regions are due either to base pair 

substitutions, insertions or deletions, all of which can d isrupt the normal 
reading frame. A so-called 'nonsense' m utation results from a point 
m utation that converts a codon, normally encoding an amino acid, to a stop 
codon which results in prem ature term ination of a polypeptide chain, 
destabilisation of mRNA and, if a protein is produced it is usually non
functional. Missense mutations result from the incorporation of an 
incorrect amino acid into the polypeptide and may result in (a) loss of 
function (b) increased or decreased gene activity, (c) decreased or increased
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protein stability, (d) altered interaction w ith target genes and (e) subcellular 
mislocalisation of the protein, for example the molecular basis of most cases 
of cystic fibrosis are mutations within the cystic fibrosis transmembrane 
conductance regulator (CFTR) gene which in turn  results in defective 
intracellular transport and processing of the CFTR protein (Cheng et al, 
1990). As there is an element of redundancy w ithin the genetic code, not all 
base pair substitutions lead to the incorporation of an incorrect amino acid 
into the protein, this can result in polymorphism [section 1.9.3].

In frame deletions and insertions usually have drastic effects on 
proteins because they disrupt the reading frame. The coding sequences - the 
exons - of mammalian genes are interrupted by non-coding sequences or 
introns. These introns are transcribed into the prim ary mRNA bu t are then 
spliced out of the processed mRNA transcript before it is transported into 
the cytoplasm. Most of the intronic sequence does not apparently have a 
function but those sequences adjacent to the in tron/exon border are 
necessary for correct splicing. Almost all introns begin w ith the nucleotides 
G-U and end with A-G, although other nucleotides upstream  of the 3' splice 
junction appear to be important for precise splicing. Mutations of these 
splice sites may result in abnormal processing of genes and incorrect protein 
production. For example, a mutation in a splice site may result in exon 
skipping during RNA processing, such that all or part of an exon is 
eliminated. At present little is known about the mechanism by which cell 
-specific splicing occurs. A mutation in a splice site is assumed to be 
pathogenic, although few have been tested. Point m utations may also create 
cryptic splice sites as in the Rb 1 protein (Onadim et al, 1992).

3.1.3 M utation Screening
M utation detection strategies can be broadly divided into two 

categories: a scanning mode, where a stretch of unknown DNA is screened 
for unknow n mutations and a diagnostic or screening mode, where specific 
tests are designed to detect known mutations. At the start of this thesis I was 
interested in determining whether sporadic Wilms tum ours harboured 
m utations in W Tl, and so this introduction concentrates on the detection of 
unknow n mutations. Detecting 100% of m utations w ithin the putative 
disease-causing gene (WTl) in Wilms tum our was the obvious goal. To 
achieve this general aim a number of screening methods have been 
developed which can detect single base changes, small deletions and 
insertions in small stretches of DNA. These procedures rely either on
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electrophoretic separation of m utant and wild type DNA, as in denaturing 
gradient-gel electrophoresis (DGGE) and single strand conformational 
polymorphism analysis (SSCP) techniques (Orita et al, 1989) or, methods 
that rely on the relative ease of cleaving mismatched DNA sequences, such 
as the chemical cleavage method [ See Cotton for an extensive review 
(Cotton, 1993) ].

Because patients w ith Wilms tum our predisposition syndrom es were 
already being screened in our laboratory, using single strand conformational 
polymorphism analysis (SSCP), this was the preferred m ethod for WTl 
m utation analysis in sporadic Wilms tumours (Orita et al, 1989, Orita et al, 
1989). SSCP relies on the fact that, under the appropriate conditions, single 
strand DNA in solution has a defined secondary structure. This structure 
can be potentially altered if any one of the bases is changed, and in turn, this 
alteration in secondary structure can be detected by electrophoresis through 
non denaturing gels. Normal and m utant DNA strands will, therefore, have 
a different electrophoretic mobility (Orita et al, 1989, Orita et al, 1989). One 
review estimated that SSCP analysis can detect 99% of m utations in 
fragments that are 100-300 bp in size, but is less suitable for DNA fragments 
greater than 300 base pairs long, where only 89% of mutations can be 
detected (Hayashi et al, 1991). Since many of the PCR products generated in 
the analysis of individual exons are greater than 300bp, this drawback can be 
circumvented by reducing the size of the large PCR products w ith restriction 
endonucleases before subjecting them to electrophoresis. The SSCP method 
has proven to be extremely straightforward and simple, requiring very few 
steps between PCR amplification and analysis of the sequence and requires 
relatively little specialised equipment. Previous work in our laboratory led 
to a num ber of modifications to the original method proposed by Orita 
(Orita et al, 1989). These included (a) a 10-fold reduction in the amount of 
the unlabelled dCTP relative to the other deoxynucleotides in order to 
increase the incorporation of and hence the specific activity of the 
product, (b) running SSCP gels at 4'C at 60W constant power and (c) the use 
of a specially prepared gel former resulting in large wells, approximately 1cm 
in w idth, in the gel to produce sharper images on the autoradiograph and,
(d) the exposure to X-ray films w ithout an intensifying screen to achieve a 
sharper image (Baird et al, 1992a, Baird et al, 1992, Hogg et al, 1992).
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3^  RESULTS
In all, 36 renal tumours from patients who presented to the Hospitals 

for Sick Children, London, were available for W Tl m utation analysis. 
Following the clinical diagnosis of a W ilm s tum our', the patients 
underw ent nephrectomy and tumour material was m ade available. DNA 
was prepared from the tumours as described in section 2.3.6. The 
clinicopathologic details of these 36 renal tum ours are sum m arised in table 
3.1. Although GOS 69 and GOS 42 were initially classified as Wilms 
tumours, subsequent review during the preparation of this thesis found 
them to be a congenital mesoblastic nephroma and a renal cell carcinoma, 
respectively. Two other tumours analysed in this study were also of a very 
unusual histologic subtype, showing m onomorphous epithelial changes. 
These tum ours arose in a brother and sister, their mother had been cured of 
a Wilms tum our by nephrectomy 20 years previously. In view of this history 
of familial Wilms tumour, GOS 149 and 399 cannot be classified as sporadic 
Wilms tumours, but were still analysed for W Tl mutations. Excluding these 
few exceptional cases, a total of 32 sporadic Wilms tum ours were subjected 
to m utation analysis in WTl.

3.2.1 SSCP- PCR
The polymerase chain reaction (PCR) for SSCP analysis was 

performed as detailed in section 2.9 and 2.10 and the sequencing as in section 
2.11. The oligonucleotide primers used in both single strand conformational 
polymorphism analysis (SSCP) and in sequencing are detailed in table 3.2. 
The primer pairs were designed such that they produced amplified products 
consistently using PCR. All of the primer pairs were located within the 50bp 
intron sequence flanking each exon. The optimal PCR conditions for each 
primer pair were determined by experimentation and these details are 
summarised in table 3.2. Due to the very high (70%) G+C content of exon 1 
(Haber et al, 1990), only the 3' end of this exon was amplified using primer 
pairs c550 and JRl (King-Underwood et al, 1996).

The PCR product for each exon was checked on a 2% agarose gel to 
ensure that each reaction had worked. Furthermore, by loading 5 |il of the 
PCR product per lane, the relative intensity of each lane can be compared as 
shown in figure 3.1. In order to ensure that the SSCP banding profile for 
each exon from each tum our is comparable in intensity on the 
autoradiograph, the same relative amount of DNA m ust be loaded into each 
well of the non-denaturing gel (section 2.10.3). This was achieved by

151



adjusting the amount of PCR product added to the dilution solution as 
described in the caption to figure 3.1 and 3.2 (see also section 2.10.2).

Table 3.1 Wilms tum our samples used in W Tl m utation analysis

N o. Tumour Sample 
( G O S no.)

D isease Stage H isto p a th o lo g y Status

1 11* 3 FH A liv e
2 21* 2 FH A liv e
3 33* 3 FH R elapse /  D ied
4 41 5 FH A liv e
5 42 2 R C C l D ied

6 44 4 FH A liv e
7 48 3 FH A liv e
8 51 3 FH A liv e
9 52* 3 U H A liv e
10 54 2 FH A liv e
11 55 3 FH A liv e
12 69* 1 C M N 2 A liv e

13 8 8 * 1 FH A liv e
14 90 1 FH A liv e
15 92 3 FH A liv e
16 93* 3 U H A liv e
17 97 3 U H A liv e
18 101* 1 U H R e la p se d / A live
19 126 3 FH A liv e
20 130* 1 FH A liv e
21 100* 2 FH A liv e
22 132* 1 FH A liv e
23 135 3 FH A liv e
24 142 4 FH D ea d
25 145* 3 FH A liv e
26 200 4 FH A liv e
27 206* 4 FH A liv e
28 219* 1 FH A liv e
29 231 BILATERAL FH A liv e
30 244 3 U H A liv e
31 249# 1 M onom orphous Epithelial A l iv e
32 368 FH A liv e
33 3 9 9 # * 1 M onom orphous Epithelial A l iv e
34 404 3 U H R elapsed /  D ied
35 407* 3 U H R elapsed /  D ied
36 408 3 U H R elapsed /  D ied

* Tum ours in w hich changes in the SSCP banding pattern w ere noted on  autoradiograph.
1 Renal Cell Carcinoma
2 C ongenital M esoblastic Nephroma
# Familial W ilm s tum our
Footnote : In the absence of anaplastic nuclear changes the term favourable h isto logy  (FH) is 
used d u e to the generally good  outcom e for these patients (section 1.5.2).
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Table 3.2 Primers used in the PCR amplification of exons 1 to 10 of the W Tl gene.

Exon Prim er Primer sequence 5' to 3' A nnealing
tem perature

[Mg2+]
concentration 
( mmol/L )

Product size

1 c550
JRl

CCGCCTCACTCCTTCATCATCCTAGA
GCGGAGAGTCCCTGTCCrrCATCA

6 5 'C 
+ 1%
Form am ide

1.5

2 5 x 2
3 x 2

ACCGCTGACACTGTGCTIGTCTCCG
AGAGGAGGATAGCACGGAAG

64 "C 2 215 bp

3 5 x 3
3 x 3

GGCAGCACTCGCTCAGCTGTCITCG
GGTCCCAAGGACCCAGACGCAGAGC

70 "C 2 180 bp

4 5 x 4
3x 3

GTGGTTATGTGTTCTAACTCTAGAT
ATAAGTTACTGTGGAAAGGCAATGG

65 "C 2 158 bp

5 5 x 5
3 x 5

GCTCCATTCCCCACTCCCCACCTCT
TrGCnTGCCATCTCCGCATTGTCC

6 0 'C 1.5 120 bp

6 5 x 6
3 x 6

CACTGACCCl'irnCCCTTC
GGCCGGTAGTAGGAAGAGGC

62 "C 2 189 bp

7 5 x 7
3 x 7

GACCTACGTGAATGTTCACATG
CTCTTGAACCATGnTGCCCAAGAC

6 0 'C 2 255 bp

8 5 x 8
3 x 8

CCAGTATCA'nTCAAATAGATATGTG
AGGGAACACAGCTGCCAGCAATGAG

56 'C 1.5 167 bp

9 5 x 9
3 x 9

TAGGGCCGAGGCTAGACCTTCTCTG
ATCCCrCTCATCACAAnTCATTCC

6 0 'C 1.5 204 bp

10 5 x  10 
3 x 1 0

GCAAGTGTCrCTGACTGGCAAlTGT
TGCCTGGGACACTGAACGGTCCCCG

60 "C 1.5 190 bp



Figure 3.1 PCR product from exon 4 of W Tl using template DNA from 20
Wilms tumours.

L B  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

KEY L -1 kb ladder is used to determine the relative size of the PCR 
product ( see figure 2.1 )
B - Blank refers to the complete PCR mixture (section 2.9-2.10) 
including primers and Taq polymerase but lacking any template 
DNA. As long as the PCR technique is good and there is no 
contamination with extraneous DNA, there should be no PCR 
product.
1-20 - GOS tumours 11 to 130 see table 3.1

As shown in figure 3.1, all 20 lanes produced PCR products with 
equal intensity. Therefore, the same amount of PCR product from each 
reaction could be diluted by the addition of the same volume of 
amplification dilution solution (ADS) to give a final volume of 40 pi. In this 
case, 35pl of ADS was added to 5pl of each PCR product [section 2.10]. Prior 
to electrophoresis, 3pl of each diluted sample was added to 3pl of stop 
solution which was then denatured, snap frozen on ice and run through a 
non-denaturing gel alongside a lane in which an undenatured PCR product 
was also included [section 2.10]. The gel was then dried and exposed to X- 
Ray film [section 2.10]. The resultant autoradiograph can then be analysed, 
typical results from which can be seen in figures 3.3-3.12.
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Figure 3.2 PCR product from exon 9 of W Tl using template DNA from 10
Wilms tumours.

L B l  2 3 4 5 6 7 8 9  10

KEY L - 1 kb ladder is used to determine the relative size of the PCR 
product ( see figure 2.1 )
B - Blank refers to the complete PCR mixture (section 2.9-2.10) 
including primers and Taq polymerase but lacking any template 
DNA. As long as the PCR technique is good and there is no 
contamination with extraneous DNA, there should be no PCR 
product.
1-10 - GOS tumours 11 to 54 see table 3.1

If any PCR product appeared relatively weak, as seen in lanes 2, 4, 8 
and 9 in figure 3.2, the volume of PCR product was increased, i.e 6 or 7|il 
was made up to a final volume of 40pl by the addition of ADS. However, 
because relatively small adjustments were needed, it was usually possible to 
achieve the required end result, i.e. an autoradiograph in which all 20 
tumour lanes were of relatively equal intensity and in which the SSCP 
banding profiles were comparable.
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3.2.2 Single strand conformational polymorphism analysis (SSCP)
The WTl gene was analysed, exon by exon, for the presence of 

mutations in all 36 renal tumours using SSCP analysis. Using this 
technique, an alteration in the base pair structure of normal versus mutant 
DNA is manifest by changes in banding pattern of the PCR product when 
run through a non-denaturing gel. The incorporation of radioactivity 
during the PCR enabled visualisation of the banding profile of each DNA 
sample on an autoradiograph. No abnormality in the SSCP banding pattern 
was noted on the autoradiographs for exons 1 to 5 in the 36 renal tumours 
available for study. However, a number of bandshifts were seen on the 
autoradiographs of these same tumours for exons 6 to 10, the details of 
which are summarised in table 3.3. Examples of the changes detected in the 
band profile seen on the autoradiograph are shown in figures 3.3 to 3.12.
The most strikingly abnormal banding pattern was seen in the PCR product 
from GOS 54 using primers for exon 6 and is shown in figure 3.3. The 
banding pattern for this tumour was completely different from any of the 
neighbouring lanes, with no common or shared bands. This was the only 
example where such a marked aberration of the banding pattern was seen. In 
other cases the nature of the band changes were more subtle. For example, 
although the banding pattern for exon 6 of GOS 219 was similar to 
neighbouring lanes [figure 3.4], there was a slight elevation of all of the 
major bands with loss of the lowest band. The presence of an extra band 
above the main body of the profile seen in tumours 90, 93 and 101 [figure 
3.3], even though the^main banding pattern was similar to that seen in the 
other tumour, was felt to warrant further investigation by sequencing. A 
number of band shifts were noted in exon 7 and these changes are described 
in detail in the caption to figures 3.5 and 3.6. Interestingly, a variant SSCP 
banding profile was noted in GOS 69, which, on review, turned out to be a 
congenital mesoblastic nephroma, rather than a Wilms tumour. This 
finding was, initially, of great interest as it raised the possibility that a WTl 
mutation might contribute to the genesis of this benign renal tumour (see 
section 1.8.1). Only 2 of 36 tumours showed an abnormal banding profile on 
the SSCP autoradiographs of exon 8, the presence of an extra doublet above 
the main body of the profile in GOS 132 and a band below the upper two 
bands in GOS 404 as seen in figure 3.7. A number of band shifts were 
apparent in exon 9 as seen in figures 3.8 and 3.9. The presence of a varient 
band immediately below the first band down in GOS 33 warranted further 
investigation as did the extra band prior to the dense fifth band in GOS 130.
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The extreme right hand column in figure 3.8 carries the PCR product from 
exon 9 of WTl amplified from the constitutional DNA from, GOS 372, a 
patient with Denys Drash syndrome. This patient harboured a known 
mutation in exon 9 and was therefore, used as a positive control. In 
comparing the SSCP banding pattern of this patient with neighbouring 
lanes, it was apparent that, instead of a single band in the third band down, a 
doublet was present and the spacing between the doublet was wider in this 
instance than that of the comparable doublet in the other lanes.
Furthermore, all bands below the fourth band down were absent. In exon 9, 
The PCR product from GOS 399, showed an extra band immediately below 
the first band down and an additional band above the third band down. This 
latter variant was also noted in tumour 407 [figure 3.9]. Three tumours 
showed an abnormal band shift in exon 10 and are described in the caption 
to figures 3.11 and 3.12.

In this series of experiments, each PCR product which showed an 
SSCP gel band shift was rerun to ensure that the observed changes in the 
running pattern of the PCR products was consistent. Overall, there was good 
correlation between the initial run and the re run with apparent band shifts 
being detected on both gels. When apparent abnormalities were detected on 
subsequent analysis, the nature of these changes determined the subsequent 
analysis. Where an extra band was present on one gel but not the other this 
PCR product was sequenced. Any slight alteration in the position of an 
otherwise constant band, between gels, was not sequenced unless present on 
both occasions. For example, the presence of an extra band between normal 
bands 2 and 3 in exon 9 of GOS 407 was only apparent in one experiment 
(figure 3.9) and not detected on rerunning the gel (figure 3.10). As it is 
preferable to over interpret variant SSCP bands, in order not to miss a 
putative mutation, the PCR product from exon 9 was sequenced in this 
tum our.

Table 3.3 SSCP abnormalities detected in 36 renal tumours
Exon Wilms tumours - COS numbers Figures

6 54 93 101 130 219 3.3 - 3.4
7 11 21 52 69 93 145 206 3.5 - 3.6
8 132 404 3.7
9 33 130 372 399 407 3.8-3.10
10 11 41 132 408 3.11-3.12
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Figure 3.3 SSCP analysis of exon 6 of the WTl gene in a series of renal tumour DNAs (numbers 1-20*)
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The SSCP banding profile for GOS 54 is markedly different from any of the other tumours. In this figure one other tum our, GOS 
130, showed an interesting band change apparently missing the third band down as arrowed. Although the main body of the 
banding profile in GOS 90,93 and 101 was similar to that of the neighbouring lanes, all three showed an extra band at the top of 
the gel prior to the main body of the profile, despite this, these tumours were sequenced.
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Figure 3.4 SSCP analysis of exon 6 of the WTL gene in a series of renal tumour DNAs (numbers 21-36) 
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The only apparent banding change seen in this series of Wilms DNAs from exon 6 of the WTl gene was the 
absence of the last most band in GOS 219 (arrowed). This band, which lay below that of the undenatured 
DNA, was present in all of the other lanes.
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Figure 3.5 SSCP analysis of exon 7 of the WTl gene in a series of renal tumour DNAs (numbers 1-20)
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Five tumours, GOS 11,21,52,69 and 93 were noted to have changes in the banding profile in this exon. In COS 52 
and 93 an extra doublet was apparent lying below the third band compared to adjacent tumours DNA samples(as arrowed). In GOS 
11,21 and 69 the first, second and third bands were all displaced downwards when compared to other tumours which had an 
apparently normal banding pattem(arrowed). The genomic sequence of exon 7 in these tumours was therefore determined.
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Figure 3.6 SSCP analysis of exon 7 of the WTl gene in a series of renal tumour DNAs (numbers 21-36)
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The most striking abnormality seen in this figure is the banding profile of the PGR product from GOS 145. The 
four major bands appear as a doublet instead of the single band seen in the other tumours (arrowed). GOS 206 
appears to have lost die second band down (arrowed), especially as the banding pattern in this lane is relatively 
intense.
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Figure 3.7 SSCP analysis of exon 8 of the WTl gene in a series of renal tumour DNAs (numbers 21-36)
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Few changes were apparent in exon 8. GOS 132 appeared to have an additional band (arrowed) prior to the start of 
the main banding profile and GOS 404 had an extra band above the fourth band down. These were the only 
abnormalities seen in this series of 36 renal tumours analysed for mutations in exon 8 of WTl.
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Figure 3.8 SSCP analysis of exon 9 of the WTl gene in a series of renal tumour DNAs (numbers 1-20)
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Three tum ours, GOS 33 ,130  372, sh ow ed  an abnormal banding pattern in exon 9. The upper m ost band in GOS 33 appeared as a doub let  
(arrowed) rather than a singleton. In GOS 130 there w as an extra band above the fourth band d ow n  as arrow ed. GOS 372, derived from a patient 
w ith  D enys-D rash syndrom e and a know n m utation in exon 9 acted as a positive control. In this tum our lane the second and third bands d ow n  
appeared as a doublet rather than a singleton as seen in the neighbouring lanes (arrowed). Finally, the spacing betw eeen the doublet in the 
fourth band d ow n  in GOS 372 is w ider com pared to the other tum ours running alongside (arrowed). These changes in the banding pattern are 
similar to those reported by Baird et al (1992a) w h o first reported this finding, suggesting that changes in SSCP banding pattern m ay be 
reproducible.
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Figure 3.9 SSCP analysis of exon 9 of the WTl gene in a series of renal tumour DNAs (numbers 21-36)
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Figure 3.10 SSCP analysis of exon 9 of the WTl gene in a series of renal tumour DNAs (numbers21-36)
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This figure shows the autoradiograph from the repeat experiment to that shown in fig 3.9. The changes in the banding pattern 
seen in GOS 399 are comparable between the two gels, the first band down again appearing as a doublet rather than a singlton  
as seen in neighbouring lanes. The additional band above the third band (arrowed) down is not as distinct as that seen in fig 
3.9, but is definitely different in comparison to other lanes. An additional finding was that all of the bands in this lane were 
slightly elevated . The subtle abnormally noted in GOS 407 in fig 3.9 , (the appearance of an extra band above the third band) is 
not apparent in this autoradiograph and probably was an overcall. Both tumours were sequenced and no abnormality of exon 
9 structure detected.



Figure 3.11 SSCP analysis of exon 10 of the W Tl gene in a series of renal tumour DNAs (numbersl-20)
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Tw o tum ours sh ow ed  a variant banding pattern in this autoradiograph. GOS 11 had an extra doublet im m ediately  
below  the third band d ow n  from the top of the gel (arrowed) and both GOS 11 and GOS 41 appeared to have lost the 
top m ost band (arrowed). Though in the case of GOS 41 this may have been due to the relatively w eak  intensity of this 
lane..



Figure 3.12 SSCP analysis of exon 10 of the WTl gene in a series of renal tumour DNAs (numbers 21-36)
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GOS 132 appeared to have lost the second and third bands d ow n  in com parison to other near by lanes 
W hile GOS 408 had lost the fourth band dow n as arrowed.
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3.2.3 DNA sequence analysis.
Changes in the SSCP banding pattern of tum our PCR products when 

compared to the adjacent ones does not guarantee the presence of an 
underlying m utation within the exon/in tron  structure in that tumour. 
Moreover, the nature of any abnormality cannot be characterised by this 
technique alone. The only means of determining whether the SSCP change 
reflects the presence of a mutation or base change is by sequencing the PCR 
product. Consequently all of the tum ours showing abnormal band shifts in 
exons 6 to 10 were sequenced to establish whether m utations were present or 
not. From previous experience it was felt unnecessary to sequence any exon 
for which there was clear evidence of normal SSCP banding patterns (Baird 
et al, 1992a, Cowell et al, 1993). Only one of the tumours which had 
exhibited apparent band shift changes on the autoradiographs was found to 
harbour a m utation by direct sequencing. This tumour, GOS 54, harbours an 
heterozygous eight base pair insertion which starts in the in tron/exon 
boundary of exon 6 [figure 3.13]. Because the wild type background made it 
difficult to determine the exact point of insertion of this m utation, a number 
of different strategies for isolating this heterozygous m utation were used. 
These included, cloning the purified PCR product into a vector system as 
described in section 2.9.4. Although 10 clones were sequenced using primers 
for exon 6, only the normal wild type sequence was present. All 6 tumours 
showing an abnormal banding profile in exon 7, GOS 11,21, 52, 69, 93 and 
145, showed the same change on sequencing, an A to G transition in codon 
313. Figure 3.14 shows a representative sequence from exon 7 of GOS 11. This 
polymorphism  conveniently destroys an AÜIII recognition site. Therefore 
when the PCR product from GOS 11, 21, 52, 69, 93 and 145 was compared 
with GOS 41 which was used as a normal control, was digested by the 
restriction enzyme Afl III , only the GOS 41 PCR product carried the Afl III , 
site [figure 3.15] . All of the SSCA changes which were described above for 
exons 8, 9 and 10, when sequenced were found to be normal.
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Figure 3.13 Sequencing ladder for exon 6 of WTl from tumour GOS 54 
showing heterozygous 8 bp insertion.

Normal Mutant

AA
CC
CC
CC
GG
CC
AA
AA

A
C
C
C
G
C
A
A

CC
AA
CC
AA
CC
CC

AA

AA
GG
CC
GG
AAy

G A T C
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Figure 3.14 Sequencing ladder for exon 7 from tumour GOS 11 showing the 
of the G to A polymorphism.

NORMAL MUTANT

A
G g\
G G
T T
C C
C C
G G
T T
G G
T T
G G
C C
A

G G

C C
G G
T T
G G
T T
A A /

G

T C

The above polymorphism results in the substitution of the base 
Adenosine by Guanosine at base pair 1003 of the WTl gene (codon 313). As 
CGA and CGC both code for the same amino acid argenine, this base pair 
change has no effect, it is in effect a silent mutation. The A to G transition does 
however destroy an Afl 111 restriction enzyme recognition site as seen in figure 
3.15
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Figure 3.15 Single base pair polymorphism in exon 7 of the WTl gene 
revealed by restriction endonuclease digestion
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S ix  tum ours (G O S 11, 21, 52 , 69 , 93  and 145) show ed  band sh ifts on SSC P  
analysis o f  each 7 o f  the W T l gen e. Tum our D N A  from  these tum ours w as  
am plified  using o ligon u cleotid e  prim ers for exon  7, 10 units A F L  III restriction  
en zym e w as added to each PCR product and incubated overnight. A n aliquot w as  
analysed on a 2x  gel to determ ine that d igestion  had occurred. lO pl o f  each  PCR  
product w as then run trhough a 5% agarose gel w h ich  a llow ed  separation o f  the 
d igested  and non-digested  PC R  product.
* T he G -A  transition con ven ien tly  destroys the recognition  site for the .AFLIII 
restriction enzym e. The PCR product o f  tum ours harbouring this polym orphism  
w ill therefore rem ain undigested  as seen  above, w h ilst d igestion  o f  G O S 33 w hich  
has a norm al exon  7 sequence, results in a 165 bp band and a sm aller 49bp  
fragm ent w hich  is not seen on this ge l.
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3.3 DISCUSSION
Major structural rearrangements of W Tl have so far been reported in 

less than 10 % of Wilms tumours and, by the use of Southern blotting 
techniques, all of these were shown to be deletions (Gessler et a l , 1990, Call et 
al, 1990, Cowell et al,1991. Huff et al, 1991,Ton et al, 1990, Tadokoro et al, 1992, 
Brown et al, 1992). More subtle abnormalities, however, w ould not have 
been detected using this technique. Fine structure analysis of the W Tl gene 
was therefore required to determine whether this gene played a central role 
in Wilms tumorigenesis. Furthermore, since the incidence of m utations in 
tum ours is low, approximately 5-10%, in order to obtain a clearer picture of 
the effect of W Tl mutations it is necessary to investigate larger numbers of 
Wilms tumours. This can only be done by collating the changes seen by many 
different laboratories. In this survey, renal tum ours from 36 patients 
presenting to Great Ormond Street Hospital for Children, 32 of which were 
sporadic Wilms tumours, were screened for mutations in W Tl by SSCP 
analysis and direct sequencing. Of all of the abnormal band shifts noted, most 
in fact, represented previously reported polymorphisms. The SSCP banding 
profile of GOS 54 in exon 6 was markedly different to any of the other lanes. 
Not surprisingly an heterozygous eight base pair insertion was found on 
sequencing this exon. A number of techniques were used to isolate and 
sequence the m utant allele w ithout success. However, it is likely that this 
particular m utation would disrupt the reading frame and result in a 
truncated W Tl protein. In the GOS series, therefore, only one tumour, GOS 
54, was found to harbour a m utation affecting the coding sequence. This 
represents 3%, 1 of 32 sporadic Wilms tumours, which carry a m utation in 
the W Tl gene. SSCP changes were detected in 21 separate tumours. 
Interestingly some tumours had SSCP changes in more than one exon, GOS 
11 and GOS 132 had SSCP band changes in exons 7 and 10 and 8 and 10 
respectively. Overall, 22 consistent abnormalities in the SSCP banding pattern 
were detected. In all cases the band shifts noted were restricted to the zinc 
finger exons and exon 6, a finding that argues against a non-specific cause of 
the changes in the banding profiles. A similar pattern has been reported by 
other authors, w ith mutations outside exons 7 to 10, the zinc finger region, 
being uncommon [see tables 3.4 to 3.6] (Coppes et al, 1993, Little et al, 1992, 
Gessler et al, 1994, Varanasi et al, 1994). As discussed earlier [section 1.13.2], 
the zinc finger region of W Tl shows sequence homology to the zinc finger 
regions in the protein products of the early growth response genes, EGRl and 
EGR-2 (Pavletich and Pabo, 1991). Rauscher et al (1990) have shown that the
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W Tl gene product functions as a DNA-binding protein that has the potential 
to regulate transcriptional activity. As this region of the protein has such a 
specialised function, any m utation involving the exons coding for the zinc 
fingers is likely to have significant effect on the activity of the protein 
product.

Most other reports in the literature describe m utations involving W Tl 
in 6 to 10% of sporadic Wilms tumours (Coppes et al, 1993, Little et al, 1992, 
Gessler et al, 1994,Varanasi et al, 1994). The SSCP and direct sequencing 
analysis reported here might therefore have been expected to detect a greater 
percentage of mutations than found. There are a num ber of possible 
explanations for these results. Perhaps the most im portant is that SSCP 
analysis is not sensitive enough to detect all of the m utations in W Tl. It is 
also possible, but less likely, that sequence analysis also failed to detect the 
mutations. It has been estimated that SSCP analysis will detect up  to 99 % of 
m utations in PCR fragments up to 250bp in size, although this technique is 
less reliable in detecting mutations in PCR products over 300 bp in length 
(Hayashi, 1991). As the PCR products from exons 1 to 10 of the W Tl gene are 
all less than 250bp [table 3.1], SSCP analysis should theoretically provide an 
acceptable and accurate means of screening all 10 W Tl exons for mutations. 
SSCP analysis has also been used successfully to detect m utations in the ras 
oncogene (Orita et al, 1989), in the RBI gene in retinoblastomas (Hogg et al, 
1992) and within the WTl gene in Denys-Drash and WAGR syndromes 
(Baird et al, 1992, Baird et al, 1992a). In a series of experiments Baird et al 
identified a bilateral Wilms tumour, that arose in a patient w ith the WAGR 
syndrome, and a patient w ith typical DDS in which no abnormal SSCP 
banding patterns were noted by SSCP analysis (Baird et al, 1992, Baird et al, 
1992a). Despite this negative finding the genomic structure of W Tl was 
sequenced anyway and still found to be normal (Baird et al, 1992, Baird et al, 
1992a). Another example is provided by a study of the RBI gene in 8 
retinoblastomas that arose in children that lived in the Sellafield area. Again 
SSCP analysis failed to detect any mutations and this was confirmed by 
sequence analysis of the RBI gene (H Cragg, personal communication). These 
findings provide confidence in both the technique of SSCP and the overall 
strategy of SSCP followed by sequence analysis for m utation detection in the 
W Tl gene. In order to assess the accuracy of SSCP analysis in this study, the 
PCR product from the constitutional DNA of a patient w ith Denys-Drash 
syndrome, GOS 372, was analysed alongside the PCR products from 20 
sporadic Wilms tumours. GOS 372, had previously been characterised in our
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laboratory and harbours a m utation in exon 9 of the W Tl gene, which is a 
C>T transition, converting an argenine to a tryptophan (Baird et al, 1992). An 
abnormal SSCP pattern for exon 9 of W Tl using SSCP was apparent for GOS 
372 (and for four sporadic tumours GOS 21, 41,130, 399,404) when compared 
to neighbouring lanes as seen in figure 3.7. Indeed the SSCP changes seen in 
GOS 372 in this figure are similar to those reported by Baird and colleagues 
(Baird et al, 1992). The use of a positive control, in which a m utation had 
already been identified, as in GOS 372, is extremely useful and provides 
confidence in the SSCP technique. SSCP changes in exon 7 were detected in 6 
of 34 tumours (18%) and on sequencing these tum ours an A to G transition 
was detected. This silent m utation has previously been reported as a 
polym orphism  that is inherited, in a co-dominant M endelian fashion 
(Groves et al, 1992). This polymorphism is heterozygous in approximately 
20% of the population (Groves et al, 1992) a level similar to that found in this 
study. This finding provides further evidence that the SSCP technique was 
sensitive enough detect known changes and so suggests that the frequency of 
the actual m utation detection is accurate. The initial excitement over finding 
a change in the banding profile from GOS 69, the congenital mesoblastic 
nephroma, were not borne out by the discovery of a W Tl m utation in the 
genesis of this tumour. Cowell et al had provided evidence for structural 
rearrangements of the W Tl gene in 5 of 55 Wilms tum our by Southern blot 
analysis (Cowell et al, 1991). However, these tum ours had not been further 
analysed by SSCP analysis or genomic sequencing of WTl. One of these 
tum ours GOS 93 was found to have an abnormal band shift in exon 7, which 
on sequencing was found to be due to the G to A polymorphism described 
above. It is possible, therefore, that Southern analysis overestimated the 
num ber of sporadic Wilms tumours which harboured W Tl mutations.

Previous LOH studies had revealed loss of the l lp l3  allele in GOS 11, 
88, 100 and 219 (Wadey et al, 1990). According to the two-hit hypothesis, LOH 
acts to uncover a m utation in the relevant tum our suppressor gene on the 
other allele (Knudson, 1986). In order to test this hypothesis, GOS tum ours 
11, 88, 100 and 219 had been independently sequenced bu t no mutations in 
WT 1 were found (Cowell et al, 1993). As seen in figures 3.3-3.1, abnormal 
band shifts were noted in two of these tumours, GOS 11 and 219. However, 
no mutations were detected on sequencing the relevant exons in this study. 
The findings presented here are therefore in agreement w ith those of Cowell 
and colleagues, who had independently sequenced W Tl in these tum ours 
(Cowell et al, 1993). Although, as discussed above, there is evidence that SSCP
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analysis gives a true reflection of the frequency of W Tl m utations in Wilms 
tum our, it is a only a screening method. The only means of detecting all 
W Tl m utations in Wilms tumours is to directly sequence all 10 exons of this 
gene in every tumour. It is possible that a 'sample effect' may account for the 
results presented in this thesis. Of the original 36 tum ours analysed, two 
showed monomorphic epithelial histology and were from patients w ith 
familial Wilms tumour. As linkage analysis has excluded W Tl as the 
familial Wilms tumour gene (Huff et al, 1988, Grundy et al, 1988, Schwartz et 
al, 1991), it was unlikely that analysis of W Tl in these patients would be 
fruitful. Indeed, these patients have subsequently been analysed in depth and 
no m utation found in W Tl, nor any of the other genes or chromosomal 
regions implicated in Wilms tumorigenesis (Baird et al, 1994). Furthermore, 
on reviewing the clinicopathologic features of the panel of Wilms tum ours 
analysed in this study one, which was originally classified as Wilms tumour, 
was found to be a renal cell carcinoma (GOS 33), and another to be a 
congenital mesoblastic nephroma (GOS 69). Therefore, of the initial panel of 
36 tum ours, two were not of the appropriate histological type and two were 
from patients w ith familial Wilms tum our leaving a total of 32 sporadic 
Wilms tumours. It should also be appreciated that since the sample size is 
relatively small, finding one more m utation should have given an incidence 
of 6.25%.

Another possibility is that m utations in exon 1 were missed. This 
exon is extremely G-C rich creating difficulties in amplifying and sequencing 
DNA from this region of the gene by PCR. It is recognised that GC rich 
regions result in a variety of problems including non-specific priming, low 
yield of PCR product and an increase in the potential for the formation of 
secondary structures in the template, as Taq polymerase will not go through 
hair-pin structures obtaining a PCR product and sequencing the same is 
difficult (Innes, 1990) Because of these difficulties, and preliminary evidence 
that most of the mutations in WTl are limited to the zinc finger region 
(Coppes et al, 1993, Little et al, 1992), only the 3' end of exon 1 of the W Tl 
gene was amplified in this study. W hen it became clear that only 5 to 10 % of 
sporadic Wilms tum ours carried m utations in W Tl, a more exhaustive 
search through the W Tl gene including the promotor region and exon 1 was 
clearly warranted (Huff et al, 1995). Although no m utations have been found 
in the promotor region (Grubb et al, 1995, Varanasi et al, 1994 ), mutations in 
exon 1 have recently been reported in patients w ith Wilms tum our 
predisposition syndromes as well as in those w ith sporadic disease (Huff et al.
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1995). So far, six patients w ith Wilms tum our have been reported to harbour 
mutations in exon 1 [tables 3.4 to 3.6], three were from patients w ith partial or 
complete AGR syndrome and three w ith sporadic disease (Huff et al, 1995, 
Gessler et al 1994). This exon is highly G+C rich and contains a num ber of 
short di- and trinucleotide repeats that have been identified as 'hot spots' for 
DNA deletions (Krawczak and Cooper, 1991). The frequency of CCTG (CAGG) 
motifs in W Tl is twice as common as expected and all of the mutations so far 
reported in exon 1 lie w ithin 15 bp of these recom bination/deletion hotspot 
sequences (Krawczak and Cooper, 1991, Huff et al, 1995). Point mutations 
have not been reported in exon 1, which may reflect the technical difficulty of 
detecting such changes in GC-rich sequences, or that amino acid substitutions 
in this part of the gene have little effect on protein function and hence on 
the phenotype.

As predicted by the Knudson two hit hypothesis (Knudson and Strong, 
1972) most of the mutations or deletions involving W Tl in sporadic Wilms 
tum ours have been homozygous resulting in the inactivation of both alleles 
of a tum our suppressor gene [Table 3.4]. In the largest study to date the entire 
W Tl gene was analysed, including the untranslated regions, and involved 98 
sporadic Wilms tumours (Varanasi et al, 1994). Despite this exhaustive 
examination, only 6 tumours (6%) were shown to harbour W Tl mutations 
(Varanasi et al, 1994). Three of these mutations were homozygous, two were 
heterozygous, and in one patient independent m utations were found on each 
allele _ a C>T transition in exon 8 on one allele, resulting in the production of 
a truncated W Tl protein, and a 7 nucleotide insertion in exon 3 predicted to 
cause translational frame shifting (Varanasi et al, 1994). This latter tum our 
represents a rare example of a Wilms tum our w ith a separate and different 
m utation in each allele, resulting in the complete inactivation of the W Tl 
protein. Constitutional mutations within W Tl have been reported in two 
individuals w ith a combination of Wilms tum our and genital abnormalities 
(Pelletier et al, 1991a) The first had a metachronous bilateral tum our and both 
tumours had a 110 bp PCR product, detectable on a 10% polyacrylamide gel, 
where a 130 bp product was expected. Sequence analysis revealed a 17 bp 
deletion which was predicted to cause an early term ination of translation, 
again eliminating the zinc fingers (Pelletier et al, 1991a). The same authors 
described a hereditary Wilms tumour, the index case had hypospadias and 
cryptorchidism and developed Wilms tum our at 3 years of age. The father of 
this child had been successfully treated for Wilms tum our in childhood.
SSCP analysis revealed a mobility shift in exon 6 that was identical, not only
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Table. 3.4a Homozygous W Tl m utations in Wilms tumours

Patient Age W n  mutation Phenotype Reference
W iT -13 24 m o 175 kb h om ozygous deletion encom passing W Tl Sporadic unilateral W ilm s tum our (Lewis et al, 1988)

8A 18 mo ’Large’ hom ozygous mutation (Gessler et al, 1990)

PER N /A 170 kb hom ozygous deletion encom passing W Tl N ot available (Gessler et al, 1990)

W T21 N /A 220 kb delation in the 3’ end of W Tl Sporadic unilateral W ilm s tum our (Royer-Pokora et al, 1991)
GOS 129 100 mo Large’ 3’ deletion involving exon 10 Sporadic unilateral W ilm s tum our (Cowell et al, 1991)

ES 30 mo 16 kb deletion extending into W Tl Sporadic unilateral W ilm s tum our (Ton et al, 1990)

209942 ly e a r LOH allele 1
96 bp deletion exon 6 - truncated protein

Bilateral Wilms (H uff et al, 1991)

1389 12 mo LOH allele 1 from I lp l3 - l lp l5
8 kb deletion  rem oving exons 6 and 7 - truncated
protein.

Sporadic unilateral W ilm s tum our 
w ith  intralobar nephroblastom atosis

(Tadokoro et al, 1992)

S87-877 11.5 mo Large’ deletion allele 1 
5 bp deletion exon 1 - stop codon

Sporadic unilateral W ilm s tum our 
Intestitial nephritis and  
glom erulosclerosis

(Gessler et al, 1994)

S 86-169 24 m o H om ozygous G>T in exon 3 Bilateral tumour w ith  
nephroblastom atosis

(Gessler et al, 1994)
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Table 3.4b Homozygous W Tl m utations in Wilms tumours

Patient Age W n  mutation Phenotype Reference
S87-52 13 A llele 1 ; large deletion

A llele 2 : C>T m issense mutation exon 8
M ulitifocal tu m ou r, multifocal 
intralobar nephroblastom otosis

WT-12A 7 m o 5 bp deletion in exon 2, creating a stop codon Sporadic unilateral W ilm s tum our 
NB N o an irid ia , N o G U  
abnormalities

(Gessler et al, 1994)

BT#53 N /A H om ozygous somatic C>T transition exon 8 Sporadic unilateral W ilm s tumour 
Intralobar nephroblastom atosis

(Varanasi et al, 1994)

DJ#11 N /A H om ozygous somatic single nucleotide insertion  
exon 9 > nonsense mutation -truncted protein

Sporadic unilateral W ilm s tum our 
Intralobar nephroblastom atosis

(Varanasi et al, 1994)

MF#88 N /A Deletion /insertion  exon 9 > truncated protein Sporadic unilateral W ilm s tumour (Varanasi et al, 1994)
BM #7 N /A A llele 1 ; C>T transition exon 8 

Allele 2 ; 7 bp insertion in exon 3
Sporadic unilateral W ilm s tum our 
Intralobar nephroblastom atosis

(Varanasi et al, 1994)

WiT-29 N /A C>T transition exon 8 in the Germline and  
tum our - truncated protein*

Sporadic unilateral W ilm s tumour (Coppes et al, 1993)

WiT-24 N /A H om ozygous single nucleotide insertion exon 10 
- predicted disruption of zinc finger binding

Sporadic unilateral W ilm s tum our (Coppes et al, 1993)

WiT-26 N /A H om ozygous dinucleotide deletion -CpG-in 
exon lOi-predicted disruption o f zinc finger 
binding

Sporadic unilateral W ilm s tum our (Coppes et al, 1993)

Case 12 30 mo C>T transition - Arg^^^ -Trp^^^ * Sporadic unilateral W ilm s tum our (Akasaka et al, 1993)

* This m utation is usually  associated w ith  the Denys-Drash syndrom e, but no evidence in this patient
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Table 3.4c Homozygous W Tl m utations in Wilms tumours

Patient Age w n  mutation Phenotype Reference
PG 17 bp deletion exon 4 Bilateral W ilms tu m o u r, GU  

abnormalities
(Pelletier et al, 1991b)

TS Single nucleotide deletion exon 6 Familial W ilms tum our (Pelletier et al, 1991b)

NP-57 Allele 1 : LOH I lp l3 - lp l5
Allele 2 : C>T transition exon 9- truncated
protein

Bilateral W ilms tum our : Right side  
See Table 3.5 for the results of Left 
side

(Little e ta l, 1992)

WT-PF 147 H om ozygous C>T transition in exon 9- 
Truncated protein

(Quek et al, 1993)

WT-1 8 m o Allele 1: intragenic deletion exons 6 - 7  
Allele 2; LOH

Bilateral W ilms tumour (Nordenskjold et al, 1995)

WT-10 12 m o Allele 1: Germline nonsense mutation  
Allele 2: LOH

Metachronous bilateral W ilm s 
tumour
bilateral cryptorchidism

(Nordenskjold et al, 1995)

WT-8 12 m o Allele 1 : LOH
A llele 2 : intragenic rearrangement

Bilateral W ilms tumour 
N.B. M utations only detected in  
Right sided tumour

(Nordenskjold et al, 1995)

MW 11 m o H om ozygous som atic mutation in exon 2 - frame 
shift and a truncated protein *

Sporadic unilateral W ilm s tum our  
w ith  Intralobar nephrogenic rests

DB 55 mo C>T transition Sporadic unilateral W ilm s tum our 
w ith  Perilobar nephrogenic rests

* NB sam e m utation found in the Intrelobar nephrogenic rest
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in the father's Wilms tum our DNA, but also in the constitutional DNA from 
the son and his tumour (Pelletier et al, 1991a ) . Sequence analysis revealed 
that this was due to a single nucleotide change, again predicted to cause an 
early termination of translation. Interestingly, although both father and son 
had the same mutation, the son had a more severe phenotype w ith 
genitourinary abnormalities as well as a Wilms tum our .

If W Tl is acting as a tum our suppressor gene, that is recessive at the 
cellular level, both copies of this gene should be inactivated in the resultant 
tumour. The first allele by mutation, the second by LOH (Cavenee et al, 1983). 
However, as in the tum our presented in this thesis - GOS 54, a num ber of 
Wilms tum ours have been reported that are, in fact, heterozygous for W Tl 
mutations. To date 11 Wilms tumours are reported to have heterozygous 
mutations [table 3.5] (Haber et al, 1992, Little et al, 1992, Park et al, 1993,
Gessler et al, 1994, Varanasi et al, 1994, Huff et al, 1995). Three of these 11 
tum ours had insertions, an eight base pair insertion in exon 8 (Varanasi et al,
1994), a one base pair insertion in exon 3 (Gessler et al, 1994) and the 8bp 
insertion in exon 6 reported here. In all bu t one of these 11 cases the tumours 
were both sporadic and unilateral, with no unfavourable histological features 
arising in patients w ith no unusual phenotypic features. The exception, was 
an interesting bilateral tumour in which the right sided tum our had a 
homozygous m utation but the left sided Wilms tum our was heterozygous 
for this same mutation (Little et al, 1992). A C>T transition, detected in the 
intron of exon 7, was presumed to be a polymorphism as the same base pair 
change was noted in the unaffected father (Little et al, 1992). Since only the 
exons coding for the zinc finger domains of W Tl were sequenced, it is 
possible that the left sided tumour may harbour a m utation in exons 1 to 6 , 
but there was no evidence of an abnormal transcript (Little et al, 1992)

A number of suggestions have been proposed to explain the 
heterozygous W Tl m utants including, ' Dominant- Negative ' interaction, in 
which the m utant form of the protein interacts w ith wild-type form to 
interfere with its function, as has been proposed for p53 (Lavigueur et al,
1989, Herskowitz et al, 1987, Finlay et al, 1989). Haber et al (1990) reported a 
heterozygous 25 bp deletion in W Tl, which led to aberrant mRNA splicing 
and loss of the third zinc finger domain and the +KTS splice site. The authors 
speculated that this tumour may have only expressed one allele as a 
consequence of 'trans-dominant suppression' of the allelic W Tl or, as the 
result of an unidentified m utation w ithin the untranslated region affecting 
translation of the wild-type transcript (Haber et al, 1990). Subsequently, the
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Table 3.5 Heterozygous W Tl mutations in Wilms tumours

Patient Age w n  mutation Phenotype Reference
NP-58 11 m o H eterozygous C>T transition 

exon 9 - truncated protein product
Bilateral W ilm s tum our Left side (U tt le e ta l, 1992)

WTIO 36 m o H eterozygous C>T transition Sporadic unilateral W ilm s tumour (Little e ta l, 1992)

AR H eterozygous 25 bp deletion spanning exon 9 /  
intron 9 region

Sporadic unilateral W ilm s tumour (Haber et al, 1992)

AH#20 N /A H eterozygous deletion /  insertion exon 8 Sporadic unilateral W ilm s tumour (Varanasi et al, 1994)

KK#33 N /A H eterozygous C>A transition exon 7 Sporadic unilateral W ilm s tumour (Varanasi et al, 1994)

M R l 36 mo H eterozygous 1 bp insertion -A  - exon 3 Sporadic unilateral W ilm s tumour (Gessler et al, 1994)

B T l 47 m o H eterozygous C>T transition exon 2 Sporadic unilateral W ilm s tum our (Gessler et al, 1994)

PN 22 m o H eterozygous large deletion including l lp l3 Sporadic unilateral W ilm s tum our (Gessler et al, 1994)

226672 65 m o H eterozygous 4 bp deletion - frameshift 
termination in exon 1

Sporadic unilateral W ilm s tum our (H uff et al, 1995)

DB 55 m o H eterozygous O T  transition in exon 2 Sporadic unilateral W ilm s tumour 
w ith perilobar nephrogenic rests

(Park et al, 1993)

GOS 54 H eterozygous 8 bp insertion exon 6 Sporadic unilateral FH W ilm s 
tumour

This Thesis
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m utant protein product of this 25 bp deletion was observed to co-operate with 
the viral oncogene E lA  to induce a fully transform ed malignant phenotype 
in cultured baby rat kidney cells (Haber et al, 1992). Therefore, an altered 
tum our suppressor gene product may apparently, in certain circumstances, 
exert a 'dominant' oncogenic affect by co-operating w ith an oncogene. The 
compartmentalisation of genes involved in the malignant process into 
tum our suppressor' and dominant oncogenes' m ay not, therefore, be 
appropriate. A second possibility to explain the role of heterozygous 
m utations in Wilms tum our is that a W Tl m utation, in addition to a 
m utation in a second gene(s), results in Wilms tumour. This notion is 
compatible with the two -hit hypothesis for, although the theory predicts two 
rate-limiting steps it does not preclude additional genetic events which may 
occur more frequently (Haber et al, 1991).The m utation described by Haber et 
al was neither present in the germline nor on the other allele bu t there was 
evidence for LOH within the tumour for polymorphic l i p  markers, pointing 
to an earlier chromosomal non-disjunction followed by reduplication. It is 
therefore possible that the tum our was hemizygous for l lp l5  thereby 
involving more than one locus in the genesis of this tum our, although this 
possibility was not tested. In support of the trans-dom inant suppression 
model, one of the tumours described by Varanasi et al, (1994) had a C>A 
transition in exon 7, converting serine^^® to tyrosine^^®. This change occurs 
adjacent to a histidine residue, which is involved in zinc chelation, which 
may affect DNA binding. However, there has been a recent report of a 
heterozygous deletion in exon 1, resulting in a protein w ith less than 30 
amino acids (Huff et al, 1995). Such a severely truncated protein is unlikely to 
be able to act as a trans-dominant suppressor, questioning this whole theory . 
In these 'heterozygous' cases it is more likely that inactivation of WTl is part 
of a series of events leading to the development of Wilms tum our. 
Examination of these particular tumours for LOH for 16q or 7p or loss of 
imprinting of l lp l5  may well be worthwhile.

As discussed in section 1.13.1, WTl is subjected to alternative splicing 
which results in either the insertion of exon 5 (splice I) or an extra three 
amino acids, lysine, threonine and serine (KTS), between the third and 
fourth zinc finger, i.e exons 9 and 10 (splice II) (Haber et al, 1991). This results 
in the generation of 4 possible mRNA isoforms, which are a) +5 +KTS, b) +5 
-KTS c)-5 +KTS d) -5 -KTS (Haber et al, 1991). From an analysis of ten 
sporadic Wilms tumours, Simms et al (1995) observed an almost two-fold 
increase in the relative amount of WTl mRNA lacking the exon 5 splice I

182



site (-5). This occurred independently of splicing at splice site II in this gene. 
This 'splicing defect' was predicted to result in an isoform imbalance in 
which the 17 amino acids encoded by exon 5 are missing. As no mutations 
were found in the cis- acting splicing elements flanking the exon or large 
rearrangem ents in the adjacent introns, this splicing defect is either 
controlled by another m utant protein, encoded elsewhere, which controls 
W Tl splice selection, or is an epiphenomenon. For example, since splice site 
usage may change during kidney differentiation, these findings may reflect 
the stage of differentation in the kidney at the time of the tumorigenic event. 
The relative proportion of the various W Tl isoforms in norm al kidney 
versus Wilms tum our is not entirely clear. Using an RNAase protection 
assay, Haber et al (1991) noted that the predom inant transcript was an 
isoform containing the products of splice sites I and II in both normal kidney 
and five Wilms tumours with evidence for a relative excess of the + exon 5 
splice isoform (Haber et al, 1991). In contrast, Simms and colleagues found an 
almost two-fold increase in the relative amounts of the W Tl mRNA lacking 
exon 5 (-5). Furthermore, a semi-quantitative RT-PCR analysis found all four 
isoforms to be present, though there was a relative excess of the +KTS 
isoform and varying levels of the + and - splice I exon 5 isoforms (Brenner et 
al, 1992). Neither of these studies was truly quantitative. Since Brenner's 
work is at variance w ith Haber's which is at variance w ith S im m 's, further 
w ork is required to resolve this trichotomy. There is, however, evidence in 
favour of a role for disrupted splicing of exon 5 in Wilms tumorigenesis.
W Tl can act either as a transcriptional activator or as a repressor depending 
upon the num ber and type of WTl binding sites in the target gene(s) 
promotor as discussed in 1.12.2 (Wang et al, 1993b, Wang et al, 1993). It has 
recently been shown that WTl protein containing both splice insertions was 
the most potent repressor of target DNA function (Rupprecht et al, 1993).
The addition of WTl cDNA to quiescent cells or cells in early to mid G1 
phase blocks serum- induced cell progression into S-phase (Kudoh et al,
1995). The ability of W Tl to inhibit cell cycle progression depended upon the 
presence or absence of the WTl exon 5 splice event. W Tl cDNA variants 
containing the exon 5 splice region suppressed transcriptional activity m uch 
more effectively than those w ithout this insert. Therefore, W Tl mRNA 
isoforms without the exon 5 splice site, lack the ability to inhibit cell cycle 
progression and hence unchecked proliferation. Other supportive evidence 
comes from a WT cell line RMl which harbours disrupted splicing of exons 2 
and 5. RMl expresses small amounts of W Tl mRNA, predom inantly a
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truncated protein (WTl- del 2), resulting from a deletion that did not alter 
the reading frame in exon 2 and which was presum ed to arise from an 
alternative splice (Haber et al, 1993). This variant of W Tl mRNA was only 
found in other Wilms tum our cell lines and prim ary tum ours and 
represented 10% of the total WTl mRNA compared to 100% in the RMl cell 
line. Exon 5 was also found to be missing in the RMl cell line suggesting that 
there is disruption of a regulatory gene specific for W Tl splice selection. The 
abnormal W Tl-del 2 transcript had altered transactivational properties as 
seen for another naturally occurring WTl m utant G201 (Park et al, 1993b). 
W hether the exon 2 deletion is also present in the Wilms tum ours described 
by Simms et al was not reported but may be w orth evaluating. Exon skipping 
should therefore be added to the list of m utations described in Wilms 
tum our and suggests that disrupted alternate splicing of exon 5 may be 
numerically more im portant than m utations in disrupting W Tl function 
(Simms et al, 1995). This may clearly be an im portant mechanism for W Tl in 
Wilms tumorigenesis and further studies will be interesting. Unfortunately 
our tum ours had not been stored for mRNA analysis. M utation analysis in 
Wilms tumours has largely concentrated on sequencing genomic DNA for 
m utations in WTl. Other possible sources of W Tl m utations that w ould not 
be detected by this method include altered gene expression due to altered 
patterns of DNA méthylation. Based on restriction digests of DNA from 
normal kidney and Wilms tum our using m éthylation sensitive enzymes ( 
N ru I and Not I ) two distinct patterns are seen (Royer-Pokora and Schneider, 
1992). A hypomethylated area defined by Nru I and Mlu /, 10-150 Kb 
centromeric to W Tl, and a hypermethylated region defined by Nru I and Sac
11 sites 100 Kb telomeric of this gene (Royer-Pokora and Schneider, 1992).

Most patients with the WAGR syndrome have constitutional deletions 
involving l lp l3  (Riccardi et al, 1980, Riccardi et al, 1978). Approximately 50% 
of these children develop a Wilms tumour, 20 % of which are bilateral 
(Narahara et al, 1984). Molecular analysis of W Tl in 13 Wilms tum ours from
12 patients w ith the WAGR syndrome has now been perform ed (Baird et al, 
1992a, Brown et al, 1992, Gessler et al, 1994, Huff et al, 1995, Nordenskjold et 
al, 1995, Park et al, 1993b, Pritchard-Jones et al, 1994, Santos et al, 1993). By 
contrast to sporadic Wilms tumour, 11 of 13 tum ours harboured W Tl 
mutations distributed throughout the gene (85%) [see table 3.6]. Fine structure 
analysis failed to find mutations in two tumours, one of which was bilateral 
(Baird et al, 1992a) and the other was unilateral (Pritchard-Jones et al, 1994). 
Most m utations result in either frameshifts causing prem ature termination.
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Table 3.6a W Tl mutations in patients w ith WAGR syndrome

Tum our C onstitutional

Karyotype

A lle le  1

w n

A llele  2 

W Tl

Effect o f m utation Reference

COS 157 del (ll)(p l3 -15 .1 ) Constitutional
deletion

C>T transition in exon 8 Stop codon resulting in truncated 
protein m inus last three zinc fingers

(Baird et al, 1992a)

COS 543 d e l( ll) (p l2 -1 3 ) Constitutional
deletion

10 bp insertion in exon 7 O ne base frame shift- stop codon  
-truncated protein m issing all four 
zinc fingers

(Baird et al, 1992a)

COS 504* del ( l l) (p  12-13) Constitutional
deletion

N one found N one (Baird et al, 1992a)

COS 505* As above Constitutional
deletion

N one found N one (Baird et al, 1992a)

S86-1334 del (ll)(p l3 -14 .1 ) Constitutional
deletion

16 bp deletion in exon 7 Truncated protein m issing all four 
zinc fingers

(Gessler et al, 1994)

WT-2A N ot proven but 
presum ed

Unknown C>T transition in exon 9 Stop codon - truncated protein  
m issing zinc finger 4

(Gessler et al, 1994)

IC del (ll)(p l2 -14 .1 ) Constitutional
deletion

14 bp insertion in splice 
region of exon 7

Predicted to produce an abnormal 
m RNA

(Santos et al, 1993)

*  Bilateral tum our
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Table 3.6b W Tl m utations in  patients w ith WAGR syndrome

Tum our C onstitutional
Karyotype

A lle le  1
wn

A lle le  2
wn

Effect o f m utation Reference

WT-7 d e l(ll)(p l3 -p l4 .1 ) Constitutional
deletion

226 bp deletion Predicted to result in a truncated 
protein

(Brown et al, 1992)

WT-5 del ( l l ) (p l3 ) Constitutional
deletion

G>A nonsense  
m utation in exon 4

Stop codon producing a truncated 
protein

(Nordenskjold et al, 1995)

186523 Normal Loss of
H eterozygosity

5 bp insertion in exon 1 Frameshift - truncated protein (H uff et al, 1995)

802649 del (llK pl2-14 .2) Constitutional
deletion

34 bp deletion in exon 1 Frameshift - truncated protein (H uff et al, 1995)

802501 del ( ll) (p ll-1 4 ) Constitutional
deletion

19 bp deletion in exon 1 Frameshift - truncated protein (H uff et al, 1995)

G O TY t del (ll)(p l2 -1 4 ) Constitutional
deletion

N one found N one (Pritchard-Jones et al, 1994)

X This patient developed  a secondary AML in w hich the rem aining W Tl allele had a point m utation in exon  9 (Pritchard-Jones et al, 1994)
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or amino acid substitutions predicted to affect the function of the W Tl 
protein. To date, all have been intragenic. As the constitutional deletions in 
the WAGR syndrome tend to be large, this observation raises the possibility 
that large homozygous deletions involving the short arm  of chromosome 11 
are lethal to the cell, even though homozygous deletion of band l lp l3  alone 
is not (Lewis et al, 1988). Three patients w ith the WAGR syndrom e and 
constitutional l lp l3  deletions have also been reported to have LOH for 
polymorphic markers in l lp l5 , suggesting an association betw een these two 
regions (Henry et al, 1989, Jeanpierre et al, 1990). Unfortunately, neither of 
these authors looked for mutations in the WTl gene in  the tum ours of these 
WAGR patients. Baird and colleagues (1992) did exclude the possibility of 
LOH for l lp lS  in the bilateral tumour that did not have a W Tl m utation 
from a WAGR patient in their series (Baird et al, 1992a). The precise role of 
l lp lS  in this syndrome is unclear. Recently, three patients w ith  WAGR 
syndrome have been reported with mutations in exon 1 as discussed earlier 
(Huff et al, 1995). W hether exon 1 turns out to be a hotspot for W Tl 
m utations in the WAGR syndrome and in sporadic Wilms tum ours requires 
further study.

It is now clear that mutations in the WTl gene play a pivotal role in 
another Wilms tum our predisposition syndrome, the constellation of 
intersex disorders, nephropathy and Wilms tum our, referred to as the Denys- 
Drash syndrome (DDS). The literature now details 53 patients w ith DDS and 
in all bu t 2 cases there is evidence for a constitutional m utation in WTl 
(Baird et al, 1992, Nordenskjold et al, 1994) [table 3.7]. The W Tl m utations in 
DDS are predom inantly missense, germline m utations resulting in amino 
acid substitutions within the zinc finger domains. This in turn  leads to the 
production of truncated proteins lacking the zinc finger domains which are 
essential for DNA binding. The most prevalent constitutional alteration is a 
missense mutation that results in an argenine to tryptophane substitution in 
residue 394 -^^^Arg - due to a mutation in exon 9 which encodes the third 
zinc finger of W Tl (Baird et al, 1992, Bruening et al, 1992, Clarkson et al, 
1993, Coppes et al, 1993, Coppes et al, 1992b, Little et al, 1993, Nordenskjold 
et al, 1995, Pelletier et al, 1991b, Sakai et al, 1993). Exon 9 is a hot spot' for 
m utations in DDS and a Asp mutation in exon 9 is the second most 
common constitutional alteration [see table 3.7] (Baird et al, 1992, Coppes et 
al, 1993, Little et al, 1993, Nordenskjold et al, 1995, Pelletier et al, 1991b). 
Missense mutations in exon 8 occur less frequently and are rarely found in 
exon 7 in this condition. In addition to these base pair substitutions.
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frameshift m utations have been reported in four patients at ^^^Thr in exon 
9, ^^^Arg in exon 8, 275 Asn in exon 6 and a one base pair deletion in exon 6 
(Baird et al, 1992, Bardeesy et al, 1994, Little et al, 1993, Ogawa et al, 1993c). 
Finally, m utations which prevent splicing in intron 9 (splice II) have been 
described in 5 patients. These result in a change in the ratio of the W Tl 
mRNA isoforms (Bardeesy et al, 1994, Bruening et al, 1992, Coppes et al,
1993, Konig et al, 1993).

The constitutional m utations described in DDS arose de novo in  all 
but one case reported in the literature. A genetically male child 46,XY w ith 
am biguous genitalia and characteristic nephropathy had a missense m utation 
in exon 9 resulting in Argenine^^"^ to tryptophan conversion. His 
phenotypically normal father carried the same germline m utation (Coppes et 
al, 1992b). The genetic explanation for this unique finding is not clear. The 
possibility that the W Tl gene exhibits incomplete penetrance is unlikely 
especially as all but one of the cases of DDS documented to date arose 
sporadically. A recessive mode of inheritance, in which both parents carry a 
m utant W Tl allele, is also unlikely in that in all 50 cases with a 
constitutional m utation only one allele was affected. Germline mosaicism is 
possible, but as no cases of affected siblings have been reported, this is 
unlikely. It is likely, therefore, that the vast majority of patients w ith DDS 
occur due to de novo point m utations.

Of the first ten patients with DDS analysed at the molecular level, 
seven had the same ^^'^Arg to Tyr m utation (Pelletier et al, 1991b). As the 
^^^Arg residue is one of the amino acids that comes into direct contact with 
target DNA, this particular amino acid substitution was predicted to disrupt 
DNA binding ability (Pavletich and Pabo, 1991). Crystallography studies of the 
related protein EGR 1 showed that argenine, which forms stable hydrogen 
bonds w ith guanidine residues, is a particularly im portant amino acid in 
binding to target DNA (Pavletich and Pabo, 1991). The substitution of 
tryptophan w ould prevent such bonds forming. Indeed, Pelletier et al have 
shown that a recombinant DNA construct of W Tl w ith this same 
substitution is unable to bind target DNA (Pelletier et al, 1991b). Similarly, the 
aspartic acid residue at position 398, the site of the second most common 
mutation, was thought to be necessary for the stability of arginine binding to 
DNA (Pavletich and Pabo, 1991). It was initially thought that the m utant 
W Tl protein acted in a dom inant fashion, to either activate or repress novel 
genes. The recognition of other mutations questioned this theory. For 
example, cystine or histidine 'cornerstone ' amino acids are involved in zinc
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ion chelation, which is a necessary prerequisite to enable DNA binding. 
M utations affecting these residues, therefore, also prevent DNA binding 
(Bruening et al, 1992, Lee et al, 1989, Little et al, 1993). M utations that result 
in truncated proteins which lack part of, or all, of the zinc finger domains, 
such as the exon 6 nonsense m utation reported by Baird et al, are also unable 
to bind to DNA and are therefore unable to act in a dom inant manner 
(Baird et al, 1992, Bardeesy et al, 1994, Little et al, 1993, Ogawa et al, 1993c). 
Finally, 70-80% of W Tl mRNA molecules have 3 extra amino acids 
(designated +KTS). The intronic mutations seen in DDS in exon 9 result in 
the omission of these three amino acids such that the -KTS form is 
predominant. The +KTS and -KTS isoforms have been show n to bind to 
different target sequences and so probably regulate different genes (Bickmore 
et al, 1992). Mutations disrupting the splice site in exon 9 alter the ratio of the 
W Tl isoforms suggesting that it is the precise ratio of the W Tl isoforms that 
is critical to ensure normal development of the kidney and genitourinary 
tract (Bardeesy et al, 1994, Bruening et al, 1992, Coppes et al, 1993, Konig et 
al, 1993). The predominance of mutations within zinc fingers 2 and 3 suggest 
that these two domains play a more im portant role in establishing target 
DNA binding than the 'outside' fingers. It is, therefore, more likely that 
W Tl m utations in DDS result in proteins that act in a dominant-negative 
manner, either by competing with factors necessary for the function of the 
wild-type protein or by forming dimers that act in a different manner or by 
interacting with genes not normally controlled by W Tl. However, there are 
two exceptions, both in patients w ith l lp l3  deletions similar to those found 
in the WAGR syndrome (Henry et al, 1993, Jadresic et al, 1991). The exact 
mode of action of W Tl mutations in DDS therefore is uncertain.

Attempts to correlate genotype w ith phenotype in DDS have not been 
successful, in part due to the paucity of clinical information. Despite this, 
close study of the clinical features of patients w ith the ^^^Arg transition 
reveals considerable phenotypic variation within this subset [see table 3.7]. By 
contrast, there seems to be no true difference in phenotype between the 
groups w ith missense m utations versus those w ith severely truncated W Tl 
protein or W Tl isoform imbalance. Understanding the different phenotypic 
effects of these varied mutations will require the biochemical characterisation 
of the altered proteins and WTl mRNAs.

DDS is a Wilms tumour predisposition syndrome [ section 1.3.3] and it 
would be predicted that the Wilms tum ours in such patients would harbour 
the 'second hit' inactivating the remaining W Tl gene. Indeed early reports
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Table 3.7a W Tl Constitutional m utations in patients w ith the Denys-Drash syndrom e

N o P a H en P ^ K aryo
typ e

Exan M utation External G enitalia Internal G enitalia N ep h ro
p a th y

Tumor

1 D l^ 46,XX 9 394Arg to Trp Fem ale normal ovaries/uterus + B ilateral W ilm s  
tumor

2 D5^ 46,XY 9 394Arg to Trp Ambiguous normal testes, residual 
Müllerian structures

+ P rop h ylactic
nephrectom ies

3 AM^ N D 9 394Arg to Trp Ambiguous N D + -

4 CB^ 46,XY 9 394Arg to Trp Ambiguous D ysgenic testes, bilateral 
M üllerian but no W olffian  
structures

+ B ila te r a l  
gonadoblastom a, 
W ilm s tum or

5 AU^ 46,XX 9 394Arg to Trp Fem ale N D + Bilateral W im s tum or

6 PI^ 46,XY 9 394Arg to Trp Ambiguous D ysgenic R testis, normal L 
testis bicornal uterus

+ U nilateral W ilm s 
tumor

7 SE^ 46,XX 9 394Arg to Trp Fem ale N orm al + U nilateral W ilm s 
tumor

8 MW^ 46,XX 9 394Arg to Trp Fem ale D ysgenic R gonad,m  L streak 
gonad normal uterus and vagina

+ U nilateral W ilm s  
tumor

9 RS^ 46,XY 9 394Arg to Trp Ambiguous D ysgenic testes + U nilateral W ilm s 
tumor

10 LW^ 46,XY 9 394Arg to Trp Ambiguous Rudimentary uterus + W ilm s tum or

11 MA^ 46,XY 9 394Arg to Trp Ambiguous N ot specified genital anom alies + U nilateral W ilm s 
tumor

12 HD^ 46,XY 9 394Arg to Trp Fem ale N ot specified genital anom alies + P rop h ylactic
nephrectom ies

13 LB^'S 46,XY 9 394Arg to Trp Fem ale Fem ale + U nilateral W ilm s  
tumor

14 TG* 46,XY 9 394Arg to Trp Ambiguous N D + -
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Table 3.7b W Tl Constitutional mutations in patients w ith the Denys-Drash syndrom e

N o Patient*^®^ K aryo
typ e

Exon M utation External G enitalia Internal G enitalia N ep h ro 
p a th y

Tumor

16 IV ^ N D 9 394Arg to Trp N D N D + W ilm s tum or

17 802646^ N D 9 394Arg to trp N D N D + -

18 802669^ N D 9 394Arg to Trp N D N D + Unknown

19 85-583 ^ 46,XY 9 394Arg to Trp Fem ale N D + -

20 D3® 46,XY 9 394Arg to Trp N D H ypospadias, bifid scrotum  
bilateral crytorchid ism

+ N ephrectom y, n o  
tumor found

21 1560 9 46,xx 9 394Arg to Trp Fem ale Apparently norm al + U nilateral W ilm s  
tumor

22 1658^ 46,XY 9 394Arg to Trp Fem ale Dysgenic gonads + -

23 JK® 46,XY 9 394Arg to Trp Fem ale N D + W ilm s tumor

24 W Y ^ 46,XY 9 396Asp to Asn Ambiguous L W olffian stucture, no  
M üllerian structures

+ U nilateral W ilm s  
tumor

25 S S ^ 46,XY 9 396Asp to Asn M ale normal + B ilateral W ilm s  
tumor

26 802629^ 46,XY 9 396Asp to Asn Ambiguous N D + -

27 D2 ^ 46,XY 9 396Asp to Asn N D H ypospadias, bifid scrotum  
bilateral crytorchid ism

+ W ilm s tum or

28 D 5^ 46,XX 9 396Asp to Asn Fem ale N o anom alies + w ilm s tumor

29 210 46,XX 9 396Asp to Asn Fem ale N D + B ilateral W ilm s  
tumor

30 BE^ 46,XX 9 396Asp to Gly Fem ale N D + -

31 x i i 46,XY 9 387Thr-
fra m esh ift

M ale h y p osp ad ias, b ilateral 
undescended testes

+ -
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Table 3.7c W Tl Constitutional m utations in patients w ith the Denys-Drash syndrome

No Paüent^^^ Karyo
type

Exon Mutation External Genitalia Internal Genitalia Nephro
pathy

Tumor

32 e s  3 46,XY intron 9 Fem ale Streak gonads, infantile uterus + -

33 116 N D intron 9 N D N D + W ilm s tumor

34 111^ N D intron 9 N D N D + W ilm s tumor

35 1614 ^ 46,XX 8 355Cys to Tyr F em ale A pparently norm al + U nilateral W ilm s 
tumor

36 R7^ 46,XY 8 360Cys to Tyr F em ale Infantile testes, no M üllerian  
structures

+ D ied at age 6 /1 2  
months N o tumor

37 3 10 N D 8 360Cys to Gly Fem ale N D + U nilateral W ilm s  
tumor

38 4 S12^ 46,XY 8 362Arg-
fram esh ift

N D M icropenis, cryptorchidism + Bilateral W ilm s  
tumor

39 SV ^ 46,XY 8 366Arg to H is F em ale D ysgenic R testes, L streak 
gonad no M ullerian/W olffian  
structures

+ G onadoblastom a

40 L V H ^ 46,XY 8 366Arg to H is Ambiguous N D + U nilateral W ilm s  
tumor

41 W T5100* 46,XY 8 373His to Gin F em ale partially b icom ate uterus R 
gondal streak

+ B ilateral W ilm s  
tumor L
G onadoblastom a

42 5 IO 46,XY 8 373His to Gin N D H yp osp ad ias + -

43 DIO^ 46,XY 8 377His to Tyr F em ale Streak gonads + P rop h ylactic
nephectom ies

44 D l® 46,XY 8 377His to Arg N D H ypospadias, bifid scrotum + W ilm s tumor

45 KJ^ 46,XX 7 330Cys to Tyr N D N D + -

46 PM * 46,XY 6 275Asn- 
fram esh ift

Ambiguous Atrophic gonads + B ilateral W ilm s  
tumor
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Table 3.7d W Tl Constitutional m utations in  patients with the Denys-Drash syndrome

N o Patient'®^ K aryo
typ e

Exon M utation External G enitalia Internal G enitalia N ep h ro 
p a th y

Tumor

47 P D ^ 46,XX l l p l 2 -
13del

F em ale N orm al + U nilateral W ilm s  
tumor

48 D H ^ 46,XY - N O N E Fem ale N orm al + -
49 JA 12 46,XY Intron 9 + -
50 Cn 13 46,XY 3 M ale, C ryptorchidism + B ilateral W ilm s  

tumour
51 s l 13 46,XX 6 + U nilateral W ilm s 

tumour
52 V M l3 46,XY Intron 9 M ale N orm al + -

The m olecular analyses of virtually all patients presented w as perform ed on constitutional D N A  from the patients. N D = not determ ined; 
R=right, L=left; Patient #4 also developed  a juvenile granulosa cell tumor; patient #37 also had cerebral atrophy and psychom otor delay; 
patient #38 has gross m otor delay, craniostenosis and a horseshoe kidney; patient #47 has m ental retardation and aniridia.
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10. Little et al,1993
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had shown LOH for l lp l3  markers in a tum our from a patient w ith DDS 
(Wadey et al, 1990) and, in another patient w ith DDS, the observed LOH in 
the tum our extended from l lp l3  up to PTH in l lp lS  (Dao et al, 1987, 
Schroeder et al, 1987). Unfortunately, the true extent of the LOH in the 
tum our in this patient is uncertain because polym orphism s at the Insulin 
and H-Ras were uninformative. Surprisingly, however, a num ber of Wilms 
tum ours associated with DDS do not carry homozygous m utations (Baird et 
al, 1992, Little et al, 1993, Pelletier et al, 1991b). Of the three tum ours from 
the GOS series, one (COS 217), was found to have LOH for l lp l3  but 
subsequent sequencing failed to show a m utation in the rem aining allele. 
Two other patients w ith DDS in this series also had Wilms tumours, but 
W Tl sequence analysis is not reported (Baird et al, 1992). Similarly one of the 
three Wilms tumours analysed by Little et al (1993) also carried a 
heterozygous mutation (Little et al, 1993). These findings raise the possibility 
of the involvement of other genes. Analysis of GOS 127 had shown that this 
tum our retained heterozygosity at l lp lS , suggesting that the underlying 
defect in this condition was likely to be either restricted to l lp l3  or to be 
elsewhere. It seems likely, as with many of the sporadic Wilms tumours, and 
those tum ours in WAGR patients in which m utations have not been found, 
that additional events are required for progression to malignancy. The 
discovery of a homozygous WTl m utation in a juvenile granulosa cell 
tum our which occurs in the Denys-Drash syndrome but has a different tissue 
origin form Wilms tum our suggests that W Tl m utations m ay not be specific 
for Wilms tumorigenesis. Clearly, when other WT predisposition genes are 
discovered reanalysis of those Wilms tum ours in patients w ith  DDS that do 
not carry homozygous deletions of WTl will be worthwhile.

In order to examine the hypothesis that mutations in the candidate 
tum our suppressor gene W Tl underlie the developm ent of sporadic Wilms 
tum our, an exon by exon analysis of this gene was perform ed in a panel of 32 
sporadic Wilms tumours. Only 1 of 32 tum ours carried a m utation, an 8bp 
heterozygous insertion in exon 6 of GOS 54. The findings presented in this 
thesis are similar to those reported in the literature and suggest that 
inactivating mutations in W Tl are not a pre-requisite for the development of 
sporadic disease. However, until we have a better understanding of the 
cellular functions of W Tl and its interactions, we should not discount this 
fascinating gene.
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Chapter 4

Loss Of Constitutional Heterozygosity For 
Polymorphic Markers On The Long Arm Of 

Chromosome 16 and The Short Arm Of 
Chromosome 7 In Sporadic Wilms Tumours.
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4.1  General Introduction
The ability to visualise DNA sequence differences directly has been 

vital to the progress made in unravelling the genetic basis of tum our 
formation and to our understanding of medical genetics. The fact that 
polymorphisms can be utilized w ithout the need to have identified a gene 
has made them essential tools in the study of hum an disease as discusssed 
in section 1.9.3. The variety of polymorphic markers available to study 
hum an diseases is also discussed in this same section. DNA 
polymorphisms have been used extensively to detect the loss of specific 
chromosomal segments during the evolution of a tum our. This Chapter 
describes the use of microsatellite polymorphisms to detect loss of 
heterozygosity (LOH) in sporadic Wilms tum ours from two distinct 
chromosomal locations, the long arm of chromosome 16 and the short arm 
of chromosome 7.

The principle of polymorphism detection is the same whether 
Southern blot analysis or the polymerase chain reaction (PCR) is used to 
detect LOH in tum our versus constitutional DNA. Both techniques rely 
upon a determination of the length of the DNA fragment between two fixed 
points on each chromosome. DNA sequences homologous to the 
oligonucleotide PCR primers define the fixed points w hen using 
microsatellite repeats. In Southern blot analysis, however, it is the location 
of restriction enzyme digestion sites, flanking the repeated sequence, that 
define the position of the fixed points. Microsatellite repeats have now been 
used to detect LOH in a wide variety of tumour types (Crossey et al, 1994, 
Foster et al, 1994), The choice of a PCR based detection system to analyse 
tumour-specific LOH, compared to Southern analysis, depends on a number 
of variables. One of the most important criteria in the choice of a 
microsatellite marker, or indeed any polymorphic probe, is the frequency of 
heterozygosity in the population under study. The larger the num ber of 
alleles, generally the more informative a marker is, and the smaller the 
sample size required to detect differences between individuals. Overall, 
microsatellite markers are far more informative than the RFLPs detected by 
Southern analysis, w ith the median level of heterozygosity for 
microsatellites being 60-70%, i.e. 60-70 of 100 people are heterozygous 
(informative) at that locus, whereas for RFLPs, the level is estimated to be 
30-40% (Kidd et al, 1989). The ' informativeness' of a microsatellite repeat 
usually corelates w ith the number of repeats. As a general rule, if the 
num ber of repeats falls below 10 the microsatellite becomes less informative

196



and allelic differences more difficult to detect (Weber, 1993). In the series of 
experiments reported in this thesis, microsatellite repeats shorter than 10 
were only used if other microsatellites in that chromosomal region were not 
sufficiently reliable or were difficult to read. Other advantages to a PCR- 
based determination of LOH include the following; PCR requires a 
considerably smaller quantity of DNA than Southern blot analysis, it is 
considerably faster, is less labour intensive, can easily be repeated and can be 
perform ed, if necessary, for one sample. However, PCR is an all or nothing' 
phenom enon and is not easily quantifiable. Therefore, alleles are either 
present or absent. The mechanism underlying the LOH cannot, therefore, 
always be elucidated. By contrast. Southern analysis of LOH on I lp l3 -p l5  in 
Wilms tumours, for example, revealed that LOH was associated with 
reduplication of the m utant allele by a mechanism which was consistent 
w ith  mitotic recombination rather than complete loss of genetic material 
(Fearon et al, 1984). The rapidly increasing num ber of generally available 
polymorphic markers and the relative ease of their visualisation of 
differences in DNA sequence between normal and tum our DNA [see 
Section 1.9.3], makes microsatellite repeats the tool' of choice for the study 
of allele loss in the sporadic Wilms tumours presented in this thesis.
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4.2 Loss of Heterozygosity on chromosome 16 in Sporadic Wilms tum our

4.2.1 Introduction
The overall cure rate for Wilms tum our is now 85 %, a consequence 

of consistent improvement in treatm ent strategies (D'Angio et al, 1989, 
Pritchard et al, 1995). Refinement of therapy has been based on the 
traditional prognostic factors of tum our histology and the 
clinicopathological stage. However, these factors have their limitations. For 
example, histological 'anaplasia' is only found in 5% of Wilms tum ours 
and is partly stage dependent, conferring an adverse prognosis in stage 2, 3 
and 4 tumours, but not in stage 1 disease (D'Angio et al, 1981). The addition 
of Doxorubicin to Vincristine and Actinomycin-D in the National Wilms 
Tumour Study-NWTS-3 improved the relapse free survival by 10% and the 
overall survival by 5% in patients w ith 'favourable histology' stage 3 disease 
(D'Angio et al, 1989). In other words among children w ith stage 3 disease, 
there is a subset of patients that benefit from the addition of Doxorubicin 
although the majority may still be cured w ithout using this drug. This 
im provement in survival is, however, achieved at a price, since the use of 
Doxorubicin is associated with considerable cardiac late effects (Goorin et al, 
1990, Sorenson et al, 1995). Clearly, if we are to continue to improve the 
outcome of patients with Wilms tum our, whilst m inimising the late effects 
of curative therapy, new prognostic factors are required.

Cytogenetic abnormalities of chromosome 16 have been reported in 
30% of Wilms tum our and predom inantly involve the long arm (Austruy 
et al, 1995, Slater and Mannens, 1992). Two regions of interest have been 
identified from these studies, a proximal locus at 16qll-13 and a more distal 
region|involvingl6q21-24-qter (Slater and Mannens, 1992). An identical 
translocation, der (16)t(l;16)(q21;ql3), has been reported in 4 Wilms tum ours 
(Solis et al, 1988, Wang-Wuu et al, 1990), and a der (16)t(l;16)(ql2;ql2) was 
reported by Kaneko et al (1991) (Kaneko et al, 1991). Molecular studies have 
found LOH for polymorphic markers on 16q in 17-20% of Wilms tum ours 
(Austruy et al, 1995, Coppes et al, 1992a, Grundy et al, 1994, Maw et al, 1986, 
Newsham et al, 1995). Using a panel of informative m arkers for the region 
16ql2.2-qter, Maw et al were the first to demonstrate LOH for 16q in 9 (20%) 
of 45 informative patients by Southern blot analysis (Maw et al, 1986). A 
larger follow on study, as part of NWTS-4, involving 232 patients found a 
similar frequency of LOH at 17%, but used only polymorphic markers which
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m apped to the distal 16q22-qter region (Grundy et al, 1994). Although the 
varied incidence of LOH is likely to be due to a differing sample size, it is 
possible that interstitial deletions proximal to 16q22 may have been missed 
in the study by Grundy et al (Grundy et al, 1994). In the study by Coppes et al 
(1992) using 2 polymorphic markers m apping to the telomeric region 16q at 
16q22.1 and 16q23.1, LOH for 16q was identified in 6 of 38 tum ours (20%) 
(Coppes et al, 1992a, Kozman et al, 1995). Another, as yet, unpublished 
study, using Southern blot analysis, found LOH on chromosome 16q in 3 (10 
%) of 30 tumours, the lowest figure reported to date (Redeker et al, 1996).
The most recent study, albeit in a relatively small group of patients (Austruy 
et al, 1995), found the highest level of LOH (25%) using a large panel of 
restriction length polymorphisms and microsatellite probes. Furthermore, 
LOH for 16q has been associated with a worse outcome because these 
patients have a relapse rate 3.3 times higher than those w ith  tumours 
retaining heterozygosity for 16q (Grundy et al, 1994).

Abnormalities of the long arm of chromosome 16, however, are not 
unique to Wilms tumour. A der (16) t (1;16) ( q21;ql 1.1-13) has been reported 
as a non-random secondary events in Ewings sarcoma and primitive 
neuroectodermal tumours (Douglass et al, 1990, M ugneret et al, 1988). 
Cytogenetic abnormalities involving the long arm of chromosome 16 have 
also been reported in a number of other tum our types including 
rhabdomyosarcoma, uterine and breast cancer (Dutrillaux et al, 1990, 
Hainsworth et al, 1991, Milatovich et al, 1990, W ang-W uu et al, 1988). 
Molecular studies have shown allelic loss of 16q markers in prostatic, 
ovarian and breast cancers and primitive neuroectodermal tum ours 
(PNETs) (Bergerheim et al, 1991, Carter et al, 1990, Cleeton-Jansen et al,
1994, Dorion-Bonnet et al, 1995, Fujimori et al, 1991, Sato et al, 1991, 
Thomas and Raffel, 1991). LOH for 16q markers has also been associated with 
progression of hum an hepatocellular carcinoma (Tsuda et al, 1990). Taken 
together genetic abnormalities involving chromosome 16q apparently 
represent secondary events in Wilms tum our and are more likely to be 
associated w ith tum our progression rather than tum our initiation.

Cytogenetic and molecular studies of Wilms tum ours clearly suggest 
a role for genes on 16q in the genesis of this tumour. The exact location(s) of 
the gene or genes involved, however, is not yet clear. This study, therefore, 
sought to extend the analysis of LOH for 16q markers using a well 
characterised series of sporadic Wilms tumours. Furthermore, interesting, 
but inexplicable, differences in the proportions of patients w ith stage 1, 2 and
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3 disease exist between the NWTS study and that perform ed in the United 
Kingdom, UKWl (Pritchard et al, 1995). This may be reflected in biological 
differences between these overlapping racial groups. In an attem pt to 
improve our understanding of the relationship between allelic loss from 
chromosome 16 and Wilms tumour, a group of patients w ith WT who 
presented to the Hospital for Sick Children, London were screened.

2 0 0



4.3 RESULTS
In all, 40 Wilms tum ours from patients who presented to the 

Hospitals for Sick Children, London, were available for LOH analysis. 
Following the clinical diagnosis of a 'Wilms tum our', the patients 
underw ent nephrectomy and tum our material was made available. DNA 
was prepared from the tumours as described in section 2.3.6. The 
clinicopathologic details of these 40 Wilms tum ours are sum m arised in 
table 4.1. Two other tumours analysed in this study were of an unusual 
histologic subtype, showing m onomorphous epithelial changes. These 
tumours arose in a brother and sister, their mother had been cured of a 
Wilms tumour by nephrectomy 20 years previously. In view of this history 
of familial Wilms tumour, GOS 149 and 399 cannot be classified as sporadic 
Wilms tumours, but were still analysed for LOH on chromosomes 16 and 7. 
Excluding these few exceptional cases, a total of 38 sporadic Wilms tumours 
were subjected to LOH analysis.
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Table 4.1 Wilms tum our samples used in  Loss of Heterozygosity analysis

N o. Tumour Sample 
( GOS no.)

D isease  Stage H isto p a th o lo g y Status

1 249 1 M ononorphous Epithelial A l iv e
2 145 3 FH A liv e
3 16 3 FH A liv e
4 54 3 FH A liv e
5 55 2 FH A liv e
6 101 1 U H R e la p s e d /A liv e
7 185 1 FH A liv e
8 120 4 FH A liv e
9 132 1 FH A liv e
10 90 1 FH A liv e
11 244 3 FH A liv e
12 219 1 FH A liv e
13 129 3 FH A liv e
14 231 5 FH A liv e
15 100 2 FH A liv e
16 207 1 FH A liv e
17 44 4 FH A liv e
18 69 3 FH A liv e
19 135 3 FH A liv e
20 146 1 FH A liv e
21 218 5 FH A liv e
22 126 3 FH A liv e
23 51 3 FH A liv e
24 360 1 FH A liv e
25 270 4 FH A liv e
26 399 1 M ononorphous Epithelial A liv e
27 407 3 FH R elapsed /  D ied
28 446 1 FH A liv e
29 206 4 FH A liv e
30 234 3 FH A liv e
31 169 4 FH A liv e
32 439 3 FH A liv e
33 178 1 FH A liv e
34 66 5 FH A liv e
35 542 3 FH A liv e
36 505 5 FH A liv e
37 119 1 FH A liv e
38 96 4 FH A liv e
39 198 5 FH D ea d
49 358 4 FH R e la p s e d /A liv e

* Footnote : In the absence of anaplastic nuclear changes the term favourable h isto logy  (FH) 
is used due to the generally good  outcom e for these patients (section 1.5.2).

4.3.1 Patients : stage and outcome
Of the 40 patients analysed in this study, 13 had stage 1 disease, 3 stage 

2, 7 stage 4 and 5 had bilateral disease [Table 4.2]. Thirty eight patients had
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'favourable' histology (FH) tum ours and 2 had 'unfavourable' histological 
features (UH) [see section 1.5]. Five children relapsed and 3 of these patients 
died of disease, with 2 being cured by second line therapy. The breakdown by 
stage for patients in this study, in the United Kingdom Wilms tum our study 
(UKW 1) and in the National Wilms tum our study groups third trial 
(NWTS-3), is shown in table 4.2. There is a notable difference between the 
num bers of patients w ith stage 1 and 3 disease in the NWTS-3 and UKW 1 
trials. In the series of tumours analysed in this study, there is an over 
representation of patients with stage 4 and bilateral disease compared to 
UKW 1, while the proportion of patients w ith stage 1 and 3 disease are 
comparable to the UKW 1 trial. Patients w ith stage 2 disease, on the other 
hand, are under represented in this study.

Table 4.2 Breakdown of patients by stage in the NWTS, UKW 1 and this 
study

NWTS Disease 
Stage

Present Study UKW 1 NWTS 3

1 13 ( 32.5 % ) 39% 52%
2 3 ( 5 % ) 20 % 24%
3 12 ( 30% ) 40% 24%
4 7 (17.5%)
Bilateral 5 (12 .5% )

4.3.2 Loss of heterozygosity on chromosome 16
Molecular characterisation of LOH for chromosome 16 was performed 

using a total of 10 polymorphic microsatellite m arkers [D16S413, D16S 520, 
D16S 511, D16S 518, D16S 512, D16S 503, D16S 514, D16S 408, D16S 419 and 
D16S519], (Gypay et al, 1994), to analyse constitutional and renal tum our 
DNA from 40 patients. Microsatellite markers were chosen to cover the 
long arm of chromosome 16.
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Table 4.3 Mîcrosatelite repeat prim er pairs for chromosome 16q LOH analysis

Locus
Symbol

Physical
location

Hetero
zygosity

CA strand primer GT strand prim er Size range 
(bp)

[Mg 2+] 
m.mol

Annealing
temperature

D16S519 16pl2 0.81 AGCTTACCAGTCTCACAGGG AAACCATGCTTGTCTAGCC 135-157 2.0 58 °C

D16S419 16ql2-13 0.76 A m T A A A G G A A T G T A A A G N A C A C A GACGTTAGACCAGGAGTCAG 146-164 1.5 56 °C

D16S514 16q21 0.82 CTATCCACTCACTTTCCAGG TCCCACTGATCATCrrCTC 117-129 1.5 56 «C

D16S512 16q22-23 0.82 TGAGAGCCAAATAAATAAATGG ATAAGCCACTGCGCCCAT 201-211 2.0 58 «C

D16S518 16q23.2 0.83 GGCCTTTTGGCAGTCA ACCTTGGCCTCCACAC 272-290 2.0 57 °C

D16S520 16q24 0.84 GCTTAGTCATACGAGCGG TCCACAGCCATGTAAACC 181-197 2.0 58 «C

D16S413 16q24.3 0.84 ACTCCAGCCCGAGTAA GGTCACAGGTGGGTTC 131-149 1.5 56

1% DMSO
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Figure 4.1 The long arm of chromosome 16 showing the location of the 
polymorphic markers used in the study of LOH in sporadic Wilms tumour.

16p11.2 D 1 6 S 5 1 9

16q11.2

16q12.1

16q12.2
D 1 6 S 4 1 9

16q13

16q21
D 1 6 S 5 1 4

16q22.1

16q22.2

16q22.3 1
D 1 6 S 5 1 2

16q23.1 1

16q23.2 1

16q23.3 1
D 1 6 S 5 1 8

16q24.1
D 1 6 S 5 2 0

16q24.2

16q24.3 D 1 6 S 4 1 3

The physical location of the polymorphic microsatellite markers was 
obtained form Kozman et al (1995) and Doggett et al (1995) and from the 
Genome database (Doggett et al, 1995, Kozeman et al, 1989).

205



chromosome 16 and the proximal region of the short arm. The physical 
location of the polymorphic microsatellite m arkers is shown in figure 4.1 
and was determined from the genome database and current literature 
(Doggett et al, 1995, Kozman et al, 1995). All polymorphic microsatellite 
markers had an incidence of heterozygosity above 0.75 [see table 4.3]. For 
each microsatellite marker, the optimal PCR conditions were determined, 
w ith regard to primer annealing tem perature and magnesium chloride 
concentration, and the parameters are detailed in table 4.3. Polymorphic 
markers D16S511, D16S513 and D16S408 did not produce consistently reliable 
and clear PCR products and are therefore not reported further. One of the 
primers pairs, usually the CA-strand primer, was end-labelled w ith a 
radioactive source, gamma ^^P, using polynucleotide kinase and the PCR for 
each polymorphic marker was performed in multititre dishes as described in 
section 2.14. The PCR products were then run  through denaturing gels by 
electrophoresis, where the length of the gel run was dependent on the 
size(s) of the PCR products [section 2.14]. The gel, once fixed and dried, was 
exposed to X-ray film in order to visualise the allelic bands [section 2.14]. 
Each allele of a microsatellite repeat is represented by more than one band 
w hen resolved on a polyacrylamide gel following PCR amplification. 
Although the number of 'extra' bands can be reduced by end labelling one of 
the primer pairs with a radioactive source, it is rare that single allelic bands 
are produced. There are two explanations for this, (a) Thermus aquaticus ( 
Taq) polymerase adds a single non-complementary base to the 3' ends of a 
fraction of newly replicated molecules resulting in bands that differ by a 
single additional base pair (Clark, 1988). This effect can be obviated by adding 
a 3'-5' exonuclease, such as T4 DNA polymerase, prior to dénaturation and 
electrophoresis. However, variation in DNA length that differ in size from 
the strongest band by multiples of two can still be detected. This ladder of 
fragments' is due toTaq polymerase occasionally slipping or adding one 
single repeat unit e.g. CA during the elongation cycle (Smeets et al, 1989). 
Although this 'infidelity' may only occur two or three times w ithin a 30 
cycle PCR, due to the multiplicative power of PCR, a detectable amount of 
fragments w ith different numbers of repeats is usually observed. When 
visualised on an autoradiograph a short ladder of bands may be seen for 
each allele, the 'true ' band is usually the stronger, the surrounding bands 
thererefore are termed 'ghost bands. This phenomenon m ay make allele 
identification difficult and, from experience, the results from some 
microsatellite repeats are more difficult to interpret than others. Despite
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this, it is usually possible to determine which are the 'true' alleles w hen the 
repeat is informative. Slippage and band addition can make it particularily 
difficult to distinguish a homozygous allele from a heterozygous allele, 
especially w hen they differ in only a single repeat (base pair). Available 
evidence suggests that as the size of the repeat unit increases slipping or 
insertion of repeats during PCR becomes less of a problem. Hence, where 
possible, longer repeats (>150bp) should be chosen. However, this 
requirement has to be balanced against the degree of informativeness of the 
polymorphic marker and its physical location .

Six (15%) - GOS 66, GOS 101, GOS 169, GOS 198, GOS 206, GOS 542 - of 
40 informative Wilms tumours showed LOH for markers on 16q. In these 6 
cases there was loss of one allele in the tum our compared to constitutional 
DNA. No homozygous deletions were detected in this study. The results of 
the LOH analysis are shown in figures 4.2 to 4.5 and diagrammatically in 
figure 4.6. In three of the 6 tumours showing LOH - GOS 101,169 and 542 - 
allelic loss was limited to the telomeric region, 16q22-qter, and in the other 
three - GOS 66,198 and 206 - allelic loss extended from 16ql3- qter [figures 
4.2 to 4.6]. In GOS 101 and 542, LOH was limited to loss of polymorphic 
markers for the D16S413 and D16S520 loci [Figure 4.2]. In both cases there 
was retention of heterozygosity at D16S518 [Figure 4.3] so the extent of allele 
loss in these 2 tumours was therefore 16q23.2 (Doggett et al, 1995, Kozman et 
al, 1995). GOS 169 showed evidence of LOH at D16S518 but not at D16S512, 
the next most centromeric marker tested [Figures 4.3]. LOH in this tum our, 
therefore, was limited to 16q23.1-22 (Doggett et al, 1995, Kozman et al, 1995). 
In tumours GOS 66, 198 and 206, the extent of the deleted chromosomal 
material included D16S514 in 16 q21 but was flanked by D16S419 in 16ql2-13 
[figures 4.4 to 4.6]. Tumours GOS 206 and 198 were not informative at 
D16S518 but there was evidence for LOH at this marker in GOS66. D16S512 
lies proximal to D16S518 at 16q22-23.1, although there was evidence for LOH 
in GOS 216, tumours GOS 66 and 206 were not informative for this marker 
[Figure 4.3]. D16S512 was informative in GOS 169 and 542 and, as seen in 
figure 4.3, both alleles were retained, defining the centromeric extent of the 
deletion in these particular tumours. There was evidence for LOH at the 
D16S514 locus in tumours 66, 198 and 206. D16514 was also informative in 
tumours GOS 102, 169 and 542 and retention of both alleles is seen on the 
autoradiograph [figure 4.4]. The polymorphic marker D16S419 was 
informative in tumours GOS 66,198 and 206 and, as there was no evidence 
for LOH, this marker defined the telomeric extent of the deletion in all three
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of these tumours [Figure 4.4]. The physical location of D16S419 is 16ql2.2-12.1 
and defines the proximal extent of LOH in the GOS series of tumours. The 
most proximal marker tested was D16S519 which m apped to 16pl2. This 
m arker was informative in all tum ours except GOS198 and, in all of the 
informative tumours, both alleles were present [Figure 4.5].

A diagrammatic representation of the results described above is 
shown in figure 4.6. From this diagram two distinct regions of allelic loss 
can be discerned. A proximal region, of which the shortest region of overlap 
is between D16S413 and D16S 518 in 16q24 and where all 6 tumours show 
LOH for this common region. Three tum ours show LOH for a distal region 
in 16ql3 flanked proximally by D16S514 and by distally D16S419. Both of 
these regions also show LOH in other studies and the findings presented 
here support the possibility that there is more than one locus on 16q 
involved in Wilms tumorigenesis. There was no clear evidence for 
interstitial deletion in any of the tum ours in this study. Although a num ber 
of tum ours were not informative at any given locus, there was usually 
evidence for LOH above, and often below, these non-informative loci. The 
most likely explanation for this finding, is that the loss of heterozygosity was 
contiguous rather than there being a complex loss and retention of alleles 
on the long arm of chromosome 16.
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Figure 4.2 Loss Of Heterozygosity For Polymorphic Markers On The Long

Arm Of Chromosome 16 In Wilms Tumours
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Figure 4.3 Loss Of Heterozygosity For Polymorphic Markers On The Long

Arm Of Chromosome 16 In Wilms Tumours
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Figure 4.4 Loss Of Heterozygosity For Polymorphic Markers On The Long

Arm Of Chromosome 16 In Wilms Tumours
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Figure 4.5 Loss Of Heterozygosity For Polymorphic Markers On The Long

Arm Of Chromosome 16 In Wilms Tumours

Microsatellite
markers

Wilms Tumours

Centromere
GOS GOS GOS GOS GOS GOS

66 101 169 198 206 542
N T N T N T N T N T N T

D16S519 ■s
+ + 

+ +

+ + 

+ +

+ + 

+ +

ni ni + + 

+ +

+ + 

+ +

Telomere

Key

N = Normal/ Constitutional DNA 
T = Wilms tumour DNA

Allelic Loss (LOH)
+ Allele present

ni Not informative

212



Figure 4.6 Diagrammatic representationof Loss of heterozygosity for Polymorphic Markers O n The Long Ann of
Chromosome 16 In Sporadic Wilms Tumour

Centromere

i

Microsateirrte Locus 
Markers

D16S519 16p12

D i e s  419

D16S514

D16S512

D16S518

D i e s  520

D ieS 41 3

ieq12-13

ieq21

leq 22-23

ieq23.2

ieq24

ieq24.3

GOS
66

GOS
101

GOS
169

GOS
198

GOS
206

GOS
542

213
= Loss of heterozygoaV = Not informative = R e te n lo n  of heterozygosity



4.3.3 Clinical outcome and LOH for 16q
Three of the 40 patients with Wilms tum our in this series died of 

disease, GOS 198,407 and 542 and two other patients, GOS 101 and 358, 
relapsed but were cured by second line therapy [see tables 4.1 and 4.4]. GOS 
407 was a stage 3 tum our w ith unfavourable histological features and this 
patient died 1 m onth after relapse. There was no evidence for LOH for 16q 
markers in this tumour. GOS 198 and 542 both had LOH for markers on 16q. 
One of the two tumours which recurred, GOSlOl, had LOH for 16q and this 
tum our was stage 1 by clinicopathological staging but had unfavourable 
histological features. Overall, of the 6 tumours that showed LOH for 16q, 
there was a tendency to higher stage disease or unfavourable histological 
features since 5 of the tumours were stage 3, 4 or bilateral as detailed in 
table 4.3. Furthermore, 3 of the 5 patients that relapsed, had LOH for 16q. 
Although the patient numbers are small and because this was a 
retrospective study using a selected series of tumours, these results provide 
preliminary evidence for a trend towards worse outcome in patients with 
LOH for 16q.

Table 4.4 Characteristics of patients with LOH for 16q

T um our N um ber Stage Histology Status

GOS 101 1 UH R elapse/A live

GOS 542 3 FH Relapse/Dead

GOS 206 4 FH A live

GOS 66 BILATERAL FH A live

GOS 198 BILATERAL FH Relapse/Dead

GOS 231 BILATERAL FH A live
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4.4 DISCUSSION
Tumour-specific allelic loss has been thought to represent the second 

hit resulting in the inactivation of a tum our suppressor gene and can be 
detected by LOH analysis (Cavenee et al, 1983, Knudson and Strong, 1972). 
LOH analysis in a series of 40 patients w ith sporadic Wilms tum our, for 
whom  constitutional and tum our DNA was available, were therefore 
analysed for allelic loss on the long arm of chromosome 16. Because tum our 
-specific LOH was determined by comparison with constitutional DNA, 
allele loss detected in the GOS series of tumours is, by definition, a somatic 
occurance in keeping with the second event hypothesised by Knudson 
(Knudson and Strong, 1972). Our study found tumour-specific LOH for 
markers on 16q in six (15%) of 40 tumours, a frequency of LOH slightly lower 
than other published studies (Austruy et al, 1995, Coppes et al, 1992a,
Grundy et al, 1994, Maw et al, 1986) but higher than others (Redeker et al, 
1996). There are a number of possible explanations for this finding. Firstly, 
one of the disadvantages of using a PGR based technique for the detection of 
LOH includes the possibility of contamination of the tum our sample by 
normal cells. PGR is essentially an amplification process, therefore, the 
amount of DNA present at the start and at the end of the reaction are not 
necessarily related in a linear fashion. It is theoretically possible that, even if 
an extremely small amount of normal kidney DNA is present w ithin the 
tumour, LOH for that region may be masked, thereby affecting the 
determination of the frequency of LOH. However, there is also evidence that 
a PGR based technique is as least as sensitive as Southern blot in detecting 
LOH (Jones and Nakamura, 1992, Sato et al, 1990). Analysis of the hum an 
p53 locus using highly polymorphic dinucleotide repeats detected LOH in a 
series of 9 breast carcinomas, for example, all of which had previously been 
shown to have undergone LOH using Southern blotting (Jones and 
Nakamura, 1992, Sato et al, 1990). Of the 9 tumours, 7 were informative at 
microsatellite loci and there was unequivocal evidence for LOH using PGR, 
suggesting that the techniques were comparable. Furthermore, the study by 
Newsham and colleagues analysed 5 microsatellite loci using PGR alone to 
determine the level of LOH on 16q in a series of Wilms tum ours and 
reported that 20% of their 28 samples showed allelic loss from chromosome 
16, a frequency consistent with those found by the other studies using other 
methods (Newsham et al, 1995). Therefore, the use of PGR as the only 
m ethod to determine the frequency of LOH is unlikely to explain the 
slightly lower frequency of LOH found in this study. Indeed the lowest level
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of LOH reported to date was from a study that used Southern blot analysis to 
determine allele loss (Redeker et al, 1996). Secondly, it is possible that 
differences in the frequency of LOH between studies may reflect genetic 
differences between different racial groups. In order to test this hypothesis a 
larger prospective study involving all of the patients enrolled into the UKW 
trial is proposed. If the same polymorphic markers used in the current 
NWTS-5 trial, are used to determine LOH for 16q in the proposed UK trial, 
then the frequency of LOH for 16q will be directly comparable.

Analysis of the GOS series of tum ours suggests the involvement of 
two distinct regions of 16q in Wilms tumorigenesis, a proximal region 
bounded by D16S419 in 16ql2-13-qter and a distal region bounded by D16S518 
in 16q23.2-qter. This finding is consistent w ith both cytogenetic analysis as 
well as studies of allelic loss in Wilms tum our by other investigators (Maw 
et al, 1986 , Slater and Mannens, 1992, Solis et al, 1988, Wang-Wuu et al,
1990). The study by Maw et al provided molecular evidence for the existence 
of two discrete regions of LOH on 16q. Evidence for the involvement of 
16ql3 was provided by the discovery of an interstitial deletion between 
16ql3 and 16q21 in one tumour and LOH from 16ql3 to qter in another 
(Maw et al, 1986). Another tumour had an interstitial deletion, but the 
extent of the deletion could not be defined because the probes which were 
used between 16qll.2 and q21 were not informative. Five other tumours 
w ith LOH on 16q all had allelic loss restricted to the 16q22-qter region (Maw 
et al, 1986). The studies of both Grundy and Coppes and colleagues used 
polymorphic markers that mapped to the telomeric region of 16q bu t did not 
provide further data defining the location of putative genes involved in 
Wilms tumour in the 16ql3 location (Coppes et al, 1992a, Grundy et al,
1994). Newsham and co-workers (1995) concentrated on the proximal 16ql3 
region and found that 20% of their panel of 26 tum ours showed LOH for the 
16ql3-21 region. No markers mapping distal to 16q 22.1 were used in this 
study, so no further information was made available for the telomeric 
region (Newsham et al, 1995). In a recent study by Austray and colleagues
(1995) a number of markers distributed along the long arm  of 16 were used, 
and in 6 of the 7 tumours shown to have LOH, the region of allelic loss was 
bounded by D16S419 in 16ql2-13 and extended to 16qter. Our study also 
found that the D16S 419 marker represented the centromeric extent of LOH 
in the GOS series of Wilms tumour samples. A recent, retrospective analysis 
of a group of patients with Wilms tumour and der (16) t(l;16) (q21;ql3) has 
provided evidence that this particular cytogenetic abnormality does not
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necessarily confer an adverse prognosis (Matthew et al, 1996). Given that 
16ql3 may represent a second locus on 16q, the observations of Matthews et 
al (1996) raise the possibility that the Wilms tum our gene(s) in this region 
do not confer adverse biological behaviour. The study by Matthews et al
(1996) involved a limited number of tum ours and a larger prospective study 
is necessary. A num ber of other tumour types have been found to harbour 
LOH from 16q, usually in addition to a num ber of other chromosomal 
abnormalities. For example, in ovarian cancer allele loss on chromosomes 
4p, 6p, 7p, 8q, 12p, 12q, 16p, 16q, 17p and 17q has been reported (Sato et al,
1991). The region of allelic loss in a num ber of different tum our types also 
appears to involve 16q22-qter (Bergerheim et al, 1991, Carter et al, 1990, 
Cleeton-Jansen et al, 1994, Dorion-Bonnet et al, 1995, Fujimori et al, 1991,
Sa to et al, 1991, Thomas and Raffel, 1991, Tsuda et al, 1990). This coincides 
w ith the distal region of LOH identified by the analysis of the GOS series of 
Wilms tumours and other groups (Coppes et al, 1992a, Grundy et al, 1994, 
Maw et al, 1986). Indeed, the study by Grundy et al (1994), which suggested a 
less favourable outcome associated with LOH for 16q, used polymorphic 
markers in the 16q22-qter region only (Grundy et al, 1994). These findings 
could be interpreted to mean that the 16q22-qter region harbours one or 
more genes involved in the progression of a num ber of different tum our 
types, including Wilms tumour. These possibilities should be further tested 
in larger studies in which LOH for both regions is compared w ith clinical 
outcom e.

Wiedemann-Beckwith syndrome (WBS) is considered to be a Wilms 
tum our predisposition syndrome (Wiedemann, 1983), and has been 
associated w ith chromosome region l lp l5  by linkage studies in familial 
cases and via patients with cytogenetic abnormalities involving this region 
(Koufos et al, 1989, Ping et al, 1989, Weksberg et al, 1993). Recently, 
chromosome 16 has been implicated in this syndrome in 2 patients (Austruy 
et al, 1995, Newsham et al, 1995, Weksberg et al, 1993). Both of these WBS 
patients had constitutional translocations derived from phenotypically 
normal mothers. The first carried a t(ll;16) (pl5.5;ql2) (Weksberg et al, 1993) 
and the second a t(ll;16) (pl5.5;ql3) (Newsham et al, 1995). One of the 
tumours studied by Austray et al (1995) was obtained from a patient w ith 
WBS (Austruy et al, 1995). LOH was apparently restricted to 16ql3 in the 
tum our DNA from this patient and molecular analysis revealed that this 
deletion was flanked centromerically by D16S308 and telomerically by 
D16S320, which is an estimated 8 cM region (Austruy et al, 1995). This
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tumour-specific deletion of 16ql3 markers provides further evidence for the 
independent involvement of a gene at 16ql3 in Wilms tumorigenesis 
(Austruy et al, 1995). A number of patients w ith WBS and maternally- 
derived translocations have now been reported [see Chapter 6] (Mannens et 
al, 1994, Weksberg et al, 1993). Although the breakpoint was always in 
chromosome region llp l5 .5 , chromosome 16 was not a consistent partner 
chromosome (Mannens et al, 1994, Weksberg et al, 1993). Furthermore, of 
the 2 WBS patients w ith an 11;16 translocation, one is alive w ith no 
evidence of a Wilms tumour the other died in the neonatal period 
(Newsham et al, 1995, Weksberg et al, 1993). The available evidence 
suggests that a gene at 16ql3 it is more likely to be involved in the genesis of 
Wilms tum our than in the generation of the WBS phenotype. The 16ql3 
region has also been associated with Ewing's sarcoma and primitive 
neuroectodermal tumours and therefore may be involved, more generally, 
in the neoplastic process

LOH for markers on 16ql3 has been reported in a case of 
nephroblastomatosis (Austruy et al, 1995). A condition considered by some 
to be a precursor lesion for Wilms tum our based on (a) histopathological 
analysis (Beckwith et al, 1990) and (b) the discovery of W Tl m utations in 2 
patients w ith so-called nephrogenic rests (Park et al, 1993). The finding of 
LOH for 16q markers is of interest, but is at odds w ith the hypothesis that 
genes on chromosome 16q are implicated in tum our progression rather 
than tum our initiation and that the presence of LOH 16q is associated w ith a 
poor prognosis (Grundy et al, 1994). Alternatively, as suggested by the results 
presented here, the 16ql3 region contains genes involved in Wilms 
tumorigenesis rather than tumour progression. It should be noted that, in 
the kidney showing nephroblastomatosis, the tissue sampled was from the 
immediate vicinity of the tum our which raises the possibility of sample 
contamination (Austruy et al, 1995).

There is some evidence for a physical association between 
cytogenetic/ molecular abnormalities on chromosome 11 and 16 in Wilms 
tumours. Two studies have analysed LOH in Wilms tum ours on l i p  and 
16q. The initial study found LOH for both chromosomes in 3 of 9 tum ours 
(Maw et al, 1986). Similar findings were reported by Coppes et al (1992a) who 
observed loss of chromosomal material on chromosomes 11 and 16 in 3 of 6 
tum ours (Coppes et al, 1992a). Four of the six Wilms tum ours identified to 
have LOH on 16 in this study of the GOS series of tumours had already been 
analysed for similar changes on chromosome 11 (Wadey et al, 1990). Two of
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these four tumours had LOH for markers both on 11 and 16, while the 2 
other tum ours had not previously been tested for LOH on 11. W hether 
these findings represent sequential loss of genes resulting in a Wilms 
tum our relies on cloning the relevant genes on both l lp l5  and 16q.

Although this study was retrospective, w ith a relatively small 
num ber of patients, an association between LOH on chromosome 16 and 
higher stage/w orse outcome tumours is apparent. Of 40 patients with 
Wilms tum our 3 died of disease, 2 of which had tumour-specific LOH for 
16q markers, GOS 98 and 542. All but one of the tumours with LOH for 16q 
markers were stage 3, 4 or had bilateral disease at diagnosis. The remaining 
(sixth) tum our with LOH for 16q markers, GOSlOl, was stage 1 at diagnosis 
and had unfavourable histological features (anaplasia). This tum our 
recurred, but, following second line treatment, the child is alive w ith no 
detectable disease. Although the presence of anaplasia confers an adverse 
prognosis sign, it is stage related, and does not significantly alter the 
outcome of patients w ith stage 1 disease (D'Angio et al, 1989, D'Angio et al, 
1981).Given the observation of Grundy et al (1994), who noted that LOH on 
16q denoted adverse outcome irrespective of the stage or histological 
features of the tum our (Grundy et al, 1994), it is likely that the molecular 
alteration in this tumour was more significant than the presence of 
anaplasia. Austruy and colleagues (1995), detected LOH for 16q markers in 7 
of 25 Wilms tumours, 2 of these were considered stage 1 at diagnosis, in both 
cases the tum our recurred; one patient was subsequently cured, but the 
other died of disease (Austruy et al, 1995). This observation provides further 
support for the hypothesis that allelic loss on 16q represents an adverse 
prognostic marker, irrespective of the disease stage. Although there is 
increasing evidence that LOH for 16q may help stratify patients into those 
w ith biologically favourable or unfavourable disease, this possibility needs 
to be confirmed by prospective analysis in a large group of patients. 
Confirmation of this relationship would possibly enable fine tuning' of 
available therapies for Wilms tumour with the possibility of reserving the 
use of Doxorubicin, which is cardiotoxic, for use in those patients w ith 
adverse biological and clinicopathologic features.

The possibility that LOH per se could confer an adverse prognosis is 
excluded by the studies of LOH on chromosome 11 in Wilms tumour. 
Several studies have now shown that, overall, about 40 % of tum ours show 
allele loss for l i p  (Dao et al, 1987, Fearon et al, 1984, Koufos et al, 1984,
Little et al, 1992, Mannens et al, 1990, Mannens et al, 1988, Reeve et al, 1989,
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Schroeder et al, 1987, Wadey et al, 1990), but none of these studies 
established a correlation between LOH for l lp l3  or l lp lS  and an adverse 
prognosis (Little et al, 1992, Mannens et al, 1990, W adey et al, 1990). Indeed 
there is no difference w ith regard to stage or histopathology between the 
tumours that have l i p  allelic loss and those that do not (Little et al, 1992, 
Mannens et al, 1990, Wadey et al, 1990). However, a recent report suggests 
that patients w ith allelic loss on l i p  present at an earlier age than those 
without this genetic alteration (Grundy et al, 1996).

We have shown, by this study, that a PCR-based system for detecting 
LOH in Wilms tum our samples is feasible. This finding is potentially 
im portant for future studies particularly as patients entering the UKW3 trail 
are random ised between immediate nephrectomy versus percutaneous 
biopsies prior to pre-operative chemotherapy (Tournade et al, 1993). In the 
patients who undergo biopsy, the samples obtained are often tiny and so 
tum our tissue is at a prem ium  and may be insufficient for Southern blot 
hybridisation studies which require relatively large quantities ( micrograms) 
of tum our DNA. As PCR based techniques require only m inute quantities 
(nanograms) of DNA, biopsy samples are likely to provide sufficient DNA 
for microsatellite-based studies of allelic loss. We and others have provided 
evidence that PCR based techniques, using microsatellite repeats, are as 
sensitive for LOH detection as Southern analysis (Jones and Nakam ura, 
1992, Sato et al, 1990). However, in designing a screening system to detect 
LOH on 16q in sporadic Wilms tumours based on PCR, it is im portant to 
include at least one highly informative polymorphic marker that is detected 
by hybridisation, for example D16S7, a marker used in the NWTS studies 
(Grundy et al, 1994). A cross-over study could be undertaken in which the 
NWTS group might use one or two microsatellite polymorphic m arkers in 
addition to their panel of Southern probes, while the United 
K ingdom /European group might use one or two Southern blot probes in 
addition to a panel of microsatellite polymorphic markers. This w ould 
allow comparison of results regarding outcome and facilitate the study of 
allelic changes on 16q in Wilms tumour. The ever increasing num ber of 
microsatellite markers assigned to chromosome 16q will an im portant tool 
in the localisation of the gene or genes on 16q involved in Wilms 
tum origenesis.
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4.5 Loss of Heterozygosity for the short arm of Chromosome 7 in 
Sporadic Wilms tumour

4.5.1 Introduction
The molecular biology of Wilms tum our is more complex than 

originally envisaged w ith at least four separate genetic loci associated with 
the development of this tumour. The only Wilms tum our gene cloned to 
date is W Tl located at l lp l3  and is primarily associated w ith the well 
characterised Wilms tum our predisposition syndromes WAGR and Denys- 
Drash (Baird et al, 1992a, Baird et al, 1992, Huff et al, 1991, Pelletier et al, 
1991b). However, mutations in this gene are only found in approximately 
10% of sporadic Wilms tumours (Coppes et al, 1993, Little et al, 1992, 
Varanasi et al, 1994). It is now clear that there are two separate loci on the 
short arm of chromosome 11, at l lp l3  and l lp lS  (Coppes et al, 1992a, 
Mannens et al, 1990, Mannens et al, 1988, Reeve et al, 1989, W adey et al, 
1990). Furthermore, a third gene, implicated in progression rather than 
initiation, has been identified by tum our specific LOH on the long arm of 
chromosome 16 in approximately 20% of tum ours as reported in this thesis 
and in the literature (Austruy et al, 1995, Coppes et al, 1992a, Grundy et al, 
1994, Maw et al, 1986). Lack of linkage of the familial form of Wilms 
tum our to either chromosome 11 or 16 suggests that there is yet another 
gene involved in the genesis of this subgroup of the tum our (Grundy et al, 
1988, Huff et al, 1988, Huff et al, 1992, Schwartz et al, 1991).

Cytogenetic analysis has been im portant in the sub-localisation of 
regions within the genome that are involved in the developm ent of Wilms 
tumour. Abnormalities of chromosome 7, most often trisomy, has been 
reported in 23% of Wilms tumours. Indeed, trisomy of this chromosome is 
the third most common trisomy found in this tum our (Austruy et al, 1995). 
However, trisomy 7 usually occurs alongside other chromosomal 
aberrations suggesting that it is only a secondary event (Mittleman et al, 
1991, Austruy et al, 1995, Slater et al, 1992). Interestingly, trisomy 7 has also 
been reported in normal kidney (Sandberg, 1990). Whilst the significance of 
this is not clear, it has been suggested that trisomie cells have an increased 
propensity for abnormal proliferation and thus an increased susceptibility 
for malignant change (Meloni et al, 1992). This hypothesis is endorsed by the 
description of a tumour with der 7, t (7;7) (pl3; q21) in which there was 
evidence for trisomy 7 in the tum our prior to the translocation event
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(Sawyer et al, 1993). In contradistinction to those seen as secondary changes, 
sole cytogenetic abnormalities are usually considered to represent primary 
events that have a role in tumorigenesis (Mitleman et al, 1991). Monosomy 
for 7p and trisomy for 7q as the only apparent cytogenetic abnormality in 
Wilms tum our have been reported in four separate tum ours (Peier et al, 
1995, Sawyer et al, 1993, Wang-Wuu et al, 1990, Wilmore et al, 1994). In 
addition, a num ber of reports describe more complex rearrangem ents that 
have the same end result. For example, in 2 other Wilms tum ours, the 
presence of an isochromosome 7q in conjunction w ith a del 11 was reported 
in one and an ins (I;7)(q32;pl2p22) and a stem line variation of 7p reported 
in the other (Slater et al, 1985, Solis et al, 1988, W ang-Wuu et al, 1990). 
Tumours w ith breakpoints at 7pl3 have been independently reported by a 
number of groups (Kaneko et al, 1991, Sawyer et al, 1993, Slater et al, 1985, 
Solis et al, 1988, Wang-Wuu et al, 1990). However, band 7pl5 has also been 
implicated, firstly in a patient w ith a congenital (1;7) translocation who 
subsequentlydeveloped a Wilms tumour (Hewitt et al, 1991, Wilmore et al,
1994), and secondly from a Wilms tum our with the sole t,(7;7)(pl3;q21) 
cytogenetic change of resulting in monosomy for 7pl3 to pter (Sawyer et al,
1993) . The recent description of cytogenetic abnormalities involving the 
short arm chromosome 7 in 2 of 11 Wilms tum ours provides evidence 
supporting the existence of a 'tum our suppressor gene' in this 
chromosomal region (Miozzo et al, 1996). One of these tum ours had a 
complex karyotype including a t(l;7)(p36;pl5) and a deletion spanning 7pl2- 
pter. Interestingly this tumour had no detectable normal chromosome 7p 
material; presumably both copies of the genes within 7p were inactivated 
in this tumour. The other tum our had an|isochromosome 7q in addition to 
trisomy for chromosomes 8, 9 and 13 (Miozzo et al, 1996). Further evidence 
for a Wilms tum our predisposition gene on 7p is provided by two children 
w ith a constitutional translocation involving the short arm  of 
chromosome 7 and Wilms tumour. The first child had a de novo t(l;7) 
(q42;p22) translocation. He had bilateral radial aplasia other skeletal 
abnormalities and transient thrombocytopenia (Hewitt et al, 1991). At 5 years 
of age he presented with a unilateral favourable histology Wilms tumour. 
At laparotomy the contralateral kidney looked abnormal and biopsy 
revealed a nephrogenic rest, suggesting this child had a predisposition to the 
development of Wilms tumour(Hewitt et al, 1991). A second child w ith 
sporadic unilateral Wilms tum our had a constitutional t(2;7)(q33;p22) 
translocation (Rivera et al, 1985). A constitutional translocation involving
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the long arm of chromosome 7 has also been reported in a boy with 
cryptorchidism and who had developed Wilms tum our at 14 months of age 
and had moderate mental retardation (Barnard et al, 1984). Cytogenetic 
evidence, therefore, indicates the presence of a tum our suppressor gene(s) 
on the short arm of chromosome 7 and perhaps a secondary role for 7q in 
the genesis of Wilms tumour.

Loss of heterozygosity (LOH) studies have been crucial in defining 
chromosomal regions involved in Wilms tumorigenesis (Coppes et al,
1994). Forty sporadic Wilms tumours were therefore analysed for loss of 
heterozygosity for 7p using a panel of microsatelite polymorphic markers.
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4.6 RESULTS

4.6.1 Patients and Tumours
Clinicopathologic details of the 40 sporadic Wilms tum ours analysed 

for LOH of 7p markers is summarised in table 4.1 and further described in 
section 4.3.1.

4.6.2 Microsatellite polymorphic markers for 7p
All of the microsatellite polymorphic markers tested had a frequency 

of heterozygosity above 0.73 and all 40 patients were heterozygous at 3 or 
more of the 9 polymorphic loci tested. Considerable time was spent finding 
the optimal PCR condition for each of the microsatellite prim er pairs [see 
table 4.5]. Detection of LOH requires a clear and crisp PCR product, 
otherwise allelic loss may be missed. Microsatellite primer pairs for D7S641 
and D7S510 were tested but, despite trying a range of temperatures and 
magnesium chloride concentrations, as well as the use of DMSG- which 
stabilises secondary structure - satisfactory products could not be obtained. 
The physical location of the microsatellite markers used is shown in figure 
4.7, and is derived from data presented at the most recent chromosome 7 
workshop ( SCW7.2) and from Green et al (Green et al, 1994, Tsui et al,
1995). Not all of the markers used in this study have been assigned to a 
cytogenetic or radiation hybrid (RH) map (Green et al, 1994, Tsui et al, 1995). 
As in the study of LOH for 16q markers [section 4.3], the CA-strand primer, 
was end-labelled with a radioactive source, gamma P, using 
polynucleotide kinase and the PCR for each polymorphic marker was 
performed in multititre dishes as described in section 2.14. The PCR 
products were run  through denaturing gels by electrophoresis, the length of 
the gel run  was dependent on the size(s) of the PCR products [section 2.14]. 
The gel, once fixed and dried, was exposed to X-ray film in order to visualise 
the allelic bands [section 2.14].

224



Table 4.5 Microsatelite repeat prim er pairs for chromosome 7p LOH analysis

Locus
Symbol

Physical
location

Degree of 
Hetero
zygosity

CA strand primer GT strand primer Size range 
(base pairs)

[M g  2+] 

m.mol
Annealing
temperature

D7S517 7p22 0.83 TGGAGAAGCCATGTGAGT AGCTGTAATTAGTTGCTGGTrrGA 239-257 1.5 56 °C

D7S507 7p21-pl5 0.89 TGCCCAATTCTCAGTGTT CTACGTACATGCCTGCAA 148-168 2 58 °C

D7S503 7p21-pl5 0.87 ACTTGGAGTAATGGGAGCAG GTCCCTGAAAACCTTTAATCAG 148-180 2 58 °C

D7S493 7pl5 0.88 GGAAGTTCCCAGCCATAGTT GAAAGCACTTACCTACTGAGGATTT 194-224 2 60 oC

D7S673 7pl5-pl4 0.86 GGGGNCCTTGAGAAGT TCCCAGTCCTGTGGCTAC 118-148 1.5 58 °C

D7S528 7pl4 0.73 TCAACTTGAATrTCACTTrCAG CATGTGCGTGCTTGTGT 108-116 1.5̂ ^ 52-56 oCJ

D7S485 7pl4 0.78 TCTGTCATGTGAGGATGCAG CTACAGGATTCTATTCAGGATACG 244-256 2 55 °C

D7S510 7pl4 0.79 CAGTGIGGAGGTTCCCAA ACCCAGCCGCAAGATT 252-264 2 52-56 °C t

D7S679 7pl4-pl3 0.81 TCACCAGCAGGCITCCATA TACAGGCGTGAGGCACCAT 118-130 1.5 5 4 0 c

D7S502 7pl3 0.84 GGAAGGTATGTTGCGG TAAGCCACCAAGAACACC 273-291 2 58 oC

* Also required 1% DMSG
J Touch down program irdtal annealing temperature 56 °C final annealing temperature 52 °C
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Figure 4.7 Physical map of the short arm of chromosome 7 showing the 
location of the polymorphic microsatellite markers used in the study of LOH 
in sporadic Wilms tumour.
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Physical location of microsatellite markers as determined by the second 
International workshop on Human chromosome 7 mapping (Tsui et al,
1995).

4.6.3 Loss of constitutional polymorphism for 7p microsatellite markers
LOH for markers on the short arm of chromosome 7 was found in 4 

(10%) of 40 tumours; GOS 44, 96,146 and 231 as shown in figures 4.8 to 4.13 
and diagrammatically in figure 4.14. Although the extent of the allelic loss 
varied between the 4 tumours, in all but one case LOH resulted in 
hemizygosity.

Allelic loss in tumour GOS 44 extended from 7pter to marker D7S502 
in 7pll.2. However, marker D7S679, the next most telomeric marker tested 
to D7S502, was not informative in this tumour, therefore the extent of the 
allelic loss in this tumour lies between loci D7S485 and D7S502 [figures 4.11
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and 4.12]. In this same tumour, allelic loss was shown for polymorphic 
markers, D7S517, D7S503, D7S493, D7S673, D7S528 and D7S485 [Figures 4.8- 
12]. Comparison on the autoradiograph between the PCR product of tum our 
and constitutional DNA using primer pairs for loci D7S507, revealed loss of 
both alleles in the tum our DNA, consistent w ith a deletion at this locus 
[figure 4.8]. Marker D7S517 represents the upper border of this putative 
deletion and D7S503 the lower border [figures 4.8 and 4.9]. Polymorphic 
marker D7S664 which maps between D7S517 and D7S503 was not 
informative in this tum our [figure 4.8]. In order to confirm this finding the 
PCR was repeated on a number of occasions. A representitive result is seen 
in figure 4.13. Although two allelic bands can be visualised in the tum our 
lane, the intensity of these bands on the autoradiograph was consistently 
markedly reduced in repeated experiments compared to the constitutional 
DNA PCR product as seen in figure 4.13. Furthermore, the shadow bands 
seen on the autoradiograph are considerably stronger for the tum our PCR 
product than the normal DNA PCR product [see figure 4.13], suggesting the 
D7S507 locus is deleted in the tumour, there was no template DNA 
available for the locus specific primer sequences to anneal to during the 
PCR. The primers, therefore, were priming off other similar, but non
identical DNA sequences. It is more likely that the presence of two faint 
allelic bands seen in the tumour lane of figure 4.13 represent a few residual 
normal kidney cells w ithin the tumour, rather than retention of 
heterozygosity at D7S507 alone. This data is perhaps best explained by the 
presence of an homozygous deletion for markers around D7S507 in GOS 44. 
The most recent chromosome 7 workshop (SCW 7.2) places D7S507 
centromeric to D7S517 with a LCD score of 1000:1 with a physical location of 
7pl5-21 (Green et al, 1994, Tsui et al, 1995). It would unlikely for there to be 
retention of the D7S507 locus, when markers either side (D7S517 and 
D7S503) unequivocally show LOH, unless this tum our had a very complex 
and unusual chromosomal rearrangement. The physical distance between 
D7S517 and D7S503 is approximately 21.3 cM (Green et al, 1994, Tsui et al,
1995). Clearly, further polymorphic loci m apping between D7S517 and 
D7S503 should be tested against tumour GOS44 to narrow  dow n the deleted 
region

In tum our GOS 231, LOH for polymorphic markers D7S517, D7S507, 
D7S673 and D7S528 was observed [Figures 4.8-4.10]. The physical extent of 
the LOH in this tumour, therefore, extended from 7pter to 7pl5 (Green et al, 
1994, Tsui et al, 1995). Comparison of the PCR product from the
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constitutional versus the tum our DNA for locus D7S493 reveals three bands 
in the constitutional DNA and two in the tum our DNA [Figures 4.9]. As 
there is clear evidence for allelic loss at markers above and below D7S493 
[Figures 4.8-4.11], it is likely that the region of LOH in GOS231 includes 
D7S493 and that loss of the lowermost band represents tumour-specific 
allele loss. However, as interpretation of the PCR product for locus D7S493 is 
not clear cut in this tumour, this particular result is deem ed inconclusive 
[Figures 4.9].

In tum our GOS 96 the marker D7S517 was not informative bu t there 
was evidence for LOH at D7S507, whereas markers centromeric to and 
including D7S503 showed retention of heterozygosity [Figures 4.S-4.9]. The 
region of LOH in GOS 96 therefore extends from the telomere to D7S507 at 
the p l5  -p21 border (Green et al, 1994, Tsui et al, 1995). There was evidence 
for LOH at D7S517 and at polymorphic marker D7S503 in GOS 146, while 
marker D7S507 was not informative [Figures 4.S-4.9]. Retention of 
heterozygosity is shown at marker D7S493 in figure 4.9, the deletion in this 
tum our therefore also extended to the 7pl5-21 border.

LOH for markers on the short arm of chromosome 7 has been shown 
in 4 (10%) of 40 sporadic Wilms tumours. Although the extent of the allelic 
loss varies, the shortest region of overlap involves the 7pter to 7pl5 region. 
Furthermore, evidence is shown supporting a hom ozygous deletion in this 
same region in tum our GOS 44, this putative deletion is bounded by D7S517 
distally and D7S503 proximally an estimated distance of 21.3 cM.
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Figure 4.8 Loss Of Heterozygosity For Polymorphic Markers On The Short

Arm Of Chromosome 7 In Wilms Tumours
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Figure 4.9 Loss Of Heterozygosity For Polymorphic Markers On The Short

Arm Of Chromosome 7 In Wilms Tumours
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Figure 4.10 Loss Of Heterozygosity For Polymorphic Markers On The Short

Arm Of Chromosome 7 In Wilms Tumours
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Figure 4.11 Loss Of Heterozygosity For Polymorphic Markers On The Short

Arm Of Chromosome 7 In Wilms Tumours
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Figure 4.12 Loss Of Heterozygosity For Polymorphic Markers On The Short

Arm Of Chromosome 7 In Wilms Tumours
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Figure 4.13 Photograph showing PCR product and 'shadow bands' using 
primer pairs to microsatellite repeat D7S507 in GOS tumours 96, 44 and 146.
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Figure 4.14 Diagrammatic Representation O f Loss Of Heterozygosity F or Polymorphic Markers O n
The Short Aim of Chromosome 7 in  Sporadic Wilms Tumours.
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Table 4.6 Cytogenetic abnormalities of chromosome 7 in patients w ith 
W ilms tum our ; clinical correlates.

AUTHOR AGE
(M onths)

STAGE HISTOLOGY

This Thesis 28 4 FH
This Thesis 22 4 FH
This Thesis 12 1 FH

Solis et al 1988 and 
This Thesis

18 3 FH

Solis et al 1988 48 4 FH
Hewitt et al 1991 60 1 FH
Wilmore et al 1992 - 5
Pier et al 1995 48 2 FH
Wang- Wu et al 1990 54 4 FH
Wang- W uet al 1990 60 3 FH
Wang- Wu et al 1990 28 4 FH
Kaneko et al 1990 24 1 FH
Kaneko et al 1990 24 3 FH
Sawyer et al 1993 11 1 FH

33.6 St 1= 4 (29%) 
St 2 = 1 (7%) 
St 3 = 3 (21%) 
St 4 = 5 (36%) 
St 5 = 1 (7%)
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4.7 DISCUSSION
Loss of heterozygosity for polymorphic markers in tum our compared 

to constitutional DNA implies that the loss of such genetic material has a 
role in tumorigenesis. By contrast to adult malignancies, such as breast and 
colon cancer, where multiple chromosomal regions show LOH, allelic loss 
in Wilms tum our is restricted to a small num ber of loci (Devilee et al, 1991). 
Indeed, of 33 autosomal arms analysed for LOH, only two regions, the short 
arm of chromosome 11 and the long arm of chromosome 16, showed a 
significant degree of allelic loss in one study (Maw et al, 1986). Excluding 
loci on chromosomes 11 and 16, LOH was observed at less than 5% of the 
total num ber of informative loci analysed in these same tum ours (Maw et 
al, 1986). These findings suggest that LOH in Wilms tum our is a non- 
random  event occurring only in specific chromosomal regions. Cytogenetic 
studies have implicated chromosome 7 in Wilms tumorigenesis (Rivera et 
al, 1985) and, in particular, suggest the presence of a tum our suppressor gene 
at 7pl5 (Hewitt et al, 1991, Miozzo et al, 1996, Sawyer et al, 1993, Wilmore 
et al, 1994) [see table 4.5]. We therefore analysed a series of sporadic Wilms 
tum ours from a single institution for allelic loss on the short arm of 
chromosome 7. Four (10%) of 40 tumours showed LOH for polymorphic 
markers on 7p against a reported background frequency of LOH in Wilms 
tum ours of less than 5%, i.e. twice the background level reported for this 
particular tumour.(Maw et al, 1986). Molecular analysis revealed that all 4 
tum ours had allelic loss extending as far as D7S503 at the border of 7pl5-and 
7p21, this marker therefore, defines the shortest region of overlap. Two of 
the tumours had LOH limited to this region, GOS 96 and GOS 146, whilst 
the other two, GOS231 and GOS 44 had allelic loss extending distally to 7pl5 
and 7pl2 respectively. The shortest region of overlap is further defined by 
the discovery of a putative homozygous deletion including m arker D7S507 
in tum our GOS 44 that is not present in the constitutional DNA. In this 
same tumour, GOS 44, there was evidence for hemizygous allelic loss at 
marker D7S517, which lies distal to D7S507, and at D7S503 which lies 
proximal to the homozygously deleted marker. Marker D7S664, which maps 
in between D7S517 and D7S503, is not informative in this patient. According 
to the most recent mapping data, D7S517 and D7S503 are approximately 21.3 
cM apart. The evidence presented here, therefore, supports the presence of a 
tum our suppressor gene located between D7S517 and D7S503, the physical 
location of which is 7pl5-21 (Green et al, 1994, Tsui et al, 1995). These 
observations provide further evidence for the existence of a tum our
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suppressor gene on chromosome 7p that is causally involved in Wilms 
tumorigenesis. Other supporting evidence is provided by a molecular study 
of a patient w ith a Wilms tum our and bilateral nephrogenic rests (Wilmore 
et al, 1994), w ith nephrogenic rests being considered, by some, to be 
precursor lesions for Wilms tum our (Beckwith et al, 1990). This patient had 
a constitutional t(l;7) translocation interrupting the 7pl5 region (Hewitt et 
al, 1991). Cytogenetic analysis of the tum our revealed the retention of the 
translocation and an isochromosome of the long arm  of 7 (Wilmore et al, 
1994). It is possible that the constitutional translocation breakpoint 
interrupts a critical gene on 7pl5 representing the first hit, the rem aining 
normal copy of the gene at 7pl5 is then lost in the tum our resulting in the 
inactivation of both copies of a tum our suppressor gene at this locus. The 
constitutional translocation breakpoint from this patient has now been 
localised w ithin a YAC contig and lies between microsatellite markers 
D7S795 proximally and D7S683 distally [see figure 4.14] (Reynolds et al, 1996). 
The constitutional breakpoint in this patient therefore lies distal to the 
putative homozygous deletion in GOS 44.

LOH for markers on 7p have also been reported in other sporadic 
Wilms tum ours (Miozzo et al, 1996, Wilmore et al, 1994). Wilmore et al 
(1994) analysed a series of 23 sporadic Wilms tumours for LOH of markers 
on 7p by Southern blot analysis, reporting LOH for the 7pl4 to 7pter region 
in a bilateral tum our and trisomy for chromosome 7 in two other unilateral 
tum ours (Wilmore et al, 1994). Miozzo et al report cytogenetic abnormalities 
involving chromosome 7 in 3 of 11 sporadic Wilms tum ours (Miozzo et al,
1996). Molecular characterisation of these 11 tum ours using a panel of 
microsatellite markers revealed allelic losses or imbalance in 4 tumours. 
Three of 27 tum ours (27%) showed LOH for microsatellite markers on 7p 
and, although the extent of the allelic loss varied in length between these 
tumours, a common region of allele loss was identified between loci D7S528 
proximally and D7S510 distally in 7pl4-13 (Miozzo et al, 1996). The physical 
distance between these markers was estimated to be 25cM (Miozzo et al,
1996). However, the proximal and distal extent of LOH in these tum ours are 
not clearly defined; in one tum our (case 3) the distal extent of the region of 
allele loss has not been determined and in two other tum ours (cases 6 and 
8) the proximal and distal extent of LOH was inferred from cytogenetic data 
rather than by molecular analysis (Miozzo et al, 1996). Therefore, the true 
extent of the reported deletions in these tum ours remains unclear at present
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and it is uncertain whether there is any overlap w ith the region defined in 
our study.

One of the four tumours found to have LOH for 7p in the molecular 
study reported here, GOS 231, had previously undergone cytogenetic 
analysis, Solis et al (1988) reporting a t (7;ll)(pl5;q32) in this tum our (Solis et 
al, 1988). Molecular characterisation of this same tum our showed LOH for 
l lp lS  markers but retention of heterozygosity at l lp l3  (Wadey et al, 1990). 
LOH for l i p  markers in GOS 231 was unequivocal and consistent (Wadey et 
al, 1990), whereas, the cytogenetic abnormality was a frequent bu t not a 
universal finding (Solis et al, 1988). These findings suggest that loss of 
genetic material from l i p  preceded the cytogenetic abnormality (Solis et al, 
1988, W adey et al, 1990). The data presented here shows unequivocal LOH 
for 7p markers in GOS231, extending from 7pl5 to 7pter. By the same 
reasoning, LOH for markers from 7pl5 to pter m ust have arisen before the 
cytogenetic abnormality on the long arm of 7q -t(7;ll)(pl5;q32). This 
observation is consistent w ith the cytogenetic and molecular analysis of a 
num ber of Wilms tum ours in which the 7q abnormalities were considered 
to be a secondary event (Kaneko et al, 1991, Miozzo et al, 1996, Peier et al, 
1995, Rivera, 1995, Sawyer et al, 1993, W ang-Wuu et al, 1990, Wilmore et 
al, 1994).

The possibility of an association between cytogenetic an d /o r 
molecular changes on the short arms of chromosomes 7 and 11 is raised by 
the extensive study of tumour GOS231 and by two other reports in the 
literature (Wang-Wuu et al, 1990, Wilmore et al, 1994). A bilateral tum our 
analysed by Wilmore et al (1994) was noted to have LOH for markers on the 
short arms of chromosomes 7 and 11 at band p l5  (Wilmore et al, 1994). 
Wang-Wuu and colleagues (1990) reported w ith an isochromosome 7q(10) 
and a del l l (p l2  pl3) (Wang-Wuu et al, 1990). One other tum our, GOS 21, 
karyotyped in our laboratory by Solis and colleagues (1988) was found to 
have a cytogenetic abnormality involving chromosome 7 (Solis et al, 1988). 
Unfortunately, there was no constitutional DNA available for LOH studies 
as this patient had died of disease.

Clinical details are available on 14 patients w ith abnormalities of 7p 
and are summarised in table 4.6. The average age at onset of Wilms tum our 
is 34 months, considerably younger than expected for unilateral cases, 
raising the possibility of a Wilms tum our predisposition gene in this locus 
(Breslow et al, 1993). The distribution of stage-of-disease at presentation is 
also skewed towards presentation w ith higher stage disease, 36% of patients
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having stage 4 disease compared to around 10% in the National Wilms 
tum our studies and the United Kingdom trials (D'Angio et al, 1989, 
Pritchard et al, 1995). Although the numbers in this review are very small 
the possibility of an association between LOH for markers on 7p w ith earlier 
onset and more advanced disease is w orth further investigation in a larger 
num ber of patients.

LOH for markers on the short arm of chromosome 7 were found in 4 
of a series of 40 sporadic Wilms tum ours (10%). This observation provides 
supporting evidence for the presence of a tum our suppressor gene on the 
short arm of chromosome 7. Furthermore this study identified a common 
region of allelic loss between loci D7S517 and D7S503 w ithin which there 
was evidence for an interstitial deletion in one tum our, GOS 44. These 
findings define a critical region in 7pl5-21 in which a gene or genes 
involved in the genesis of Wilms tum our m ust lie.
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Chapter 5

A Cytogenetic and Molecular Genetic Study 

of Perlman syndrome
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5.1 INTRODUCTION
A number of rare, often complex, phenotypes that predispose to 

Wilms tum our are now recognised [section 1.3]. Subsequent cytogenetic and 
molecular characterisation of these syndromes has greatly increased our 
knowledge and understanding of the pathogenesis of this malignancy. For 
example, the identification and characterisation of structural chromosome 
rearrangem ents in patients w ith the WAGR syndrom e defined the genomic 
localisation of a Wilms tum our predisposition gene [sections 1.3 and 1.11]. 
Patients w ith the WAGR syndrome invariably carry a constitutional 
heterozygous deletion involving the short arm  of chromosome 11, del 
(ll)(p l3 ) (Riccardi et al, 1978). Whilst the extent of the deletions varies from 
patient to patient, the l lp l3  region represented the shortest, common 
region of overlap. Following considerable efforts, W Tl was isolated from 
this region as discussed in section 1.11 (Call et al, 1990, Gessler et al, 1990).

Perlman syndrome (PS) is characterised by fetal gigantism, distinctive 
facies, a high mortality rate in early life, mental retardation and renal and 
genito-urinary abnormalities including a high risk of developing Wilms 
tum our (Grundy et al, 1992). The facial features of Perlman syndrome - 
deep-set eyes, a short small nose with a depressed nasal bridge, an inverted 
V-shaped' upper lip w ith a serrated alveolar margin, low set ears and 
macrocephaly- are characteristic and differ subtly from those seen in WBS 
[section 1.3] (Elliot et al, 1994, Greenberg et al, 1988, Greenberg et al, 1986, 
Grundy et al, 1992, Hamel et al, 1989, Neri et al, 1984, Perlman, 1986, 
Perlman et al, 1973, Perlman et al, 1974) Furthermore, facial flame naevus, 
ear creases or pits, found widely in WBS, have not been noted in Perlman 
syndrome.

Disordered growth in Perlman syndrome is manifest by 
macrocephaly, macrosomia, nephromegaly, hepatomegaly and islet cell 
hyperplasia, all of which are common (Greenberg et al, 1988, Greenberg et 
al, 1986, Grundy et al, 1992, Hamel et al, 1989, Neri et al, 1984, Perlman, 
1986, Perlman et al, 1973, Perlman et al, 1974). Hem ihypertrophy and 
adrenal cortical cytomegaly have not been reported in Perlman syndrome 
nor have macroglossia or omphalocele, two of the cardinal features of WBS 
(Elliot et al, 1994, Grundy et al, 1992, Pettenati et al, 1986)

In WBS, unrecognised hypoglycaemia was held responsible for the 
fatal course of several patients (Irving, 1970) and up to 50% develop 
symptomatic hypoglycaemia (Elliot et al, 1994). Perlman syndrome is also
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associated with islet cell hyperplasia which can cause hypoglycaemia. One 
patient w ith Perlman syndrome died after a seizure, possibly due to 
hypoglycaemia, at 8 months of age, post natal hypoglycaemia has also been 
documented in other patients (Grundy et al, 1992, Neri et al, 1984) and may 
be persistent (Hermann and McAllister, 1995). Mental retardation has been 
reported in three of the four (75%) survivors w ith Perlman syndrome, 
compared to an estimated 12% in Wiedemann-Beckwith syndrom e (Elliot 
et al, 1994, Engstrom et al, 1988). Although neonatal hypoglycaemia may 
play an im portant role in subsequent mental retardation in Perlman 
syndrome, it is clearly not the sole explanation for the intellectual handicap. 
It is possible that there is genetic basis, for example, due to the presence of 
cytogenetic abnormalities (Turleau et al, 1985).

Both WBS and PS can present w ith obstetric complications. 
Polyhydramnios, for example, occurred in 45% of pregnancies in Perlman 
syndrom e and in 33% of pregnancies in W iedemann-Beckwith syndrome 
(Elliot et al, 1994). The suggested mechanism for polyhydramnios in 
Wiedemann-Beckwith syndrome is im paired swallowing secondary to 
macroglossia (Engstrom et al, 1988). In Perlman syndrome, however, 
macroglossia has not been reported and so another, as yet undeterm ined, 
factor m ust be responsible. Pregnancy was complicated by polyhydramnios 
in six cases resulting in fetal or neonatal death in four. Only 4 patients with 
Perlman syndrome have survived the neonatal period, the cause(s) of this 
extremely high neonatal death rate is unknown.

Wilms tum our has developed in six of 14 ( 42%) patients w ith PS, 
bu t the incidence may be very much higher considering that more than 50% 
of patients w ith this condition die in the neonatal period. The m ean and 
median age at diagnosis in Perlman syndrome was 8 m onths compared to 
mean ages of 41 months for sporadic unilateral disease, 30 months for 
bilateral disease and 31 months in Wiedemann-Beckwith syndrom e (Elliot 
et al, 1994, Greenberg et al, 1988, Hamel et al, 1989, Hou et al, 1961, Grundy et 
al, 1992, Breslow et al, 1993, Greenberg et al, 1986, Neri et al, 1984). Bilateral 
disease was present in 2 of the 6 cases, 33%, compared to 5% of cases in the 
NWTS group. The high incidence of bilateral disease and
of nephroblastomatosis as well as the early age at onset are characteristic 
features of a genetic predisposition to Wilms tumour. By contrast to WBS, 
Wilms tum our is the only tum our type so far reported in patients w ith 
Perlman syndrome. This apparently specific predisposition may reflect

243



either a higher incidence of nephroblastomatosis - a possible precursor of 
Wilms' tum our - or a more specific genetic predisposition, perhaps 
involving one or more "Wilms gene (s)". We feel that the apparently tight 
association between Perlman syndrome and WT is an im portant 
observation (Grundy et al, 1992). Although WBS is considered a Wilms 
tum our predisposition syndrome, the relatively m odest incidence of Wilms 
tum our in patients w ith this condition suggests that m utation of the gene or 
genes responsible for this syndrome is not the prim ary tumorigenic event 
and that m utations in other genes are critical for tum our initiation.

The phenotype of Perlman syndrome is complex, raising the 
possibility that, in keeping w ith other such conditions such as WAGR, a 
structural cytogenetic abnormality might underlie this condition and 
provide further clues for the localisation of other genes involved in Wilms 
tumorigenesis. The identification of a second patient w ith Perlman 
syndrome, reported in this thesisjenabled a detailed cytogenetic and 
molecular study to be undertaken in 2 patients w ith Perlman syndrome.
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52 RESULTS.

5.2.1 Case history of patient ZA*.
A 14 m onth old Kuwaiti child was referred for evaluation of an 

abdominal mass detected at a routine clinic visit. She is the first liveborn 
child of a first cousin marriage, 2 previous pregnancies having ended 
prem aturely for unknown reasons. The m other had therefore taken 
progesterone throughout this pregnancy which was complicated by 
polyhydramnios. Birth weight was 3.9 kg (90th centile). There was no 
hypoglycaemia or other neonatal complications. At 14 m onths of age 
development was slightly delayed; she was not yet walking, d id  not have a 
pincer grasp and had no formed words. Facial features included an everted 
upper lip, deep set and wide spaced eyes, a broad depressed nasal bridge and 
low-set ears [see figure 5.1 b]. The abdominal wall was distended with 
divarification of the recti bu t no exomphalos. Bilateral flank masses could 
be easily palpated. Radiological examination confirmed the presence of 
bilateral renal masses with no obvious métastasés. A left lower pole renal 
lesion measured 5 cm in diameter and extended up to the renal pelvis. The 
right lower pole was similarly affected, though the mass w as more lateral. 
Two small focal lesions were also noted in the right upper pole. Renal 
biopsies revealed triphasic favourable histology Wilms' tum our in the 
lower pole specimens and superficial nephroblastomatosis in  the right 
upper pole. Chemotherapy, vincristine and actinomycin-D, was given 
according to the United Kingdom Children's Cancer Study Group Wilms' 
protocol, for a total period of 9 months. Limited bilateral lower pole 
nephrectomies were performed after 3 m onths of chemotherapy. Complete 
excision was confirmed histologically and there was no nodal involvement. 
However, 9 months off therapy a 5 cm tum our, arising from the anterior 
surface of left kidney, was found on ultrasound scan. Doxorubicin, 
vincristine and actinomycin-D therapy was started w ith a good response and 
partial nephrectomy was possible 2 months later. Histology showed 
complete excision of an encapsulated tum our w ith extensive necrosis. 
Adjacent lym ph nodes were negative. No radiotherapy was given and 
treatment completed w ith a total of 8 courses of triple chemotherapy. The 
child is currently well and disease free. She is still developmentally delayed 
being 1 year behind expected 'milestones'.
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Figure 5.1a and 5.1b Facial features of two patients with Perlman syndrome 
SC and Z A .

5.1a ; SC

Figure 5.1 b : ZA

This figure show s the characteristic facial features of Perlman syndrom e - deep-set eyes, a 

short small nose with a depressed nasal bridge, an inverted 'v-shaped' upper lip w ith a 

serrated alveolar margin and low  set ears.
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5.2.2 Patient SC
Patient SC, was the sole survivor described in our previous report 

(Grundy et al, 1992) She was born at 43 weeks gestation of healthy unrelated 
parents. The birth weight was 4.43 Kg. (>90th centile) and head 
circumference 38 cm (> 90 th centile). Mild jaundice and hypoglycaemia, not 
requiring treatment, occurred in the neonatal period. At 10 m onths of age, 
developmental delay and hypotonicity were documented and a num ber of 
dysmorphic features including a short nose w ith depressed bridge, deep-set 
eyes and an everted upper lip were noted (see figure 5 .1a). The child was 
initially thought to have WBS.

Abdominal examination revealed diastasis recti and an enlarged left 
kidney which was confirmed by abdominal ultrasound. Com puted 
tomography scan showed a solid space-occupying lesion in the left kidney; 
the right kidney did not look normal although no discrete mass was seen. 
Biopsy showed Wilms' tum our w ith no unfavourable histology in the left 
kidney and nephroblastomatosis in the right. Triple chemotherapy 
(Doxorubicin, Actinomycin-D and Vincristine) were given. "Second look" 
laparotomy was performed 6 months after diagnosis and m ultiple renal 
biopsies, from both kidneys, showed nephroblastomatosis only. 
Chemotherapy was continued for another 6 months. No radiotherapy was 
given. The child is now well, aged 4 and half years, is now 36 months off 
treatment. She is developmentally delayed and currently under assessment 
for "special needs" schooling.

*In order to m aintain patient confidentiality, the initials ZA and SC are used 
throughout this thesis.
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Table 5.1 Comparison of the phenotypic features of WBS and PS

C lin ica l Features Frequency in  Perlman 
syndrom e (13 cases) % ^

Frequency in  W iedem ann- 
B eckw ith syndrom e % ^

G eneral features
P olyhydram nios 38 50
N eon ata l death 62 -
M ental retardation 75 12
E xom p h alos/U m b ilica l
h ern ia

0 75

H em ih yp ertrop h y 0 12.5
M acrosom ia 100 38
H ep atom ega ly 77 32
Islet cell hyperplasia 54 30
G enito-urinary system
N ep h rom ega ly 85 95
C ryptorchidism 100 +
N ep h rob lastom atosis 76 -
W ilm s tumours * 46 6
M icropenis 40
H yp o sp a d ia s 20
Facial features #
M acrocephaly > 90 centile 90 -

M icrocephaly 0 12
Facial flam e naevus 0 32
D eep set eyes 85 38
Broad nasal bridge 92 -
Low  set ears 62 -
Ear lobe abnorm alities 0 38
M acroglossia 0 82
Everted upper lip 62 -

* A ll 4 surviving children developed  WT. A 5th child w as found to have WT at autopsy aged  

4 days, the 6th bilateral d isease at autopsy aged 8 m onths.

# Craniofacial dysm orphia includes maxillary hypoplasia, prom inent occiput, prom inent 

epicanthic folds, prom inent eyes, long philtrum and thin upper lip.

1. R eferences (Greenberg et al, 1988, Greenberg et al, 1986, G rundy et al, 1992 , N eri et al, 

1984, Perlman, 1986, Perlman et al, 1973, Perlman et al, 1974)

2. References (Elliot et al, 1994, Kosseff et al, 1976, Pettenati et al, 1986)

5.2.3 CYTOGENETIC ANALYSIS IN PERLMAN SYNDROME PATIENTS.

5.2.3.1 Giemsa banded chromosome studies
Because complex phenotypes are often associated w ith constitutional 

chromosome abnormalities, the constitutional karyotype of both PS 
patients, ZA and SC were analysed following conventional Giemsa-banding
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(Benn and Perle, 1986) [section 2.12.1]. There was evidence for heterozygous 
asymmetry of the l lp l5  region in both patients [figure 5.2]. Because of the 
generally weak staining of the llp lS  region by Giemsa, it was not possible to 
define this apparent cytogenetic abnormality further by G- band analysis.

Figure 5.2 G-banded homologues of chromosome 11 from patient ZA.

f t
The banding profile shows asymetry of the 
short arm of chromosome 11 as arrowed.

S.2.3.2 Differential replication staining

Representative replication banded chromosome 11 homologues from 
both SC and ZA respectively are shown in figures 5.3 and 5.4, again 
suggesting a cytogenetic abnormality in the l lp l5  region [see section 2.13.2]. 
Although this provided further evidence for a chromosomal abnormality 
in the l lp l5  region, the nature of this abnormality could not be clearly 
determined from the karyotypic changes alone. Fine structure analysis of the 
l lp l5  region was therefore undertaken in both PS patients by fluorescent in 

situ hybridisation (FISH), using a number of cosmid probes for this region.

5.2.4 Generation of Lymphoblastoid cell lines
In order to provide a renewable supply of patient material, white 

blood cells were transformed by the introduction of Epstein-Barr virus 
(EBV) into the cell, which results in immortalisation. This service was 
fortunately provided by the ICRF cell culture laboratory.
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Figure 5.3 Replication banded homologues of chromosome 11 from 
patient SC

Figure 5.4 Replication banded homologues of chromosome 11 from 
patient ZA.

f i

« 2
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5.2.5 Generation of somatic cell hybrids from Perlman syndrom e patients.
The presence of a cytogenetic abnormality involving chromosome 11 

in patients SC and ZA prom pted an attem pt to make somatic cell hybrids 
(SCHs), aiming to produce a hybrid clone which contained the abnormal 
chromosome 11 as the sole hum an genetic component. The availability of 
such a cell line would aid further analysis of this abnormality. Despite 
several attempts to produce somatic cell hybrids from lymphoblastoid cell 
lines form ZA and SC, it was not possible to produce sustainable hybrids.
The reason for this repeated failure was not clear, especially as chromosome 
11 is usually preferentially retained. The possibility that the presence of a 
cytogenetic abnormality prevented generation of hybrids was thought 
unlikely to be the cause as a SCHs had successfully been generated from 
other patients carrying abnormalities of l lp l5  (Henry et al, 1989).

5.2.6 Generation of cosmid probes for l lp l5
A num ber of single copy probes for chromosome 11 had previously 

been isolated in our laboratory, two of these , L29 and L163, had previously 
been assigned to the distal l lp l5  region during a routine m apping 
programme in this laboratory [table 5.2] (Wadey et al, 1990b). These m ap 
positions were confirmed by Mannens et al (1991), m apping L I63 to llp l5 .3  
and L29 to l lp lS .l  (Mannens, 1991). Furthermore, a collaborative group 
found that locus-specific cosmids for L29 and L I63 m apped close to 
breakpoint cluster regions in patients w ith W iedemann-Beckwith syndrome 
[see Chapter 6] (Mannens, 1991).

Table 5.2 Features of unique sequence probes from l lp l5

Probe Cloning site Size Location

L29 Hind III 2.6 Kb l lp l5
L163 Eco R1 4.4 Kb l lp l5

In order to generate cosmid probes from L29 and L163 , the ICRF 
chromosome 11 specific library was screened [section 2.8.1]. Cosmid clones 
that shared homologous sequences to the single copy probes, L29 and L63, 
were identified by hybridising radioactively labelled probes against the 
cosmid library in conjunction w ith labelled La wrist vector [figure 5.5a]
(see section 2.8.1). Because is a more energetic label, the cosmid clones
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which hybridise to the probe are identified by a more intense signal than the 
overall labelled background [figure 5.5b]. Each filter contains 144x144 
cosmids grided in 6x6 arrays such that the X and Y co-ordinates of the clones 
showing a positive signal can then be determined [figure 5.5].

252



Figure 5.5 Screening the ICRF chromosome 11 library using probe L163
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Figure 5.6 Photograph of an Eco RI digest of the cosmids identified on 
primary screening of the ICRF chromosome 11 cosmid library using single 
copy probe L163
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5 units o f  E c o R l w as added to 1 p g  o f  cosm id  D N A  under a layer o f  
m ineral o il and incubated overnight at 3 7 “C. T he d igested  co sm id  D N A  
w as then run throough a 1% agarose gel for 16 hrs. H H R  ladder w a s used  
to determ ine the m olecular size  o f  the d igested  D N A  fragm ents. T he ruler 
is  p laced  a longside the gel so  that the s ize  o f  the bands on the subsequent 
autoradiograph can be determ ined.
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Figure 5.7a Secondary screen of locus-specific cosmids identified by the L163
probe

I I I I 5

4.4 kb

This photograph shows a Southern blot of EcoRl digest of cosmid clones 
identified from the primary screen of the ICRF Chromosome 11 cosmid library
hybridised with labelled L I63 probe. In 4 of the 5 cosmids the 4.4kb
unique L163 fragment is identified by secondary screening.

The positive clones were then requested from the ICRF Genome 
Analysis laboratory, and were then cultured in the appropriate media, 
usually LB (see section 2.2.4). Five possible positive clones were identified 
for LI63 and seven for L29. A summary of this data is shown in table 5.3.
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Figure 5.7b Secondary screen of locus-specific cosmids identified by the L29
probe

2 ^ ^  R5 3 8 g S 3
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2.9kb •i • •

This photograph shows a Southern blot of HIND III digest of cosmid 
clones identified from the primary screen of the ICRF Chromosome 11
cosmid library hybridised with labelled L29 probe. In 5 of the 7 
cosmids the 2.9kb unique L29 fragment is identified by secondary 
screening.
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Table 5.3 Cosmid clones identified by primary and secondary screening,
Prim ary screen 
(L163)

Secondary screen 
(L163)

Primary screen 
(L29)

Secondary 
screen (L29)

D4186 YES A1230 YES
E0846 YES A8134 YES
E031 NO D1199 YES
F12195 YES H11146 NO
G1085 YES H04123 YES

C102 NO
C108 N O

In order to confirm that the cosmids shown in table 5.3 contained the 
relevant single copy sequences used to isolate them, cosmid DNA from 
each clone was purified and cut w ith the appropriate restriction 
endonuclease to release the single copy fragment [see sections 2.3.1 and 2.7.1]. 
For example, L29 cosmids were cut with Hind III and L I63 cosmids by Eco 
R1 . The digested cosmid DNA was then separated on an agarose gel, a 
representitve result for probe L163 is shown in figure 5.6. The DNA was 
transferred to Hy-bond membrane for Southern analysis as described in 
section 2.7.2. Radioactively labelled probes P^P), L29 and L I63, were then 
hybridised against the membrane to which the DNA from the cosmid digest 
was attached [section 2.7.3]. Following hybridisation the membranes were 
washed to remove unbound radioactivity and exposed by autoradiography 
[see section 2.7.3.3]. Four of 5 potential cosmids identified on prim ary 
screening w ith L I63 were confirmed as 'true positives' [Figure5.7a]. Since 
E031 did not show any hybridisation signal it was clearly a false positive in 
the original screen [Figure 5.7a]. For L29, three of the clones detected by the 
initial screening turned out to be false positives. C l02, C108 and H I 1146, 
showing no hybridisation on secondary screening [Figure 5.7b and Table 5.3]. 
Having isolated a subset of cosmids which contained sequences specific for 
L163 and L29, FISH experiments were conducted in which these cosmids 
were hybridised against metaphase spreads from both patients w ith Perlman 
syndrome [see sections 2.13 and 2.14]. Cosmid DNA was made by the 
modified alkaline lysis method [section 2.3.1, 2.4 and 2.5]. The purity of the 
DNA assessed by running an aliquot on a 1% agarose gel [section 2.6]. Ideally 
the cosmid DNA should be free from RNA and show no evidence of 
degradation. RNA-contaminated probes were found to give higher levels of

257



non-specific fluorescent background and hybridised less efficiently against 
the metaphase chromosome spreads. The purified DNA was quantified by 
dot blot estimation and diluted to a working concentration of lOOngjil 
[section 2.5]. In my experience, the purity of the DNA appeared to be one of 
the most im portant parameters influencing the efficiency and specificity of 
the hybridisation signal. Careful cosmid DNA preparation, therefore, was 
very im portant.

5.2.8 n S H  STUDIES IN PERLMAN SYNDROME

5.2.8.1 Analysis of metaphase spreads from SC and Z A using whole 
chromosome 11 paints

To exclude the possibility that the cytogenetic abnormality in l lp l5  
was secondary to a translocation of material from chromosome l i p  to 
another chromosome, a whole chromosome paint, specific for chromosome 
11, was used. As seen in figure 5.8, both chromosome 11 homologues from 
SC and ZA paint uniformly w ith no material from chromosome 11 visible 
on any other chromosome.

5.2.8.2 FISH using Cosmid probes for l lp lS
To establish whether L29 and L I63 cosmids hybridised efficiently in 

FISH studies, and were not chimeric, they were initially hybridised against 
metaphase spreads from individuals w ith a normal karyotype. For each of 
the locus-specific L29 and LI 63 cosmid probes, ten random ly chosen 
metaphase spreads were analysed for the presence of hybridisation signal. 
The L29 locus-specific cosmid probes A8134 and H04123 were found to 
produce the brightest and most consistent fluorescence, hybridising to all 10 
metaphase spreads examined. Likewise, locus-specific cosmid probes D4186 
and E0846 were selected for L I63. Representative m etaphase chromosome 
spreads after FISH with locus-specific cosmids A8134 and H04123 (L29) and 
D4186 and E0846 (LI63) are shown in figure 5.9. These cosmids were then 
used in FISH studies against metaphase spreads from SC and ZA. In initial 
experiments it appeared that locus-specific cosmids from both L163 and L29 
were absent from one homologue of chromosome 11 suggesting that SC and 
ZA carried a heterozygous deletion in l lp l5  [figures 5.10]. To establish the 
extent of this heterozygous deletion the
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Figure 5.8 Analysis of metaphase spreads from SC and ZA 
using whole chromosome paint for chromosome 11

The whole chromosome paint hybridises to both copies of chromosome 
11 (yellow) with no evidence for relocation of chromosomal material in 
either ZA or SC.
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Figure 5.9 Locus-specific cosmid probes for L163 (D4186 and E0846) and L29 (A8134 
and H04123) hybridised against metaphase spread from a normal individual.

D4186 E0816

A8134 H04123

2 6 0



Figitre 5.10 Locus-specific cosmid probes for L163 and L29 hybridised against 
representitive metaphase chromosome spreads from an individual with a normal 
karyotype (left) and patient with Perlman syndrome ZA(right ).

The locus-specific cosmid probes for L163 and L29 hybridise to both homologues of 
choromosome 11 in figure 5.8 a and c. In the Perlman syndrome patient fluorescent 
signal for both L29 and L163 are present on only one chromosome 11 homologue which 
is consistent with deletion involving these loci in band pl5 of chromosome 11 [figure 
5.8 b and d] .
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presence or absence of other cosmids from the l lp lS  region was 
systematically analysed.

S.2.8.3 M apping the putative deletion in Perlman syndrom e
Considerable effort is being directed towards the construction of high 

resolution m aps of the short arm of chromosome 11 (van Heyningen and 
Little, 1995). Collaborating investigators in Amsterdam were working on a 
cytogenetic and pulse-field map of l lp lS . This map was constructed using 
cell lines established from patients w ith duplications, deletions and 
translocations or inversions of varying segments of l i p  (Redeker et al, 1994). 
The duplications and translocations or inversions were derived from 
patients w ith WBS (Mannens et al, 1994, Redeker et al, 1994, Waziri et al, 
1983) and the deletions from patients w ith aniridia (Gilgenkrantz et al, 1982, 
Glaser et al, 1989, Lavedan et al, 1989, Mannens et al, 1991, Redeker et al, 
1994). Using this panel of patient-derived cell lines the short arm of 
chromosome 11 was divided into 18 distinct regions w ith region I lying 
m ost telomeric and region XVIII most centromeric [figure 5.11]. Using this 
panel of patient-derived cell lines, Mannens and colleagues m apped a 
num ber of locus-specific cosmids into each of the 18 regions (Mannens, 1991, 
M annens et al, 1994, Redeker et al, 1994). W ithin each region it was also 
possible to order some of these cosmids w ith respect to the others (Mannens, 
1991, Mannens et al, 1994, Redeker et al, 1994). From these maps and 
personal communication with Marcel Mannens, it was established that L163 
(D11S517) m apped to region V and that L29 (D11S501) m apped to region VII. 
Therefore, the initial FISH studies, using locus-specific cosmids from both 
the L163 and L29 loci, suggested a heterozygous deletion involving regions 
V and VII of chromosome l lp l5 . In order to investigate the extent of this 
putative deletion further, cosmids for regions I to V and VII to XII were 
obtained from Drs Peter Little, Marcel Mannens and Mike James [see table 
2.13], and used in a series of FISH experiments against metaphase spreads 
form ZA and SC.

A series of four cosmids (G0878, B0569, H0221 and H0514), which 
apparently contained the IGF2 gene, had been identified in the ICRF 
chromosome 11-specific library (Nizetic et al, 1993). This original assignment 
had not, however been confirmed. Using the P2 - P3 prim er pair [Table 5.4] 
described by Ogawa et al, derived from the 3' untranslated region of the IGF2 
gene (Ogawa et al, 1993a), it was possible to demonstrate, using PGR, that the 
expected 292 bp product was present in all of these cosmids. FISH
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dem onstrated a fluorescent signal in the l lp lS  region from normal 
chromosomes using all four IGF2 locus-specific cosmids. Two of these 
probes, H0221 and H0514, were selected and hybridised against metaphase 
chromosome spreads from ZA and SC [figure 5.12]. As IGF2 maps to region 
n  of l ip ,  i.e above L I63 in region V (Redeker et al, 1994), the putative 
deletion m ust (a) be interstitial and (b) have its origin between region II and 
V.

Table 5.4 PGR Primers for the IGF2 gene.

P2 P3 A nnealing 
Temp. *C

[Mg 2+] 
m m ol

Product
size

CTTGGACTTTGA
GTCAAATTGG

GGTCGTGCCAAT
TACATTTCA

56 1.5 292 bp
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Figure 5.11 The short arm of chromosome 11 showing the relative order of 
probes assigned by FISH and pulse field gel electro phoresis (Redeker et al, 
1994).
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Figure 5.12 Locus-specific cosmid probes for IGF2 hybridised 
against me ta phase chromosome spreads from SC and ZA

SC IGF2

Z A  IG F2

A normal hybridisation pattern is seen using locus-specific 
cosmid probes for IGF2 in SC and ZA.
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Figure 5.13 Locus-specific cosmids for regions II 
and IX hybridised torepresentativemetaphase 
chromosome spreads from ZA

D S724

D11S475

Locus-specific cosmid signal, D11S724, was absent from one 
homologue in both ZA and SC defining tlie telomeric extent of tlie 
interstitial deletion, whilst the normal hybridisation signal was seen on 
both cl-u-omosome 11 homologues with cosmid D11S473.
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To approach the putative deleted region from both the telomeric and 
centromeric sides, cosmids from regions III and XII were used in FISH 
studies against metaphase chromosome spreads from ZA and SC. The 
presence of the cosmid probes on both chromosome 11 homologues, in each 
region tested, excluded this particular region from the deletion. Sequential 
FISH experiments identified probes D11S724, in region HI, and D11S475, in 
region Vn as the flanking markers [Figure 5.13]. D11S724 and D11S475 
m apped telomeric to and immediately centromeric to the L I63 (D11S517) 
and L29 (D11S501) loci respectively as seen in figure 5.11. From these results, 
and the available maps generated from PFGE and FISH studies, the size of 
the deletion was estimated to be approximately 9 Mb [see figure 5.11] 
(Mannens, 1991, Mannens et al, 1994).

5.2.9 Polymorphic studies in Perlman syndrome
In order to confirm the deletion as shown by FISH studies 

molecularly, a num ber of polymorphisms in the fi-globin cluster were used. 
According to the maps of l i p  15 available at that time the B-globin cluster 
m apped in the m iddle of the putative deletion, lying centromeric to L163 
but telomeric to L29 [see figure 5.11]. The haemoglobin fi-chain 
polymorphisms are detected using PGR and are revealed by digesting the 
PGR product w ith the appropriate restriction enzyme as detailed section 
2.7.1. The primer pairs were the kind gift of Dr J Old at the John Radcliffe 

Hospital Oxford [Table 5.5]. All 9 available HBB polymorphisms were tested, 
but only one marker was informative in one of the two families. Using the 
primer pair 176 and 38, a 475bp product is produced by PGR. The 
polymorphism  is revealed by digestion with H i n f l . At an informative 
locus, two constant fragments, 219 bp and 108 bp (alleles 2 and 4), are 
released, at a non-informative locus a 320 bp fragment plus a constant 155 bp 
fragment (alleles 1 and 3) are detected. ZA had inherited allele 2 and 4 from 
her father and allele 1 and 3 from her mother as shown in figure 5.14. The 
inheritance of a deletion from the parent would appear as homozygous loss 
of a polymorphic allele, whilst a de novo deletion w ould appear as a 
heterozygous loss. From this polymorphic study, there was no evidence for 
a deletion at the fi-globin cluster in ZA. These studies were therefore 
extended using a num ber of highly polymorphic microsatellite repeat 
markers that had been m apped to the short arm of chromosome 11 using a 
chromosome 11 only radiation hybrid (RH) m apping
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Table 5.5 Haemoglobin fi- chain cluster PCR polymorphisms

Enzym e and Primer 
N um bers

5’ primer 3' primer product
size

A bsence o f site Presence of 
site

PCR
conditions

H IN D n
126+127

TCTCTGTTTGATGA
CAAATTC

AGTCATTGGTCAAG
GCTGACC

760 bp 760 bp 314 bp  
446 bp

5 5 'C 
30 cycles

H IN D IU
8+9

AGTGCTGCAAAGA
AGAACAACTACC

CTCGCATCATGGGC
AGTGAGCTC

323 bp 323 bp 235 bp 
98 bp

65 “C 
36 cycles

H IN D IU  
128 +129

ATGCTGCTAATGCT
TCATTAC

TCATGTGTGATCTC
TCTCAGCAG

635 bp 635 bp 327 bp 
308 bp

55 “C 
34 cycles

H IN D U
12+13

TCCTATCCATTACT
GTTCCTTGAA

ATTGTCTTATTCTAG
AGACGATTT

794 bp 794 bp 687 bp 
107 bp

60 “C 
36 cycles

H IN D U
54+55

G TA C TC A TA C nTA
AGTCCTAACT

TAAGCAAAGATTAT
TTCTGGTCTCT

914 bp 914 bp 480 bp 
434 bp

58 "C 
36 cycles

A V A II  
12 +13

ATTGCTTTAGAT
AGATACGCC

GCCATATAGCAG
ACCGAGAATA

794 bp 794 bp 442 bp 
352 bp

6 0 'C 
38 cycles

HINF I GTGGTCTACCTTGG
ACCCAGAGG

TTCGTCTGnTCCCA
TTCTAAACT

638 bp 336 bp
+ Constant fragments 
of 301 bp

213 bp 
123 bp

5 2 'C 
36 cycles

A V A II  
85 + 11

GTGGTCTACCCTTG
GACCCAGAGG

TTCGTCGGTTTCCC
ATTCTAAACT

328 bp 328 bp 227 bp  
101 bp

6 0 'C 
34 cycles

HINF I 
176 +38

GGAGGTTAAAGTTT
TGCTATGCTGTAT

GGGCCTATGATAGG
GTAAT

475 bp 300 bp + constant 
fragment o f 155bp

219 bp  
108 bp

6 0 'C 
36 cycles

268



Figure 5.14 Perlman Family studies of polymorphisms within the C-globin
cluster.

I

475bp

P o st re s tr ic tio n  e n d o n u c le a se  d ig e stio n  w ith  H IN F  1

§ W W W  ̂ I ^

320bp - 

219bp- 

155bp- 

108bp -
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panel (James et al, 1994, Richard et al, 1991). Jl, is a hamster hybrid cell line 
that contains hum an chromosome 11 as the only hum an material (Kao et 
al, 1976). A panel of human-hamster radiation hybrid cell lines was 
subsequently generated by X-irradiation of the Jl cell line, each radiation cell 
hybrid carrying different parts of chromosome 11 [see section 1.10 and 
Chapter 4] (James et al, 1994, Richard et al, 1991). At this time Dr Mike James 
working at Centre d'Etude du Polymorphisme Hum ain (CEPH) in Paris was 
engaged in m apping a large number of polymorphic microsatellite repeat 
m arkers to chromosome 11 against the Jl hamster RH panel. The resultant 
map was subsequently published with a total of 506 sequence tagged sites 
(STSs) m apping to both arms of chromosome 11 which reportedly gave 
complete coverage of chromosome 11 (James et al, 1994). Of the 506 STSs, 300 
were ordered with respect to one another with odds of at least 3, i.e. 1000:1, 
while 100 others were ordered with odds of 100:1. The m inimum criteria for 
inclusion in the map was a LCD score of at least 3 w ith more than one other 
locus [see section 1.10]. The chromosome 11 RH map compared favourably 
w ith the recent genetic m ap produced by Genethon (Gypay et al, 1994, James 
et al, 1994). Working with Dr Mike James at CEPH, an ordered panel of 
microsatellite repeats that m apped to the short arm of chromosome 11  ̂ and 
included the putative deleted region, were tested by PCR amplification of 
constitutional DNA from the individual members of both Perlman families 
[section 2.12]. The oligonucleotide primers pairs for this panel of 
microsatellite loci are detailed in table 5.7, along w ith the optimal PCR cycle 
conditions. The PCR product was checked on an agarose gel to ensure 
amplification of the template DNA for each polymorphic locus [section 2.6 
and 2.9]. The PCR product was then run  on a denaturing gel in order to 
separate the allelic bands [section 2.12]. These were denatured, transferred to 
hybridisation membranes and the relevant microsatellite loci revealed by 
hybridisation using a labelled (CA)n repeat probe [section 2.7]. The 
membranes were washed to remove excess radioactivity [section 2.7] and 
exposed to X-ray film. The resultant autoradiographs were then analysed.
All 10 available microsatellite markers m apping to the region of the 
putative deletion on l lp l5  were tested and representative results of the 
analysis are shown in figure 5.15 and table 5.6.
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Figure 5.15 P dym orphicstudies in  Perlman syndrome using a
panel of microsatellite repeats mapping to llp l5 .
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Figure 5.16 Polymorphic studies in Perlman syndrome using
a panel of microsatellite repeats mapping to llp lS .
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Figure 5.17 Polymorphic studies in Perlman syndrome using a
panel of microsatellite repeats mapping to llp l5 .
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+ + +

+ +

Microsatellite repeat analysis revealed that markers between 
D11S1363 and D11S1323, including IGF2 were not deleted in either ZA or SC
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as shown in figure 5.12. This confirms the FISH study using locus-specific 
cosmids to the IGF2 locus. Marker D11S932, however, was not informative 
in either patient/fam ily and it was therefore impossible to determine 
whether this region was deleted in either patient. Although there was 
evidence for allelic variation at locus D11S1331 in both families, it is not 
possible to determine whether there was allele loss in either ZA or SC. The 
next most centromeric marker to D11S932, that was informative, was 
D11S1329 and there was no evidence of a deletion at this locus nor at 
D11S1346. The estimated distance between D11S1331 and D11S1329 was 90cR, 
where 1 cR was equal to approximately 50 Kb, corresponding to a physical 
distance of 4-5 Mb. Interestingly, a 5 Mbp deletion is at the border of 
cytogenetic resolution and furthermore, three potential candidate genes had 
been m apped to this region; RBTN 1, ST5 and WEEl (James et al, 1994). The 
region between D11S1331 and D11S1329 also coincided w ith the proximal 
cluster of breakpoints associated w ith translocations and duplications from 
Wiedemann-Beckwith syndrome patients (Mannens et al, 1994). This 
observation was intriguing given the phenotypic similarities between 
Perlman and Wiedemann-Beckwith syndrome. From visual inspection of 
the physical FISH and pulse-field based m ap (Mannens, 1991, Redeker et al, 
1994) and the RH based map (James et al, 1994), it appeared that the L29 locus 
m apped within this newly defined 5 Mb region. If this were so, there would 
be sufficient evidence to embark on a detailed m apping excursion of this 
region in order to find the gene(s) responsible for Perlman syndrome.
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Table 5.6 Results of microsatellite systems tested in Perlman syndrom e 
patients.

Microsatellite
m arker

Physical location In fo rm ative / 
Allele loss in ZA

Info rm ative / 
Allele loss in SC

D11S1363 llp l5 .5 N ot Informative Inconclusive/ No 
Deletion

D11S922 llp l5 .5 Informative /  
No Deletion

Informative /  
No Deletion

TH llp l5 .5 Informative /  
No Deletion

Informative /  
No Deletion

INS - IGF2 llp l5 .5 Informative /  
No Deletion

Informative /  
No Deletion

D11S1338 llp l5 .4 Inconclusive Inconclusive

D11S1323 llp l5 .4 Informative /  
No Deletion

Informative /  
No Deletion

D11S1331 llp l5 .4 Inconclusive Inconclusive

D11S932 Ilp l5 .4 /llp l5 .3 N ot inform ative N ot inform ative

D11S1329 llp l5 .3 Inconclusive /  
No deletion

Inconclusive /  
No deletion

D11S1346 llp l5 .3 N ot informative Informative /  
No Deletion

K EY :

Inform ative m eans the alleles can be traced through the fam ily  

Inconclusive m eans that although the fam ily are probably inform ative at that locus, 

it is difficult to trace the alleles due to difficulties in interpretation o f the autoradiograph. 

The presence of both alleles at any g iven  locus in ZA or SC excludes the possibility o f a 

d eletion  at this locus.

5.2.9.1 M apping L29 and L163 against the J l  hamster hybrid panel
One of the advantages of radiation hybrid m apping panels is that they 

allow integration of physical and genetic maps [see section 1.10.3] (James et 
al, 1994). Indeed, a number of genes, TH, IGF2 and HBBC, and two cosmids 
(D11S660 and D11S690) that had been physically m apped to l lp l5  (Redeker
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et al, 1994), had been integrated into the chromosome 11 radiation hybrid 
map (James et al, 1994). In order to m ap the location of a unique DNA 
sequence (probe) against a PCR-based radiation hybrid panel, the sequence of 
the probe has to be determined. Therefore, in order to clarify the RH map 
position of locus LI 63, and to determine whether L29 m apped to the 5 Mb 
region between D11S1331 and D11S1329, the 3' end of the original single 
copy probes for L29 and L163 were sequenced directly from the plasmid 
vector using biotinylated T3 primers [section 2.11]. The product of the 
sequencing reaction was divided into two aliquots so that 2 separate 
denaturing gels could be run  from the same sequencing reaction, one for 2 
hours the second for 4 hours [section 2.11]. By running sequential gels for 2 
and 4 hours, the first 400 bp of the 3' end of both probes could be 
determined. The gel run  for 2 hours revealing the prim er sequence and the 
first 200-250 base pairs of the cosmid sequence, while the 4 hour gel run  
revealed bases 200-400. The DNA sequence for L29 and L163 was revealed by 
exposure of the dried gel to X-ray [section 2.11]. Sequence from L29 and L163 
was derived from the autoradiographs and the data was entered into a 
computer. The 'Primer' program  from the W hitehead Institute of 
Biomedical research was used to determine the optimal forward and reverse 
primer sequences for both L163 and L29 [table 5.7].

Table 5.7 Oligonucleotide primers for L163 and L29
Forward Prim er Reverse Prim er A nnealing

Tem peratur
e

[M g2+]

L163 5'C T A G A G G A T

C C C C G G G C G A 3’

5'GCCTTGGCC

TCCAAG G TG CT3'

58 "C

1.5m mois

L29 5’CCTGCCATT

G C A T A T C A C T G 3’

5’ A A A A G T G A G  

CAGTCCCTTGG

59 'C 2 m  mois

Using normal hum an DNA as a template, oligonucleotide prim er 
pairs for L29 and L163 were tested and the optimal PCR conditions 
determined. Following agarose gel electrophoresis of the PCR products 
[section 3.6], a single band was visualised for PCRs using primer pairs for 
L29 and L163, consistent with the amplification of a unique sequence. It was 
therefore possible to use primer pairs for L29 and L I63 as sequence tagged
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sites (STSs). STSs comprise short, single-copy DNA sequences that 
characterise m apping landmarks on the genome. STSs can be m apped 
against a radiation hybrid panel using PCR. Following PCR w ith locus- 
specific primers for L I63 and L29, the PCR product was run  through a 2% 
agarose gel and a score, present absent or indeterminate was assigned to each 
radiation hybrid by visual inspection. This information was run  through 
the statistical program, RHMAP (Boehnke et al, 1991), to calculate the 
probability of the position of any new markers. The calculation is based on a 
two-point analysis and gives a statistical estimate of the likelihood of a 
m arker m apping in a particular region, a LOD score. A LOD scores above 3 
confer a high probability, w ith odds of 1000:1, that the marker maps to that 
region. The higher the score the more likely the m arker is to m ap to that 
region, a LOD score of 10 gives 10^  ̂:1 odds that the marker maps to that 
region. The L29 locus was m apped to the region immediately below D11S932 
but above D11S1329 with a significant LOD score of 10.8. The 
oligonucleotide primers for LI 63 and L29 were then m apped against the RH 
panel by a PCR-based assay. It was not, however, possible to m ap L163 
against the RH panel as the L163 locus-specific primers amplified DNA 
sequence from the entire RH panel. Attempts to increase the specificity of 
the PCR by raising the annealing tem perature were not successful. The 
retention frequency [see section 1.10.3] of L29 was, however, calculable, and 
this locus was m apped between D11S1331 and D11S1329 with a significant 
LOD score of 10.8. Therefore, the L29 locus maps into the RH m ap region for 
which there are no informative microsatellite m arkers in the PS patients. 
Two locus-specific cosmids, D11S690 and D11S660 had recently been m apped 
against the RH panel and lie telomeric to, and centromeric to, L29 
respectively (M James, personal communication). D11S690 had also been 
m apped by FISH to region VII, i.e. the same region as L29 (Redeker et al, 
1994)

5.2.10 Further FISH studies using cosmids for the llp lS .5  region.
It had been assumed that as locus-specific cosmid probes for D11S724 

and L29 (regions III and VHa) were heterozygously deleted, the 
chromosomal material between these probes would also have been lost as 
part of a contiguous deletion. This assum ption could not confirmed or 
denied by the molecular studies. Locus-specific cosmids for regions m  to 
Vnb and for D11S690 and D11S660, were therefore hybridised against 
prometaphase chromosome spreads from ZA and SC [Table 5.8].
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Synchronised cell culture results in a greater proportion of cells being 
arrested in prometaphase or early metaphase [2.14]. The more open 
chromatin structure of chromosomes in prom etaphase increases the 
likelihood of a probe finding and annealing to its complementary sequence 
during hybridisation.

Table 5.8 Representative cosmid markers used from regions III to V llb.

Region Cytogenetic locus M arker num ber Locus num ber

m llp l5 .5 cCIll-385 D11S551

IV llp l5 .5 cCIll-469 D11S679

V llp l5 .5  - llp l5 .4 cCIll-565 D11S601

V llp l5 .5  - llp l5 .4 L163 D11S517

V llp l5 .5  - llp l5 .4 e2313/e2328 D11S12

V llp l5 .5  - llp l5 .4 cos HG 50 HBBC

VI llp l5 .4  - llp l5 .3 ZnFP 83 D11S776

VI llp l5 .4  - llp l5 .3 cC Ill-440 D11S572

Vila llp l5 .4  - llp l5 .3 cC Ill-489 D11S690

Vila llp l5 .4  - llp l5 .3 L29 D11S501

vnb I lp l5 .3 - l lp l5 .2 cCIll-310 D11S475

Neither D11S690 nor D11S660 were deleted in ZA and SC. Furthermore, 
using locus-specific cosmid probes that map to the interval between D11S725 
and L29 (D11S501), the putative deleted region, there was no evidence for a 
heterozygous deletion. These findings ruled out a contiguous deletion 
between D11S725 and L29 (D11S501) [figure 5.16-5.17]. Using locus-specific 
cosmid probes for L29 there was evidence for a heterozygous deletion in 5 of 
20 prometaphase spreads from ZA and SC, w ith a normal in situ 
fluorescence pattern in other 15 spreads [figure 5.18]. A8134 and H04123 
hybridise efficiently against metaphase spreads from normal individuals 
[figure 5.9], excluding the possibility of an hybridisation artefact, especially as 
prometaphase spreads were used. These findings may reflect mosaicism for
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the putative deletion in l lp l5 .  However, the R-banded cytogenetic 
abnormality was a constant finding.
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Figiire 5.18 Locus-specific cosmids for regions III to VI on llp l5  
hybridised torepresentativemetaphase spreads from SC.

a) region III - D11S551 b) region IV - D11S679

c) Region V - D11S517 d) Region VI- D11S572

Cosmids mapping to regions III (a) to VI (d) have been hybridised 
against the metaphase spreads from the lymphoblastoid cell line of SC. In 
each region there is unequivocal evidence of a normal hybridisation 
signal.
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F ig u r e  5.19 L o c u s - s p e c if ic  c o s m id  p r o b e s  fo r  r e g io n s  III to  V I 
h y b r id is e d  to  m e ta p h a s e  s p r e a d s  fr o m  Z A .

a) Region III -D11S551 b) Region IV - D11S679

d) Region VI- D11S572 d) Region V I -D 1 1 S 5 72
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Figure 5.20 Locus-specific cosmid probes for regions 
Vila (e) and VII b (f) hybridised against meta phase 
spreads from SC

e) R egion Vila - D 11S690

f) Region Vllb - D 11S475

Fluorescent signal is seen using both cosmids in the 
l ip 15 region on both homologues
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F ig u r e  5.21 L o c u s - s p e c i f ic  c o s m id  p r o b e s  fo r  r e g io n s  
V ila  (e) a n d  V l l b  (f) h y b r id i s e d  a g a in s t  r e p r e s e n t i t iv e  
m e ta p h a s e  s p r e a d s  fr o m  Z A

e) Region Vila - D 11S 690

f) R egion Vllb - D 11S 475
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Figure 5.22 Locus-specific cosmid probe for L29 (D11S501) hybridised against 
representitive metaphase spreads from SC.

Photographs a to c show normal cosmid hybridisation pattern, in photograph (d) 
fluorescent signal is only seen on one homologue consistent with a deletion of this 
locus.
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F ig u r e  5 .23  L o c u s - s p e c i f ic  c o s m id  p r o b e  fo r  L29 (D 1 1 S 5 0 1 ) h y b r id i s e d  a g a in s t  
r e p r e s e n t i t iv e  m e ta p h a s e  s p r e a d s  fr o m  Z A .

P h o to g r a p h s  a  to  c s h o w  n o r m a l c o s m id  h y b r id is a t io n  p a tte r n , in  p h o to g r a p h  d  
f lu o r e s c e n t  s ig n a l is  o n ly  s e e n  o n  o n e  h o m o lo g u e  c o n s is te n t  w it h  a d e le t io n  o f  th is  
lo c u s .
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5.2.11 FISH studies in the Parents of affected offspring w ith Perlman 
syndrom e

In view of the suggested autosomal recessive m ode of inheritance of 
Perlman syndrome, the parents were studied by FISH, using a limited 
num ber of cosmids. There was no evidence of a deletion in either family. 
This finding suggested that the putative deletion arose de novo in patients 
SC and ZA. The possibility that both parents carried a point m utation in  the 
'Perlman gene' which lay w ithin this putative deleted region could not be 
excluded.

5.2.12 WT 1 and Perlman syndrome
In order to exclude a role for W Tl in PS m utation analysis was 

undertaken using constitutional DNA from SC and ZA and Wilms tum our 
DNA from ZA by direct sequencing [section 2.11]. Sequence analysis of 
exons 6-10 of the WTl gene revealed normal wild-type sequence in both 
patients.

286



p5.3 DISCUSSION
The presence of 'gross' constitutional chromosomal aberrations, detectable 

by light microscopy, in two or more patients with the same disease provides 
strong evidence that the disease locus is located at or near the translocation 
breakpoint (or inversion) or lies within the deletion segment of chromosomal 
material. The detection of a constitutional abnormality involving the distal portion 
of the short arm of chromosome 11 in two patients with Perlman syndrome 
provided the starting point for this cytogenetic and molecular study.
Conventional G-band chromosome studies revealed that, in both patients, one of 
the chromosome 11 homologues appeared asymmetrical, which appeared to result 
from an abnormality in band l lp l5 . However, because the l lp l5  region takes up 
Giemsa stain only poorly, it was not possible to take this observation further using 
this standard cytogenetic technique. The technique of differential replication 
staining, produces a chromosome banding pattern that closely resembles reverse 
G-banding', thus, regions which take up Giemsa stain poorly, and therefore appear 
light grey on G-banding, now stain darkly. The constitutional karyotypes of SC 
and ZA were, therefore, analysed using the differential replication staining 
technique, confirming the presence of a cytogenetic abnormality in both PS 
patients. These findings represented the first indication of a cytogenetic 
abnormality in Perlman syndrome. Due to the early perinatal demise of most 
children with Perlman syndrome, constitutional karyotypes have only been 
reported in four patients, all of which were apparently normal (Perlman et al, 1974, 
Neri et al, 1984, Greenberg et al, 1986, Hamel et al, 1989). G-banded studies 
however have only been performed to date, and so more subtle abnormalities 
involving l lp lS  may have been missed. Although the replication banding studies 
provided further evidence suggesting that the l lp lS  region was abnormal, 
because of the low resolution of this technique, the exact nature of this abnormality 
could not be determined unequivocally from the cytogenetic observations alone. 
FISH analysis was therefore undertaken in the two PS patients using a number of 
cosmid probes that mapped to chromosome band llp lS .

Before proceeding to use cosmids that mapped to defined regions on l lp lS  
in FISH studies, it was possible to demonstrate that the observed asymmetry 
involving the distal portion of chromosome 11 in both PS patients was not due a 
translocation. The application of a whole chromosome paint for chromosome 11 
revealed no evidence of relocation of chromosomal material from chromosome 11.
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In SC and ZA the paint hybridised to both copies of chromosome 11 with no 
fluoresence on any other chromosome. Although, as discussed in the next chapter, 
it subsequently became clear that whole chromosome paints may not be 
particularly effective in picking up chromosomal abnormalities that involve the 
telomeric region.

The two major goals of the human genome project include the creation of a 
map of the hum an genome that includes known genes, polymorphisms and 
m apped markers in sufficient density to enable the localisation and 
characterisation of all hum an genes and furthermore to determine the entire 
sequence of the hum an genome. The essential prerequisite for this aim is an 
integrated chromosome map consisting of DNA markers where the genetic and 
physical distances between markers has been determined. A considerable 
proportion of the early work on chromosome m apping was driven by an interest 
in specific hereditary conditions or malignant diseases. The short arm of 
chromosome 11 has attracted considerable attention because it is associated with a 
number of disease loci. Mapping the familial Wiedemann-Beckwith gene to 
llp l5 .5  (Koufos et al, 1989, Ping et al, 1989) directed attention to this gene rich 
region. Indeed the llp l5 .5  region alone contains genes involved in WBS, the 
haemoglobin C-chain abnormalities, the long Q-T syndrome and Sjogren 
syndrome as well as being implicated in a number of different malignancies (van 
Heyningen et al, 1995, Seizinger et al, 1991). A number of different groups have 
therefore focused on generating a high resolution physical and genetic map of 
l lp l5  (Coullin et al, 1994, Fantes et al, 1995, Gypay et al, 1994, James et al, 1994, 
Litt et al, 1993, Redeker et al, 199, van Heyningen et al, 1994, Wadey et al, 1990). 
Chromosome band l lp l5  covers an estimated 20 Mbp of DNA and the entire short 
arm is estimated to be between 58 - 62 Mbp in length (Morton et al, 1991, James et 
al, 1994, van Heyningen et al, 1995). As part of a m apping exercise a number of 
single copy probes were isolated in our laboratory that m apped to chromosome 11 
- two of these probes L29 and LI63 mapped to llp l5 -p te r (Wadey et al, 1990). 
Regional localisation of these probes on chromosome 11 was achieved because of 
the availability of a somatic cell hybrid panel which contained varying 
proportions of chromosome 11. Two cell lines B2 and WILF 7C11 were particularly 
useful. The B2 hybrid carries a X;ll translocation, t(X ;ll)(q ll;p l3) and WILF 7C11 
carries chromosome 11 with a deletion of I lp l3 - llp l5 .1  (Larizza et a l , 1983, 
Cowell et al, 1989). Southern blot studies using probes L29 and L163 found that
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both probes hybridised to WILF7C11, but neither L29 or LI 63 hybridised to B2. 
These studies therefore suggested that L29 and L163 m apped to llp l5 .1-p ter 
(Wadey et al, 1990). Confirmation of this localisation, and finer mapping, of L29 
and L163 to l lp lS  came from Dr Marcel Mannens, who was engaged in m apping 
studies of the Wiedemann-Beckwith syndrome and was collaborating w ith our 
group. Using FISH and digital image microscopy his group m apped a whole series 
of cosmids to the short arm of chromosome 11 (Mannens et al, 1991) The relative 
order of cosmids was determined by the fractional length of the hybridisation 
signal from the terminal region of the short arm (FLpter) and confirmed by pulse 
field gel electrophoresis [see section 1.10.4] (Mannens et al, 1991, Mannens et al, 
1994, Redeker et al, 1994). As discussed earlier in this chapter, Mannen's group 
divided the short arm of chromosome 11 into 18 regions based on cell lines 
established from patients with duplications, deletions and translocations or 
inversions of varying segments of l i p  (Mannens et al, 1991, Mannens et al, 1994, 
Redeker et al, 1994). This division of l i p  is now accepted by international 
workshops for the mapping of hum an chromosome 11 (van Heyningen et al, 1995). 
Accurate determination of the relative map position of a cosmid or other clone can 
be determined by using digital image microscopy, in which the length and width 
of the chromosome to which the cosmid clones map are measured. A line can then 
be draw n through the long axis of the chromosome and through the fluorescent 
signal on one chromatid. The relative photon density of each pixel along this line is 
then determined against the chromosome length and the m ap position of the 
probe expressed as the fractional length - FL - of the total chromosome relative to a 
fixed reference point usually the tip of the short arm (pter) - hence FLpter (Lichter 
et al, 1990 ) L163 was mapped to region V in llp l5 .5 - l lp l5 .4  w ith a FLpter of 
0.027-0.045 and L29 to region Vila in Ilp l5 .4 -lp l5 .3  w ith a FLpter of 0.063-0.086 
(Mannens et al, 1991). Although LI63 mapped to region V they were not able to 
accurately order its position, relative to other cosmids, w ithin this region 
(Mannens et al, 1991, Mannens et al, 1994, Redeker et al, 1994). As the cytogenetic 
findings in the 2 patients w ith Perlman syndrome suggested the chromosomal 
abnormality was limited to l lp l5 ,  cosmids were generated for the single copy 
probes L29 and LI63, for use in an initial screening by FISH. Furthermore, L29 
and L163, had been shown to map close to translocation breakpoints seen in WBS 
patients (Mannens et al, 1991). Locus-specific cosmid probes for L163, mapping to 
I lp l5 .5 -llp l5 .4  (region V) and L29, mapping to I lp l5 .4 -llp l5 .3  (region Vila)
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were found to be absent from one homologue of chromosome 11 in both PS 
patients by FISH. This was consistent with a heterozygous deletion between 
Ilp l5 .5 -llp l5 .4  and Ilp l5 .4 -llp l5 .3  in both our Perlman syndrome patients ZA 
and SC and supported our original cytogenetic analysis. Assuming that the 
deleted region included the regions between L163 and L29, the distal and proximal 
extent of this newly defined deletion were determined by testing for the presence 
or absence of cosmid probes that flanked these two markers (L163 and L29). 
Cosmid probe - D11S475 ( cC Ill - 310) in region VU b, maps immediately below 
L29 (Mannens et al, 1991) and was found to be present on both chromosome 11 
homologues in ZA and SC. This probe therefore represented the distal extent of 
the deletion corresponding to chromosome band I lp l5 .3 -llp l5 .2  (Mannens et al, 
1991).

Turning to the proximal extent of the deletion I was particularly interested 
to determine whether IGF2 was involved in this deletion, particularly as IGF2 is a 
candidate gene for the WBS syndrome. Organomegaly, which implies excessive 
growth stimulation during embryogenesis, is a consistent feature of WBS and 
Perlman syndrome. The location of the IGF2 gene, a major growth factor 
expressed during fetal development, in l lp lS  provides circumstantial evidence for 
its involvement in other 'overgrowth' syndromes such as Perlman syndrome.
FISH analysis using cosmid probes for IGF2 in ZA and SC showed signal on both 
chromosome 11 homologues excluding this important fetal mitogen from the 
putative deletion. Locus-specific cosmid probe for D11S725, which lay 
immediately telomeric to the IGF2 locus, was found to be absent on one 
homologue in both SC and ZA and therefore represented the telomeric extent of 
this putative deletion. The physical location of D11S725 is reported as llp l5 .5  
(Redeker et al, 1994)

The finding of a constitutional chromosome deletion from Ilp l5 .5 -llp l5 .4  
to llp l5 .2  in both ZA and SC strongly suggested that the loss of genes from this 
region predisposes to the Perlman syndrome phenotype. Furthermore, 
because nephroblastomatosis occurs in almost 80 % of patients w ith Perlman 
syndrome and three of four long term survivors have developed Wilms tumour, it 
is likely that the deleted l lp l5  region must also contain a gene or genes that are 
important in normal renal development. Loss of these genes due to deletion or 
mutation results in the development of Wilms tumour. It should be emphasised 
that, to date, Wilms tumour is the only tumour type reported in patients with
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Perlman syndrome and that these tumours occur at a very early age and are 
frequently bilateral, characteristics usually associated w ith genetically predisposed 
individuals (Knudson and Strong, 1972) The pulse field maps available for this 
region do not give an accurate prediction of the distance between D11S725 and 
D11S475. However, based on the available data, the approximate size of the 
putative deletions in ZA and SC is probably no greater than 9Mbp.

Other evidence for the existence of a tum our suppressor gene in l lp l5  has 
come from the study of sub chromosomal transferable fragments (STF's) (Koi et al
1993). By introducing a selectable marker into a cell line containing hum an 
chromosome 11, selecting for the presence of the marker and chromosome 11 then 
irradiating the resulting hybrids, a series of hybrids containing short regions of 
chromosome 11 could be produced and maintained due to the presence of the 
selectable marker (Koi et al 1993). These were termed sub-chromosomal 
transferable fragments (STF's) as they were on average 7 Mb in size, and unlike 
conventional radiation cell hybrids, could be transferred independently to 
individual cells, thus minimising the possibility of confounding effect of genes 
other than those on the STF affecting the assay (Koi et al, 1993). When transferred 
to a rhabdomyosarcoma cell line by microcell fusion, the STF's mapping to l lp lS  
suppressed growth whilst those from l lq  did not. Using this assay they were able 
to localise the tumour suppressor gene to a 4 Mb region in l lp lS  between D11S719 
and D11S724, a region that excluded IGF2 but included the proximal cluster of 
breakpoints of BWS patients (Koi et al, 1993, Mannens et al, 1994, Weksberg et al,
1993). This region also corresponds to the proximal portion of the deletion found 
in our two patients with Perlman syndrome and raised the possibility that the 
deletion of this chromosomal material was responsible for the development of 
Wilms tumour in these children.

In order to confirm the size and location of the deletion suggested by the 
FISH studies, the presence of a number of polymorphisms in the haemoglobin fi- 
globin cluster (HBBC) were utilised. According to the maps of l lp lS  current at 
that time, the C-globin cluster mapped in the middle of the putative deletion. The 
C-globin cluster polymorphisms are PCR based and are revealed by digesting the 
PCR product with the appropriate restriction endonuclease. All nine available 
polymorphic markers within the HBBC were tested by PCR amplification using 
constitutional DNA from the individual members of both Perlman families and 
then digested by the relevant restriction endonuclease. Only one of the
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polymorphic sites was informative in one of the two families. A polymorphism, 
revealed by digestion w ith Hinf I, showed that, in ZA's family, there was no 
evidence for a deletion involving the fi-globin cluster, therefore questioning the 
original in situ studies. Possible explanations for these findings included (a) the 
current maps of l lp l5  were incorrect and that L I63 and L29 were closer, or in a 
different position than published (Mannens et al, 1994, Mannens et al, 1991), (b) 
there was an interstitial inversion with loss of L163 and L29 loci or (c) the putative 
deletion was smaller or involved different loci than originally surmised. It had 
been assumed that because locus-specific cosmid markers D11S725, LI63, L29 
were heterozygously deleted in ZA and SC, and that IGF2 and D11S475 were 
present, that the region between IGF2 and D11S475, which included D11S725, L163 
and L29, was deleted. The first possibility was considered unlikely, although L163 
had not been ordered within region V it had been assigned to that locus based on 
multicolour FISH studies (M Mannens, personal communication). Likewise the 
physical location of L29 had been determined and its relative order in region VII 
established and confirmed by repeated FISH study (M Mannens, personal 
communication). The third possibility was investigated by further in situ 
hybridisation studies and at the molecular level by utilising the availability of a 
panel of highly polymorphic markers that had been m apped to l lp lS  against a 
chromosome 11 RH panel (fames et al, 1994). Microsatellite repeat analysis showed 
no evidence for a deletion between the distal most l i p  marker, D11S1363 and 
D11S1331. Despite testing all of the available microsatellite repeats that mapped to 
Ilp l5 .5 -llp l5 .3 , there remained a 5 Mbp region for which there were no 
informative markers in the PS patients. Probe L29 was m apped against the RH 
panel to this same 5Mbp region, a finding which complements, but does not prove 
the FISH evidence for a heterozygous deletion involving locus L29. Further 
microsatellite markers that (a) are informative and (b) m ap to this 5Mbp region are 
therefore required to take these studies further.

Genitourinary abnormalities are a common and im portant feature of 
Perlman syndrome, for example, cryptorchidism is found universally in Perlman 
syndrome (Greenberg et al, 1988, Hamel et al, 1989, Murata et al, 1989, Grundy et 
al, 1992). Nephroblastomatosis has been reported in the majority of patients with 
Perlman syndrome and may reflect a germ-line mutation in a gene critical to renal 
development (Beckwith, 1993). These observations raise the possibility that the 
function of a gene, or genes, essential to normal genitourinary development are
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adversely affected in Perlman syndrome. Furthermore, the observed expression 
pattern of WTl in the kidney and gonad suggested that W Tl exerted a pleiotropic 
effect on both kidney and gonadal development (Peletier et al, 1991, Pelletier et al, 
1991, Pritchard-Jones et al, 1990, Van Heyningen et al, 1990). Because most of the 
mutations reported in WTl in Wilms tumours arise in exons 6-10 of this gene [see 
Chapter 3], mutation analysis was limited to these exons. However, direct 
sequencing of these exons failed to detect any mutations in either patient. In 
retrospect, in order to completely exclude a role for WTl in Perlman syndrome, a 
more exhaustive study should have been undertaken. There was, however, other 
evidence to suggest that WTl was unlikely to play a role in the aetiology of 
Perlman syndrome. FISH studies using cosmids that span the genomic sequence of 
W Tl had shown that in both ZA and SC both copies of W Tl were present 
(Kempski and Cowell, 1993). Although this study cannot exclude the presence of 
point mutations, it suggests that there are two normal copies of the W Tl gene in 
our patients with Perlman syndrome.

In summary, there is clear evidence for a cytogenetic abnormality involving 
the l lp lS  region in two patients with Perlman syndrome. The initial FISH results 
were consistent with the cytogenetic finding, providing evidence for a putative 
heterozygous deletion in l lp l5 . This deletion was estimated to span 9 Mb of 
genomic DNA and to be proximal to the IGF2 gene. Both copies of the IGF2 gene 
were therefore present in our PS patients in keeping with a role for this important 
fetal mitogen in the overgrowth component of this condition. From scrutiny of 
the l lp lS  maps available at that time HBBC lay within the putative deleted region, 
in order to confirm the presence of this putative deletion, polymorphic markers in 
the haemoglobin B-chain cluster (HBBC) were analysed in the two Perlman 
families. Only one of the polymorphisms within HBBC was informative in one of 
the families, but, in this case, showed no evidence for a deletion in this child at 
this locus. Further studies using microsatellite polymorphisms that had been 
m apped to the l lp l5  region found no evidence of a deletion in  any of the markers 
distal to D11S1331. However, it was not possible to determine the status of a 4-5 
Mb region between D11S1331 and D11S1329 for which there were no informative 
markers. This region overlapped the second critical breakpoint region in WBS 
patients (Hoovers et al, 1995), a significant finding in view of the phenotypic 
similarities between WBS and Perlman syndrome. Furthermore, L29 was mapped 
to this region against the RH panel. Two novel locus-specific cosmid probes,
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D11S690 and D11S660, also mapped to this region (James et al, 1994). FISH 
analysis showed neither D11S690 nor D11S660 were deleted. Repeating FISH 
studies using locus-specific cosmids for L29 against prometaphase chromosome 
spreads from ZA and SC showed that this locus was deleted in approximately one 
third of metaphases examined. The only explanation for this finding is some form 
of somatic mosaicism. A phenomenon which has been reported in W iedemann- 
Beckwith syndrome (Henry et al, 1993). The possibility of an heterozygous 
inversion with loss of genetic material at the point of the inversion cannot be 
excluded by the study reported here, but this possibility could be explored by 
using multicolour FISH and sets of ordered probes.

Inappropriate genomic imprinting can have profound effects on 
mammalian development. As discussed, WBS is a fetal overgrowth disorder, 
characterised by multiorgan hyperplasia and a predisposition to embryonal 
malignancies (Elliott and Maher, 1994) Several lines of evidence suggest that 
altered dosage of an imprinted gene or genes is responsible for the clinical 
features of this condition 1.15 and Chapter 6]. One of the candidate genes for WBS 
is the fetal mitogen IGF2 which maps to l lp lS  and is known to be imprinted in 
hum ans (Ohlsen et al, 1993). As PS shares a number of phenotypic features w ith 
WBS, the possibility that the gene or genes for PS is/are  subject to genomic 
imprinting, should be examined. Studies to determine whether there is disruption 
of the normal imprint of IGF2 in l lp l5  (Weksberg et al, 1993), or unipatemal 
disomy (UPD), as reported in 20- 25% of cases of WBS, are therefore indicated 
(Henry et al, 1991, Henry et al, 1993, Slatter et al, 1994, Elliott and Maher, 1994). In 
the absence of paternal UPD or imprinting abnormalities of IGF2, other putative 
abnormalities resulting in an abnormal imprint in WBS which include, 
disturbances of the normal méthylation pattern of IGF2 and H19 (Reik et al, 1994, 
Reik et al, 1995) or the presence of mutations within p57 ^  2 (Hatada et al, 1996) 
should be investigated. There is evidence for an altered pattern of allelic 
méthylation of both IGF2 and H19 in some patients w ith WBS and it is considered 
that the altered pattern of allelic méthylation and expression arises in the germline 
or early embryo and results from defects in setting or resetting of imprinting in the 
maternal germline (Reik et al, 1994, Reik et al, 1995). p57 2 js a member of
cyclin -dependant kinase inhibitor family and over expression of this gene arrests 
cells in G1 (Mong-Hong et al, 1995, Matsuoka et al, 1995). This suggests that p57
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^ 2  may function as a negative regulator of embryonic growth an d /o r as a 
tumour suppressor gene.

Considerable effort is being applied to clone the gene(s) for WBS, clearly 
when candidate genes become available it will be important to assess whether the 
putative gene or genes have a role in PS. It remains possible that PS lies at one end 
of a spectrum of overgrowth disorders that includes WBS and SGBS [1.3.5-1.3.8], 
PS being distinguished by the extremely high risk of Wilms tum our and subtle 
phenotypic differences. A clearer understanding of the molecular pathology of 
WBS will, in turn, aid our understanding of PS and hopefully provide an 
explanation for the phenotypic similarities and differences between these two 
fascinating syndromes. Such an understanding may also allow us to determine the 
molecular nature of the accentuated predisposition to Wilms tum our in Perlman 
Syndrome.
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Chapter 6

A Cytogenetic and FISH study of Trisomy llp lS  
in Wiedemann-Beckwith Syndrome
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6.1 Introduction
Wiedemann-Beckwith syndrome (WBS) is a congenital overgrowth 

syndrome with characteristic phenotypic features but variable expression (Elliott 
and Maher, 1994b). Most cases are sporadic but in approximately 15% of patients 
the condition is inherited as an autosomal dominant trait w ith impaired 
penetrance (Niikawa et al, 1986). Genetic linkage studies have m apped the WBS 
gene to llp l5 .5  (Koufos et al, 1989, Ping et al, 1989) and this has subsequently 
been confirmed by cytogenetic and molecular studies (Weksberg et al, 1990). 
Cytogenetic studies in patients with sporadic WBS usually reveals a normal 
karyotype, although 2-3% of patients with this condition carry a constitutional 
cytogenetic abnormality, include deletions, translocations and duplications 
(Mannens, 1991). Much of our current understanding of the molecular genetics of 
WBS has come from studying the subset of patients w ith cytogenetic 
abnormalities. Two patients with WBS and chromosomal deletions have been 
reported (Haas et al, 1981, Schmutz, 1986). The first of these presented w ith a large 
umbilical hernia, macroglossia, hemihypertrophy, nephromegaly and flame 
naevus consistent with a diagnosis of WBS. He subsequently developed a 
hepatoblastoma and cytogenetic analysis revealed a constitutional deletion 
involving l l p l l  (Haas et al, 1986). The second patient was referred because of 
infantile spasms - she was noted to be developmentally delayed and showed 
somatic gigantism. Although her tongue was described as protuberant, the term 
macroglossia was not used. Cytogenetic analysis reveled a 46,XX, de l(ll)(p ll;p l3 ) 
karyotype in this child (Schmutz, 1986). In essence, the only feature consistent 
with a diagnosis of WBS in this patient was the somatic gigantism. Eight patients 
with balanced rearrangements involving breakpoints in llp l5 .4  - pter and 
phenotypic features consistent with WBS have also been reported, in each case the 
translocation was maternally derived (Mannens et al, 1994, Norman et al, 1992, 
Pueschel and Padre-Mendosa, 1984, Tommerup et al, 1993, Weksberg et al, 1993).

The detailed analysis of structural chromosome rearrangements in patients 
w ith WBS is clearly important in establishing the underlying mechanism behind 
this developmental abnormality. Conventional chromosome banding techniques 
have proven relatively unhelpful in delineating the exact nature of the 
rearrangements and the construction of somatic cell hybrids for this analysis 
requires a considerable commitment. The relatively high density of cloned DNA 
fragments in the l lp lS  region which are suitable for FISH analysis, however,
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means that these structural chromosome changes can now be characterised 
accurately, relatively quickly and simply.

The characterisation of chromosomal abnormalities of l lp l5  in two patients 
w ith WBS are described in this Chapter, along w ith the relevance of these findings 
to the phenotypic expression of this condition, the role of imprinting in WBS and 
of WBS as a cancer predisposition syndrome.
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6.2 RESULTS

6.2.1 Cytogenetic analysis
The clinical details of the 2 patients (GS and PH) analysed in this study were 

given in 2.1.2. Lymphoblastoid cell lines were prepared from both parents and the 
affected children from each family. Although previous studies had reported the G- 
banded karyotypes from the affected children (Brown et al, 1992b, Wales et al, 
1986), because the chromosomal regions involved in the translocations stain only 
weakly following G-banding procedures, replication banding was used to analyse 
the chromosomes from individual members of these families [section 2.12.2]. The 
presence of an unbalanced rearrangement involving chromosome l i p  was 
confirmed in patients GS and PH. A representative R-banded appearance of 
chromosomes 11 from GH, the father of PH, and the affected child, PH, are shown 
in figure 6.1. In both cases the fathers carried a balanced, reciprocal translocation; 
46,XY,t(5;ll) (pl5.2;pl4). The affected sons both inherited the derivative 
chromosome 5 from their fathers which resulted in trisomy for l lp lS  -pter and 
monosomy for 5pl5.2 -pter. In both cases the karyotypes were; 46,XY, -5, +der (5) 
t(5;ll)(pl5.2;pl4). As far as it was possible to ascertain, these families are 
unrelated. Since the size of the duplication may determine the phenotypes in these 
patients we used FISH to study the extent of the duplicated region .

6.2.2 Chromosome painting analysis.
Using whole chromosome 5-and chromosome 11-specific paints, the 

presence of a translocation in both fathers and their affected offspring could be 
clearly demonstrated [figure 6.2]. It was not possible, however, to demonstrate the 
presence of the translocated chromosome 5 material on either of the paternal 
chromosome 11 homologues. To determine whether this translocation was indeed 
balanced, we used the cosmid isolated by McPherson et al (1991) used for their 
analysis of the Cri du Chat syndrome, the gene for which is located on the distal 
tip of chromosome 5p (McPherson et al, 1991). This cosmid contains the D5S23 
locus. Hybridising this cosmid to metaphase chromosome spreads from both of the 
fathers from the WBS patients, it was possible to demonstrate fluorescent signal 
both on the normal 5 and on the derivative chromosome 5 [figure 6.3]. Similarly, 
in the affected offspring there was evidence of hybridisation on both the paternally 
derived chromosome 5 and on the normal maternal 5 [figure 6.3]. This
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demonstrated that the original translocation of chromosomal material from 5p to 
l i p  occurred distal to the D5S23 locus in 5pl2-13. The offspring are thus 
monosomie for the small chromosomal fragment beyond the D5S23 marker.

In order to characterise the exact position of the translocation breakpoints, 
and thereby determine the extent of the triplicated region of chromosome 11 in 
these patients, we used a series of cosmids derived from the l lp l5  region.

62.3 Analysis of the extent of the l i p  translocated region.
Because of the frequent suggestion that overproduction of IGF2 is in some 

w ay related to the WBS phenotype (Henry et al, 1991, Kubota et al, 1994,
Mannens et al, 1994, Weksberg et al, 1993), IGF2 locus-specific cosmids [see 
section 5.2] were hybridised against chromosomes derived from the 
lymphoblastoid cells lines carrying the t(5;ll) rearrangement. FISH analysis of 
metaphase chromosome spreads from the parents showed locus-specific cosmid 
signal for IGF2 on the normal 11 and on the derivative chromosome 5, no signal 
was seen on the derivative chromosome 11 [see figure 6.4]. In the two affected 
children, the IGF2 gene was present on the paternally derived chromosome 5 as 
well as on both the normal maternal and paternal copies of chromosome 11. 
Therefore, both children carry three copies of the IGF2 gene, two of which are 
paternal in origin [figure 6.4].

Considerable effort is being directed towards the construction of high 
resolution maps of the short arm of chromosome 11 (van Heyningen and Little, 
1995). The recently published physical map of chromosome 11 which was 
constructed based on FISH and pulse field gel electrophoresis (PFGE) analysis was 
the most suitable and is described in detail in Chapter 5 (5.2.S.3) (Redeker et al, 
1994). This map divides the short arm of chromosome 11 into 18 distinct regions, 
w ith region I at the telomere and region XVni at the centromere. Using 
representative probes from each of the defined regions on the short arm of 
chromosome 11, cosmids from regions I through XI were found to be distal to the 
translocation breakpoint and were therefore present in three copies in both 
patients and in two copies in both fathers. Locus-specific cosmid probes C464 
from region XII ; and D11S781 (ZnFpl7) from region XIII; were, however, 
centromeric to the duplication breakpoint and thus present in two copies in both 
the fathers and their offspring. The translocation breakpoint was thus m apped 
between two cosmids c444 and c446 , c464 being centromeric to the breakpoint
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[figure 6.5 ]. These cosmids lie in regions XI and XII respectively and their physical 
location is in llp l4 .3  (Redeker et al, 1994). Representative FISH studies are shown 
for GH and PH in figures 6.4-6.5, concentrating on the probes of interest (IGF2 and 
the breakpoint). Similar results were obtained for BS and GS. A diagramaatic 
representation of the duplication breakpoint is shown in figure 6.6.

Table 6.1 Representative locus-specific cosmid markers used from regions I to 
XIV.

Region Cytogenetic locus Marker number Locus number

I llp l5 .5 Cos 536/537 HRAS
n llp l5 .5 H0221 IGF2
m llplS .S cCIll-385 D11S551
IV llp l5 .5 cCIll- 469 D11S679
V llp l5 .5  - llp l5 .4 cCIll-565 D11S601
V llp l5 .5  - llp l5 .4 L163 D11S517
V llp l5 .5  - llp l5 .4 e2313/e2328 D11S12
V llp l5 .5  - llp l5 .4 cos HG 50 HBBC
VI llp l5 .4  - llp l5 .3 ZnFP83 D11S776
VI llp l5 .4  - llp l5 .3 cC Ill-440 D11S572
VHa llp l5 .4  - llp l5 .3 cC Ill-489 D11S690
v n a llp l5 .4  - llp l5 .3 L29 D11S501
v n b llp l5 .3  - llp l5 .2 cCIll-310 D11S475
v n ia llp l5 .3  ~ llp l5 .2 ZnFP94 D11S777
vm b llp l5 .3  - l lp l5 .2 ZnFP40 D11S779
IX llp lS .l ZnFP65 D11S834
X llp l5 .1 ZnFP57 D11S780
XI l lp l4 c444-b
xn l lp l4 c464 -b
xm l lp l4 ZnFP17 D11S781
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Figure 6.1 Partial karyotype of Wiedemann-Beckwith Family showing translocation.
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F ig u r e  6.2 W h o le  d ir o m o s o m e  p a in ts  fo r  c h r o m o s o m e s  5 
( y e l lo w )  a n d  11 (red ) s h o w i n g  r e a r r a n g e m e n t  in  im a f f e c t e d  
fa th e r  (G H ) a n d  s o n  (P H ) w i t h  W B S .

H

Tlie use of whole cin'omosome paints (VVCPs) shows an unbalanced 
translocation in both the father (GH) and son (PH ). Although, the paints 
show the translocation of chromosomal material fi*om 11 to 5 (aiTOwed) 
in both GH and PH, tliis teclmique does not detect the reciprocal 
traiislocation of duomosomal material fi'om 11 to 5 in GH expected 
fi'om the karyot}’pe analysis (figure 6.1).
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F ig u r e  6 .3  H y b r id is a t io n  o f  th e  cri d u  ch a t lo c u s - s p e c i f ic  
c o s m id  to  m e t a p h a s e  s p r e a d s  fr o m  G H  a n d  PH

T lie  cri d u  c h a t lo c u s - s p e c if ic  c o s m id  p r o b e  h y b r id is e s  to  b o th  th e  
n o r m a l a n d  d er  5 in  G H  (a n d  P H ). T h e  h a n s lo c a t io n  o f  m a ter ia l fro m  
c lu o m o s o m e  5 to  11 m u st , th e r e fo r e , b e  d is ta l to  th is  m a rk er .
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F ig u r e  6 .4  L o c u s - s p e c i f ic  c o s m id  s p e c i f ic  p r o b e s  fo r  th e  
IG F 2 lo c u s  h y b r id i s e d  a g a in s t  m e ta p h a s e  s p r e a d s  fr o m  
G H  a n d  PH

GH : IGF 2

der 5 

\

der 11

PH : IGF2

11

T h is f ig u r e  e le g a n t ly  d e m o n s tr a te s  th a t P H  h a s  t h ie e  c o p ie s  o f  IG F2, 
tu ’o  o f  w li ic h  are  p a te r n a l in  o r ig in , o n  t l ie  d e r  3 a n d  p a te r n a l  
c h r o m o s o m e  11. P H  a lso  in h e r its  a n o r m a l m a te r n a l c h r o m o s o m e  11.
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Figure 6.5 FISH study using cosmids c444 and c464 hybridised against 
metaphase spreads from GH and PH.

der 11

GH c 444 PH c444

PH c 464

der 11

I

G H c464

Cosmid c444 defines the telomeric side of the translocation breakpoint and c464 the 
centomeric extent in Hpl5.1. Cosmid c444 hybridises to the der 5 and to the normal 11 
in GH and to the der 5, the maternal and paternal copies of 11 in PH.. Cosmid c464 
hybridises to the der 11 and the normal 11 in GH and to the maternal and paternal 11 in 
PH, witli no signal on the der 5.
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Figure 6.6 Diagrammatic representation of the physical location of the
duplication breakpoint in PH and GS

Region* Markers/
Genes

Physical location

JV

V
VI

_  HRAS

IGF 2

D11S724

_ D11S^79_

_  DJ_1S£17_(L163) 

D118572

VII D11S501 (L29)
D ll  8475

_VIIL D l l  8 7 7 7

D 118779

IX D 118834

0 1 1 8 7 8 0

C 444

C 464

D11S781

Breakpoint

11P15.5

]

]

11P15.4

11P15.3

I I p I S . 2

11P15.1

11p14

11p G- banded
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6.3 DISCUSSION
Cytogenetic analysis, in the two families studied here, revealed a paternally 

inherited duplication of U p  in both affected children. Replication banding studies 
showed that the unaffected fathers both carried a balanced chromosomal 
rearrangement between chromosomes 5 and 11; 46,XY,t(5;ll) (pl5.2;pl4). Both 
children inherit a cytogenetically normal maternal and paternal chromosome 11, a 
normal maternal chromosome 5 and the paternal derivative chromosome 5 
resulting in a karyotype of, 46,XY, -5, +der (5) t(5;ll)(pl5.2,pl4). This unbalanced 
translocation results in monosomy for a portion of the short arm of chromosome 5 
and trisomy for a portion of the short arm of 11. In order to confirm the reverse 
banded studies, whole chromosome paints (WCPs) for chromosome 5 and 11 were 
applied to the metaphase chromosome spreads of both fathers and their affected 
offspring. The hybridisation study using WCPs for 5 and 11 suggested that both 
fathers carried the same unbalanced translocation as their offspring, with no 
evidence for the distal portion of the short arm of chromosome 5 on the derivative 
chromosome 11 as expected [figure 6.2]. To resolve this seemingly paradoxical 
finding, the most distal probe available on the short arm of chromosome 5 was 
used in further in situ studies. Using probe, D5S23 from the' cri du  chat' locus, it 
was noted that the paternal translocation of chromosome 5 material occurred 
distal to this breakpoint, therefore involving a relatively small chromosomal 
fragment- 5pl3-5pl4. This finding suggests that whole chromosome paints are not 
refined enough to detect relatively small telomeric abnormalities. The use of WCPs 
would, therefore, appear to have limitations and cannot be relied upon to detect all 
rearrangements especially if these involve small regions of DNA. Although both 
patients are monosomie for the distal portion of chromosome 5p, it is unlikely that 
this abnormality contributed to the phenotype in our patients as chromosome 5 is 
not a consistent partner chromosome in patients with trisomy U p  [see table 6.2]. 
Incidentally the more detailed description of this rearrangement in this thesis 
provides a useful mapping tool for assigning 5p markers to the distal-most tip of 
the chromosome arm.

Because of the evidence for a WT gene in l lp lS , this breakpoint was studied 
more carefully. In order to characterise the exact location of the duplication 
breakpoint on the short arm of chromosome 11, a total of 15 probes spanning from 
the U p  telomere to l lp l3  were used in FISH studies [ Table 6.1].
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Table 6J2 Chromosomal Abnormalities reported in patients w ith W iedemann
Beckwith syndrome.

Duplicated Region Deleted Region Parental Origin Reference

llp l l .2 -  pter 2q37-qter Paternal (Falk et al, 1973) *
llp l4 -p ter 5pl5-pter Paternal (Bajolle et al, 1978) *
llp l4 -p ter - De Novo (Rethore et al, 1980) *
llp l2 -p ter 5pl2-pter Paternal (Aleck et al, 1985) *
llp l3 -p ter 13q23.33-qter Paternal (Waziri et al, 1983)
llp l5 -p ter - De Novo (W azirietal, 1983)
llp l5 -p ter - De Novo (Turleau et al, 1985)
llp l5 -p ter 4q33-qter Paternal (Turleau et al, 1985)
llp l5 .4-pter IS pll.l-p ter Paternal (Joumel et al, 1985)
llp l3 -p ter 4q35-qter Paternal (Okano et al, 1986)
llp l5 .2-pter 14q32.3-qter Paternal (Tonoki et al, 1991)
llp l5 .1-pter 5pl5.2-pter Paternal (Wales et al, 1986)
llp l4 -p ter 5pl5.2-pter Paternal (Brown et al, 1992b)
llp l3 -p ter Xp22.1-pter Paternal (Kubota et al, 1994)
llp l5 .4-pter - Paternal (Weksberg et al, 1993)
llp l5 .5-pter - Paternal (Weksberg et al, 1993)
llp l5 .5-pter - Paternal (Weksberg et al, 1993)
llp l3 -p ter 4q35-qter Paternal (Weksberg et al, 1993)

* Patients not considered to have WBS by Turleau et al (1991).

As described in chapter 5 the short arm of chromosome 11 has been divided 
into 18 distinct regions (Redeker et al, 1994). A representative probe from each of 
the regions between I and XIV was used to ensure that there had been no subtle 
rearrangements in the duplicated portion of chromosome 11. The studies reported 
here showed that the relevant probe was present on the chromosome and in the 
expected position in each region examined. As these probes are approximately 1 
Mb apart it is unlikely that a subtle rearrangement would have been missed. 
Preliminary studies showed that the duplication breakpoint lay between the distal
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marker, D11S836, and the proximal, D11S781 marker. Further analysis using 
probes D11S780, c444 and c464 revealed that the breakpoint lay between c444 and 
c464 in llp l4 .3  as shown in figure 6.6. Interestingly, both patients had exactly the 
same breakpoint despite being unrelated, having a different clinical presentation 
and different phenotypic features. To date, only four other patients w ith WBS and 
paternally derived duplications of l ip  have been analysed by FISH (Mannens et al,
1994). In 2 of these 4 cases the extent of the duplicated region was very similar to 
those reported here, while the other 2 patients had shorter regions of duplicated 
l i p  material as shown in figure 6.9 (Mannens et al, 1994). The extent of the 
duplicated region has been assessed in three other children with WBS and trisomy 
for l lp lS  by Southern analysis and densitometry. In one child the duplication 
extended from the telomere to PTH in l lp l4  and in the other two children, the 
duplicated region extended from the telomere to the B- globin locus in l lp lS  
(Weksberg et al, 1993). The use of Southern analysis to determine the extent of the 
duplicated region on l ip  is relatively crude compared to in situ hybridisation 
studies, because there are many more cosmid probes available for this 
chromosomal region than single copy probes.

Using a series of locus-specific cosmid markers that map to I lp l5 - l lp l3 , 
cosmid markers flanking the duplication breakpoint were determined by FISH. 
These studies elegantly demonstrated that both children are trisomie for the 
l lp l4 .3  to pter region and that, in both cases, the extra chromosomal material is 
paternal in origin. The association between trisomy for the short arm of 
chromosome 11 and WBS was first noted by Waziri who presented two patients 
w ith phenotypic features consistent with WBS and trisomy for llp lS . A literature 
review revealed six other reported cases of trisomy l ip ,  none of whom had 
previously been considered to have WBS (Waziri et al, 1983). In four of these six 
patients the region of trisomy included l lp l5  and, although this latter group had 
some clinical features consistent with WBS, this diagnosis was not accepted for all 
of the patients (Turleau and de Grouchy, 1985). In a later review, 13 of 15 patients 
trisomie for l ip ,  including the group described by Waziri, were considered to 
have phenotypic features consistent with a diagnosis of WBS (Okano et al, 1986). 
Twenty patients with different, overlapping duplications of l lp l5  have now been 
reported in the literature (Aleck et al, 1985, Bajolle et al, 1978, Brown et al, 1992b, 
Falk et al, 1973, Fryns et al, 1981, Journel et al, 1985, Kubota et al, 1994, Okano et 
al, 1986, Rethore et al, 1980, Tonoki et al, 1991, Turleau and de Grouchy, 1985,
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Wales et al, 1986, Waziri et al, 1983, Weksberg et al, 1993). The extent of the 
duplicated region varies from patient to patient w ith involvement ranging from 
almost the entire length of the short arm of chromosome 11, ( l ip  11.2 to pter) in 
one patient (Falk et al, 1973) to just the telomeric region, l lp lS , in others [Table 
6.3] (Journel et al, 1985, Tonoki et al, 1991, Turleau and de Grouchy, 1985, Waziri 
et al, 1983, Weksberg et al, 1990, Weksberg et al, 1993). Clinical details are 
available for 20 patients with trisomy for l i p  15 and this subgroup have distinct 
phenotypic characteristics including an increased incidence of prematurity, 
hypotonia, mental retardation, cleft lip and palate and congenital heart defects, 
compared to those WBS patients w ith a normal karyotype as shown in table 6.3. 
(Aleck et al, 1985, Bajolle et al, 1978, Brown et al, 1992b, Falk et al, 1973, Fryns et 
al, 1981, Journel et al, 1985, Kubota et al, 1994, Okano et al, 1986, Rethore et al, 
1980, Tonoki et al, 1991, Turleau and de Grouchy, 1985, Wales et al, 1986, Waziri 
et al, 1983, Weksberg et al, 1993). Mental retardation could not be assessed in a 
number of patients as they died prior to assessment.

As discussed, in section 1.3.5, the phenotypic spectrum of WBS is wide and 
the diagnosis of this condition depends on the presence (or absence) of a number 
of clinical features. Whilst there are no set criteria for making the diagnosis of 
WBS, it has recently been proposed that either the presence of three major clinical 
features (anterior abdominal wall defect, macroglossia or pre/post-natal 
gigantism), or 2 major plus 3 minor features (ear pits, flame naevus, 
hypoglycaemia, nephromegaly or hemihypertrophy) must be present (Elliott and 
Maher, 1994b). By these criteria, only eight of the 16 patients w ith trisomy for l ip  
can be diagnosed as having WBS. Eight other patients have 2 major features and 
four have only one major feature as shown in table 6.3. Thus, less than half of the 
patients w ith l i p  duplication fulfill acceptable diagnostic criteria for WBS. 
Furthermore, the extent of the l i p  duplications, determined by standard 
cytogenetic techniques, are heterogeneous and vary markedly between patients 
with little or no correlation between the size of the duplication and the reported 
clinical features. Moreover, as presented here, even when two unrelated patients 
are found to have exactly the same translocation by fine m apping studies, their 
clinical presentation and phenotype are very different. Indeed, only one of the
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Table 6.3 Clinical Features Of Patients With Trisomy For The Short Arm Of Chromosome 11

R eferences
1 2 3 4 5 6 6 7 7 8 8 9 10 11 12 13 14 14 14 14

Clinical S ign s
Polyhydram nios + + + + +
Prematurity + + + + +
Gigantism + + 4- + + + + + + + + + +
Ant. abdom inal w all defect + + + + + + + + + + + +
Macroglossia + + + + + + + + + + + + + + + + +
Flame N aevus + + +
Ear lobe abnormalities + + + + + + + + + . +
Nephro /organom egaly N O O N N O N O N
H em ihypertrophy
H ypoglycaem ia + + + +
Mental retardation + + + + + + + + # + # + * # + -
Hypotonia + + + + +
Hypertelorism + + + + + +
Orofacial clefting + +
Cryptorchidism + + + + +
Heart defects + + + + + + +
W ilms tumour

Major criteria* 2 2 3 1 2 3 3 3 2 3 2 2 3 1 2 2 2 1 2 1
Minor criteria* 0 1 1 3 2 1 4 3 1 1 3 2 1

Key N =  Nephrom egaly  
G =O rganom egaly

# = D ied prior to assessm ent * = A sessm ent not done.
Major And Minor Clinical Features Are A s D efined By Elliott and Maher (1994 )

References
1. Falk et a l , 1973 2. Bajolle et al, 1978.
7. Journal et al,1985 8. Turleau et al, 1985
13. W eksberg et al, 1993.

3. Rethore et al, 1980 4. Fryns et al 1981 5. Aleck et al, 1985
9. Okano et al, 1986 10. Tonoki et al, 1991 11. W ales et al, 1986

6. W aziri et al, 1983 
12. Brown et al, 1992
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two patients in this study had sufficient clinical features to make the diagnosis of 
WBS by the criteria of Elliott and colleagues (Elliott and Maher, 1994b). The 
genetic mechanism underlying this variation, and indeed the relationship between 
trisomy for l i p  and WBS, is unclear.

The salient and distinguishing clinical features of WBS patients with 
trisomy for l lp lS  compared to those with a normal karyotype include mental 
retardation and hypotonia. Other notable clinical findings in patients w ith trisomy 
include cleft palate, hypertelorism and congenital heart defects. Many of these 
features, particularly mental retardation and orofacial clefting, are non-specifically 
associated w ith a number of other chromosomal disorders (Turleau et al, 1985). For 
example, 2 patients w ith partial trisomy for l i p  which did not include l lp l5  and 
in whom the extra chromosomal material was of maternal origin, had mental 
retardation and cleft lip and palate but no other clinical features of WBS (Sanchez 
et al, 1974, Strobel et al, 1980).

Five of the 20 WBS patients with l lp l5  trisomy were noted to have a wide, 
flat nasal bridge; a feature reminiscent of one of the facial characteristics of 
Perlman syndrome - a distinct Wilms tumour predisposition syndrome which 
shares several phenotypic features with WBS as discussed in chapter 5 (Greenberg 
et al, 1988, Grundy et al, 1992). Hypotonia and severe mental retardation are also 
notable features in surviving patients w ith Perlman syndrome. Cryptorchidism 
was present in 6 of 6 males with trisomy l ip ,  an unusual finding in those WBS 
patients with a normal karyotype, but is a recognised clinical feature of Perlman 
syndrome (Elliot et al, 1994, Pettenati et al, 1986). However, other characteristic 
facial features of Perlman syndrome - deep set eyes and an inverted 'V  shaped 
upper lip - have not been reported in patients with trisomy for l lp l5  and no 
patient with Perlman syndrome has been reported to have macroglossia or 
umbilical abnormalities.

In reviewing the literature, it became apparent that, in 14 of the 20 patients 
with WBS and trisomy l ip ,  the duplicated material was paternal in origin, as in 
the two cases presented here [see table 6.3]. In six other cases the additional 
chromosomal material was not inherited but arose de novo (Rethore et al, 1980, 
Turleau et al, 1985, Waziri et al, 1983). The smallest duplicated region in the WBS 
patients with trisomy involves llp l5 .5 , w ithin which, the genes for Insulin-like 
growth factor 2 (IGF2), H19 and insulin are located. Studies of parent of origin of 
the extra chromosome 11 material in all of the trisomie patients analysed to date,
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F ig u r e  6 .8 D ia g r a m m a tic  r e p r e s e n t a t io n  o f  th e  p h y s ic a l

LOCATION OF THE TWO BREAKPOINT CLUSTER REGIONS IN WBS PATIENTS

Region* Markers/
Genes

Physical location

jV
y
_VI

VII

_VILL

IX

X

HRAS

IGF 2

D11S724
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11P15.3

11P15.2
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11P14
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has shown that in every informative case the duplicated material is of paternal 
origin [see table 6 .2]. These observations provided the first evidence that the WBS 
locus was imprinted [see section 1.13] (Brown et al, 1990). By contrast, the 8 
children with WBS with balanced translocations or inversions w ith breakpoints 
interrupting l lp lS  have phenotypically normal mothers (Mannens et al, 1994, 
Weksberg et al, 1993). These maternally derived translocations lie in two distinct 
regions, either close to the Insulin /IGF2 genes - the Wiedemann-Beckwith critical 
region 1 (WBS CRl) in llp l5 .5  -or proximal to the haemoglobin fi chain gene in 
llpl5.3-4- the Wiedemann-Beckwith critical region 2 (WBSCR 2). This summarised 
in figure 6.Q. (Mannens et al, 1994, Weksberg et al, 1993). WBS CRl and WBS CR2 
are separated by more than 4 Mb (Mannens et al, 1994, Redeker et al, 1994). WBS 
CRl has been narrowed down to a 295-395 kb region identified by the 
translocation breakpoints from 5 patients (Hoovers et al, 1995, Redeker et al,
1994). This region is 100 kb centromeric to IGF2 and 100 kb telomeric to p57 KIP2 
[see section 1.14]. A cosmid contig now spans this region (Hoovers et al, 1995). 
WBS CRl is closer to IGF2 than originally thought raising the possibility that even 
though it is not directly interrupted by these breakpoints IGF2 may be influenced 
by a position effect' (Hoovers et al, 1995). WBS CR2 is defined by one patient with 
a paternally derived duplication and two patients w ith maternally derived 
translocations and extends over 2 Mb. Of the patients w ith translocations or 
duplications involving WBS CR2, one had a Wilms tum our and another an 
adrenocortical carcinoma (Henry et al, 1989, Mannens et al, 1994). Interestingly, 
this latter case was originally reported as adrenocortical cytomegaly, which, in a 
subsequent report was changed to an 'adrenocortical carcinoma' (Henry et al, 1989, 
Journel et al, 1985). Although three putative tum our suppressor genes, ST5, Wee 1 
and RBTN, are located in this region, the distance between the translocation 
breakpoints in WBS CRl and CR2 means that it is extremely unlikely that all of 
them interrupt any single gene (Hoovers et al, 1995).

Further evidence for inappropriate genomic imprinting in WBS comes from 
the observation that paternal unipaternal isodisomy for l lp l5  occurs in 20% of 
patients with this condition (Henry et al, 1991). Uniparental disomy, is defined as 
the presence of two copies of all, or part, of a chromosome from the same parent 
with the lack of the corresponding chromosomal region from the other parent. The 
mechanism resulting in disomy depends upon whether the 2 centromeres arise 
from the same parent (uniparental isodisomy) or from different chromosomes
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(uniparental heterodisomy). Defects in meiosis I result in heterodisomy while 
defects in meiosis II cause isodisomy [figure 6.2]. While defects occurring at post 
fertilisation mitosis lead to mitotic recombination errors or non-disjunction will 
lead to partial isodisomy and somatic mosaicism. Isodisomy can be proven by 
finding loss of the maternal allele within the disomic region. The initial paper by 
Henry and colleagues shows evidence of uniparental paternal disomy for three of 
eight patients with sporadic WBS (Henry et al, 1991). This study used 
polymorphic markers in l lp lS  alone and thus the true extent of the region of 
disomy was not clearly defined. A follow-on study addressed this issue and 
isodisomy was proven in 20% of patients w ith WBS by demonstrating 
homozygosity for at least one marker within the disomic region where the father 
was heterozygous (Henry et al, 1993). For three of the five patients it was not 
possible to determine the extent of heterozygosity, but one child had inherited 
aUele 2 of the CALCA/Taq 1 locus in normal amounts from his normal mother 
and therefore only had partial isodisomy for l i p  markers (Henry et al, 1993). This 
situation can only have arisen by mitotic recombination or non-disjnction 
followed by reduplication. These investigators also presented evidence for somatic 
mosaicism by measuring the intensity of signal from Southern analysis (Henry et 
al, 1993). The presence of the maternal allele could be demonstrated within the 
disomic region, albeit at markedly reduced levels, implying a post-fertilisation 
event (Henry et al, 1993). It is now clear that majority of cases of UPD are mosaic 
for a paternal isodisomy suggesting that the UPD arises as a post zygotic event, 
possibly as the result of a mitotic recombination error (Henry et al, 1993, Schneid 
et al, 1993, Slatter et al, 1994). As discussed in section 1.15, mouse embryos 
disomic for the distal region of chromosome 7 (syntenic with hum an l lp l5 )  show 
early or late lethality depending upon whether they are bi-paternally or bi- 
maternally inherited. This raises the possibility that only those cases of WBS due to 
post zygotic UPD survive to term. Further evidence for WBS being due to a post 
zygotic event is provided from the twin studies in which, in the majority of cases 
the twins, were discordant for the condition. Finally, somatic mosaicism may 
provide an explanation for the incomplete phenotypic expression of WBS.

Further circumstantial evidence for a role of imprinted genes in WBS is 
provided by the observation that the familial form of this disorder has been 
m apped to l lp l5  by linkage analysis (Koufos et al, 1989, Ping et al, 1989). Three 
imprinted genes p57 KIP2, ig F2 and H19 have been m apped to the same region so
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Figure 6.7 Mechanisms of uniparental disomy.

Father Mother

Child

Isodisomy Heterodisomy

Isodisom y results from the presence of two identical parental chromosomes and heterodisomy 
from the presence of both hom ologues derived from the same parent. Heterodisom y results 
from non-disjunction during the first mitosis, isodisom y can occur either during the second 
m itosis or at a post zygotic stage. Partial isodisom y can result from a mitotic recombination 
event and, depending on the stage of development, can lead to somatic mosaicism.

far and others almost certainly exist in this region (De Chiara et al, 1990, Koufos et 
al, 1989, Ping et al, 1989, DeChiara et al, 1991, Giannoukakis et al, 1993, 
Rachmilewitz et al, 1992, Rainer et al, 1993, Ohlsson et al, 1993, Zhang et al, 1992, 
Zhang et al, 1993, Hatada et al, 1995). Evidence for a role for IGF2 in WBS has been
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strengthened by the recent demonstration of constitutional disruption of the 
normal IGF2 imprint in 4 of 6 patients with WBS (Weksberg et al, 1993). IGF2, 
therefore, appears to be a strong candidate gene for the WBS phenotype. 
Additional indirect evidence for the involvement of IGF2 in this condition was 
provided by the observation that the phenotypic effects of abnormalities of the 
IGF2 gene in mice are analogous to those of the WBS. In mouse studies, mutations 
inactivating the paternally inherited Igfl gene resulted in offspring that were 40% 
smaller at term than phenotypically normal mice and did not express Igfl mRNA. 
By contrast, maternal transmission of the inactivated Igfl resulted in mice that 
grew to the expected size and expressed normal levels of Igfl . The growth- 
retarded mice lacking Igfl expression were viable and fertile, and although post
natal growth was not affected, they remained smaller than both the phenotypically 
normal mice and those carrying a mutation inherited through the maternal 
germline (De Chiara et al, 1990). Introduction of a duplicated chromosomal 
segment containing Igfl into chimeric mice so that only the paternal allele is 
expressed resulted in abnormally large embryos (Ferguson-Smith et al, 1991). It 
appears, therefore, that Igfl is indispensable for normal embryonic growth in mice. 
Recent evidence has shown that IGF2 is also maternally imprinted in humans i.e. 
the expression of the maternally inherited copy is normally suppressed whereas 
the paternal copy is active (Giannoukakis et al, 1993, Ohlsson et al, 1993). As IGF2 
is located in llp l5 .5  (Bell et al, 1985), those patients trisomie for l lp l5  in whom the 
duplication is of paternal origin, have two active copies of the IGF2 gene. As IGF2 
is a developmentally regulated growth promoter (Humbel, 1990, Ohlsson et al,
1994), these individuals have two active copies of a growth promoting gene i.e. 
double the normal. Therefore, it might be expected that the offspring with WBS 
that have inherited two active paternal alleles of an embryonal growth factor 
would universally show gigantism. Overall, gigantism was noted in 9 of 14 (64%) 
in whom the extra chromosome 11 material was proven to be paternally inherited 
[Table 6.3]. This figure is much lower than would have been expected from the 
theoretical considerations expounded above, and is lower than the incidence of 
gigantism reported in large series of patients with WBS (Elliot et al, 1994, Pettenati 
et al, 1986). The link between gigantism and the presence of two active copies of 
IGF2 therefore is not clear cut, and suggests that additional factors m ust influence 
somatic growth in utero.
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Infants born to diabetic mothers as well as those with WBS, have a number 
of clinical features in common. Diabetic mothers and women carrying children 
w ith  WBS have a higher incidence of polyhydramnios and prem ature birth than 
normal expectant women. The infant of diabetic mothers are macrosomie with 
puffy, plethoric fascies and are 'plump' due to increased body fat and enlarged 
viscera. Hypoglycaemia is common but is usually asymptomatic. The incidence of 
congenital abnormalities is increased three fold, particularly for heart defects and 
sacral agenesis (Elliot et al, 1994, Kliegman and Behrman, 1987). In diabetic 
mothers w ith poor glycaemic control, the incidence of congenital heart defects 
(CHD) may be as high as 20% (Burn, 1987). The pathophysiology underlying these 
diverse clinical manifestations are poorly understood. It is thought that maternal 
hyperglycaemia causes fetal hyperglycaemia, resulting in an up-regulation of 
insulin production from the fetal pancreas. Fetal hyperglycaemia and 
hyperinsulinaemia then causes increased hepatic glucose uptake and glycogen 
synthesis, accelerated lipogenesis and augmented protein synthesis. The insulin 
gene is immediately 5' to IGF2 and an accumulation of evidence suggests that this 
gene may also be imprinted (Haig, 1994). For example, asynchronous replication is 
now a recognised characteristic of imprinted regions and the insulin gene along 
w ith H19 and IGF2 is included in the 1-2 Mb region on l lp lS  that replicates 
asynchronously - i.e. the paternal allele always replicates before the maternal allele 
(Kitsberg et al, 1993). In mouse studies, insulin is preferentially expressed from 
paternal alleles in the yolk sac of embryos and in humans the susceptibility to 
insulin-dependent diabetes mellitus is paternally transmitted implying a maternal 
imprint similar to that for IGF2 (Giddings et al, 1994, Julier et al, 1991). Diabetic 
offspring are significantly more likely to inherit the diabetes-associated allele from 
their father than their mother (Julier et al, 1991). Therefore, trisomie WBS patients 
with paternally derived duplications of l lp lS  have two active, expressed copies of 
both the insulin and the IGF2 genes and are likely to have increased circulating 
levels of these hormones. Although the increased levels of insulin are unlikely to 
be as high as those seen in infants of diabetic mothers, recent evidence suggests 
that circulating IGF2 may exert a regulatory role in insulin sensitivity, with 
increased levels of IGF2 enhancing insulin action (Rosetti et al, 1996). Therefore, in 
the trisomie WBS patients it is possible that the synergism between raised IGF2 
and insulin may mimic the situation in infants of diabetic mothers. These findings 
may account for the phenotypic similarities in patients w ith trisomy for l lp lS  and
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infants of diabetic mothers, in particular the high incidence of congenital heart 
disease (CHD) in the trisomy group. Those patients w ith paternal UPD for l lp l5  
or disruption of imprinting at IGF2 (Henry et al, 1991, Henry et al, 1993,
Weksberg et al, 1993), will also have two active copies of the insulin gene. It would 
be interesting therefore to compare the clinical features of these patients w ith the 
trisomy group.

The clinical heterogeneity of patients with WBS has led to a number of 
different models to account for the variable phenotype, differing modes of 
inheritance and the predisposition to malignancy. Study of the families with 
preferential transmission through the maternal line initially led to the suggestion 
that the paternally transmitted allele is always functionally inactivated by 
imprinting. Thus, offspring would only be affected if they inherit a mutation from 
their mother. However, this observation does not fit w ith cases of WBS associated 
w ith paternal duplication of l lp l5 ,  as it is unlikely that the duplication of an 
inactive allele would have a phenotypic effect. Three models have been proposed 
to date; 'trans-sensing' (Fidler et al, 1992), a ' two gene' hypothesis (Cohen, 1994, 
Junien, 1992, Ramessar et al, 1993) and a 'one-gene' hypothesis (Feinberg et al, 
1995, Weksberg et al, 1993).

The term 'trans sensing' is used to describe the general phenomenon in 
which one gene senses the presence of its homologue in trans and is influenced by 
its presence (Tartof and Henikoff, 1991). This results in a pathway of interactions 
whose final physiological result is appropriate gene expression. The wild type 
phenotypic expression of an allelic pair is associated with synaptic pairing of the 
two alleles and disruption of this allelic pairing can result in either enhancement or 
suppression of the phenotype. In Drosophila, homologous pairing of chromosomes 
occurs particularly during interphase, and there is evidence that trans-sensing is 
important in mediating an interaction between an enhancer and promotor in trans 
in a similar way that a transcription factor mediates the same interaction in cis 
(Tartof and Henikoff, 1991). Chromosomal translocations or monosomy impede 
the normal process of homologous chromosome pairing and disrupt the 
appropriate expression of trans sensing genes involved in the normal control of 
cell growth.

The following features are consistent with a role for trans-sensing in WBS. 
Homologous IGF2 alleles are paired in mitotic cells. In the normal developing fetus 
the maternal IGF2 allele has a suppressive controlling influence on the paternal
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IGF2 allele, such that disruption or absence of the m aternal/paternal gene pairing 
leads to deregulation of IGF2 (Fidler et al, 1992). The consequence of paternal 
duplication is that one paternal IGF2 allele cannot pair with a maternal IGF2 allele, 
whereas maternal translocations disrupt the normal pairing at IGF2. The fact that 
there is heterogeneity of the location of the translocation breakpoints in l lp l5  is 
irrelevant as long as they are proximal to IGF2 (Fidler et al, 1992). Although this 
theory assumes imprinting, it does not require an increased expression of the 
paternal allele. The main objection to this theory is that in all cases the mothers 
carry the same translocations as their affected offspring, yet have no stigmata of 
WBS. If the trans-sensing theory is correct, then the mother should also be 
affected. Although the breakpoints in WBS are proximal to IGF2, they occur in two 
separate clusters suggesting that multiple loci may be involved (Hoovers et al,
1995), rather than one breakpoint disrupting transcription in trans'.

Several observations suggest that more than one locus underlies the WBS 
phenotype. Firstly, transmission in autosomal dominant pedigrees, termed 
paternal imprinting' by Ramessar and colleagues, have been observed (Ramessar 
et al, 1993); secondly, two separate clusters of translocations in l lp l5  have been 
identified (Mannens et al, 1994, Weksberg et al, 1993); thirdly, clinical 
manifestations differ in the incidence of autosomal dominant pedigrees compared 
to sporadic cases (Cohen, 1994) and fourthly it has been noted, albeit in small 
numbers, that patients w ith paternal UPD are at greater risk of developing a 
malignancy than those with a normal genetic complement at l i p  (Henry et al, 
1991, Schneid et al, 1993). This finding suggested the absence of an active maternal 
allele of a tumour suppressor gene. These observations led to the formulation of 
model involving two genes (Junien, 1992).

a). A paternally imprinted - maternally expressed gene for growth 
suppression
b). A maternally imprinted - paternally expressed gene for growth 
stimulation.

If this model were correct, maternally-derived chromosome 11 
translocations and inversions might involve a loss-of-function m utation of a 
paternally-imprinted growth suppressor, expressed from the maternal allele. There 
are, in fact, two reciprocally imprinted genes in llp lS , IGF2 and H19, w ith exactly
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these properties ( section 1.12) (Cohen, 1994, Junien, 1992, Ramessar et al, 1993). 
Both of these genes are included in the region of paternal disomy associated with 
WBS [Henry et al, 1991, Henry et al, 1993) and are located on the same 2 Mb 
region in llp l5 .5  in which the two homologous alleles replicate asynchronously 
suggesting that they function as an 'imprinting unit' (Kitsberg et al, 1993).

Studies of differences in méthylation patterns of paternally-inherited versus 
maternally inherited chromosomes, and of IGF2 and H19, has provided further 
evidence for a role for these two genes in WBS suggesting a link between 
méthylation of IGF2 and H19 and differential parental imprinting (Reik et al, 1994, 
Schneid et al, 1993, Slatter et al, 1994). Furthermore, a distortion of polymorphic 
allele frequencies in patients w ith UPD has been noted. A similar pattern has also 
been observed in mice which reflect differences in the transcriptional level of igfl. 
(Brannan et al, 1990). Differences in IGF2 expression in hum ans may exert a 
phenotypic effect and explain the variation associated w ith this condition (Reik et 
al, 1994). It has been observed that the phenotypic expression of WBS becomes 
less obvious with age (Hunter and Allanson, 1994, Niikawa et al, 1986, Weng et 
al, 1995). In one patient the hypomethylated paternal allele acquired a normal 
méthylation status between 3 months and 3 years of age (Mannens et al, 1994). This 
reversal of imprinting may explain why there is a gradual relaxation of the 
phenotypic features of this condition with age.

As discussed earlier in this Chapter, two breakpoint cluster regions have 
been defined in WBS patients with maternally derived balanced translocations and 
paternally derived duplications. WBSCR2 lies 4 Mb centromeric to H19 and IGF2, 
and groups of breakpoints within this region m ap approximately 2 Mb apart. It is 
difficult to explain how these translocations exert an effect on H19 and IGF2, as it 
is unlikely that méthylation can be influential over such a distance. More complex 
models, one involving the spread of inactivation along the chromosome from 
hypothetical distant imprinting controlling elements, similar to X-inactivation, 
have also been suggested. However, as yet there is no experimental proof for this.

The one-gene theory provides a more parsimonious explanation, 
suggesting that the WBS gene is imprinted and that the maternally-inherited gene 
is normally suppressed, whereas the paternal gene is normally active. In other 
words, the WBS phenotype may be caused by an increased dosage of an active 
paternal allele. In this model, IGF2 is the candidate gene for WBS (Weksberg,
1994). WBS can therefore arise as a result of the disruption of the normal'
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suppression of the maternally inherited IGF2 allele, so that the maternal as well as 
the paternal copy of IGF2 allele is expressed. Paternally derived duplications of 
l lp l5 , unipaternal isodisomy for the same region and constitutional biallelic 
expression of IGF2, all result in increased IGF2 gene activity. In autosomal 
dominant pedigrees and the maternally-derived translocations, the WBS 
phenotype only occurs when the mutation or chromosomal abnormality is 
transmitted by the mother. This model predicts that the m utation or translocation 
interrupts the normal imprint on l lp lS  and suggests that WBS can arise from 
disruption of the 'normal' suppression of the maternally inherited IGF 2 gene - 
perhaps by being translocated to a chromosome that does not allow imprinting to 
occur (Weksberg, 1994). The one-gene hypothesis therefore suggests a gain of 
function mutation, consistent with the generalised and regional overgrowth and 
increased risk of malignancy seen in WBS. This theory does not preclude the 
involvement of additional loci in the development of tumours in WBS (Weksberg, 
1994).

There may, however, be more to WBS than IGF2. Constitutional relaxation 
of imprinting observed in one patient with Wilms tum our and gigantism but no 
other features of WBS, suggests that IGF2 overexpression may be responsible for 
the somatic gigantism but not the tissue-specific overgrowth or other clinical 
features of this condition (Ogawa et al, 1993b). Nystrom and colleagues (1994) 
report the results of linkage analysis in a WBS family w ith apparent maternal 
transmission of the condition failed to demonstrate a common maternally- 
inherited IGF2 allele in the affected patients (Nystrom et al, 1994). Moreover, IGF2 
remained maternally imprinted in the index case (Nystrom et al, 1994). One of the 
tenets of scientific reasoning involves the issue of exception - if an observation is 
found to be at odds with the working hypothesis then that hypothesis must be 
reconsidered. The observations of Nystrom et al effectively excludes IGF2 as the 
WBS gene in familial cases (Nystrom et al, 1994), but it does not rule out the 
possibility that H19 is involved. Current methods of linkage analysis are not 
sensitive enough to distinguish between the IGF2 and H19 genes in autosomal 
dominant pedigrees. Analysis of H19 alleles in the family reported by Nystrom 
and colleagues are warranted (Nystrom et al, 1994). Furthermore, the distal portion 
of chromosome 7 in mouse shows syntenic homology w ith hum an chromosome 
l ip  (Bartolomei, 1994). A cluster of at least five imprinted genes has been 
identified on the distal portion of mouse chromosome 7 (Bartolomei, 1994), three of
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which have now been implicated in WBS; IGF2 (Weksberg et al, 1993), H19 (Reik et 
al, 1994, Reik et al, 1995) and, most recently, p57 ^ 2  (Hatada et al, 1996). p57 
is imprinted in m an and mouse and is maternally expressed (Hatada and Mukai, 
1995, Matsuoka et al, 1995). Two different m utations have been identified in this 
imprinted gene, both result in loss of active protein encoded by the maternally 
expressed genes in the proband with WBS (Hatada et al, 1996). One of the patients 
with WBS was found to have inherited the p57 m utation from his unaffected 
mother (Hatada et al, 1996). p57 ^ 2  a member of cyclin -dependant kinase 
inhibitor family The protein is a potent inhibitor of several G1 cyclin/Cdk 
complexes and is a negative regulator of cell proliferation, w ith over expression of 
this gene causing G1 arrest (Matsuoka et al, 1995, Mong-Hong et al, 1995). This 
suggests that p57 may function as a negative regulator of embryonic growth 
an d /o r as a tumour suppressor gene. Indeed as p57 is maternally expressed, 
WBS patients w ith paternal UPD will have two inactive alleles. However, it seems 
unlikely that inactivation of p57 is responsible for WBS. As discussed above, 
patients with this condition who are trisomie for l lp l5  have paternal duplication 
of l lp l5  in the presence of an intact and presumably functional maternal 
chromosome 11. Therefore, although they have two paternal, non-expressed copies 
of p57 this is balanced by a functional copy of this gene on the maternal allele. 
It is perhaps more likely that mutations in p57 result in disruption in the 
normal chromosome environment and thereby disruption of the appropriate 
imprinting signals. This in turn would affect other im printed genes in the region. It 
is intriguing to speculate that p57 and IGF2 may be involved in the same 
growth control pathway, with the absence of p57 resulting in excess IGF2 or 
vice-versa. Unfortunately, IGF2 levels were not m easured in the study by Hatada 
and colleagues (Hatada et al, 1996). Experiments w ith p57 ÎP2 knockout mice will 
hopefully shed further light on the interrelationship between the cluster of 
imprinted genes in l lp l5  and the effect of mutations within this gene.

The description of an 'adrenocortical carcinoma' in a patient w ith trisomy 
for l lp l5  and WBS (Henry et al, 1989), raises interesting questions about the 
relationship between WBS and malignancy in this sub-group of patients. To date, 
only one of the 20 patients with trisomy for l lp l5  are reported to have developed 
a malignancy [see table 6.3]. This patient was found to have adrenocortical 
cytomegaly at autopsy (Turleau et al, 1985), one of the characteristic pathological 
findings of WBS (Beckwith, 1963, Wiedemann, 1964). Interestingly, this was
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described as 'adrenocortical carcinoma' in subsequent papers (Henry et al, 1989).
To date no WBS patient w ith trisomy l lp lS  has developed a Wilms tumour and, as 
the exact histology in the above case is not clear, it raises the possibility that none 
of the trisomie patients has ever developed a malignancy. However, as discussed 
[section 1.3.5], 7.5 % of patients with WBS present w ith a num ber of different 
tum our types of which 40 % are Wilms tumours. In the subset of patients with 
WBS and hemihypertrophy the incidence of malignancy is 40 % (Wiedemann, 
1983). This raises the possibility that certain patients w ith WBS are more 
susceptible to malignancy than others. In WBS patients w ith UPD it has been 
suggested that the congenital absence of maternal alleles may confer an increased 
risk of malignancy (Henry et al, 1991, Slatter et al, 1994). Compared to WBS 
patients with UPD for the l lp l5  region, the subset of patients who are trisomie for 
l lp l5  have a functioning maternal allele, in addition to paternal alleles. The H19 
gene located adjacent to IGF2 in llp l5 .5  is maternally expressed and so imprinted 
in the opposite direction to IGF2 (Zhang and Tycko, 1992). H19 is transcribed into 
mRNA and appears to function as a regulatory RNA molecule (Bartolomei et al, 
1991) when transfected into G401, a malignant rhabdoid tum our cell lines that had 
b>een used previously in tumour suppression studies (Dowdy et al, 1991) where it 
was found to suppress both tumour growth and tumorigenicity [Hao et al, 1993). 
Wilms tumours that have lost the normal imprinting pattern at the IGF2 locus have 
an increased IGF2 expression but a loss of H19 expression (Moulton et al, 1994, 
Steenman et al, 1994). Whether it is the loss of a tum our suppressor effect or an 
increased function of a growth factor that is important in the development of a 
tum our is not yet known, but in children trisomie for l lp l5  it is possible that 2 
active copies of IGF2 are opposed by the still functioning maternal H19 gene. 
Alternatively, cell hybrid studies have provided evidence for at least one tumour 
suppressor gene in l lp l5  distinct from IGF2 and H19 (Koi et al, 1993, Reid et al,
1996). Preferential loss of the maternal chromosome 11 allele in Wilms tumour is 
now well documented (Mannens et al, 1988, Orkin et al, 1984, Pal et al, 1990,
Reeve et al, 1984, Schroeder et al, 1987) and is consistent w ith the notion that there 
is a higher concentration of tumour suppressor genes on the maternal than 
paternal set of chromosomes. In paternal UPD, loss of the maternal allele will 
therefore result in the loss of putative tumour suppressor genes, while these are 
retained in patients with trisomy for l lp l5 . The numbers of patients w ith trisomy 
are few and it may therefore be difficult to prove this hypothesis.
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Although the exact genetic mechanisms giving rise to WBS are not yet clear, 
several lines of evidence suggest that altered dosage of an imprinted gene (or 
genes) is responsible for the clinical features of this condition. The question of why 
some genes change their pattern of expression, depending upon whether they are 
maternally or paternally inherited, is as yet unresolved. Imprinting is conserved 
through evolution suggesting that it has some selection advantage. For instance, 
imprinting must confer considerable benefits to the host in counterbalancing the 
risk of hemizygosity. Several other theoretical advantages of imprinting have been 
proposed. The prevention of parthenogenesis in mammals, in which an 
unfertilised ovum develops into a new individual, may ensure that the species 
continues to propagate by sexual reproduction, thereby preventing stagnation of 
the evolutionary process (Solter, 1987). Moreover, certain non-mammalian species 
which can reproduce asexually, prefer to propagate sexually. Differential function 
of the maternal and paternal genomes during embryogenesis has led to the theory 
of " parent- offspring conflict", i.e. a conflict in the embryo between the maternal 
and paternal alleles over the quality and quantity of resources required from the 
mother (Moore and Haig, 1991). The more an embryo obtains from its mother the 
larger it will be at birth and the more likely to survive and reproduce. Yet the 
greater the demand from the fetus the greater the cost to the mother and her 
future. In order that successive pregnancies can be sustained, the size of the 
placenta and the offspring must be limited so that the nutritional burden of each 
pregnancy is contained (Haig, 1992, Haig and Graham, 1991, Haig and Westoby, 
1989, Moore and Haig, 1991). Oviparous vertebrates apparently do not have 
imprinted genes, which supports the suggestion that one of the roles of imprinted 
genes lies is in the control of intrauterine embryonic growth. The counter
argument is that imprinting research has predominantly concentrated on 
polygamous species such as mice, and may not be relevant to humans, who are 
usually monogomous and usually produce a single offspring w ith each pregnancy 
(Ekstrom, 1994)

The link between méthylation and imprinting [section 1.13] has provided an 
alternative hypothesis, suggesting that imprinting may have evolved as an 
extension of the host defence role that méthylation plays against invading 
organisms. Viruses can be inactivated by the host cell via méthylation of the CpG 
dinucleotides in the viral genome (Barlow, 1993). Although convenient, this theory 
does not provide a motive but merely suggests a utilitarian use of an evolutionary
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pressure to maintain this pathway of host defence. It has also been suggested that 
w ithout imprinting, ovarian teratomas- arising from parthenogenically activated 
oocytes, might be capable of forming malignant trophoblast (Varmuza and Mann,
1994). An imprinted allele would enjoy positive selection as it w ould provide 
protection against a lethal cancer.

Finally, genomic imprinting has been proposed as a surveillance 
mechanism for preventing chromosome loss and genomic instability, therefore 
allowing for the early detection of monosomy or trisomy and protecting against 
cancer (Thomas, 1994). This theory implies that if there are two oppositely 
imprinted genes, both essential for cell growth, the loss of one of these genes, for 
example by a mitotic error such as non-disjunction, would prevent the cell from 
growing and dividing. Similarly, the presence of three copies of a gene would 
upset the imprinting balance. Under normal circumstances - events leading to 
chromosome loss reduces both the amount of DNA and gene expression by a 
factor of two, which may be at the threshold of detectability by the cell. However, 
if each homologue is the sole source of expression of one or more genes, then the 
loss of these genes results in the loss of their expression which would either be 
detected or be deleterious to the cell's activities. Therefore, imprinting may provide 
a more sensitive means of detecting chromosome loss. This theory relies on 
random representation of imprinted alleles on maternal and paternal 
chromosomes and that they are evenly distributed throughout the genome. To 
date the discovery of imprinted genes in mice has relied on classical genetics and 
may thus represent the tip of the imprinting iceberg' (Beechy et al, 1990). As yet, 
only 15 imprinted genes have been described and many of these appear to be in 
clusters or 'domains'. A differential screen of the hum an genome suggests that 
there may be as many as 100 such genes (Hayashizaki et al, 1994).

Finally, imprinting may reduce the risk of developing cancer. Genomic 
instability is considered one of the primary steps toward the development of 
cancer (Hartwell, 1992), as this favours the accumulation of the many, sequential 
genetic changes that underlie malignant change (Vogelstein et al, 1988). The 
argument, though teleological, suggests that as genomic instability is such bad 
news' that a mechanism should select for high fidelity somatic replication and 
quality DNA repair in order to prevent cancer, rather like p53 which is though to 
act as guardian' of the genome (Cowell, 1990). This notion is particularly relevant 
to children's cancer, whence the occurrence of life threatening disease in
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childhood clearly reduces their reproductive potential. Hypothetically, genomic 
imprinting provides a means of detecting changes in the genome in addition to 
surveillance for large deletions, whole chromosome loss or events that lead to loss 
of heterozygosity. However, a regulatory system of gene expression detectors 
whose function would be to block cell division or activated programmed cell death 
were there loss of an imprinted gene or region would be required. As yet no such 
mechanism has been described.

The raison d'etre' of imprinting may not become clear until we have a better 
idea of the scope of this phenomenon. Our understanding of the extent and 
characteristics of the imprinted fraction of the genome is still incomplete and 
awaits the development of efficient methods for the identification and cloning of 
imprinted genes.

A number of 'models' have been described in this Chapter. However, 
although models can be helpful in directing thinking, they can also be restrictive 
and a consequence of our desire to impose order on a phenomenon we do not 
understand. Although there is strong evidence for a role for genomic imprinting in 
the aetiology of WBS the exact nature of the defect or 'imprinting mutation' that 
results in this condition is not clear. Similarly the aetiological connection between 
WBS and malignancy remains uncertain. The possibility that IGF2 represents this 
link is still unproven. In order to further understand this syndrome and the link to 
malignancy, we need to study more patients at the molecular level.
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Chapter 7

Summary and Conclusions
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7.1 Summary and Conclusions

The molecular genetics of Wilms tum our is complex and our 
understanding of the processes that result in this fascinating tum our 
continues to evolve. This thesis has examined a num ber of current 
themes related to Wilms tum our and the Wilms tum our predisposition 
syndromes. These findings are summarised in this chapter and ways in 
which they can be taken forward are suggested.

W hen the candidate Wilms tum our suppressor gene, W Tl, was 
cloned in  1990 (Call et al, 1990, Gessler et al, 1990), it was initially assumed 
that the molecular biology of this tum our w ould soon be understood. 
However, although molecular analysis of Wilms tum ours from patients 
w ith the WAGR and Denys-Drash syndromes revealed W Tl m utations in 
the rem aining functional allele, it is now evident that W Tl plays a limited 
role in the sporadic form of Wilms tum our (Chapter 3). Furthermore, in a 
significant num ber of tumours including GOS 54, presented in this thesis, 
the W Tl mutations are heterozygous. These findings suggest that even 
when a m utation in W Tl occurs, other events are necessary for the 
developm ent of a Wilms tumour. The mechanism of tumorigenesis in 
these cases is uncertain although possibilities include (a) the presence of an 
undetected m utation outside the coding region of the W Tl gene resulting 
in loss of expression at the protein level, (b) interaction of the m utant 
W Tl allele w ith the wild-type form which interfere w ith its function, or 
(c) the combination of a single W Tl m utation and a m utation in one of 
the other Wilms tum our associated loci. The latter is perhaps the more 
likely in view of evidence for the involvement of loci other than l lp lS  in 
the genesis of Wilms tumour. That different genetic modes of action - 
recessiveness, haploinsufficiency and dominance - are involved in 
different phenotypes (Wilms tum our, Denys-Drash and WAGR) suggests 
that the W Tl protein is critical for the transcriptional regulation of a 
num ber of genes, each of which is involved in tha various phenotypes 
associated w ith Wilms tumour. In order to gain a better understanding of 
the biological function of W Tl, it will be necessary to continue to 
characterise W Tl m utations and correlate these m utations w ith clinical 
phenotypes.

Although the two-hit hypothesis (Knudson and Strong, 1972), 
provided the conceptual framework for the study of allele loss in 
embryonal tum ours it now appears to have limitations. The hypothesis
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was based on the concept that (only) two 'events', the inactivation of both 
alleles of a single 'tum our suppressor' gene, change a fully norm al cell 
into a malignant cell. As the theory was based on age at diagnosis of 
embryonal tum ours it can only account for events that are rate limiting for 
tum our formation. One or more genetic events may be necessary for 
malignancy but if this event occurs more frequently than the rate limiting 
event it will not be detected in models based on hit kinetic analysis. 
Therefore, the requirement of additional steps for progression to the 
malignant state cannot be excluded by this model. Further evidence for the 
involvem ent of mulitple factors in the malignant process has come from 
studies of the p53 tum our suppressor gene. Germline m utations of the p53 
tum our suppressor gene can confer an increased risk of tum our 
development (Malkin et al, 1990), but the age at which the cancer develops 
and the tum our type varies widely in families suggesting that the age at 
onset and the 'target organ' depend upon additional genetic events. In the 
original 2-hit hypothesis, the maternal and paternal alleles were 
considered to be functionally indistinguishable and allele loss was 
predicted to be a random  event (Knudson, 1971). Therefore, in Wilms 
tum ours showing LOH for chromosome 11, maternal and paternal alleles 
(at this location) should be lost w ith equal frequency. A num ber of studies 
have however, shown that it is almost always the m aternal chromosome 
that is lost (Mannens et al, 1988, Orkin et al, 1984, Pal et al, 1990, Reeve et 
al, 1984, Schroeder et al, 1987). This suggests that the maternal 
chromosome has a particular role in tum our suppression possibly 
reflecting a role for genomic imprinting or may reflect or a higher rate of 
spontaneous m utation in male gametes, or both (Dryja et al, 1989,
Wilkins, 1988, Zhu et al, 1989). Several other observations may be 
pertinent here. First, there is an increased relative risk of 2.1 for 
developing Wilms tum our associated with increased paternal age (Olson 
et al, 1993).; second, hypermutability of the l lp l3  region in paternal 
gametes has been demonstrated (Huff et al, 1990); suggesting that 
increased paternal germ line mutations are im portant in the aetiology of 
Wilms tumour. It has been suggested that the paternal allele is 
preferentially retained in Wilms tumours because of the presence of 
growth-promoting genes on the paternal chromosome (or conversely that 
the maternal allele is usually lost in tumours because the m aternal set 
contains a greater proportion of tum our suppressor genes) is compelling 
but other evidence is needed to conclude that the preferential loss of
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m aternal alleles reflects genomic imprinting. Such evidence could 
include:

i. The existence of uniparental disomy for a region known to be
involved in tumorigenesis.
ii. Monoallelic gene expression of implicated genes.
iii. Differences in the m éthylation pattern betw een the paternally
and m aternally inherited chromosomes.
iv. Differences in replication timing for the implicated region.

Loss of maternal alleles in Wilms tum our cells is reminiscent of 
paternal UPD. However, although UPD has been dem onstrated in one 
patient w ith  isolated hem ihypertrophy, Wilms tum our and an 
adrenocortical carcinoma (Grundy et al, 1991). UPD for chromosome l i p  
was an uncommon finding in the patients w ith sporadic Wilms tum ours 
that had no clinical features associated with WBS (Grundy et al, 1994). UPD 
has also been documented in non-tumoral tissue (Schneid et al, 1991) and 
was also found in normal kidney tissue in 4 of 44 patients w ith Wilms 
tum our (Chao et al, 1993). This latter finding raises the possibility that UPD 
may be present in normal kidney, although this may be difficult to prove 
ethically. The relationship between UPD and Wilms tum our is not clear 
cut, it is possible that the risk of malignancy is proportional to the degree 
of disomic cells w ithin the target tissue. However, cases of UPD and 
malignancy are to rare too confirm this hypothesis.

Other evidence for inappropriate genomic im printing in Wilms 
tum our, is provided by two recent studies which directly examined the 
role of im printing in Wilms tum ours by utilising a transcribed 
polymorphism in the IGF2 gene (Ogawa et al, 1993a, Rainer et al, 1993). 
W ith the exception of the Wilms tumours themselves, IGF 2 was 
im printed showing monoallelic paternal expression, in all of the somatic 
tissues examined. Of 17 tumours that had not undergone LOH for l lp l5 , 
biallelic expression of IGF2 was observed in 70% (Ogawa et al, 1993a,
Rainer et al, 1993). W hen H19 was analysed monoallelic maternal 
expression was also noted in normal tissues although biallelic expression 
was found in 20% of Wilms tumours (Ogawa et al, 1993a, Rainer et al, 
1993). This phenomenon, which is numerically more frequent than any 
other genetic abnormality so far discovered in Wilms tum our, has been 
term ed 'relaxation of imprinting - ROI' or 'loss of im printing - LOP. The
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term  ROI is preferable as it is not yet clear whether the allele-specific 
information that usually maintains the im print is lost, overridden or 
altered. The recognition that relaxation of the normal im printing pattern 
(ROI) was a relatively common event in Wilms tum ours suggests that the 
normal function of imprinting is to repress the expression of one copy of a 
growth promoting gene (figure 7.1) (Feinberg, 1993, Ogawa et al, 1993a, 
Rainer et al, 1993). Over expression of this gene, is then a crucial step on 
the path to tumorigenesis. ROI in the tum our leads to activation of the 
transcriptionally-repressed gene copy. In a similar manner UPD leads to 
increased expression of a growth promoting gene. The 'gene activation' 
theory therefore proposes, that an abnormal imprint leads to gene 
activation and it is a growth promoting gene that is im printed (Feinberg, 
1993). It is suggested that the same regulatory mechanisms that result in 
rapid growth of placental tissue are deregulated and result in unchecked 
malignant proliferation. However there is no link between ROI and 
higher stage disease at presentation (Ogawa et al, 1993a, Rainer et al, 1993). 
If ROI results in tumorigenesis, the level of IGF2 expression should be 
considerably higher in those tum ours w ith ROI than those tum ours that 
had either LOH for l lp lS  or maintained the normal im print of this gene. 
The expression of IGF2 and H19 in 12 Wilms tumours w ith either ROI, 
maintenance of imprinting or LOH for l lp lS  was therefore examined by 
N orthern blot analysis by Steenman and colleagues (Steenman et al, 1994). 
Although an increase in IGF2 expression was observed in those tum ours 
w ith ROI, increased IGF2 expression was also seen in some tum ours that 
m aintained the normal im print (Steenman et al, 1994). The biggest 
stumbling block in the IGF2 hypothesis' is the lack of evidence for 
increased IGF2 expression and increased IGF2 protein levels in Wilms 
tum ours which questions the role and the significance of IGF2 and ROI in 
W ilms tumorigenesis.

Biallelic IGF2 expression did, however, result in an m arked down- 
regulation of H19 expression and reduced expression of this putative 
tum our suppressor gene (Steenman et al, 1994). Similarly, tum ours w ith 
LOH for l lp l5  also showed low levels of H19 expression, consistent w ith 
the loss of maternal alleles. This observation suggested that ROI and LOH 
share a final common pathway', reduction of H19 expression. In mouse 
studies, the paternal allele is methylated while the maternal H19 gene is 
not. Méthylation analysis in tum ours with ROI show aquisition of the
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Figure 7.1 Diagrammatic representation contrasing the' inactivation' and
'activation' theories of genomic imprinting in cancer.
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paternal méthylation pattern by the m aternal allele (Steenman et al, 1994), 
consistent w ith the altered expression of the respective genes in the 
tum ours w ith ROI. No change in méthylation status was noted in those 
tum ours that m aintained the normal imprint. These findings add weight 
to the proposed role of imprinting in cancer (Feinberg et al, 1995) and were 
consistent w ith  the enhancer-competitor model in mice in which H19 and 
IGF2 act a functional pair (Bartolomei et al, 1993). However, H19 - which is 
m aternally expressed in fetal tissues - was found to be biallelically 
expressed in the hum an placenta until 10 weeks gestation then 
monoallelically expressed. IGF2, by contrast, was consistantly expressed 
from the paternal allele in the placenta Qinno et al, 1995). These 
observations suggest that a strictly time-controlled but independent 
im printing program  exists w ithin the same tissue and that imprinting 
m ay not necessarily be 'set' at gametogenesis. Interestingly, the 
establishment of imprinting of IGF2 and H19 appeared to be due to 
independent events w ith cells expressing IGF2 in a monoallelic m anner 
and H19 from both alleles. Moreover, biallelic expression of H19 did not 
appear to affect IGF2 expression in hum an placental tissue Qinno et al,
1995). Therefore, the proposed reciprocal relationship between IGF2 and 
H I9 expression- the 'enhancer competitor' model- is not seen in hum an 
placenta. These findings also contrast sharply with the observations in 
Wilms tum our in which the IGF2 and H19 genes are considered as a 
functional pair w ith biallelic IGF2 expression associated w ith a reduction 
in H19 expression (Ogawa et al, 1993a, Rainer et al, 1993). The discrepancy 
may be a tissue-specific effect, may reflect species differences, or may be due 
to another mechanism only seen in cells undergoing malignant 
transformation. The observation, in one study, that the norm al kidney 
adjacent to the Wilms tum our showed the same im printing abnormalities 
as the tum our itself raised the possibility that changes in H19 m éthylation 
predated tum our formation and that this change was a predisposing event 
(Moulton et al, 1994). However, it is still not clear whether changes in 
m éthylation pattern or changes in imprinting status, are causal or 
secondary and, as yet, the putative control centre for such changes has still 
not been discovered. Even if the imprinting changes are predisposing 
events, it is not clear whether ROI of IGF2 is sufficient for m alignant 
transformation. It is, therefore, likely that there are other im printed and 
non im printed genes in this area - for example the existence of a tum our 
suppressor gene in llp l5 .5  (Koi et al, 1993). Imprinting at IGF2 is a complex
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phenom enon w ith evidence for different allele usage, which varies w ith 
time and by tissue type for each promotor (Vu and Hoffman, 1994). This 
evidence, therefore, does not support the concept of a single locus 
controlling the imprinting of H19 and IGF2.

H19 remains something of an enigma. Firstly, there is no precedent 
for an untranslated RNA to act as a tu m o u r  suppressor gene or as a 
controller of cell growth. Secondly, a number of adult cancers over express 
H19, and mice lacking H19 do not form tumours (Ariel et al, 1995, Kondo 
et al, 1995, Leighton et al, 1995)- both observations shed doubt on a 
tum our suppressor role for H19. Final proof for a crucial role for H19 and 
IGF2 in tumorigenesis depends on finding specific sequence abnormalities 
in these genes in Wilms tumours. In addition further m apping studies are 
essential to determine whether IGF2 and H19 are the only genes whose 
functional im print is altered in Wilms tum our .

Interestingly, imprinting at l lp l5  has been reported in a num ber of 
other tum our types (Table 7.1). These findings suggest that ROI may be a 
general mechanism leading to tumorigenesis rather than a specific 
phenom enon in Wilms tumour. The observation that ROI occurs in a 
variety of embryonal and adult cancers, suggesting that ROI alone is 
insufficient to cause cancer but that other time - and tissue - dependent 
events have to occur as well .

Table 7.1 Tumour types showing ROI for l lp l5 .

Tum our type Reference

Rhabdoid tum our (Rainer et al, 1993)
Rhabdomyosarcoma * (Zhan et al, 1995)
Lung cancer * (Zhan et al, 1995)
Adrenocortical carcinoma (Gicquel et al, 1994)
Germ cell tum ours of the testis (van Gurp et al, 1994)

* H istological sub type n ot specified

An alternative suggestion, is that loss of imprinting of 1GF2 and H19 
occurs prior to tum our formation and results in failure of surveillance for 
chromosome loss or abnormality. It is the latter, rather, than alteration of 
gene dosage, per se , that is critical for oncogenesis (Thomas, 1994). If this
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were true predisposition to cancer in WBS might be due to disruption of 
the normal im print i.e. there should be a correlation between the extent of 
LOH and the position of im printed genes. This hypothesis holds for 
Wilms tum ours that arise as a result of abnormalities on chromosome 11 
bu t does not for tumours, e.g. familial Wilms tumour, w ith a different 
aetiology. According to the imprinting theory, some familial cases should 
show linkage to the trans-acting or modifying locus or loci, but this can 
only be tested w hen these loci are identified.

Im printing is undoubtedly an im portant new observation that 
challenges central genetic dogmas set down by Mendel and Garrod. The 
diversity of potential roles for imprinting defies, at present, the 
formulation of a single unifying hypothesis. This has led to the 
form ulation of a num ber of im printing 'models', and although models 
can be helpful in directing thinking, they can also be restrictive and are a 
consequence of our desire to impose order on a phenomenon we do not 
understand. Indeed, there is growing evidence that im printing is not 
simply a mechanism for repression of a one parental allele in 
gametogenesis. Rather that parental alleles are selectively 'marked' during 
gametogenesis and, after subsequent interaction w ith the transcriptional 
process of the cell, there is differential expression of the two parental 
alleles. For example, imprinted genes may switch between mono and bi
allelic expression in a time- and tissue-specific manner (Davies, 1994, 
Giddings et al, 1994, Vu and Hoffman, 1994). It has been suggested that the 
switch from mono- to bi-allelic expression may be the result of 
recruitment of specific promoters in late fetal or early post natal 
development (Kalscheuer et al, 1993). For instance, in fetal liver IGF2 
mRNA is predom inantly transcribed from the promoters P2, P3 and P4 in 
a monoallelic manner whereas after birth the activity of these prom oters 
declines and recruitment of the promotor PI occurs and expression 
becomes bi-allelic (Vu and Hoffman, 1994). Imprinting, and lack of 
im printing can thus occur within a single gene and within a single tissue 
at different time periods, and any disruption of the regulation of 
im printing may upset the normal program  of differentiation and 
development. The ability of individual cell types to recognise and interpret 
the im print allows for more plasticity and a greater potential for 
m odulation of the system. Finally, imprinting is not an all-or-none 
phenomenon. In mouse studies the level of expression of the im printed
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bu t non-expressed -allele was found to be 5% of the non-im printed 
expressed allele (Sasaki et al, 1992).
Outstanding questions regarding im printing include the following;

a). W hat is the mechanism of normal genomic im printing ?
b). W hat is the mechanism of relaxation of im printing (ROI) ?
c). Is ROI tumourigeneic or an epiphenom enon ?
d). Can cancer cells be m anipulated to restore the norm al im print ?
e). Does ROI in cancer cause activation of an autocrine growth 

factor gene or inactivation of growth-inhibitory /  tum our 
suppressor genes ?

f). Can abnormalities of imprinting predict patients at risk of 
developing cancer ?

g). Can abnormalities of imprinting be used to design new 
treatm ent approaches to cancer ?

It is likely that multiple genetic abnormalities in l lp l5  predispose to 
Wilms tum our, i.e. ROI (Ogawa et al, 1993a, Rainer et al, 1993), loss of 
function of a putative tum our supressor gene(s) (Koi et al, 1993), the 
gene(s) for WBS and p 5 7 ^ ^  and the so-far elusive gene or genes for 
Perlman syndrome (Chapter 5). How these are related and the relative 
importance of these genetic abnormalities is the subject of ongoing studies.

In addition to the two genetic loci on the short arm of chromosome 
11 evidence for the involvement of other chromosomal loci in the genesis 
of sporadic Wilms tumour has been predicted by cytogenetic and genetic 
studies. Cytogenetic analysis of constitutional deletions in children who 
developed Wilms tumour and in tumour cells, suggests the presence of a 
tum our suppressor gene on the short arm of chromosome 7 (Chapter 4).
As reported in this thesis, 4 of 40 sporadic Wilms tumours, 10%, show 
LOH for polymorphic markers on 7p. The minimum area of overlap of the 
four tum ours w ith LOH suggests the WT tum our suppressor gene is 
located in the 7pl5 region. Significantly, the finding of a putative 
homozygous deletion in one tum our GOS 44, considerably strengthens 
this possibility. The extent of the homozygous deletion between D7S517 
and D7S488 is approximately 23cM. The recent addition of several new 
microsatellite repeats that map between these markers will enable 
refinement of the deleted region facilitating the positional cloning of this 
putative WT gene. LOH for the long arm of chromosome 16 was found in
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15% of the GOS series of sporadic Wilms tum ours using a panel of 
microsatellite markers mapping to 16q (Chapter 4). The shortest region of 
overlap in these tumours included 16q24, but there was also evidence for 
the involvement of a separate locus at 16ql3. In order to further 
investigate this possiblity, molecular studies involving a large num ber of 
patients and an extensive panel of markers m apping to 16q is indicated. 
A lthough the study of the GOS panel of tum ours was retrospective w ith 
relatively few sporadic tumours, LOH for markers on 16q was associated 
w ith a worse outcome. The aim of m odern m anagement of Wilms 
tum our involves cure at least cost. In the context of Wilms tum our 
treatment, this involves restricting the use of radiotherapy and of the 
effective, but cardiotoxic drug -Doxorubicin, to the sub-group that will 
most benefit most from their use. It is possible that this sub-group, which 
is at high risk of recurrence, can be better defined by molecular markers 
than by conventional clinicopathologic staging. LOH for 16q should 
therefore be sought in all patients w ith Wilms tum our at diagnosis. The 
current United Kingdom Wilms tum our trial randomises those patients 
w ith surgically resectable tumours to either, immediate nephrectom y or 
biopsy and pre-nephrectomy chemotherapy. As half of the patients 
random ised on the current United Kingdom will undergo biopsy only 
prior to chemotherapy, the am ount of tum our material available is likely 
to be restricted, therefore presenting a logistical problem. The use of highly 
polymorphic microsatellite systems to detect LOH as described in this 
thesis is based on the polymerase chain reaction, and therefore only 
requires small quantities of tum our DNA. Here, 1 have shown that such a 
study is feasible and therefore suggest that a prospective study of LOH in 
16q is undertaken within the UKCCSG.

The gene for familial Wilms tum our remains elusive. So far l lp l3 ,  
l lp l5  and 16q have been eliminated (Grundy et al, 1988, Huff et al, 1988, 
Huff et al, 1992, Schwartz et al, 1991). Evidence has recently been presented 
for the localisation of the familial Wilms tum our gene to an 18cM interval 
- 17ql2-17q21 (Rahman et al, 1996). Possible candidate genes m apping to 
this location include insulin like growth factor binding protein 4 (1GFBP4), 
a major binding protein for 1GF2. However, LOH studies in sporadic 
Wilms tum ours have not detected allele loss suggesting that this gene is 
not somatically m utated in Wilms tumours or that it may not be a tum our 
supressor gene. No one locus has yet been identified in familial Wilms
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tum our despite the existence of a number of large pedigrees, raising the 
posibility that there may be more than one familial WT gene

One of the themes emphasised in this thesis, is the im portant role 
played by the Wilms tum our predisposition syndromes in our current 
understanding of the molecular basis of Wilms tum our. For example, 
the association between the AGR triad and Wilms tum our (Narahara et 
al, 1984), led, through recognition of a constant chromosomal 
abnormality (Riccardi et al, 1978), to the cloning the W Tl gene at l lp l3  
(Call et al, 1990, Gessler et al, 1990). The role of the overgrowth 
syndromes in the aetiology of Wilms tum our is currently of great 
interest. Several lines of evidence suggest that detailed study of these 
syndrom es will provide further molecular genetic clues. The 
overgrow th syndrome that has attracted most attention to date, in this 
field, is WBS. Not only is this syndrome fascinating in its ow n right but, 
a greater understanding of the pathogenesis of WBS is likely to provide 
further insight into the pathogenesis of Wilms tum our. As discussed in 
Chapter 5, Perlman syndrome is similar to but distinct from WBS 
(Grundy et al, 1992). Almost 50% of children w ith Perlm an syndrome 
have developed a Wilms tum our w ith an average age at presentation of 
8 months, and in 45% of these cases the tumour was bilateral (Grundy et 
al, 1992). These features are consistent with a germline predisposition to 
Wilms tum our (Knudson and Strong, 1972). In view of the importance 
of the l lp l5  region in the aetiology of Wilms tum our and WBS, the 
discovery of a cytogenetic abnormality involving this region in both 
patients w ith Perlman syndrome is of considerable interest. Initial 
studies by FISH suggested that the cytogenetic abnormality represented a 
9Mb interstitial deletion that spared the im portant fetal mitogen IGF2. 
Studies of allele loss on l lp l5  using highly polymorphic markers 
narrowed the region of interest down to a 5Mb region containing 3 
candidate tum our suppressor genes, ST5, Wee 1 and RBTN. There were 
however no informative markers within this region, therefore, the true 
extent and nature of this putative deletion remains uncertain at this 
point. Future studies rely on the availability of new microsatellite 
markers m apping to this deleted region. The role of genomic im printing 
in the Perlman syndrome also warrents investigation, particularity as 
considerable interest has focused on the role of disorders of genomic 
im printing in Wilms tumorigenesis.

340



In summary, the current evidence is that, so far as Wilms tum our 
is concerned, the two hit hypothesis is an oversimplification and that 
m any genes are involved in the transition from normality to 
malignancy. By analogy, a number of pieces of the jigsaw puzzle of 
Wilms tumorigenesis have been discovered and although m any of the 
pieces are interrelated and fit into an emerging pattern, the puzzle 
remains incomplete [Figure 7.2]. Recently recognised gene product 
interactions and epigenetic phenomena may well blur the traditional 
distinctions betw een dominantly acting and recessive oncogenes. The 
colorectal carcinoma model, for example, involves genetic abnormalities 
in both oncogenes and tum our suppressor genes (Fearon and 
Vogelstein, 1990). It seems that it is the accumulation of genetic changes, 
rather than the absolute order in which they occur that is im portant in 
tumorigenesis. The distinguishing feature of Wilms tum our and 
probably other childhood tumours, is that these genetic alterations 
involve specific stages of differentiation and specific developmental 
lineages. These differences explain, in part, the clear presence of a 
developmental w indow ' and the organ specific risk of malignancy seen 
in these patients. Therefore, in order to gain a clearer understanding of 
the molecular pathology of Wilms tum our we need to better understand 
the genes involved in the normal development of the kidney.
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Figure 7.2: The Incomplete Jigsaw Puzzie of Wilms Tumorgenesis
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SUMMARY

Perlman syndrome is a Wilms' tumour predisposition syndrome characterised by 

fetal gigantism, distinctive facies and a high incidence of neonatal death. Genitourinary 

and renal abnormalities including nephroblastomatosis are common. Wilms' tumour occurs 

early in these patients and is frequently bilateral. There are phenotypic similarities w ith 

Wiedemann-Beckwith syndrome but the 2 conditions are distinct. Cytogenetic analysis 

using conventional G-banding analysis, revealed constitutional abnormalities involving the 

11 p i 5 region. Using a series of cosmids for fluorescence in situ hybridisation, we have 

identified constitutional deletions involving the 11 p i 5.5 region. The deletion appear to 

span an estimated 9 megabases but does not include the IGF2 gene which has been 

implicated in Wilms tumorigenesis because o f relaxation o f imprinting noted in some 

sporadic tumours. Since virtually all patients w ith Perlman syndrome show evidence of 

malignant or 'precursor' lesions in their kidneys at a very early age it is probable that, in 

addition to the gene responsible for the phenotype, gene(s) predisposing to Wilms tumori

genesis is/are located in this 9 Mbp region.



INTRODUCTION
Molecular characterisation of a number of rare syndromes associated with an incre

ased risk o f developing Wilms' tumour (WT) has greatly increased our knowledge of the 

molecular pathology of this malignancy. The identification and characterisation of struc

tural chromosome rearrangements have been critical to this work. Thus, patients with ani

ridia, genitourinary abnormalities and mental retardation - the 'WAGR' syndrome - are pre

disposed to  Wilms' tum our and invariably carry a constitutional heterozygous deletion 

involving the short arm of chromosome 11 (11 p i 3) [1 ]. Although the extent of the dele

tions varies, region 1 lp13  represents the shortest region of overlap and a gene, WT1, 

which carries a zinc finger m otif suggesting a role as a transcription regulator, has been 

isolated from this region [2-3]. The non-deleted allelic gene is mutated in tumours from 

patients w ith WAGR syndrome [4]. In virtually all cases of Denys-Drash syndrome, charac

terised by nephropathy, ambiguous genitalia and predisposition to  WT, there is a consti

tutional mutation in the WTl gene, most o f which are point mutations in exon 9 of WT1 

[5-6]. However, somewhat surprisingly, the WTl gene is not often mutant in sporadic WT 

[7-9] suggesting other genes may be important in Wilms' tumorigenesis. Loss of hetero

zygosity studies support the existence of a second tumour suppressor gene at 11 p i 5 [IQ- 

12]. This genetic locus is associated with Weidemann Beckwith syndrome based on link

age analysis in rare families w ith  this syndrome [13-14] and gross chromosomal 

abnormalities that are occassionally noted in the germline of affected patients [15-16]. 

Wiedemann-Beckwith syndrome (WBS) an overgrowth syndrome characterised by exomp

halos, macroglossia and gigantism and an increased risk o f developing a number of pae

diatric neoplasms including WT [17-19]. Only 6% of WBS patients develop WT, and an 

even smaller percentage develop other tumours such as adrenocortical carcinoma and 

hepatoblastoma, so WBS is generally considered a 'WT predisposition syndrom e'.

Perlman syndrome is extremely rare, so the condition may be new to  many pae

diatricians. Including our patients, only 14 cases have now been reported in the world lite

rature and, whilst there are phenotypic similarities between this syndrome and WBS, the 

tw o conditions are distinct [20-27, 56]. Perlman syndrome (PS) is characterised by foetal 

gigantism, high mortality rate in early life, distinctive facies, mental retardation and renal 

and genito-urinary abnormalities including a high risk of developing Wilms' tumour (WT) 

[20]. First recognised as an association between bilateral metanephric hamartomas and 

nephroblastomatosis in 2 siblings [22] the death of similarily affected siblings, one of whom 

had WT, prompted further reports [23-24]. The spectrum of Perlman syndrome is now 

known to be much wider and extra-renal manifestations are also recognised. The facial 

features - deep-set eyes, a short small nose w ith a depressed nasal bridge, an inverted 

'v-shaped' upper lip and low set ears - are characteristic and differ subtly from those seen 

in WBS [20-21-25-27-56]. Disordered growth in Perlman syndrome is manifest by macro- 

cephaly, marcosomia, nephromegaly, hepatomegaly and islet cell hyperplasia, all o f which 

are common [20-21-23-27-56]. There is also a high neonatal death rate for unknown reas



ons. All 4 known survivors with Perlman syndrome have developed WT within the first year 
of life and overall 3 children had bilateral tumours [20-27, 56]. Both of these features 
are characteristic of genetic predisposition to cancer [28-29]. A WT was also found at 
autopsy in a fifth child who died at 4 days of age. Nephroblastomatosis has been repor
ted in the majority of patients with Perlman syndrome and may reflect a germ-line muta
tion in a gene critical to renal development [30]. In contrast to WBS, WT is the only tumour 
type so far reported in patients with Perlman syndrome, [19]. Although the numbers are 
small, the high incidence of nephroblastomatosis and early onset Wilms' tumours in Perl
man syndrome suggests that this is another 'WT predisposition syndrome ' .

Case history of patient ZA.
A 14 month old Kuwaiti child was referred for evaluation of an abdominal mass 

detected at a routine clinic visit. She is the first liveborn child of a first cousin marriage, 2 
previous pregnancies having ended prematurely for unknown reasons. The mother had 
therefore taken progesterone throughout this pregnancy which was complicated by poly
hydramnios. Birth weight was 3.9 kg (90th centile). there was no hypoglycaemia or other 
neonatal complications. At 14 months of age development was slightly delayed; she was 
not yet walking, did not have a pincer grasp and had no formed words. Facial features 
included an everted upper lip, deep set and wide spaced eyes, a broad depressed nasal 
bridge and low-set ears (see figure 1 a). The abdominal wall was distended with divarifi- 
cation of the recti but no exomphalos. Bila
teral flank masses could be easily palpated.
Radiological examination confirmed the 
presence of bilateral renal masses with no 
obvious métastasés. A left lower pole renal 
lesion measured 5cm in diameter and 
extended up to the renal pelvis. The right 
lower pole was similarly affected though 
the mass was more lateral. Two small focal 
lesions were also noted in the right upper 
pole. Renal biopsies revealed triphasic 
favourable histology Wilms' tumour in the 
lower pole specimens and superficial nephr
oblastomatosis in the right upper pole.
Chemotherapy, vincristine and actinomycin- 
D, was given according to the United King
dom Children's Cancer Study Group Wilms' 
protocol, for a total period of 9 months.
Limited bilateral lower pole nephrectomies 
were performed after 3 months of chemo- Fig.la. Facial feature of patient with Perlman syndrome.



therapy. Complete excision was confirmed histologically and there was no nodal involve
ment. However, 9 months off therapy a 5 cm tumour, arising from the anterior surface of 
left kidney, was found on ultrasound scan. Doxorubicin, vincristine and actinomycin-D the
rapy was started with a good responseand partial nephrectomy was possible 2 months 
later. Histology showed complete excision of an encapsulated tumour with extensive necro
sis. Adjacent lymph nodes were negative. No radiotherapy was given and treatment com
pleted with a total of 8 courses of triple chemotherapy. The child is currently well and dis
ease free. She is still developmentally delayed being 1 year behind expected 'milestones'.

Case History of Patient SC
To determine whether constitutional 11 p i 5 deletions were characteristic of Perl

man syndrome we analysed the chromosomes of lymphocytes from a second patient, SC. 
This patient, was the sole survivor described in our previous report [20]. She was born at 
43 weeks gestation of healthy unrelated parents. The birth weight was 4.43 Kg. (>90th 
centile) and head circumference 38 cm (> 90 th centile). Mild jaundice and hypoglycae
mia, not requiring treatment, occurred in the neonatal period. At 10 months of age, deve
lopmental delay and hypotonicity were documented and a number of dysmorphic featu
res including a short nose with depressed bridge, deep-set eyes and an everted upper lip 
were noted (see figure 1 b). The child was initially thought to have WBS.

Abdominal examination revealed 
diastasis recti and an enlarged left kidney 
which was confirmed by abdominal ultra
sound. Computed tomography scan 
showed a solid space-occupying lesion in 
the left kidney; the right kidney did not look 
normal although no discrete mass was 
seen. Biopsy showed Wilms' tumour with 
no unfavourable histology in the left kidney 
and nephroblastomatosis in the right. Triple 
chemotherapy (Doxorubicin, Actinomycin- 
D and Vincristine) were given. 'Second look' 
laparotomy was performed 6 months after 
diagnosis and multiple renal biopsies, from 
both kidneys, showed nephroblastomatosis 
only. Chemotherapy was continued for
another 6 months. No radiotherapy was given. The child is now well, aged 4 and half years, 
is now 36 months off treatment. She is developmentally delayed and currently under asses
sment for 'special needs' schooling.

' j

Fig.lb. Facial feature of patient with Perlman syndrome.



Case History of Patient NC.
A second pregnancy, the sibling of SC, was complicated by polyhydramnios and 

prenatal ultrasound scans showed bilateral renal enlargement. A Caesarean section was 

performed at 37 weeks by dates for footling breech presentation. The birth weight was 

3.8 Kg (97th centile) and head circumference 37.5 cm (97th centile). Apgar score at five 

minutes was only 5, so the child was intubated, ventilated and transferred to our hospital. 

On arrival he was cyanosed, and hypoglycaemic (blood glucose 2 mmol/L). Abnormal cli

nical findings included low set ears of normal morphology, an everted upper lip, a depres

sed nasal bridge, deep set eyes, bilateral cryptorchidism, and micropenis. There was no 

macroglossia, omphalocele or hepatomegaly. A chest X-ray showed a hypoplastic upper 

thorax and renal ultrasound showed homogenously enlarged kidneys. Despite intensive 

care the baby steadily deteriorated and died at 2 days of age.

A post-mortem examination revealed hypoplastic lungs and bilateral kidney enlar

gement (R kidney weight 66 grams; L kidney 70 grams). Both kidneys had coarseiy-lobu- 

lated surfaces, and the cortices were replaced by pale brown tissue. Histology showed the 

presence of bilateral subcapsular nephrogenic zones, suggesting an actual gestation of 36 

weeks or less. There was no evidence of nephroblastomatosis or hamartomas. Pancre

atic islet cell hyperplasia was noted but the adrenal glands were normal. The lungs showed 

hyaline membrane disease. There was no hepatic fibrosis.



MATERIALS AND METHODS.

Trypsin Giemsa banding.

Metaphase chromosome spreads were prepared from peripheral blood lymphocy

tes after 72 hours o f stimulation with phytohaemagglutinin using standard air-drying pro

cedures. Chromosome banding was achieved by treating the chromosomes with 0.1 mg/ml 

trypsin before staining in 1 % Giemsa solution (Life Technologies).

Identification o f Cosmids and Yeast Artificial Chromosomes (YACs) for L29 and L163.

Chromosome 11-only cosmid and YAC filters from the ICRF Genome Analysis labo

ratory [31]were used in hybridisation experiments w ith L29 and L163 as probes. Prehybri

disation of filters w ith Church buffer [32] at 65°C in the rôtisserie of the hybridisation oven 

(Hybaid, UK) was carried out fo r 2 hours prior to addition of oligolabeled probe incorpo

rating ^̂ p dCTP (radio-phosphorus labelled deoxycytidinetriphophate) and oligolabelled 

yeast host AB1380 for YAC filters or Lawrist arms for cosmid filters incorporating deoxy- 

adenine triphosphate to bring up the background grid of the filters [33] Oligolabelled probe 

was boiled, snap cooled and added to the hybridisation fluid aiming to achieve a specific 

activity of 1 x 10® cpm per ml. Overnight hybridisation (16 hours) was performed. As LI 63 

contains repetitive sequences a 1.6 kb BGLII fragment was isolated from LI63 and used in 

hybridisation experiments. To prevent generalised hybridisation by weak residual repeti

tive sequences this probe was preannealed w ith Cot-1 DNA (Life Technologies) prior to 

hybridisation to the filters. Filters were washed in 50 millimolar NaPi at 65°C, to eliminate 

non-specific binding. Identification of cosmids and YACs w ith  sequence homology to  

our probes was determined by autoradiography and confirmed by Southern b lo tting  

[34] in which enzymatically-digested DNA from the identified cosmids and YACs were run 

through a 1 % agarose gel. After denaturing and neutralising the gel (denaturing solution: 

1.5 M NaCI, 0.5 M NaOH, neutralising solution: 0.5 M Tris base 0.3 M Sodium citrate, 3 

M NaCI, - pH 5.5 w ith  cone MCI) DNA was transferred onto nylon-based membranes 

(Hybond N). Membranes were then probed by using oligolabelled L29 and LI 63 providing 
positive identification.

Manipulation o f cosmids.

DNA was prepared from cosmids using standard alkali lysis procedures [32]. The 

DNA was then purified by phenol/chloroform extraction. Cosmids for the IGF2 gene avai

lable from  the ICRF chromosome 11 library had been isolated but not confirmed. Using 

the primers PI and P3 [3 5], which amplify a 292bp fragment from  the 3' untranslated 

region of the gene, we demonstrated the presence of the appropriately sized band corre

sponding to IGF2 in cosmids G0878, B0569, H0514, and H0221, which are available from 

the ICRF Genome Analysis Laboratory.



Fluorescence in situ hybridisation.
Cosmid DNA (approx. 1 pg per reaction) was labelled w ith  biotin-14-dATP (Life 

Technologies) using the 'Bionick' kit (Life Technologies) which introduces biotinylated nucle

otides into the cosmid DNA by nick translation w ith DNAase. The reaction was allowed to 

proceed for 1 hour at 16°C then 1 hour at 37°C as described by Pinkel et al [36]. Repeti

tive sequences in the cosmid were competed out w ith Cot-1 DNA (Life Technologies) as 

described by the manufacturers. The labelled probes were presuspended in 50 pi o f hybri

disation mix (50% formamide, 10% dextran sulphate, 1 % Tween, 1 % SSC). Slides with 

metaphase chromosome spreads were denatured in 70% formamide, 2 x SSC at 70°C for 

2 mins then dehydrated in alcohol. Preannealed probe was added to the slides followed 

by hybridisation for 24-72 hours in a humidified chamber at 37°C. The slides were then 

washed; 3 x in 50% formamide/ 2 x SSC, followed by 3 washes in 2xSSC both at 42°C. 

The slides were then prepared fo r immunological detection of the biotinylated probe by 

washing in 4 x SSC/0.05%. Chromosome spreads were viewed using a CCD camera (Pho

tometries) and the Smartcapture software (Digital Scientific,Cambridge)

Pulse field gel electorophoresis (PFGE)

Determination of the size of the positively identified YACs was by PFGE. Yeast DNA 

agarose plugs were prepared and run through a 1 % agarose gel made in 0.5X TBE using 

a 2015 Pulsaphor (LKB Bromma). Running buffer was 0.5 X TBE cooled to 10° C (0.089 M 

Tris base, 0.089 M Boric acid, 0.002 M EDTA, pH 8). Electrophoresis was at 150 volts (Elec

trophoresis power supply EPS 500/400, Pharmacia) w ith a switch time o f 80 seconds for 

48 hours. Yeast plugs were run in duplicate and PFGE markers (Pharmacia) included on the 

gel. The gel was stained in 100 mis of running buffer containing 100 pi o f 10 pg/ml ethi- 

dium bromide and photographed over a UV transilluminator plus ruler. The gel was destai

ned then depurinated in 250 mis water w ith 5 mis of concentrated hydrochloric acid for 

20 mins. The gel was then denatured, neutralised and Southern blotted (as described) prior 

to probing w ith total human DNA to confirm the presence of human DNA in the YAC and 

its' size.
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RESULTS.

Cytogenetic analysis in patients C5 and ZA.
Because complex phenotypes are 

often associated w ith constitutional chro
mosome abnormalities we analysed the 
chromosomes from both patients using 
conventional G-banding of air-dried chro
mosomes prepared from peripheral blood 
lymphocytes. There were no obvious cyto
genetic changes but in one homologue the 
11 p15 region appeared asymmetrical (figu
re 2a and b). Because of the generally weak 
staining of the 11 p i 5 region it was not 
possible to define the abnormality further 
by karyotypic analysis.

Fig.2. G-banded homologues of chromosome 11 from 

patient ZA. The banding profile showns asymetry of the 

short arm of chromosome 11.

Fluorescent in situ hybridisation (FISH) studies.

Telomere

H-Ras
IGF2

D11S724
D11S12
L163
HBBC

D11S776
D11S431
D11S466

L29

a
X )

00
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D11S475

Fig.3. Diagrammaic representation of the 11 p i 5.5 region 

of human chromosome 11. The extent o f the deleted 

region is indicated by the box. Only those probes used 

commonly in mapping experiments have been included.

To characterise the 11 p abnormali
ty, we selected a series of cosmids from the 
11 p i 5 region for FISH analysis. The relative 
position of these cosmids, according to 
published information, is shown in figure 3 
[37-38] Cosmids LI 63 and 129 were used 
first because they had previously been 
assigned to the distal 11 p i 5 region during 
a routine mapping programme in this labo
ratory [39]. These tw o cosmids had also 
been shown to map close to translocation 
breakpoints seen in WBS patients [38]. 
When hybridised to normal metaphase 
chromosomes both cosmids mapped to the 
distal-most part of 11 p i 5 (figure 4). Howe
ver, both cosmids appeared to be missing 
from one homologue of chromosome 11 
from patient ZA (figure 4).

To establish the extent of this hete
rozygous deletion, we tested for the pre
sence or absence of other cosmids from the 
p i 5.5 region. Cosmids provisionally thought

11
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Fig.4. FISH analysis of metaphase chromosome spreads using cosmids from 11 p15. Metaphases on the left are derived 

from normal controls (A, C, E, G) and metaphases on the right (B, D, F, H) are from patient ZA. The distal most marker, 

IGF2 is present on both homologues in both the normal and the patient (A and B) Where as cosmids to D11S724 

and L 163 are present in the normal but absent on one homologue of ZA (C, D, E and F). D l l  S 475 was present on 

both homologues of normal and ZA defining the proximal extent of the deletion in this patient (G and H).
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to contain the IGF2 gene were obtained from  the ICRF Genome Analysis Laboratory and 
their location in 11 p i 5.5 was confirmed by PCR and FISH (figure 4a). Both copies of chro

mosome 11 from ZA showed hybridisation w ith these probes (figure 4b). Cosmid probes 

fo r D11S724 and LI 63 were missing from one homologue of chromosome 11 from  ZA 
(figure 4c & d). Thus, the proximal breakpoint occurs between D l l  5724 and IGF2. To char

acterise the position o f the distal breakpoint cosmid Cl 11-310 for locus D11S475, which 
maps to  11 p i 5.4, was used. This cosmid hybridised to both homologues of chromosome 

11 in patient ZA (figure 4g & h). Thus we have identified a constitutional deletion which 
extends approximately 9 megabases from D115724 to  D115 475 (figures 3 and 4).

Generation o f Yeast artificial Chromosomes (YACs)for probes L29 And L163.

A total o f 10 putative YACs were identified for probe LI 63 using a chromosome 

11-specific YAC library. Four were confirmed positive after reprobing the panel o f 10 ECO 

R1 digested YACs by 5outhern blotting. In a similar manner 1 positive YAC was confirmed 

for L29.

Pulse field gel electrophoresis.

The 4 YACs identified fo r LI 63 range from lOOkbp to 580 kbp. The YAC fo r L29 

is 450 kbp.
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T ab le  1

Clinical Features Frequency % in 

Perlman syndrome 
(14 cases)

Frequency % 

in Wiedemann-Beckwith 

syndrome
General features
Polyhydramnios 38 50
Neonatal death 62 -

Mental retardation 75 12

Exomphalos/Umbilical hernia 0 75
Hemihypertrophy 0 12.5
Macrosomia 100 38
Hepatomegaly 77 32
Islet cell hyperplasia/prominence 54 30

Genito-urinary system
Nephromegaly 85 95
Cryptorchidism 100 +
Nephroblastomatosis 76 -

Wilms tumours * 44 6
Micropenis 40
Hypospadias 20

Facial features #
Macrocephaly > 90 centile 90 -

Microcephaly 0 12
Facial flame naevus 0 32
Deep set eyes 85 38
Broad/depressed nasal bridge 92 -

Low set ears 62 -

Ear lobe abnormalities 0 38
Macroglossia 0 82
Everted upper lip 62 -

Inheritance autosomal recessive autosomal dominant 
with varying expressivity

* All 4 surviving children developed WT. A 5th child was found to have WT at autopsy aged 4 days, the 6th bila

teral disease at autopsy aged 8 months.
# Craniofacial dysmorphia includes maxillary hypoplasia, prominent occiput, prominent epicanthic folds, prominent 

eyes, long philtrum and thin upper lip.
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DISCUSSION

The demonstration of constitutional chromosome deletions from 11 p i 5.5 strong

ly suggests that loss of genes from this region are responsible for the Perlman syndrome 
phenotype. Because patients w ith Perlman syndrome either develop WT or have nephro
blastomatosis (or both) we feel tha t the 11 p i 5 region contains a gene which is both 
responsible for Wilms tumorigenesis and important in normal genitourinary and renal deve
lopment. We emphasise that, to date, WT is the only tumour type reported in patients with 

Perlman syndrome. Furthermore, tumours occur at a very early age and are frequently bila

teral characteristics usually associated with genetic predisposition. Whether 11p15 dele

tions are always present in Perlman syndrome is not yet clear. Partly because of the high 
neonatal death rate, previous reports of Perlman syndrome patients concentrated on the 

clinical features and no cytogenetic data are available. Although patients with Perlman syn
drom share some of the phenotypic characteristics of WBS there are important distinguis
hing features. The major features of these 2 syndromes are compared in Table 1 as an aid 

to this important but subtle differential diagnosis. No child with Perlman syndrome has had 
macroglossia or exomphalos, tw o of the cardinal features of WBS [40-41] Likewise facial 
flame naevus and the ear lobe abnormalities commonly seen in WBS have not been repor

ted in Perlman syndrome [40-41]. The genitourinary and renal abnormalities also differ 
in the 2 syndromes. Four of the 5 survivors w ith Perlman syndrome are developmentally 

delayed in contrast to 12% of those with WBS [20-41]. Although both conditions are asso

ciated with islet cell hyperplasia which can cause prolongued hypoglycaemia, only 1 of the 
retarded children w ith Perlman syndrome had documented hypoglycaemia, suggesting 

that this is not the sole explanation [20]. The most common clinical findings in those 

patients with WBS and duplications of l i p  include mental retardation, macrosomia, abdo
minal wall defects and renal and heart defects [40]. There may thus be a genetic explana
tion for this clinical finding. Hemihypetrophy, an important clinical feature of WBS, has not 

been reported in Perlman syndrome. Overall 12.5% o f children with WBS have hemihy
pertrophy but this clinical finding is present in 40% of those w ith tumours.:The. genetic 
mechanism of this phenomenon is unclear.

Perlman syndrome is thought to be inherited in an autosomal recessive manner, 

based in part on the consanguinity of the first reported family [23-24]. Of 9 families who 
have had children with Perlman syndrome, 3 including 1 of the families in this report, have 

been consanguineous [23-24-42]. From Perlman's series, 5 of 6 children born to 1 family 

were affected, in 2 other families, in whom the parents were not related, both children 
had the syndrome [20-23-24-26-56]. Although the number of affected children per fami

ly seems high, this syndrome is very rare. It is thus not possible, at present, to comment 
further on the mode of inheritance of Perlman syndrome. Recognition of further cases 
should help clarify this point.
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There has been much recent controversy as to whether the gene for WBS, assig
ned to  11 p i 5 by linkage, is also responsible for the predisposition to Wilms tumorigene

sis in patients w ith this syndrome The exclusive LOH in 11 p i 5 seen in some WT [10-12- 
39], and the lack of mutations in the remaining WTl gene in tumours showing LOH over 

the 11 p i 3-p15 region [43], has provided strong evidence for the presence of a tumour 

suppressor gene in 11 p i 5. Whether the 11 p i 5 breakpoints associated with reciprocal con

stitutional translocations in rare WBS patients [38-44] interrupt this putative gene has not 

yet been determined, though patients carrying these structural chromosome rearrange

ments do not appear to be more predisposed to Wilms tumorigenesis than those with nor

mal karyotypes.
Organomegaly, which implies excessive growth stimulation during embryogenesis, 

is a consistent feature of WBS. The location of the IGF2 gene, a major growth factor expres

sed during fetal development, in 11 p i 5 provides circumstantial evidence for its involve

ment in the 'overgrowth' syndromes. Normally only the paternal IGF2 gene is expressed in 

developing tissues but the maternal gene is also expressed in some WT [35-45]. This relaxa

tion of imprinting suggests a role of IGF2 in producing the overgrowth phenotypes and 

possibly tumorigenesis. This contention is supported by the demonstration of constitutional 

relaxation of IGF2 imprinting in a child w ith gigantism [46]. Duplications of 11 p i 5 in WBS 

patients include the IGF2 gene and are paternally derived, increasing the production of 

IGF2 during development. Inconsistent w ith this theory is that chromosome translocations, 

which are maternally derived, involve breakpoints proximal to the IGF2 gene [38-44]
Nephroblastomatosis occurs in various microscopical and macroscopical forms [30- 

47-48] and has been classified by its histological features and distribution in the kidney into 
perilobular, intralobar and panrenal varieties. Associations between nephroblastomatosis 

and the development of WT are well documented. Perilobar nephroblastomatosis is rela

ted to  classical triphasic and epithelial nephroblastomas that are usually sporadic and soli

tary [49]. This type of nephroblastomatosis also accompanies some examples of Wiede
mann-Beckwith syndrome. Intralobar nephroblastomatosis, on the other hand, is apparently 

always bilateral and accompanies Wilms' tumours that are frequently multifocal or bila
teral and are composed predominantly of stromal or blastemal elements [48]. Intralobular 

nephroblastomatosis is generally found in patients with a genetic predisposition to WT [50] 

such as the WAGR syndrome. The panrenal variety of nephroblastomatosis [51] is incom

patible w ith life and has been described in Perlman syndrome [42]. Patients w ith WBS are 

reported to have perilobular nephroblastomatosis supporting the idea that mutations lea

ding to tumorigenesis occur as late events and that the gene responsible for overgrowth 
merely serves to increase the size of the pool of potential tumour precursor cells in which 

other genetic (tumorigenic) lesions can occur. Although it might be predicted that nephr
oblastomatosis in kidneys from Perlman patients would be intralobular, this does not appe
ar to  be the case.
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The apparently tigh t association between Perlman syndrome and WT is an impor
tant observation. Only 50% of patients w ith  WAGR syndrome develop Wilms' tumours 

[52]. The relatively modest incidence o f WT in WBS patients [19] suggests that the gene 

responsible fo r this syndrome is not the primary tumorigenic event and that mutations in 
other genes are critical for tumour initiation. The phenotypic distinction between WBS and 

Perlman syndrome is relatively subtle [20] and many of the reports of WBS patients do not 
provide convincing, full phenotypic descriptions. Reports o f tumours developing in these 

patients is also often incomplete. It is entirely possible, therefore, that some 'WBS' patients 

who develop WT in fact have Perlman syndrome. In the light o f our findings it is clearly 

necessary to re-evaluate the phenotype o f these patients.

Fine structure analysis of the 2 deletions described here shows that the IGF2 gene 

remains on the deleted chromosome thereby excluding it as the 11 p i 5 tumour suppres

sor gene. The same conclusion was reached by Koi et al (1993) [37] who introduced frag

ments o f 11 p i 5 into a rhabdomyosarcoma cell line which suppressed malignancy. Embry

onal rhabdomyosarcoma frequently shows LOH in the 11p15 region [53]. The minimum 

region of 11 p i 5 capable o f suppressing malignancy did not include IGF2 and extended 

over a 4.5 Mbp region between markers D11S724 and D11S719 [37]. This same interval 
was included in the deletions described here although both appear to  extend distally to 
the D11S475 locus. The pulse field maps available fo r this region do not give an accura

te prediction of the distance between D11S719 and D115475 but, in estimates o f the rela

tive distance between these loci based on physical measurements, it is roughly the same 
as between IGF2 and D115719. Thus, we feel that the size o f the deletions in ZA and C5 

are probably no greater than 9Mbp. Using microcell-mediated chromosome transfer, after 
inducing deletions of different parts of chromosome 11, Dowdy and colleagues concluded 

that genes responsible for the suppression o f malignancy in WT cells lay in the relatively 

large 11 p14-15 region which includes the 9 Mbp IGF2-D115475 interval [54].

5everal lines of evidence, including the observations reported here, have now emer

ged to  suggest that a gene critical in Wilms tumorigenesis lies in the 11p15 region. Data 

from studies of tumour suppression suggest that this gene is likely to map to the distal part 

of the deleted region described in these 2 patients w ith Perlman syndrome. Yeast artificial 

chromosomes (YACs) containing homologous sequences to  LI 63 and L29 have now been 

identified. By rescuing sequences from  either end o f the human insert in these YACs 

[55] we plan to  build up a contiguous sequences of YACs to  span this 9 MB gap. Genes 

from w ithin this contiguous sequence that are important in Wilms' tumorigenesis can be 

'pulled out' by the novel technique o f exon trapping. Information arising from these stu
dies will be vital in putting together the 'jigsaw puzzle' o f Wilms' tumour pathogenesis.
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