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Abstract
Ovarian carcinoma (OC) is the commonest gynaecological cause of 

death in the Western world. As a step to new diagnostic and therapeutic 
approaches to this cancer, I aimed to identify genes that m ight be 
implicated in the initiation and progression of the disease. I collected 
m ore than 80 paired tum ours and lymphocytes and applied molecular 
genetic m ethods to analyse the tum ours for genomic alterations that 
underlie the disease process. Loss of heterozygosity (LOH) was used to try 
to localise regions that may contain tum our suppressor genes, as a 
prelude to their identification.

D uring the course of this work, it was established that a small 
p roportion  of OC can be explained by an unknow n, dom inantly  
inherited gene {BRCAl) that maps to chromosome 17ql2-21. According 
to models of inherited cancer, it is likely that the causative genes will be 
im plicated in both sporadic and inherited cancers of the same type. 
Therefore, using LOH, I subjected chromosome 17 to extensive analysis 
in sporadic OC. A high frequency of LOH (75%) was found, supporting 
the linkage data in familial OC. This loss always included BRCAl, but in 
m ore than 80% of cases, all m arkers show ed LOH, so that further 
localisation was not possible. M utation analysis of B R C A l-cand idate  
genes such as 1A1.3B was carried out. So far, no tum our-specific 
mutations have been detected.

Other genes may be aberrant in somatic cells, and evidence for the 
presence of such tum our suppressor genes was found on chromosomes 
5, 6 and 11, again by LOH. The APC gene, on 5q21 was subjected to 
extensive m utation analysis in OC and excluded. On chrom osome 6, 
LOH (67% overall) commonly affects the whole of 6q, but our data, taken 
together w ith other groups' findings, supported a 6q27 localisation for a 
putative tum our suppressor gene. Our LOH data on chromosome l l q  
suggest that the critical region is Hq23.3-qter.

W hen all the data from the different chromosomes studied were 
combined, the frequency of LOH increased as the grade of tum our 
increased. Of the tum ours analysed, LOH on any chromosome was most 
common in grade 3 serous or undifferentiated carcinomas.

This work shows that there are at least four regions of the genome 
that may contain tum our suppressor genes of relevance to OC, and forms 
a foundation for the cloning and functional analysis of these genes.
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Chapter 1
Introduction

1. Ovarian carcinoma

1.1 Historical perspective and epidemiology

O varian carcinoma (OC) has become the comm onest gynaecological 
cause of death in the developed world. There were about 162,000 new 
cases of OC per year world-wide in 1985, an increase of 22,000 on the 
figure for 1980 (Parkin et al, 1988, 1993). In 1911, the mortality rate per 
million was 25. By 1971 it was 150 (Booth and Beral, 1985). A lthough 
some of the excess may be due to a longer life expectancy and m ore 
accurate pathological diagnosis, it is unlikely that these account for a 
significant proportion. It is m uch more likely that this increasing 
incidence can be explained at least in part by changes in environm ent 
and behaviour. Decreasing risk of OC is seen with increasing num bers of 
pregnancies (regardless of outcome), increasing duration of breast feeding 
and use of the oral contraceptive pill. An increased risk is seen among 
women who have used fertility drugs. In contrast to breast cancer, there 
do not appear to be consistent trends with respect to age of menarche, age 
of m enopause  or d u ra tio n  of œ strogen  rep lacem en t th e ra p y  
(W hittemore et al, 1992).

The age-specific death rates for OC suggest that the increase is not 
uniform  across all age groups. Booth and Beral (1985) showed that in 
England and Wales, the rates have been rising only in women aged 50 
and over and in such a way that a cohort effect is likely to be present, 
seen in w om en born around 1900-1910. The incidence reaches a 
m aximum and peaks in the sixth decade (Morrow, 1992). This does not 
appear to be limited to England and Wales. It is difficult to see how this 
effect could be explained by num ber of pregnancies, breast feeding 
duration or oral contraceptive pill use.

There is m uch international variation in incidence rates for OC, and 
evidence suggests that OC is commonest in the industrialised W estern 
world. There are notable exceptions: low rates of OC are seen in France
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and Spain. W ithin countries there are m arked ethnic variations, but 
m ost of this can be accounted for by environm ental differences, as 
m igran t stud ies have show n increases in incidence in low -risk 
populations who move to a higher-risk country (Buell & Dunn, 1965)

Therefore, while there is m uch epidemiological data, there are few 
certainties. However, there is a strong indication that OC occurs w ith 
increased frequency in some families, suggesting that inheritance of an 
abnorm al gene is responsible. In 1877 O lshausen reported ovarian 
tum ours occurring in more than one member of a single family (Liber, 
1950) and since his time, scores of similar families have been noted. Site- 
specific OC families are less common than families where there are other 
cancers, particularly  breast. Sometimes other cancers (colon, u terus, 
stomach) predom inate, such as in the cancer family syndrom e, also 
known as Lynch type II (Lynch et al, 1985). Rarely, OC is seen in families 
in association w ith non-m alignant conditions (Blanchet-Bardon et al, 
1987). Although the total number of cases of OC that may be explained by 
the M endelian inheritance of a single abnormal gene may be less than 
10%, for women who belong to these families the lifetime risk may be at 
least three or four times that of the general population. The risk may be 
substantially higher in families with many affected women (v.i.) (Ponder 
et al, 1992).

1.2 Clinical features

Diagnosis, symptoms and signs
The anatomical position of the ovaries is such that the sym ptom s and 
signs of OC are often delayed until the tum our is quite large. Therefore 
the diagnosis tends to be m ade on rather non-specific sym ptom s; 
lethargy, back pain, indigestion, constipation and a bloated feeling. 
A lthough these features initially confuse, these symptoms in association 
with the presence of a pelvic mass (40-75% of OC patients at presentation) 
and clinically detectable ascites (20-30% of OC), either together or 
separately, should result in the correct diagnosis. The m ost common 
misdiagnosis is uterine fibroids. Occasionally, the diagnosis is m ade at an 
earlier stage, for exam ple, if there is torsion of a cystic tum our. 
W idespread  in tra-abdom inal spread  of the tum our can lead to 
obstructive sym ptoms, affecting pelvic and abdom inal viscera. If the
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disease has spread outside the abdom en there may be lym ph node 
m etastasis or pleural effusions: the latter m ay result in respiratory 
difficulty.

At surgery a full staging of the disease should be carried out as this will 
influence treatm ent decisions. The staging of OC is based upon 
guidelines from the International Federation of O bstetricians and 
Gynaecologists (FIGO), shown in Table 1 overleaf.

Syndromes associated with ovarian carcinoma
Rarely there may be features of OC that cannot be explained by local or 
metastatic effects. OCs can occasionally secrete hormones such as ACTH 
and Parathyroid  related peptide, resulting in Cushing's syndrom e 
(Parsons and Rigby, 1958) and hypercalcaem ia (Allan et a l,  1984) 
respectively. Paraneoplastic syndromes, defined by exclusion of the above 
are sometimes seen. There are a number of different types, characterised 
by the system s that are clinically involved. For exam ple, subacute 
cerebellar degeneration has been seen in women with OC. Antibodies to 
Purkinje cells of the cerebellum have been found in association w ith this 
syndrome, suggesting an autoimmune basis (Hall et al, 1985). Acanthosis 
nigricans has also been reported in association w ith OC (Dingley and 
Marten, 1957). The paraneoplastic symptoms and signs may precede the 
symptoms of OC by many months, and may even instigate the search for 
an occult gynaecological malignancy (Hetzel et al, 1990).

Treatment
a) Early ovarian cancer
Providing meticulous staging has been carried out, prim ary removal of 
the tum our is usually regarded as sufficient treatm ent for grade 1 stage 
lA&B disease patients. There is no evidence that this subgroup benefit 
from  chem otherapy. Trials are in progress w hich hopefully  will 
determ ine w hether chem otherapy is effective for the other subgroup 
(grade 2&3, stage lA&B; all-grade stage IC/IIA) (Trimbos, 1991).
b) Advanced ovarian cancer
Surgical treatm ent of advanced OC is based upon attempts to remove as 
m uch tum our as is possible, so that the tum our load for subsequent 
radio-or chemo-therapy will be lessened. While there is much debate on 
the influence of radical surgery on survival (Burghardt et a l, 1986;
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H unter et ah, 1992; Luesley et ah, 1992), there is some evidence that 
survival correlates with residual tum our volume after prim ary surgery. 
This may however relate to the possibility of removal rather than the 
actual perform ance of the surgery. Maximum cytoreductive surgery 
probably increases quality of life (Blythe and Wahl, 1982).

Table 1. The FIGO staging of ovarian carcinoma

Stage I Growth limited to the ovaries
lA: Growth limited to one ovary, no ascites. No tum our on

the surface, capsule intact.
IB: Growth limited to both ovaries, otherwise as for lA.
IC: Tumour either stage IA or IB but with tumour on the
surface of one or both ovaries, or with capsule ruptured, or with 
ascites present containing malignant cells, or with positive 
peritoneal washings.

Stage II Growth involving one or both ovaries with pelvic extension 
IIA: Extension an d /o r métastasés to the uterus an d /o r tubes 
IIB: Extension to other pelvic tissues
UC: Tumour either stage IIA or HB, otherwise as for IC.

Stage III Tum our involving one or both ovaries w ith  peritoneal 
im plants outside the pelvis a n d /o r  positive retroperitoneal or inguinal 
nodes. Superficial liver métastasés. Tumour can be limited to the true 
pelvis but w ith histologically confirmed m alignant extension to small 
bowel or omentum.

Ill A: Tumour grossly limited to true pelvis with negative nodes 
but with histologically confirmed microscopic seedlings of 
abdominal peritoneal surfaces.
IIIB: Tumour of one or both ovaries with histologically
confirmed abdominal peritoneal surface implants, none of which 
exceed 2cm in diameter. Nodes negative. 
mC: Abdominal implants > 2cm in diameter an d /o r positive
retroperitoneal or inguinal nodes.

Stage IV Growth involving one or both ovaries with distant métastasés. 
If a p leural effusion is present there m ust be positive w ashings. 
Parenchymal liver deposits.

Radiotherapy has received some support as first-line therapy for OC, but 
no random ised trials have unam biguously show n that radiotherapy is 
superior to other treatm ents (Slevin, 1986). Differences in the w ay in

17



which the radiotherapy was given makes comparisons betw een trials 
difficult. Radiotherapy is not commonly regarded as the best initial 
treatment for advanced OC after surgery.

The mainstay of treatment for OC is single or multi-agent chemotherapy. 
The most commonly used single agent regimens are platinum-based, but 
alkylating agents are sometimes used alone. Combined regimens usually 
include platinum , cyclophospham ide, w ith or w ithout doxorubicin. 
Platinum  achieves high response rates; when used w ith antiemetics, it 
offers a significantly improved quality of life for many women w ith OC. 
However, there is no statistically significant evidence that platinum - 
containing regim ens im prove survival com pared w ith  m onodrug  
therapy with an alkylating agent (Slevin, 1986; AOCTG, 1991). Indeed, it 
is no t know n w hether there  is any increased  su rv iva l w ith  
chem otherapy ^er se, as few trials have included a control, no-treatment, 
arm. Chemotherapy cures are rarely, if ever, seen. As for early ovarian 
cancer, m ulti-national random ised chem otherapy trials are now  in 
progress.

Prognosis
The all-stage five year survival for OC is around 28%, and has not 
significantly changed in the last two decades or so. This figure is low 
because about 70% of women with OC present with late stage (III or IV) 
disease. Only 15% of such women survive two years (Osborne, 1992), 
despite the introduction of chem otherapeutic regim ens that achieve 
high response rates. About 30-50% of women who achieve a complete 
remission with chemotherapy, confirmed by surgery and by pathological 
analysis of biopsies, will ultim ately relapse (Ozols, 1991). There are a 
num ber of independent variables that influence survival, bu t probably 
the most reliable indicators are age (and pre-existing physical condition), 
stage and histopathological grade of tumour.

1.3 Pathology

Histogenesis
The ovary develops from the gonadal ridge, a structure on the m edial 
side of each mesonephros. Initially the gonad is indifferent, consisting of 
cortex and m edulla. Depending on the absence or presence of the Y
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chromosome, either the cortex develops into the ovary, or it regresses, 
w ith the medulla forming the testis (Moore, 1977). The supporting cells 
of the ovary arise from mesoderm whereas the germ cells arise in yolk 
sac endoderm  and migrate to the ovary during foetal life. The epithelium 
of the ovary is essentially a continuation of the mésothélial lining of the 
peritoneum . Tumours arising in this indifferent epithelium  can retain 
their ability to differentiate along various M üllerian pathw ays. Thus 
tum ours differentiating along a (fallopian) tubal pathw ay produce the 
serous group of tum ours. Those differentiating along the endocervical 
path, the mucinous, and endometrial the endometrioid, respectively.

The origin of ovarian carcinomas
It is not known exactly how the normal epithelium of the ovary becomes 
m alignant. One long-standing hypothesis is that invagination of this 
epithelium  into the stroma, w ith subsequent pinching-off of the neck, 
results in an inclusion cyst. The epithelium  lining the cyst is then 
exposed to a hormonal milieu which may promote neoplasia. There are 
very  little data  to support this hypothesis, b u t it fits w ith  the 
epidemiological data described above.

Based on the embryological origins of the ovary, it has been stated that all 
ovarian neoplasm s originating from the surface of the ovary are 
mesotheliomas, their true nature disguised by subsequent M üllerian or 
Wolffian differentiation (Parmley and W oodruff 1974). Relevant to this 
view is that peritoneal 'mesotheliomas' indistinguishable from OCs can 
occur (Swerdlow, 1959), even in women who have had complete surgical 
oopho rec tom ies (Tobacm an et al, 1982). H ow ever, a com plete 
pathological analysis of the oophorectomy specimens should be carried 
out, as microscopic foci of malignant tum our can exist in these ovaries, 
which w ould cast doubt on the diagnosis (Chen et al, 1985). These 
peritoneal tum ours behave in a sim ilar fashion to serous papillary  
adenocarcinom as of the ovary. Therefore claim ing OCs are really 
mesotheliomas is not im portant to an understanding of the behaviour of 
these tum ours.

There is some doubt as to whether there is a progression from norm al 
ovarian epithelium through adenoma to carcinoma. In colorectal cancer.
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the concept of the accum ulation of genetic 'h its' correlating w ith  
pathological progression is well established (Fearon and Vogelstein, 
1990). In OC, it has been much more difficult to dem onstrate that a 
sim ilar progression actually occurs. How ever, there is some recent 
pathological evidence in support of this notion. Powell et al. (1992) 
study ing  tum ours p repared  routinely, found histologically  benign 
epithelium in 100% of borderline tumours and in 56% and 90% of serous 
and m ucinous cystadenocarcinom as respectively. This is conclusive 
evidence that a transition can occur. In addition, the peak age of 
incidence of benign tumours is 10-20 years younger than that of OC. This 
difference is most clearly seen with serous tumours.

N ot all m alignant tum ours arise from benign lesions. Scully (1992) 
studied the files of the Massachusetts General Hospital and found six 
cases of early OC, defined as being an OC imperceptible to the surgeon or 
pathologist, on examination of the external or sectioned surfaces of the 
ovary (Scully, 1982). Interestingly, four of these tum ours involved the 
surface of the ovary. This suggests that some OCs involve the surface of 
the ovary very early in their development, implying a rapid evolution 
into a stage III tumour, instead of a gradual progression through stages I 
and II. Two of these four tumours were in women w ith a family history 
ofOC.

Classification
O varian carcinoma is the largest subdivision of ovarian cancers, and 
w ithin this epithelial group of ovarian cancers there are a large num ber 
of types. A simplified subdivision is shown in Table 2, based on the 
W orld Health Organisation (WHO) classification, (Serov et al, 1973) and 
subsequent variations.
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Table 2. A simplified classification of ovarian carcinoma

Serous 46%'*' 

adenocarcinom a 

papillary adenocarcinoma 

papillary cystadenocarcinoma 

adenofibrom a 

cystadenofibroma

Mucinous 36%

adenocarcinom a

cystadenocarcinoma

adenofibrom a

cystadenofibroma

Endometrioid  8%

adenocarcinom a

adenoacanthom a

adenofibrom a

cystadenofibroma

Clear cell 3%

carcinoma

adenocarcinom a

Brenner

M alignant

2% Mixed Müllerian 2 %

hom ologous

heterologous

Undifferentiated 2%t Unclassifiable <1%

Brief description of subtypes
The following Table is based on Fox (1985) and Ashley, (1990) and 
references therein.

 ̂Approximate frequency of subtypes of OC, based on Russell (1987).
H Tliis percentage can be far higher: many pathologists would classify up to 20% of OCs 
as undifferentiated.
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Table 3 Pathology of ovarian carcinomas

Serous cystadenocarcinoma (Figure la-c)
These bulky tumours frequently involve both ovaries. The cyst spaces may be largely 
filled or obliterated by numerous thick, branching papillary villi and solid nodules of 
tumour. Papillary outgrowths may be visible on the outside of the cyst. Microscopically, 
there is a wide variation in the tumour appearance, which can mimic intestinal, 
fallopian tube and endometrial carcinomas. The epithelial elements consist mainly of 
columnar, sometimes ciliated cells which resemble fallopian tube epithelium, but other 
cell types are also seen. Psammoma bodies (crystals of calcium phosphate-apatite) are 
characteristic, but not diagnostic of this type of carcinoma.

Mucinous cystadenocarcinoma (Figure 2)
These tumours are often unilateral and large, measuring 10cm-25cm. The tumours are 
usually multicystic, but purely solid tumours are quite uncommon. The epithelium more 
closely resembles that of the endocervix. It can be difficult to identify definitely 
malignant regions of these tumours, which can resemble the benign analogue, the 
cystadenoma. These regions may be characterised by a more complicated pattern of the 
epithelium, with irregularities in the arrangement, shape and size of cells. Nuclear 
pleomorphism and increased mitotic activity are also typical of the malignant areas.

Endometrioid carcinoma (Figure 3a& b)
These tumours tend to be large (12-25cm in diameter) and can mimic endometrial 
adenocarcinoma. The stroma, however, is ovarian rather than endometrial type. The 
tumours are often partly cystic. Tubular glands are lined by cubical or columnar cells and 
squamous metaplasia is sometimes seen. Rarely, this tumour arises in an area of pre
existing endometriosis.

Clear cell carcinoma (Figure 4)
These tumours were thought to arise from persisting remnants of the mesonephric duct as 
they resemble clear cell carcinomas of the kidney. However, this viewpoint is now longer 
widely accepted: they are probably of Müllerian origin. They are commonly unilateral 
with multi-locular cysts, haemorrhage and necrosis are seen. Characteristics of 
mesothelioma are sometimes encountered, but more commonly, papillary structures and 
tubular elements predominate. The clear cells are usually large and have a polygonal or 
cuboidal form.

Brenner tumour
These rare tumours are usually benign, but malignant variants have been noted. These 
tumours, 10-25cm in diameter are commonly unilateral and partially cystic. They are 
usually solid and rarely are endocrinologically active, secreting or converting sex 
hormones. There is overgrowth of the epithelial component with typical cytological 
features of malignancy.

Mixed Müllerian tumour
Both the epithelium and the stroma is neoplastic in these tumours. They resemble uterine 
mixed müllerian tumours and can be associated with endometriosis.

Undifferentiated carcinoma (Figure 5)
It can be very difficult to assign a particular tumour to any of the above subdivisions of 
OC. When pleiomorphic or round cells in sheets overwhelm other elements within a 
cystadenocarcinoma, the tumour may be regarded as undifferentiated.
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Figure la  (top left) A papillary serous adenocarcinoma

This is moderately differentiated overall, but shows a variable pattern. At 
the top of the field there is a well developed fine papillary pattern, but in 
the lower half the growth pattern  is more solid and undifferentiated. 
This morphological heterogeneity is a common phenom enon in ovarian 
tum ours.
(H&E, X 250)

Figure lb  (top right) A grade I papillary serous cystadenocarcinoma

At the top of the field there is an area of tum our typical of borderline 
serous tum ours, but in the lower right there is an invasive carcinoma 
w ith a stromal response revealed by the pale myxoid im m ature stroma. 
(H&E X 120)

Figure Ic (bottom left) A grade II papillary serous cystadenocarcinoma

This shows less well-differentiated cells, a coarser papillary pattern , 
increased nuclear pleom orphism  and some mitotic activity. There is a 
m oderate am ount of stroma. Individual cells invading the strom a can 
clearly be seen.

Figure 2 (bottom right) A well-differentiated mucinous adenocarcinoma

This is directly invading and disrupting the stroma, rather than  more 
typically invaginating into the strom a condensing around it. There is 
m ucin at the centre of the glands.
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Figure 3a (top left) A high grade endometrioid carcinoma

This show s some glandular d ifferentiation  as well as an area of 
squam ous differentiation (lower left of field). This is a common feature 
in endom etrioid carcinomas.

Figure 3b (top right) An endometrioid carcinoma

This is a classical example show ing a complex cribriform glandular 
pattern  w ith some slightly more solid areas (seen to the left) and <20% 
strom a.

Figure 4 (bottom left) A clear cell carcinoma

This is a typical example. The cytoplasm is pale, the nucleus is centrally 
placed and there is a glandular pattern. There is a m oderate am ount of 
stroma (-40%). (H&E x 450).

Figure 5 (bottom right) A solid undifferentiated ovarian carcinoma

This has m arked nuclear pleom orphism , aberrant mitoses and a high 
tum our-strom al ratio.
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Borderline tumours
This subgroup of ovarian tum ours (10-20%) are also referred to as 
ovarian tum ours of low malignant potential. The WHO classification of 
ovarian tum ours (Serov et al, 1973) included borderline tum ours. They 
are characterised by features typical of carcinomas, such as stratification of 
epithelial cells w ith detachm ent. Nuclear abnorm alities and m itotic 
figures are intermediate between benign and clearly malignant. The key 
feature how ever is lack of strom al invasion. Serous and m ucinous 
borderline tum ours are far more common than other types. Examples of 
these tum ours are shown in Figure 6a and b.

As discussed above, a progression from adenom a to carcinom a is 
som etim es seen. However, borderline tum ours m ay not fit into this 
pattern. A feature of carcinomas is extra-ovarian spread with ascites. At 
the time of diagnosis of a borderline tum our this is quite comm on 
(Russell 1987). How ever, the im plants do not resem ble m alignant 
deposits in several respects-they are deep to the peritoneum , behave 
indolently  and m ay even regress and usually  have a borderline  
histological appearance. As yet, there is little information to that helps to 
d istinguish  betw een the 'continuum ' or 'd iscontinuum ' view point. 
Most published studies of genetic aberrations have shown that generally, 
these are m uch less frequent in both benign and borderline tum ours 
than  in m alignant tum ours, but there is not overw helm ing evidence 
that borderline tum ours show significantly more genetic damage than 
benign tumours.

1.4 Screening for Ovarian carcinoma

From the discussion above, it is obvious that presently available therapy 
for OC has not had a significant effect on mortality. Early stage, low grade 
disease has a m uch better prognosis than  advanced disease, and 
treatm ent is usually surgical only. Therefore efforts have been focused 
on attempts to detect OC at an early stage as it is believed that this might 
have a significant effect on m ortality and m orbidity. In addition, as 
described above, some carcinomas do arise in pre-existing benign lesions, 
so it is possible that detecting benign tumours might have an impact on 
the incidence of OC. However, the proportion of progressive lesions 
w ould need to be known in order to estimate a detection rate for a
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Figure 6a (top) A borderline  serous tum our

There  is a com plex  filigree p a t te rn  of h ighly  d iffe ren tia ted  and  focally 

ciliated cells, b u t  the s trom a is poorly  developed . There is an in teres ting  

difference in the cellularity of the epithelial com ponen ts  on either s ide  of 

the cystic cavity.

Figure 6b (bottom) A borderline  m ucinous  tu m o u r

This show s highly  d ifferentiated  m ucinous  cells on  the surface (top left) 
a n d  m o re  com plex  g lan d s  in v ag in a tin g  in to  the  s tro m a  to w a rd s  the 

b o t to m  of the figure. There is som e pro life ra tive  activ ity , b u t  th is  is 

w ith o u t  evidence of invasion. (H&E x 250).



screening procedure (detection rate is the percentage of affected 
individuals giving a positive result, a measure of sensitivity).

Population screening
A  successful screening test must be sensitive, specific, acceptable to those 
being screened and m ust ultim ately be able to reduce absolutely 
m orbidity  a n d /o r  m ortality cost-effectively. The peculiarity  of OC 
screening is that a positive screening result will require  surgical 
intervention. Therefore as well as having a high detection rate, a 
screening test m ust be highly specific (low false positive rate). A test 
resulting in ten surgical procedures for one case of OC diagnosed would 
have the lowest limit of acceptability. This gives an odds of being affected 
if there is a positive screen result of 1:10, or a positive predictive value of 
10%. For the general population, even if an OC screening test had a 
detection rate of 100% it would have to have <1% false positive rate in 
order to achieve a positive predictive value of 10%. This is because the 
prevalence of OC is rather low. The higher the prevalence, the higher the 
false positive rate that can be tolerated for a given positive predictive 
value.

Clinical exam ination does not appear to meet the first two of these 
criteria. Transabdominal ultrasound has been used as a sole m ethod of 
volunteer screening for OC in a UK study (Campbell et al, 1989). Just 
under 5500 wom en were screened annually for a m axim um  of three 
years. The detection rate was 83%, the false positive rate was 2.3% and the 
positive predictive value was 1.6%. These figures are clearly not good 
enough for a population screen, although the high detection rate is 
encouraging. Furthermore, with transvaginal ultrasound the ovaries are 
far more clearly seen, further improving the detection rate. Colour flow 
D oppler analysis may also provide some advantages, particularly  in 
distinguishing benign from malignant lesions (Kurjak and Zalud, 1992), 
im proving the false positive rate. Colour flow Doppler is not w idely 
available in the UK. It is expensive and for this reason probably could not 
form the basis of a population screening test.

Serum markers have also been used for population screening. The most 
useful serum marker for assessing response to treatm ent of OC is CA125 
(Bast et al, 1981). This monoclonal antibody detects an epitope contained
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within a large glycoprotein complex (>200kD) which is present on the cell 
surface of OCs and some other cancers, and at low levels on norm al cells 
(Kabawat et ah, 1983). It is shed into the circulation, and using a cut-off of 
>30U/m l, high specificity for OC can be achieved. However, from a re
analysis of the prospective JANUS study data, Cuckle and Wald (1990) 
have show n that for this cut-off value the positive predictive value 
would range from 0.3-3%. The problem is probably that CA125 cannot 
reliably detect early stage disease. Therefore CA125 is not useful as the 
sole screening tool.

No currently available single screening test for OC can achieve a positive 
predictive value of 10%. Therefore there is increasing in terest in 
m ultim odal screening, using combinations of serum  m arkers such as 
CA125, Macrophage colony stimulating factor (M-CSF) and ultrasound to 
try  to optimise the sensitivity and specificity of screening (Jacobs et ah, 
1993; Bast and Woolas, 1993). A lthough results from the London 
Hospital trial of postm enopausal women are encouraging (Jacobs et ah, 
1993), there are significant problems with this approach. If the screening 
is done sequentially then the value of the second test will depend upon 
the ability to reduce the false positive rate w ith no loss of detection. 
M ultim odal screening is likely to be expensive and may not be cost- 
effective, particularly as there are no data that show that screening can 
reduce mortality. Very large studies will be required to demonstrate such 
a result. The only sensible way to accrue these num bers in the UK w ould 
be to integrate ovarian with the UK national breast cancer screening 
program m e, which commences at 50 years. A pilot study has now been 
set up at Reading, Berkshire. It will require 150,000 women to achieve 
appropriate power (Cuckle and Wald, 1990). If a younger age group were 
to be studied as well then this could also be incorporated w ith breast 
screening. A recent "Decision Analysis" model of the effectiveness of OC 
screening has produced discouraging results for those who advocate a 
single screen for younger women. Using a decision tree to test the 
strategy of one-time screen versus no screen for healthy 40 year old 
wom en, Schapira et ah (1993) found that the effect of screening w as to 
increase average life expectancy by one third of a day. Although the study 
has some flaws, it does illustrate the enormous problems of screening for 
a disease which is not common.
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In the future, perhaps we may look forward to urine-based tests, like the 
home pregnancy kit which uses an anti-P-HCG antibody fixed to a solid 
support. Although they are likely to be less sensitive, the cost reductions 
m ay make them  useful. W ork is now in progress to identify novel 
com pounds in the urine of patients w ith OC (Robert Bast, personal 
com m unication).

Family screening
The problem s w ith population screening have led others to study 
wom en who have a significantly higher risk of OC than the general 
population. One such group is women w ith a family history of OC. 
Susceptibility to OC can be inherited, and in most pedigrees the incidence 
of OC can best be explained by an autosom al dom inant gene. For 
exam ple, the first degree relatives of a proband aged <50 years at 
diagnosis of OC have a relative risk of 2.29 for OC. By age 70, the risk of 
developing OC for a woman with such a family history increases from
0.83% (population risk) to 2.4% (Ponder et ah, 1992). The King's College 
H ospital study of mainly pre-m enopausal wom en w ith some family 
history of OC demonstrated that transvaginal ultrasound was capable of a 
high detection rate (100% at 2 years) and adding colour-flow Doppler 
resulted in a reduction in the false positive rate from 3.5% to 0.9%. The 
positive predictive value after colour-flow Doppler was 25%, by far the 
highest figure seen for a screening test for OC (Bourne et ah, 1993). 
Unfortunately the inclusion criteria for this study were not uniform  and 
the effect of some additional variables (e.g. morphological score) was 
assessed retrospectively. Nevertheless, the trial show ed that useful 
positive predictive values can be achieved using this technique in high- 
risk groups.

DNA-based screening
There is an increased incidence of OC in some families, particularly in 
association with breast cancer. Genetic linkage studies have shown that a 
very high proportion (>85%) of OCs occurring in either in families with 
site-specific OC or with breast cancer as well are linked to chromosome 
17ql2-21 (Easton et ah, 1993). The as yet uncloned gene in this region has 
been referred to as B R C A l.  W omen who have inherited the disease 
haplotype have a much increased lifetime risk of OC. If these women can
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be identified by m utation analysis then either frequent u ltrasound  
screening an d /o r prophylactic oophorectomy may be offered.

It is probable that a test for BRCAl mutations could be made available on 
a population basis. The num ber of women who have inherited these 
mutations and go on to suffer OC may in fact be a small proportion of the 
total num ber of OCs, but at present this inform ation is not available. 
Other family cancer genes, such as the DNA repair/replication gene on 
chrom osom e 2 (Peltomaki et al., 1993) may be im plicated in another 
subset of OCs (the cancer family syndrome, see page 15). It is therefore 
possible that in the future a battery of DNA-based tests could be used as a 
first-line screen, to be followed by serum marker tests an d /o r ultrasound. 
This might only account for 5-15% of OC, but would represent up to 750 
women per year in the UK where there would be a very good chance of 
detecting either a pre-malignant condition or a early cancer.

The future of screening for OC is uncertain. The multimodal approach to 
screening looks hopeful, although it is difficult to see how colour-flow 
Doppler ultrasound will be available to all. DNA-based tests may reveal 
those who are at highest risk by virtue of inheritance, but the biggest 
challenge, to cost-effectively reduce the num ber of registrations of all 
deaths from OC will remain.

2. The genetics of cancer

2.1 A brief introduction to the genetics of hum an diseases 

Mendelian inheritance
M endel derived his laws by following crosses that he m ade w ith peas. 
This is clearly not possible in hum an genetics but an analysis of m atings 
that have already occurred can provide sim ilar inform ation. This 
pedigree analysis allows the identification of recessive and dom inant 
phenotypes. Recessive conditions typically appear in the progeny of 
unaffected parents, and tw o affected ind iv iduals cannot have an 
unaffected child. Consanguineous m atings tend to reveal recessive 
conditions. D om inant d isorders characteristically  occur in every  
generation, unaffected individuals cannot transm it and two affected
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parents can have unaffected offspring. Diseases can either be autosomal 
or X-linked. Y linked diseases are very uncommon. The first description 
of M endelian inheritance of a hum an disorder was that of alkaptonuria, 
which was traced through generations and was shown to be inherited in 
a recessive manner (Garrod, 1902).

These basic facts have some important additions. In dom inant diseases, 
new  cases can appear w ithout any apparent family history. There are 
three reasons for this. Firstly, a new mutation may have occurred. This is 
particularly  common in conditions which im pair fertility. Secondly, 
there  can be decreased penetrance. Penetrance is an all-or none 
phenomenon, and reflects partly the ability to detect the phenotype. This 
shou ld  not be confused w ith  the th ird  phenom enon, variab le  
expressivity, which refers to the severity of the phenotype. Diseases with 
m ultiple organ involvement, such as neurofibrom atosis type 1 (NFl) 
classically dem onstrate variable expressivity. M aternal transm ission of 
diseases w here there are now know n to be abnorm alities of the 
mitochondrial genome has been described (Shoffner and Wallace, 1992). 
Recently, dynamic mutations of trinucleotide repeats have been found to 
account for a num ber of hum an diseases, including fragile X and 
Fluntingdon's disease (Richards and Sutherland, 1992).

Chromosomal disorders
M endel could not know that genes, residing on chromosomes were the 
units of inheritance that he was studying. H ow ever chrom osom al 
d isorders are not commonly inherited. They can be d iv ided  into 
ab n o rm alitie s  of num ber and  s tru c tu re . M any chrom osom al 
abnormalities result in spontaneous abortion, and the phenotype of the 
resulting clinical disorders are obviously complex as a large num ber of 
genes are often involved. These abnormalities occur in meiosis.

N um erical abnorm alities of chrom osom es are po lyp lo idy  (exact 
m ultiples of 23, the norm al haploid complement) and aneuploidy. The 
latter is far more common in liveboms. Aneuploidy is usually the result 
of the failure of paired chromosomal segregation in either first or second 
meiotic division, leading to either trisomy or monosomy of a particular 
chrom osome. A neuploidy involving chrom osomes 13, 18, 21 and X
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account for over 95% of all numerical abnormalities seen in newborns 
(Jacobs et al, 1974).

Structural abnorm alities result from chromosomal breakage. This can 
resu lt in term inal deletion, ring chromosome, insertion, m irror or 
tandem  duplication, para- and peri-centric inversion, isochromosome 
and  translocation , the la tter occurring if tw o non-hom ologous 
chromosomes exchange fragments. In both reciprocal and Robertsonian 
translocation there may be no loss of essential chromosomal material, 
bu t such individuals have an increased risk of having chromosomally 
unbalanced offspring.

Polygenic and multifactorial diseases
In most adult diseases, there is no suggestion of Mendelian inheritance. 
Nevertheless, there may be reasons to suspect a genetic com ponent to 
m any diseases. Different ethnic groups within the same population can 
have very different frequencies of particular diseases. M igration studies 
have shown that an individual's risk of a particular disease (e.g. m ultiple 
sclerosis) may depend critically on the age at which the m igration took 
place, im plying a genetic and environm ental in teraction  th a t is 
tem porally limited.

Analysis of families shows that there is a familial component to m any 
hum an diseases. Many autoimmune conditions appear to be influenced 
by a num ber of genes in combination with environmental factors. It has 
been extremely difficult to show which particular gene(s) is responsible 
for these conditions, and it is probably true that in most cases, m ultiple 
genes are acting with environmental triggers to result in disease.

The most convincing evidence for the involvement of genetic factors in 
common non-M endelian diseases comes from twin studies. These have 
show n that different diseases have differing concordance rates in 
monozygotic (MZ) and dizygotic (DZ) twins. Those conditions w ith the 
highest MZ (approaching 100%) and DZ (-50%) concordance are likely to 
be largely genetic. On the other hand, non-genetic conditions will have 
roughly equal but very much lower concordance between MZ and DZ 
tw ins. An exam ple of the form er is manic depressive psychosis
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[concordance (%): MZ 80; DZ 10] and the latter, spina bifida (MZ 6; DZ 3) 
(Brock, 1993).

The threshold model describes how discontinuous traits (diseases) can 
occur through a continuously variable liability. Some individuals above 
a certain threshold will develop disease, especially if exposed to a 
relevant environm ental agent. Their genetic liability puts them  in the 
right hand tail of a Gaussian distribution. First degree relatives, who 
share half their genes with that individual will have a liability to the left 
of the affected, but substantially to the right of the general population. 
Because of the geometric nature of the normal distribution, the closer the 
relative is genetically to the affected, the higher the risk. This model 
makes a num ber of predictions which are different to those of Mendelian 
inheritance.

2.2 The genetics of human cancer: early studies 

Early studies in non-human species
Quite early in this century it was postulated that cancer was essentially a 
genetic disease. Theodor Boveri, working w ith sea urchins, recognised 
that the parallel behaviour of genes and chromosomes suggested that 
genes were located on chromosomes. He later stated that tum our cells 
w ould  arise if "inhibiting chrom osomes" w ere e lim inated  or if 
chromosomes that promoted division were present (Boveri, 1911, quoted 
in Gelehrter and Collins, 1990). These views if re-written w ith "tumour 
suppressor genes" and "oncogenes" in the appropriate places w ould not 
be out of place in a m odern text book. The link between m utation and 
cancer was established in Drosophila by H.J. M üller in 1927 using X- 
irradiation. Auerbach showed in 1946 that the chemical carcinogen 
m ustard gas could also cause mutations in Drosophila. Much later, Ames 
was able to connect these two characteristics together in a testable form 
(Ames, 1979).

C harles and Luce-Clausen (1942) developed a m odel of papillom a 
form ation in benzpyrene-treated mice. They found that the kinetics of 
the formation of papillomas fitted with certain assumptions: 1). that the 
form ation of a papilloma depends upon a self-perpetuating abnorm al 
condition in the skin which initially involves a single cell; 2). that

33



m utation of a gene which controls epithelial differentiation is the first 
step. If P is the wild-type (wt) gene and p is the abnormal gene, then Pp is 
the first step in carcinogenesis. A normal lineage still results, however, 
as P is present. Once a second m utation occurs (pp) then  only 
papillom atous cells are formed. 3). that the rate of m utation from P to p 
is norm ally  very low and that benzpyrene increases th is rate 
significantly. These experiments implied that the m utant allele, p is 
recessive at the cellular level to the wt gene, P.

Peyton Rous dem onstrated that a filterable agent w as capable of 
transm itting cancer from one chicken to another. It was later shown that 
this and other similar agents were viruses. While these viruses could 
not cause cancer outright, they were capable of transforming cells into an 
unstable, cancer-prone state (Dulbecco, 1969). In phenotypic terms, the 
viral DNA was dominant to the host DNA.

Despite these and many other pieces of evidence that DNA played a 
central role in carcinogenesis, some still held the view that epigenetic 
phenom ena were generally more im portant. "Cancer is no m ore a 
disease of cells than a traffic jam is a disease of cars" stated David 
Sm ithers in 1962. While there is increasing in terest in epigenetic 
phenom ena such as genomic imprinting, the analogy is incorrect. Cancer 
is a disease of genes within cells within organs within organisms. With 
this assum ption, some advances have been m ade in understanding  of 
w hy cars crash, as well why they end up in traffic jams.

Multiple steps in the origin and evolution of human cancers 
The burden of cancer does not fall equally across the ages. There is a peak 
of cancer in early childhood, but the second peak occurs very much later. 
Fisher and Hollman (1951) and Nordling (1953) studying cancer statistics 
in the United States and Europe, both found in the age group 25-74 that 
the death rate increased with the sixth power of age. It was suggested that 
this relationship could be explained if cancer were a result of seven 
successive som atic m utations, given that the probability  of each 
m uta tion  rem ained constant: the rate of appearance of cancer is 
proportional to the power of number of m utations required for a cancer, 
m inus one.
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Arm itage and Doll (1954) addressed N ordling's findings in seventeen 
types of cancer. Male and female death rates (age 25-74) in England and 
Wales in 1950-51 were studied. Their data largely agreed w ith Nordling. 
However, they noted an excess of colon and rectal cancer at a young age, 
and suggested that familial adenomatous polyposis (FAP) m ight explain 
this excess. Endocrine-sensitive cancers were also found to deviate from 
the hypothetical regression lines. Here the authors introduced the idea 
that carcinogenic factors may have differing activities depending upon 
the time at which they were acting. They concluded that "a complex 
process of perhaps six or seven stages" could account for their findings.

Platt (1955) suggested that a carcinogenic agent might alter a cell such that 
its descendants m ultiplied at a greater rate than norm al surrounding 
cells. Armitage and Doll (1957) took this suggestion and showed that the 
sixth pow er relationship could hold in some cancers if only two events 
were necessary for carcinogenesis: the first event resulting in a greater 
m ultiplication rate, the second carcinogenic insult being more likely to 
affect cells derived from the first m utated cell. Clinical cancer then 
follows. The authors perceived the events as being somatic and suggested 
that exposure to some carcinogenic substance could account for the 
cancers. The long latent period between exposure and cancer could be 
explained by a two-stage model.

Ashley (1969) compared the Armitage and Doll's two stage (or two "hit" 
as Ashley called it) model with their m ultistage model. He concluded 
that for gastric cancer in wom en, the m ultip le "hit" m odel m ore 
accurately fitted the age-specific death rates, but that the num ber of hits 
m ight vary between tum our types.

Studies of the clonality of tumours provided some experimental support 
for this view. Nowell (1976) reviewed the evidence and supplied a m odel 
of clonal evolution in neoplasia. He based his m odel largely on 
cytogenetic lesions in cancer cells, but included earlier w ork on the 
isoenzymes of glucose-6-phosphate dehydrogenase which had shown the 
sam e X chrom osom e was inactivated in all tum our cells in fem ale 
heterozygotes, implying that the tum our arose from a single cell. Nowell 
suggested that stepwise genetic variation was occurring and thought that 
this model might be applicable to most hum an neoplasms. In one sense.
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the sim ple idea of Platt (1955) that an initially affected cell w ould 
m ultiply more rapidly (have a selective grow th advantage) is at the 
centre of N ow ell's ideas. Subsequently, m utan t varian ts could be 
identified by cytogenetic differences, m anifest as abnorm alities of 
num ber and structure . Most of these abnorm al cells w ould  be 
eliminated, but a few have a further growth advantage. This process then 
continues m any times. The karyotype seen w hen the tum our presents 
clinically is therefore complex, but not random, and local conditions may 
affect the resulting karyotype.

A lthough  m ost of these steps affected som atic cells, N ow ell 
acknowledged that in some cases, inherited gene defects might potentiate 
the action of exogenous carcinogens. Examples of these conditions are 
Xeroderma Pigmentosum, Ataxia Telangiectasia, and the syndrom es of 
Bloom and Gorlin. However, the nature of m ost inherited  cancer 
syndromes was not understood.

Models of the relationship between hereditary and sporadic cancer 
These models were im portant because they m ade clear the connection 
betw een the rare familial syndromes and the commoner cancers, and 
helped to fit in these ideas w ith concepts of genetic dom inance and 
recessiveness, clonality  and the num ber of steps needed  for 
carcinogenesis. When these models were suggested there was no w ay of 
testing them, but in essence they have been shown to be accurate.

Burch (1962) stated "where the aetiology of a given neoplasm  involves 
somatic nuclear gene mutations, individual tum ours of this kind will be 
found in which inherited m utations have substituted for somatic" and 
conversely, "where M endelian inheritance of a neoplasm  can be 
dem onstrated somatic m utation should also contribute to its genesis." 
This is a general statem ent of a view later specified and statistically 
defined by Knudson.

DeMars (1970) suggested that viewing familial cancer pedigrees in terms 
of dom inance and recessiveness at the level of the individual m ight 
obscure the true nature of the genetic events. He proposed that the 
incidence of cancer in many pedigrees could be explained if one assumed 
that one of the parents was heterozygous for a recessive gene. If a child
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inherited this aberrant recessive gene, then cancer could occur if there 
was reduction to homozygosity in a particular cell type (i.e. the second 
event occurred somatically).

These brief statements of Burch and DeMars lie at the heart of the most 
com prehensive m odel of the hereditary-sporadic cancer relationship, 
K nudson's "two hit" model of retinoblastoma (Rb), which combined 
these ideas with epidemiological data discussed above. This m odel has 
had an enormous impact on familial cancer and tum our suppressor gene 
(TSG) research.

Retinoblastoma, a paediatric eye tumour, is a rare disorder, occurring in 
-1/20,000 live births. However, the risk is not evenly distributed, as Rb 
occurs in two forms- a) sporadic, where the tum our is unilateral and the 
condition is not inheritable (about 60-75% of cases) and b) familial, where 
bilateral (sometimes multiple) tumours are usually seen and the disease 
is inheritable. Additionally, the tumours in the inheritable form occur at 
a significantly younger age than in the non-inheritable form. In a 
statistical analysis of Rb, Knudson used the age of onset and the numbers 
of tum ours per individual to estimate the num ber of genetic hits needed 
to produce a tumour. An inherited mutation in the bilateral cases was 
assumed; the data in both bilateral and unilateral cases fitted w ith  a 
m athem atical expression of two m utational events. K nudson then 
proposed that in inheritable, bilateral cases the first hit was inherited and 
second hit was a somatic event affecting the retinoblasts. Non-inheritable 
unilateral tum ours were accounted for by two somatic m utations. Thus 
the "two hit" hypothesis could explain the incidence of both hereditary 
and sporadic retinoblastoma, two being the rate-limiting num ber of hits 
required for tumourigenesis (Knudson, 1971).

At this time Knudson did not specify whether the second m utation was 
affecting the gene carrying the first hit, another gene on the same 
chromosome or the hom ologous locus on the other chromosome. He 
and others later suggested that the latter was the most likely (Comings, 
1973; Knudson, 1978). This was verified by cytogenetic and LOH studies, 
discussed in detail in section 3.
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2.3 The genetics of human cancer: insights from molecular biology

The concepts discussed above are concerned with the notion that genetic 
dam age might be responsible for cancer. Evidence for this was taken 
from chromosomal abnormalities in tumours and other dividing cells; 
the relationship between mutagenicity and carcinogenesis; the m ultiple 
(mutagenic) events needed for clinical cancer; inherited gene defects and 
defective responses to exogenous carcinogens; and studies of hereditary 
and the related sporadic cancers.

This subsection describes the molecular biological support for some of 
these ideas.

Chromosomal abnormalities and cancer
M any of the constitutional chromosomal aberrations discussed in 
subsection 2.1 above are seen in cancer. Indeed, over 14,000 clonal 
abnormalities in tum ours have been noted since the description of the 
Philadelphia chromosome in chronic myeloid leukaemia by Nowell and 
Hungerford in 1960. The significance of this reciprocal translocation was 
m ade clear by the finding that the translocation placed a part of a proto
oncogene c-abl (now ABL) next to a genetic locus BCR. The tyrosine 
kinase activity of ABL is unm asked by its fusion to BCR. The norm al 
BCR  encodes a guanosine triphosphate activating p ro tein  (GAP), 
implicated in signal transduction pathways. Cytogenetic deletions and 
monosomies may uncover TSGs. The cytogenetic deletions have acted as 
a guide for the cloning of these genes using DNA polymorphism s (v.i.) 
(Solomon et ah, 1991). The first description of a specific and reproducible 
chrom osom al change in solid tum ours w as m onosom y 22 in 
m eningiom as (Zang and Singer, 1967), w hich are a fea tu re  of 
neurofibrom atosis type 2 (NF2). The molecular correlate of this was 
finally elucidated  w ith  the cloning of the NF2 gene, w hich had  
previously been m apped by genetic linkage to chromosome 22 (Rouleau 
et ah, 1993; Trofatter et ah, 1993).

Oncogenes: mutation, amplification and translocation 
The discovery of cellular genes (proto-oncogenes) connected the data of 
Rous with mutagenicity studies and chromosomal aberrations in cancer. 
Proto-oncogenes were originally discovered as the cellular hom ologues
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of retroviral oncogenes. These oncogenes can induce cancer in certain 
species by transduction or insertional m utagenesis. The viral genes 
appear to be derived from their cellular counterparts (many of which 
have im portant cellular functions), but are oncogenic either because they 
have come under the control of viral signals or because they have 
acquired m utations. Both these m echanism s m ay perm it abnorm al 
cellular behaviour.
The connection to hum an cancer was made by a num ber of groups who 
show ed that transferring DNA sequences from a m alignant to a non- 
m alignant cell resulted in transformation to a m alignant phenotype.

This suggested that the tum our DNA contained a dom inantly acting 
cancer gene, or oncogene. When the DNA sequence responsible for the 
transform ation was cloned, it was found to have strong homology to the 
transform ing retroviral gene, Harvey RAS, now known asRASH: the 
genes isolated by this technique are m utant alleles of proto-oncogenes 
(reviewed by Bishop, 1987).

A m plification of short stretches of the genom e can be a norm al 
phenom enon. However, when it is unscheduled it is aberrant. This is 
often  seen in cancer cells as doub le-m inu te  chrom osom es or 
hom ogeneously staining regions. This amplification can include proto
oncogenes, resulting in deregulation. A typical example of this is the 
amplification of M YC N  in higher grade neuroblastomas, where the level 
of amplification has some correlation with prognosis. The amplification 
copy-num ber of proto-oncogenes is not always as great as this, and the 
regions of amplification are not necessarily so extensive.

As discussed above, chromosomal translocations can activate p ro to 
oncogenes as a result of stabilisation of function by fusion. Activation 
can also occur by placing the proto-oncogene under the control of a 
prom oter that is active in the cell type from which the tum our arises. In 
the t(8:14) of Burkitt's Lymphoma, M Y C  is translocated next to and 
deregulated by Ig heavy or light chain enhancers (Leder et al, 1983).

Co-operating oncogenes and multiple steps in tumourigenesis 
A lthough the DNA transfection assays show ed that m utated p ro to 
oncogenes could result in m alignant transform ation, the cell lines
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chosen, m ouse fibroblasts (3T3), are not norm al. Generally, single 
oncogenes are not able to produce a fully m alignant phenotype when 
transfected into a normal cultured cell. However, this is achievable when 
oncogenes co-operate (Land et al, 1983). This adds support to multistep 
theories of tumourigenesis.

Carcinogens and mutagenicity
Further support for a m ultistep m odel of cancer is p rov ided  by 
experim ents of chemical carcinogens applied to the skin of animals. 
Complete carcinogens cause cancer at a certain dose. If this threshold is 
not reached, no cancer results. However, adding a promoter, incapable of 
causing cancer itself, can result in a cancer with the same subthreshold 
dose of the first carcinogen. This suggests the prom oter is acting on cells 
that are already abnormal in some way.

The very high correlation between mutagenicity and carcinogenicity of 
chemicals was shown by Ames using the Salmonella m am m alian liver 
test (Ames, 1979). The inclusion of liver was based on data which showed 
that many potent carcinogens are not active until they are metabolically 
activated to electrophilic carcinogenic com pounds which are DNA- 
reactive, mutagenic and carcinogenic. Inheritance of a particular allele of 
a liver enzyme could clearly increase the risk that naturally-occurring 
and synthetic parent carcinogens might be metabolised more efficiently 
to their active forms. Not all carcinogens are mutagenic using current 
assays. Diethyl stilbcestrol (DES) can act as a prom oter by stim ulating 
proliferation. However, other evidence suggests that DES can initiate 
cancer by disrupting tubulin assembly, resulting in aneuploidy (Barrett,
1991).

Inherited susceptibility to exogenous carcinogens
As discussed above, genetic factors influence the toxic potential of many 
carcinogens. There are a number of familial cancer syndromes where this 
can be m ost clearly seen. In 1874, Ferdinand von Herbra and M oritz 
Kaposi described a condition, now known as Xeroderma Pigm entosum  
(XP) where affected persons developed multiple tum ours on sunlight- 
exposed areas of skin. Subsequently, other syndromes w ith sensitivity to 
UV or ionising radiation and chemicals have been described. In addition.
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all these conditions are characterised by spontaneous or induced 
chromosome abnormality.

The recessive nature of these conditions pointed to an enzymatic defect, 
and  the chrom osom e fragility  and sensitiv ity  to env ironm ental 
carcinogens suggested that DNA repair m ight be at fault. Of all these 
conditions, the molecular basis of XP is best understood. From somatic 
cell hybridisation experiments it has been show n that there are seven 
com plem entation groups, XP-A to XP-G. The first two XP genes to be 
cloned were XPAC  (for XP-A) and ERCC-3 (which had been previously 
cloned and rectifies the defect in XP-B cells). Both these genes have DNA- 
binding  properties: ERCC-3 may have DNA helicase activity as well 
(Lindahl et al, 1991). Subsequently XPBC, XPCC, XPDC, XPGC as well as 
genes responsible for the associated, (but not cancer-related) Cockayne's 
syndrom e have been isolated (Bootsma and Hoeijimakers, 1993). W hat is 
interesting is that these genes are implicated both in nucleotide-excision 
repair and transcription. The repair gene XPBC appears to be an essential 
component of the multi-protein basal transcription factor TFIIH, perhaps 
required for DNA melting at transcription initiation. This dual role may 
explain the phenotypic diversity of this group of inherited cancer 
syndrom es.

Tumour suppression: cell fusion, chromosome transfer and genes 
The DNA repair defect syndromes are recessively inherited. The idea 
that malignant tum ours could arise from recessive m utations in somatic 
cells emerged after the experiments of Harris and Klein in the 1960's. In 
the early experiments, highly malignant m ouse cell lines were fused 
w ith  norm al m ouse embryo cells or m ouse cells of low m alignant 
potential (Harris et al, 1969). The resulting hybrids were transiently  
suppressed in their ability to form tumours. However, these hybrids are 
karyotypically very unstable, and it was not until intraspecies hum an cell 
hybrids showed stable suppression with retention of both sets of parental 
chromosomes that the idea gained wide acceptance (Stanbridge, 1976). It 
should be noted that although the cells are non-tum ourigenic, m any 
hybrids are not normal: they may grow to high density, express tum our 
m arkers and grow in soft agar. Later, it was shown that the transfer of 
individual chromosomes could produce the same phenotypic result as 
whole cell fusion (Saxon et al, 1986).
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The idea tha t unm asking of recessive, m utan t alleles occurs by 
chromosomal loss was first put forward by Ohno in 1971. As was known 
for some years, loss of chromosomes is a feature of the karyotype of 
tum ours, hence the inverse of tum our suppression by cell fusion or 
chromosome transfer is what happens in naturally occurring cancers. In 
the experim ental system, transfer of a single norm al chrom osome is 
sufficient to suppress malignancy, hence the m utant alleles are recessive 
to the w t alleles. The observations of DeMars (1970), Knudson (1971) and 
Comings (1973) discussed in subsection 2.2 above, whilst not mentioning 
tum our suppression were important because they enabled connections to 
be m ade between cell fusion experiments, epidemiological and clinical 
data on the inheritance of cancers, m ultiple steps in neoplasia and 
chromosomal mechanisms of tumourigenesis. Subsequent experim ents 
have show n that for Rb and other cancers, these models are largely 
correct. As discussed below, the use of genomic polymorphisms enabled 
the elucidation of the chromosomal m echanism s of loss of genetic 
m aterial and eventually the cloning of TSGs themselves. Cancers w ith 
hom ozygous loss of such genes show phenotypic reversion when these 
missing genes are transferred back into the tumours. This confirms and 
localises the chromosome transfer experiments.

3. Cloning and functional analysis of tumour suppressor genes: 
the retinoblasatoma model.

In the section above, basic principles of hum an cancer genetics were 
discussed. The importance of this work is best illustrated by continuing 
to use the example of Rb, which was introduced earlier (page 37).

3.1 Clinical, epidemiological and statistical studies

The inherited form of Rb was first recognised in 1821 by Lerche (from 
Smith and Bedford, 1976), bu t its vertical transm ission (w ith -90%  
penetrance) was not appreciated at first because of the high m ortality at 
that time. Incomplete penetrance is not uncomm on, bu t m ay not be 
evenly distributed amongst Rb families: particular Rb gene (referred to as 
R B I)  m utations m ay be associated with this phenom enon (Onadim ,
1992). This no tw ithstand ing , new  m utations are quite  com m on.
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Survivors of Rb are at high risk of developing second prim ary cancers, 
particularly  osteosarcomas. In addition, those who have inherited a 
m utation in RBI may be at increased risk of adult-onset cancers such as 
lung and bladder cancer, and melanoma (Strong et al, 1984; Sanders et 
al., 1989), supporting the observation of Gordon (1974).

As discussed above, Knudson's statistical hypothesis suggested that only 
two m utations were rate limiting. This hypothesis was later refined to 
suggest that m utations were occurring in both alleles of the same, 
unidentified gene (Knudson, 1978). In the bilateral cases of Rb, the first 
m utation  was inherited and the second occurred som atically (the 
retinoblasts), whereas in sporadic Rb both m utations occurred in the 
som atic cells. This "two hit" hypothesis explained w hy children  
inheriting a m utant copy of the putative gene w ould suffer m ultiple 
tum ours and at an earlier age: the first of two necessary m utations had 
already occurred.

3.2 Cytogenetics-the recessive cancer gene hypothesis gains support

It w as confirm ed tha t a constitu tional de le tion  in a D -group 
chromosome (Lele et at., 1963) in a child with Rb involved the long arm 
of chromosome 13 (13ql4) (Yunis and Ramsay, 1978). The deletion data 
could be explained by either loss of a gene or activation of an adjacent 
gene. Analysis of a unique Rb family w ith a balanced translocation 
involving 13ql4 (Strong et ah, 1981) was important because in this family 
only those w ith an interstitial deletion of 13ql3.1-ql4.5 developed Rb; 
those w ith a balanced insertional translocation (the 13q fragm ent 
translocated to chromosome 3p) were unaffected transm itters. This 
implied that predisposition to Rb was directly related to loss rather than 
activation of genetic material. Furthermore, monosomy 13 and deletions 
involving 13q in sporadic Rb tumours (Balaban et al., 1982) confirm ed 
th a t gene activation at the deletion site could not be the correct 
explanation. Benedict et al. (1983) demonstrated 50% Esterase D (BSD) 
levels in all norm al cells of a child with Rb. The gene encoding the 
enzyme ESD was found by deletion mapping to lie w ithin some of the 
sm allest cytogenetic deletions associated w ith Rb, and therefore one 
m ight suspect a constitutional cytogenetic deletion in this child: none
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was present. When the tum our itself was examined, one chromosome 13 
w as missing, and ESD levels were zero. Therefore the non-deleted 
chromosome m ust have been lost in the tum our, implying that RBI is a 
recessive cancer gene.

3.3 Esterase D. polymorphism and linkage in families

As mentioned above, the gene encoding ESD was found to lie close to the 
Rb gene locus. In a further study Sparkes et al. (1983) dem onstrated tight 
linkage between ESD and the locus for hereditary Rb. This linkage was 
carried out by evaluating ESD levels and electrophoretic variants (mainly 
types 1 and 2) in 35 families with inherited Rb. A calculation was made of 
the odds of linkage versus no linkage for a given recombination fraction 
(0), which is a measure of the distance between two loci. From this a lod 
(logarithm of odds) score can be derived (Morton, 1955). For ESD and the 
RBI locus the maximum lod score was 3.5. A lod score >3 (odds in favour 
of linkage >1000:1) is generally accepted as indicating that the disease 
gene maps near to the marker used to calculate the lod score.

H ow ever, pro tein  polym orphism s are insufficiently inform ative for 
their general use in tracking diseases by genetic linkage. It was shown 
tha t the hum an genome contained m inor in ter-individual sequence 
varia tion , or polym orphism  (Kan and Dozy, 1978). It w as soon 
appreciated  that these restriction fragm ent length polym orphism s 
(RFLPs) m ight have im portan t im plications for hum an  genetics 
(Solomon and Bodmer, 1979). DNA probes, capable of distinguishing 
betw een m aternally and paternally inherited DNA could be used for 
more extensive linkage projects. If the probe was sufficiently close to the 
disease in question then, by linkage disequilibrium, the particular RFLP 
m igh t be co-inherited  w ith  the disease. ESD has no biological 
relationship to the development of Rb, and it is this non-functional, or 
positional aspect of the m arker that is at the centre of genetic linkage 
analysis. The use of RFLPs was im portant in the next stage of the hunt 
for RBI.
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3.4 The use of loss of heterozygosity to localise the Rb susceptibility gene.

The use of DNA probes that recognise RFLPs in linkage analysis was 
extended as the probes can also be used to study the differences between 
DNA extracted from tum ours and that from uninvolved tissues. In 
order to look for such differences, the constitutional DNA and tum our 
DNA are studied in the same experiment. First the DNA is digested with 
endonucleases which reveal the polymorphisms, then the digested DNA 
is size fractionated through an agarose gel by electrophoresis. The DNA is 
transferred to a solid support (filter) and this filter is hybridised w ith a 
radiolabelled probe, the locus of which has been chromosomally defined 
(Southern, 1975). Providing that there is endonuclease-recognised 
sequence variation within the genomic region hybridised w ith the probe, 
then the two alleles can be distinguished by autoradiography, as they will 
have migrated to different places on the gel. Thus in the norm al tissue 
there may be two bands seen on an autoradiograph. If only one band is 
seen in the tum our then this is referred to as reduction to homozygosity, 
or loss of heterozygosity (LOH).

Large deletions of course may be seen by cytogenetic analysis, but 
submicroscopic deletions, nondisjunction w ith reduplication, or mitotic 
recombination will not be detected. The molecular approach can identify 
and distinguish between these events if a sufficient num ber of well
spaced m arkers m apping to the same chromosome are used. This is 
im portan t because it appears that the latter tw o m echanism s are 
common ways in which TSGs are inactivated: in this recessive model, 
even two doses of an abnormal gene cannot compensate for the absence 
of a norm al gene. A diagrammatic representation of the mechanisms of 
LOH is shown in Figure 7.

These techniques were applied to sporadic Rb by Cavenee et al. (1983). In 
this im portant paper they made several new observations-
1. Sporadic Rb tumourigenesis results from the development of LOH for 
m utant RBI.
2. Mitotic recombination, first noted in Drosophila, plays a role in a 
hum an  cancer. In this situation there is no requirem ent for two 
m utations in the TSG, or for a deletion of the wild type gene.
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Figure 7 Mechanisms of LOH

Key: M Chromosome derived from mother 
P Chromosome derived from father

The figure can be applied to either a germ line m utation followed by a 
somatic m utation or two somatic mutations.
First row: The two chromosomes are normal.
Second row: The maternally-derived chromosome suffers a m utation in 
a tum our suppressor gene, indicated by a hatched bar = .  The paternal, 
wild-type (wt) chromosome, is normal.
Third row: The w t chromosome now shows LOH; a second hit has 
occurred. This can either be genetically  conservative (loss and 
reduplication, mitotic recombination and some balanced translocations) 
or non-conservative (loss w ithout reduplication, deletions, unbalanced 
translocations and point mutations). Theoretically, gene conversion eœ, 
could also occur, bu t this mechanism of TSG inactivation has not been 
described in hum ans. The second "hit" either uncovers the m utant gene 
by complete lack of w t "opposition", or in some way results in a non
functioning w t gene. In the classical retinoblastoma model, these events 
are necessary and sufficient for tumourigenesis.
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3. Different chromosomal mechanisms may result in LOH, but the end 
result is the same- an absence of a normal copy of the region w ithin 
which RBI m ust lie.
4. Chromosome-specific recombinant DNA libraries based on hum an- 
rodent hybrid cell lines could be used to generate large numbers of probes 
for a thorough genomic analysis of any tumour type.

It was later shown that the chromosome 13 found in hereditary tum ours 
was the one carrying the germ-line predisposing m utation and not the 
w t hom ologue, further confirming Knudson's m odel (Cavenee et al., 
1985).

3.5 Cloning and functional studies of the retinoblastoma TSG.
The use of RFLPs enabled the identification of a m inim ally deleted 
region within 13ql4 that was consistent with the cytogenetic and linkage 
data, and which supported the hypothesis of Knudson. This led to the 
cloning of RBI using chromosomal walking (Friend et al, 1986; Lee et al, 
1987a). A random probe known to lie near RBI was found to deleted in a 
m inority  of Rb tum ours, and an adjacent DNA fragm ent show ed 
evolutionary conservation. This fragm ent detected a 4.7kb mRNA 
transcript in retinal cell lines, but not in Rb tumours. Hybridisation of 
this fragment to a cDNA library constructed using RNA from the retinal 
cell resulted in a 4.7kb cDNA. This cDNA, p4.7R, detected the same 4.7kb 
mRNA transcript as discussed above. Although only 30% of Southern 
blots gave positive evidence that p4.7R was R B I,  analysis of mRNA 
revealed abnormalities in -60% of Rb tumours. Almost all Rb tum ours 
exhibit pRB (protein) abnormalities (Lee et al, 1987b).

Lee's group then went on to prove conclusively that the 4.7kb transcript 
w as R B I  and that this gene was capable of tum our suppression: 
retroviral transfer of the cDNA into a cell line with no pRB resulted in 
partial reversion (Huang et al, 1988). Subsequently, RBI has been shown 
to be aberrant in num erous cancers, not all of w hich are seen in Rb 
survivors or their relatives (Benedict et al, 1990). This suggests strongly 
that RBI  m utations are not rate-limiting for all these tum ours, bu t 
nevertheless may give the tum our a selective advantage.
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There have been num erous functional studies of pRB (reviewed in 
Cooper and Whyte, 1989; Weinberg, 1990; W agner and Green, 1991; 
Nevins, 1992, and Goddard and Solomon, 1993). The protein appears to 
have an im portant role in cell cycle control, transcriptional regulation 
and cellular transformation. The protein encoded by RBI  is a lOSkDa 
nuclear phosphoprotein, possessing DNA binding properties. pRB was 
show n to be phosphorylated in a cell-cycle dependant m anner: the 
under-phosphorylated form is active as a negative cycle regulator in 
quiescent (Go) cells. It is this form which is tethered to the nucleus and 
sequesters DNA tum our virus oncoproteins such as adenovirus E lA , 
sim ian virus SV40T and papilloma virus E7. These oncoproteins have 
binding sites essential for transformation: they overlap with pRB binding 
sites. Abnormal proteins encoded by m utant RBI  cannot bind these 
oncoproteins and hence the cell is no longer constrained.

N orm al pRB also binds to other nuclear proteins, this action can be 
blocked by viral oncoproteins or relevant peptides derived from them. 
pRB phosphorylation is carried out in part by the cell-cycle kinase, 
p 3 4 ci?c2  ̂ which interacts with the cyclins to control the cell clock, the 
cyclins acting as positive regulators. Some cyclins can also bind pRB as 
they have the same binding motifs as those of viral oncoproteins, and 
upregulation of a cyclin may exceed the ability of pRB to sequester it and 
therefore may result in loss of negative control by pRB.

In addition  to the cell cycle role, pRB regulates transcrip tion  via 
complexing w ith E2F (a cellular DNA-binding protein), the oncogenes 
f  OS and MYCC, and TGppi. The virus oncoprotein ElA  can release E2F 
from binding to pRB by exchange. This would release active E2F to bind 
to the genes it activates, such as dihydrofolate reductase and DNA 
polym erase a. In addition, it has been shown that E2F binds to under- 
phosphorylated pRB and that the complex may repress M YCC  and cdcl 
transcription. Again, loss of functional pRB w ould perm it inappropriate 
transcription.

Further complicating the picture, transgenic mice w ith either homo- or 
hetero-zygous gene knock-outs of rhl (the m ouse RBI )  have been 
generated. The rb'/rb~  mice die in utero at embryonic day 12-13, on 
account of the failure of certain cell lineages (erythrocyte and neuronal)
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to differentiate. Clearly, pRB does not have a role in every cell division 
b u t m ore likely is involved in d iffe ren tia tion  and  tem poral 
commitment. In other words, the spatiotem poral context of expression 
m ay be w hat is important: pRB controls the generational clock. pRB 
generally keeps cells in a growth arrested state and is therefore a negative 
regulator of the cell cycle. Since erythrocytes and neuronal cells 
terminally differentiate early, they are perhaps most likely to be affected 
by absence of pRB.

Thus the cloning of RBI depended upon hypothetical models, clinical 
and epidemiological data, cytogenetics, somatic cell hybrid and DNA 
probe resources, linkage analysis in familial retinoblastoma, LOH studies 
in norm al-tum our pairs and finally expression and m utation analysis of 
candidate cDNAs from the region within which RBI was known to lie. 
Functional studies have expanded the role of pRB from that of a TSG 
(whatever exactly that is) to one of control of differentiation.

Retinoblastom a has served as an excellent m odel for the TSG, and 
advances of hum an gene m apping have enabled the description of m any 
other genes capable of suppressing malignancy. The m ethods used are 
outlined in the next section.

4. The isolation and analysis of human cancer genes

N um erous techniques have been used to isolate cancer genes. Some of 
these were discussed in the last section. Here, the emphasis is on more 
recent techniques.

4.1 Genetic linkage

The first evidence of linkage came from  the early  D rosoph ila  
experiments of T.H. Morgan, which showed that the gene for white eyes 
was sex-linked. This led one of his students, A H. Sturtevant to construct 
the first linkage m ap (Sturtevant, 1913). H aldane and  Bell later 
dem onstrated "a sensational' pedigree showing linkage of haem ophilia 
and colour-blindness," the first definite evidence of linkage in hum ans 
(Haldane, quoted in Kelves, 1992). The reason w hy haem ophilia and
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colour-blindness could be shown to be linked was because the genes 
encoding the proteins defining the phenotypes are sufficiently close 
together that linkage disequilibrium  m ay p reven t their random  
assortm ent in meiosis. The usefulness of meiotic linkage is limited by 
the num ber of m apped polym orphic m arkers and the num ber of 
families in which there are sufficient num bers of affected individuals 
(affecteds).

As discussed above, although polymorphic proteins such as ESD can be 
used to show linkage, it was not until RFLPs w ere discovered that 
meiotic linkage could be seriously contemplated as a method of finding 
genes by position only, using families with m any affected members. 
Linkage analysis has been revolutionised by the use of somatic cell 
hybrids (Cavenee et al, 1984), flow-sorted chromosomes (Lalande et ah,
1984) and highly polymorphic DNA sequences detecting hypervariable 
regions of the genome revealed either by Southern b lo tting  and 
hybridisation (Nakamura et ah, 1987) or polymerase chain reaction (PGR) 
and polyacrylamide gel electrophoresis (PAGE) (Weber and May, 1989). 
Using this genomic approach it has been possible to show linkage 
between anonymous, accurately localised markers and specific diseases, 
and thus narrow down the region within which the gene m ust lie. This 
has led to the cloning of the particular gene in question.

4.2 Positional cloning

H aving defined the outer lim its w ithin which the gene lies, it is 
necessary to use physical techniques to isolate the gene itself. Probes 
m apping within the region are used to localise accurately the gene. This 
is followed by mutation analysis. Techniques used to carry out these tasks 
are briefly discussed below.

Chromosomal walking
This technique was used to identify RBI and the putative TSG D CC 
(Deleted in Colon Cancer). In DCC, an anonymous probe pl5-65 revealed 
a hom ozygous deletion in one tum our and gain of heterozygosity in 
another. This implied the presence of a TSG nearby. In order to locate 
this gene Fearon et al. (1990) walked bidirectionally along chromosome 
18 from pl5-65. This they did by partially digesting genomic DNA w ith
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Mho\, resulting in fragments of 12-18 kilobases (kb) which were then 
cloned into a suitable bacteriophage vector and cultured in E.coli. For 
each round of hybridisation, EcoRI maps constructed from digests of 
overlapping clones were used to isolate the furtherm ost clone from the 
starting clone. The library was then re-screened. It took thirty rounds of 
screening to span 370kb of genomic DNA. From this m aterial it was 
possible to isolate part of DCC using "zoo" blots to confirm conservation 
through evolution and later an exon-connection strategy based on PCR 
of mRNA. Only adjacent exons in mRNA gave a product w ith PCR: 
intronic sequence prevented contaminating DNA amplification.

Pulsed-field gel electrophoresis, CpG islands and linking clones 
Fearon et al. were fortunate enough to find an alteration on Southern 
blots w ith the probe pl5-65. In many situations there are no such clues. 
Even using cosmid libraries, the chromosomal walking technique can be 
too cumbersome. Genetic linkage can flank a locus by 1 centiMorgan (cM) 
at best and spanning this gap requires long-range physical m ethods. 
Pulsed-field gel electrophoresis (PFGE) can be used to separate large 
genom ic fragm ents (Smith et al., 1988). PFGE is based upon  the 
application of a current from the geom etrically-organised m ultip le 
electrodes. The origin of the current changes from one electrode to 
another in a set spatiotem poral pattern . This results in the high 
m olecular weight DNA entering the gel in a snake-like m anner. The 
conditions are very flexible, allowing separation of different sized DNA 
fragments. Large fragments of hum an genomic DNA can be produced by 
digesting with endonucleases that are methylation-sensitive and require 
eight base pairs for recognition-the so-called "rare cutters", such as Notl, 
Mlul, SacU and BssHII. Physical maps of the region of interest can then be 
built up, as probes separated by up to 1 megabase (Mb) may hybridise to 
the same fragment. Cloning of TSGs NFl, NF2, the Wilms' tum our gene 
W T l ,  the FAP gene AFC, and g7 [the gene m utated in von H ippel- 
Lindau disease (VHL), v.i.] relied heavily upon the use of PFGE.

It had been noted that the 5' end of genes tend to be CG rich. These areas 
have been referred to as CpG islands (Bird et al., 1985). CG-rich sequences 
are over-represented in rare cutter sites and therefore one can use PFGE 
to separate rare-cutter digested DNA and then use the resultant Southern 
filters to look for genes within a given region of genomic DNA. It m ay be
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relevant that so far, most CpG-containing genes are housekeeping genes. 
M ultiple rather than single rare cutter sites are the m ost reliable 
indicators of genes (Hanson, 1991) and overall, about 70% of CpG islands 
are near genes.

A nother related m ethod, relying upon PFGE in part, is the use of 
jum ping and linking libraries to clone the ends of large DNA fragments 
(Poutska and Lehrach, 1986). These libraries are assembled in various 
forms but all depend upon the circularisation of genomic DNA digested 
w ith endonucleases. This enables either jum ping (to an unknow n, but 
directionally defined place) or linking (ordered, linked jumps) to take 
place. It probably better to use rare cutters to construct the jum ping 
library, for although these clones are inherently more difficult to handle, 
they theoretically perm it the cloning of a whole chrom osome using 
thousands rather than  millions of clones, and from the above, are 
associated w ith genes as they contain CpG-rich sequences. Linking rare 
cutter libraries are even more helpful as one can construct a complete 
physical m ap of subregions of a chromosome arm (Borrow et ah, 1991).

Somatic cell hybrid panels and in situ hybridisation
As discussed in section 4.1, somatic cell hybrids can be useful in 
generating probes m apping to small subsections of chromosomes, by 
using irradiation, microcell fusion, chromosome m ediated gene transfer 
and Alu-PCR. In addition, single chromosome hybrid panels can be used 
to verify the position of markers generated from work described above. 
In situ hybridisation can also be used for this purpose, and more recent 
techniques analysing released chromatin from nuclei. This perm its direct 
visualisation of cosmids or Yeast artificial chromosomes (YACs) by two 
(or more) colour fluorescent in situ hybrid isation  (FISH). Physical 
distance between the two markers can then be calculated (Fidlerova et ah,
1993).

Yeast artificial chromosomes
Although rare-cutter linking libraries have been useful, they rely upon 
the gene of interest having a CpG island recognised by the rare cutter 
used at its 5' end. Many genes will not be detected by this m ethod. 
Therefore the ability to clone a large region in tact is a po ten tial 
advantage. The introduction of YACs has resulted in w hole regions
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being cloned in a series of overlapping YACs. A VAC comprises a 
centromere, two telomeres, a selectable m arker and the inserted DNA. 
The inserts can be up to 1Mb in size but the average size is nearer 300kb. 
Contiguous YACs can be simply combined using mitotic recombination 
(Ragoussis et aL, 1992a). Apart from the advantages for cloning, YACs 
enable whole functional units to be transfected into m am m alian cells 
(Huxley and Gnirke, 1991) and germ line transmission of YACs has been 
reported in mice (Jakobovits et al., 1993; Strauss et al., 1993)

Transcript identification
Identification of transcripts follows from mapping. There are num erous 
ways of detecting coding sequences and three examples are discussed 
here.
1) cosmid-cDNA hybridisation. In the example of Rb, discussed above, a 
genomic fragm ent deleted in Rb tum ours was found to hybridise to 
mRNA from retinal cells. This situation is fairly unusual as often 
deletions are not seen, the tissue expression of the gene in question is not 
precisely known, and Northern blots may not be plentiful. One way of 
circumventing this is to hybridise competed cosmids from the region to 
cDNA libraries from various sources. This technique has been used for 
example, to clone MHC genes (Trowsdale et al., 1990) and in a modified 
form, the gene responsible for VHL disease, g7 (Latif et al., 1993).

2) cDNA selection. One limitation of the cosmid hybridisation technique 
is that it may be difficult to detect transcripts that are under-represented 
in the library. Selection of cDNAs can be enhanced by reversing the 
process-the target DNA is fixed to a solid support (nylon filter or 
streptavidin-conjugated magnetic beads) and is then hybridised w ith 
tissue-specific cDNAs which have been packaged into vector to enable 
subsequent PCR amplification. Those cDNAs hybridising to the target are 
PCR amplified and the process is repeated. This can result in several 
thousand-fold enrichm ent for the cDNA in question (Parimoo et al., 
1991). The gene ATK  was cloned with the aid of this m ethod (Vetrie et 
al, 1993).
3) Exon amplification. An alternative strategy described by Buckler et al. 
(1991) is the elegant use of splice sites to select exons w ithin genomic 
DNA w hich is subcloned into a specially-designed m am m alian  
expression vector. This contains an intron (derived from HIV) which can
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only splice sequences with 5' and 3' splice junctions. The construct plus 
putative exon is transfected into COS cells, RNA is isolated and reverse 
transcriptase PCR is used. The amplified products can be checked against 
the source material for verification. The NF2 gene was isolated with the 
aid of this method. Cosmids adjacent to germ-line deletions in patients 
w ith NF2 were mapped by PFGE. The deleted chromosome 22 had been 
separated from its homologue in somatic cell hybrids, and some cosmids 
were present in the normal chromosome only. These cosmids were then 
subjected to exon amplification (Trofatter et aL, 1993).

4.3 The 'Candidate' and 'Positional Candidate' approach

The positional cloning approach has been very successful in these early 
stages of the Hum an Genome Project. It is very laborious however, and 
as more genes are cloned and mapped, it is inevitable that known genes 
will be used directly for mutation analysis (v.i.). In addition, if there are 
no large pedigrees for meiotic linkage and no patients w ith cytogenetic 
aberrations then the positional technique will be less attractive. True 
candidate gene cloning is relatively straightforw ard: genes encoding 
enzymes known to be aberrant in a disease process can be cloned and 
analysed for m utations, for example, in phenylketonuria (Kwok et aL,
1985). Thus the gene is cloned on the basis of function.

As more genes are cloned and accurately mapped, it is highly likely that a 
modified form of positional cloning will become more prevalent. In this 
"positional candidate cloning" approach (Ballabio, 1993), a gene known 
to m ap to a region of interest (say a chromosomal band) is chosen 
because of its relevance to the disease process and is analysed for 
m utations directly, w ithout waiting for more accurate inform ation on 
the precise position of the candidate. This combined approach is typified 
by autosomal dom inant Retinitis Pigmentosa (adRP). The gene encoding 
rhodopsin  w as localised to 3q and several years later, adRP w as 
genetically linked to the same region. As rhodopsin is expressed in rod 
photoreceptors which are affected early in the course of the disease, there 
was an a priori reason to suspect that this gene might be implicated. Soon 
after the linkage data was published, m utations were reported in the 
rhodopsin gene in affected members from a num ber of different families, 
indicating that these mutations were causal (Dryja et aL, 1990).
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This transition period is demonstrated by the two approaches used to 
clone the X-linked agammaglobulinaemia (XLA) gene. The European 
group (Vetrie et aL, 1993) relied upon a strictly positional methodology, 
involving YACs, cosmids, PFGE and cDNA selection, w hereas the 
Tsukada et al. (1993) started from the premise that B cell developm ent 
w as aw ry in XLA and since tyrosine kinases are im plicated in this 
process, they analysed such genes that m apped to chromosome X for 
m utations in XLA individuals.

4.4 M utation analysis

W hatever the approach to isolating genes is used, alterations in the gene 
or its product have to found. Five different techniques for doing this are 
briefly described here.

Single-strand conformation polymorphism
This simple technique relies upon the fact that DNA sequence changes 
can be detected as shifts in electrophoretic mobility. This is possible 
because w hen DNA is denatured into single strands by heating and 
subjected to PAGE under nondenaturing conditions, it acquires a 
sequence specific conform ation which is defined by in tra stran d  
interactions. This conform ation determines mobility, and hence the 
latter is directly sequence-dependent. Originally this procedure was 
carried out on restriction endonuclease digested fragments, bu t now PCR 
is used to amplify sequences of suitable length (Orita et aL, 1989). It is 
capable of detecting >95% of mutations, depending upon the m utation, 
the fragm ent and the particular gel and running  conditions used 
(Sheffield et aL, 1993). The bands can be visualised w ith radiolabelled 
prim ers or nucleotides, or by using silver or ethidium  brom ide staining. 
Single-strand conformation polymorphism (SSCP) is probably the most 
w idely used m utation detection method.

Denaturing gradient gel electrophoresis
This non-radioactive technique separates DNA fragm ents according to 
th e ir m elting  properties. On electrophoresis th rough  a linearly  
increasing gradient of dénaturants, DNA fragm ents rem ain double 
stranded until they reach a concentration of dénaturants equivalent to a 
m elting tem perature (tm) that causes the lower-temperature dom ains of
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the fragm ent to melt. This causes branching and the mobility of the 
fragm ent is m arkedly decreased. Single base-pair (bp) changes in the 
lower fm domain can cause melting at slightly different concentrations of 
dénaturants. This will result in a band shift. W hen modified by PCR 
addition of a 40-50 bp GC-rich 'clamp' the higher tm domains are m ade 
available because the GC clamp has a higher fm than any dom ain of the 
test fragm ent. This enables detection of alm ost 100% of m utations. 
(Sheffield et aL, 1989). Denaturing gradient gel electrophoresis (DGGE) is 
highly sensitive but requires special equipm ent, addition of the GC 
clamp to each PCR fragment and subsequent plotting of a melting map. It 
is regarded by many as more accurate than SSCP in the detection of single 
bp changes.

Chemical cleavage by mismatch
In an a ttem pt to detect 100% of all m utations, a m ethod based on 
chemical cleavage at bp mismatches in heteroduplex DNA*DNA has 
been devised (Cotton et aL, 1988). This technique is related to the 
sequencing method of Maxam and Gilbert (1977) and relies upon the fact 
tha t hydroxylam ine and osm ium  tetroxide react w ith m ism atched 
cy tosine  and  thym id ine  respectively . A fter cleavage of the 
heteroduplexes by piperidine, the samples are denatured by heating and 
loaded onto denaturing urea gels. Any mismatches will show up as new 
bands. The technique is extremely sensitive and generally longer 
fragments can be analysed than in SSCP or DGGE. Drawbacks are that it is 
m ore technically dem anding than SSCP and the chemicals used are 
hazardous.

RNase A  cleavage
Here mismatched RNA*DNA heteroduplexes are cleaved enzymatically 
by RNase A (Myers et aL, 1985). The mismatches are seen as new bands 
on denatu ring  gels. It generally has a ra ther low sensitivity, bu t 
Nakam ura and colleagues have had success w ith a modified version of 
th is technique in detecting A P C  m utations in FAP kindreds and 
colorectal cancer patients. They labelled normal in vitro transcribed APC  
RNA probes w ith ^^P, hybridised with test PCR amplified APC  DNA 
fragments and cleaved mismatches with RNase A (Nishisho et aL, 1991). 
Detecting m utations of APC  in FAP may be a special situation: over 90% 
of the m utations detected would truncate the APC  product and -60% of

5 6



these are due to l-8bp deletions or insertions which may be easier to 
detect than single-bp changes (Nagase et aL, 1992). Generally therefore, 
although RNase A cleavage is quick and easy, it has not found general 
acceptance on account of the low sensitivity.

A direct com parison has been m ade of RNase A cleavage, chemical 
cleavage and DGGE (Theophilus et aL, 1989). Mutations in exon 9 of the 
hum an acid p glucosidase gene were used as the test material. In their 
hands, this group found that DGGE was the best technique because it 
detected the two known m utations, as well as three new ones, and 
heterozygotes were shown clearly. This was not achieved by the other 
two methods. However, the DGGE technique was substantially modified 
in this paper, som ewhat invalidating any general application of the 
findings.

Direct sequencing of PCR products.
The introduction of direct methods of sequencing have made the process 
attractive as a first line technique, rather than as a final confirmation. 
U sing  the  b io tin -s trep tav id in  solid phase  system  it is qu ite  
stra igh tfo rw ard  to sequence from PCR am plified genom ic DNA 
(Hultm an et aL, 1989). The PCR product is incubated w ith streptavidin- 
conjugated magnetic beads for 30 minutes at room tem perature. DNA is 
then denatured  and sequencing proceeds as usual. M odifications are 
sometimes required, for example, primer concentrations are reduced to 
one half to one quarter of their concentration in PCR-SSCP reactions, and 
the use of internal primers can improve the (dideoxy chain termination) 
sequencing result (Powis et aL, 1992). The technique requires knowledge 
of intron-exon boundaries and adjacent intronic sequence, bu t as this is 
usually generated during the previous step of transcript identification, 
this does not seem a great inconvenience. It is perhaps not suitable for 
screening large num bers of samples where there are num erous exons, 
bu t usually provides unequivocal evidence of sequence change in one 
step.
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5. The genetics of ovarian carcinoma

There is a no satisfactory way of preventing or treating OC. It is likely that 
a genetic analysis, as described previously for other cancers, will be one of 
the m ost fruitful ways of attem pting to understand and m anage this 
disease.

5.1. Familial ovarian carcinoma

Familial predisposition to OC has been discussed in subsections 1.1 and
1.4, pages 15 and 29. Here I restrict the discussion to the loci thought to 
harbour genes responsible for inherited susceptibility to the disease.

Chromosome 17q
After a long search. Hall et al. (1990) found positive linkage between an 
anonym ous variable num ber of tandem repeat (VNTR) marker, CMM86 
and breast cancer. When the data was analysed in terms of age of onset, 
the lod scores were highest for the early-onset breast cancer families. 
Indeed, the late-onset families gave negative lod scores, evidence in 
favour of no linkage to this marker. Narod et al. (1991) provided support 
for this data when they found positive lod scores at CMM86 in three out 
of five families with an excess of breast and ovarian cancer.

The result described in the paper from Hall et al. suggested that the gene 
in question named, perhaps in anticipation of a quick discovery, BRCAl,  
was sited w ithin a few cMs of CMM86, at 17q22-23. However, the linkage 
data had two possible explanations-one, that there was tight linkage in a 
small subset of families and all the others were not linked to this marker; 
or two, that there was weak linkage in most of the families. The second 
alternative raised the possibility of tight linkage at an adjacent locus. This 
has now been shown to be the case (Hall et al., 1992; Easton et al. 1993), 
a lthough it is still true that early onset families are more likely to be 
linked than  late-onset ones. The flanking m arkers for this gene are 
a lm ost certain ly  D17S250 and D17S588,  both of which are sim ple 
sequence length repeats (SSLPs) (also know n as short tandem  repeat 
polym orphism s, microsatellite, CA or dinucleotide repeats-there is no 
accepted nomenclature). Some groups have suggested that the region is 
narrow er, the upper limit being a SSLP within the putative TSG TH RAl ,
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Figure 8. A breast-ovarian cancer pedigree.

A typical pedigree is shown, adapted from Figure 2, Devilee et aL, (1993).

Squares denote m ales; circles, females. Blackened circles represent 
w om en w ith either breast or ovarian carcinoma. Age at diagnosis is 
given e.g. Br48=verified breast carcinoma at 48 years. Current ages are 
given for unaffected wom en who are part of the genealogy. A diagonal 
line through a symbol indicates death. Linked m arkers used are shown 
adjacent to the first generation female. Genotype details were gathered 
from all living members of the pedigree. The chromosome on which the 
BRCAl  gene lies in this pedigree, 1-4-8-3, is shown in italic. X refers to a 
p resum ed  m eiotic crossover. The exact age of death  of the first 
generation female is not known, and is not referred to in the publication 
from which this figure was adapted.



and the lower D17S579, an anonymous SSLP (see Easton et aL, 1993 and 
references therein). Within this region are a num ber of candidate genes 
including retinoic acid receptor a  (RARA),  which is translocated in 
prom yelocytic leukaemia, topoisomerase 2a, involved in DNA coiling 
and 17HSDlSz2 (17p hydroxy steroid dehydrogenase). An example of a 
pedigree in which breast and ovarian cancer is seen in excess and in 
which the disease haplotype is inherited by all women w ith breast and 
ovarian cancer in shown in Figure 8.

2 I 2 
2 I 3 
9 I 9

1 I 4 D178250
4 I 1 D178579
8 I 9 D178588
3 6 D17874

i i
61 Br48 Ov52 Br40

2 \ 1 2> r 2| 1
2 I 4 3 1 1̂  2| 4
9 | 8 9 ,9  9,8
2 6^ 4 6 2 6

53 Ov52

21 1 
2,4

46 43

20

Figure 8 A breast-ovarian cancer pedigree

Families such as this emphasise the close relationship betw een breast 
and ovarian cancer. It seems very unlikely that the phenotype can be 
entirely defined by B R C A l  and there may either be environm ental 
factors such as OCP usage and child-bearing details that influence 
w hether or not breast an d /o r ovarian cancer is seen in family members. 
In addition, other genes may be relevant, such as weakly penetran t 
common genes which may be either dom inant or recessive. In these 
families, it is interesting to note that breast cancer is commonly seen 
alone, whereas ovarian cancer is very rarely the only cancer seen. About 
40% of inherited breast cancer (inherited breast cancer is thought to
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account for about 5-10% of all breast cancer) occurring in fam ilies 
w ithout OC appears to be accounted for by m utations in BRCAl.  A part 
from one late-onset breast cancer family that m ay be linked to the 
œstrogen receptor at 6q25.1 (Zuppan et ah, 1991), there are no published 
studies of linkage to other loci. In contrast, about 85% of breast-ovarian 
or OC only families are linked to B R C A l  (S.A. N arod , personal 
communication). It is thought that ~8% of all OC can be accounted for by 
inherited genes (S.A. Narod, personal communication).

Chromosome 2
Colon carcinoma can occur in a num ber of different inherited cancer 
syndrom es. Probably the most common is hereditary  non-polyposis 
colon cancer (HNPCC), which has been thought by some to exist in two 
forms: site-specific colon cancer (Lynch type I) and in association w ith  
other cancers, particularly adenocarcinomas of the uterus and stomach 
(Lynch type II). There is, however, some recent data that suggests that 
this division is at best, simplistic (Watson and Lynch, 1993). Linkage of 
colon and related cancers to an anonymous SSLP D2S123, m apping to 
chromosome 2p has been reported in two large families. (Peltomaki et 
ah, 1993). Of the non-colorectal cancers seen, three were DCs, occurring at 
ages 43, 38 and 33, perhaps supporting a role for this gene in some DCs.

W hat is especially interesting about this gene is that no LOH is seen in 
the familial tum ours w ith chromosome 2 m arkers. Instead, som atic 
m utation  is occurring at D2S123  (and elsew here in the genom e) 
suggesting the possibility that this gene is involved in replication error 
repair (Aaltonen et al, 1993). If so, this gene would belong to a new class 
of inherited cancer genes.

5.2. Cytogenetic aberrations in ovarian carcinoma

Although the family data is very interesting, it is unlikely that most OC 
can be explained by M endelian inheritance. Cytogenetic analysis of 
tum ours can provide a great deal of information about clonal deletions, 
translocations and am plifications which m ay p rovide evidence of 
somatic genetic aberrations in OC. There have been num erous such 
studies, collected together by Mitelman (1991). Here the discussion is 
limited to a few salient examples.
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Loss and translocation of genetic material-Chromosome 6 
For some years there has been considerable cytogenetic evidence that in 
one chromosome 6, particularly the long arm, is missing in part or in 
whole in OC. Wake et al. (1980) dem onstrated a clonal t(6;14)(q21;q24) 
translocation, thus focusing attention on 6q21. A lterations in 6q are 
common in OC, often in the setting of a highly disorganised karyotype 
(Pejovic et al., 1992). Of thirty five tumours that had clonal chromosomal 
aberrations, ten had deletions or unbalanced translocations involving 6q. 
Of these ten, seven had breakpoints between 6q21-23, thus loss of the 
long arm telomeric to this region was the commonest single abnormality 
of chrom osom e 6 in this study. Despite the common occurrence of 
aneuploidy, Atkin et al. (1983) showed that one copy of 6q may be lost in 
early stage tum ours, when the karyotype is relatively undisturbed . 
Clonal deletions of parts of chromosomes 1, 3 and 11 are also common. 
These data will be discussed further in Chapter 4.

Additional chromosomal material-Chromosome 19 
In a study of serous cystadenocarcinomas, Pejovic et al. (1989) noted that 
seven out of eleven tum ours studied had a 19p+ m arker chromosome, 
due to a translocation to the 19pl3 band. In one case the 19p+ was 
derived from an unbalanced t(l;19)(p22;pl3), and of the rem aining six, 
although the origin of the translocated segment could not be determined, 
the 19p+ markers looked similar in four.

Chromosomal changes in benign ovarian tumours-Chromosome 12 
There has been great debate as to w hether OCs derive from benign 
tum ours (see subsection 1.3 above, pages 19 &20). There have been few 
studies of benign tumours. Pejovic et al. (1990) showed trisomy 12 in five 
out of seven benign tumours with a clonal abnormality (the rem aining 
35 tum ours in this study did not have clonal abnormalities). Three of the 
five tum ours had trisomy 12 as the sole karyotypic abnormality. Yang- 
Feng et al. (1991) confirmed this finding in benign and borderline 
ovarian tum ours. By Southern blotting, no amplification was seen in 
RASK2,  which maps to chromosome 12.
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5.3. Oncogenes and ovarian carcinoma

There have been no studies where a com prehensive analysis of an 
oncogene (or oncogenes) has taken place at the DNA (mutation analysis 
and copy number), RNA and protein level (expression and alteration in 
product size). However, some studies have shown varying degrees of 
involvement of oncogenes in OC. Some of these are briefly commented 
on here.

ERBB2
The m ost com prehensive study of ERBB2 in OC is by Slamon et al. 
(1989). In this study (mainly of breast cancer) they analysed 120 OCs for 
amplification using Southern blotting. Twenty-three showed 2-5-fold 
amplification and eight were amplified >5-fold. In thirty-seven tum ours 
there was sufficient material for an analysis of DNA, RNA, protein and 
imm unohistochem istry (IHC). There was complete correlation between 
amplification and expression. Moreover, of eighty-seven cases with DNA 
and long-term  follow up data available, there w as a statistically 
significant correlation between gene amplification and survival. Other 
groups have shown broadly similar results by IHC (Haldane et aL, 1990; 
Wang et aL, 1992) and by dot blot hybridisation of cDNA (Dingermann et 
aL, 1992). Generally the results have not been quite as striking as in 
Slamon's paper. In addition, amplification does not seem to be as 
common in other, albeit less comprehensive studies of OC (Sasano et aL, 
1990, Imyanitov et aL, 1992; Foulkes et aL, 1993).

The RAS family
M utations in codons 12, 13 or 61 of one of the three RAS  genes, RASH,  
R A S K  and R A S N  convert these genes in to  active oncogenes. 
Adenocarcinomas generally exhibit a high frequency of RAS  m utations. 
However, such mutations do not appear to be common in OC (Bos, 1989). 
Since Bos s review there have been num erous studies using various 
techniques, but overall, the results do not suggest a different conclusion 
(Boltz et aL, 1989; Smith et aL, 1989; Enomoto et aL, 1990; Yang-Feng et aL, 
1991; Dingermann et aL, 1992). Of special note, Enomoto and colleagues 
used PCR to amplify specific R A S K  gene sequences. They found 
m utations in codon 12 in only two out of the 13 OCs studied. This group 
and others have also shown that there may be some differences between
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different tum our types with respect to the three RAS  gene alterations; 
m ucinous tum ours ra ther frequently  show ing R A S K  m u ta tions 
(Enomoto et aL, 1991; Mok et aL, 1993; Teneriello et aL, 1993).

MYCC
The nuclear oncogene M Y C  is im plicated in num ber of hum an 
malignancies, particularly Burkitt's Lymphoma. Its role in OC is less 
clear. Studies based on Southern blotting (Baker et aL, 1990; Sasano et aL, 
1990a) and PCR (Schreiber and Dubeau, 1990) suggest that M YC  may be 
am plified in up  to 50% of OCs. However, Smith et aL (1989) and 
D ingerm ann et aL (1992) using Southern blotting and cDNA dot-blot 
h yb rid isa tion  respectively  did  no t see any evidence of M Y C  
am plification, or re-arrangem ent (Smith et aL, 1989). M uch m ore 
comprehensive studies are required to resolve this issue.

Other oncogenes
Dingerm ann et aL (1992) hybridised twenty OC-derived cDNAs to a filter 
dotted w ith DNA encoding twenty-five different oncogenes. Apart from 
the findings discussed above, they noted increased expression of M-CSF 
receptor (CSFIR, previously FMS) in 40% of tumours. As noted above, 
M-CSF can be elevated in the serum  of patients w ith OC (Bast and 
Woolas, 1993) and CSFIR  maps to chromsome 5q, a region commonly 
deleted in OC (data presented in Chapter 3) and other cancers. Few other 
oncogenes have been studied in detail in OC.

5.4. Loss of heterozygosity and ovarian carcinoma

There has been an enorm ous am ount of data on LOH since the first 
report in OC (Lee et aL, 1989). The published data  perta in ing  to 
chromosomes 5, 6, 11 and 17 will be discussed in the individual chapters. 
In addition, chapter 7 will also include a discussion of these and other 
data. Here emphasis is placed on some of the difficulties inherent in LOH 
studies of OC and a brief summary of the chromosomal regions where 
LOH data are most convincing.

LOH in sporadic OC involving a region which is known to be linked to a 
hereditary form of the disease is less likely to be the result of non-specific 
replication infidelity than LOH at other sites. Despite much evidence that
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hereditary OC exists, until quite recently it was not appreciated that OC 
formed part of definable familial cancer syndromes, and only in the last 
three years have such regions been chrom osomally-defined. Collecting 
DNA from such rare families can be extremely difficult, especially given 
the poor five year survival of OC. In addition, linkage analysis in such 
rare families can be complicated by the relatively late onset of this 
disease. When OC does occur, it may be difficult to exclude affected but 
unlinked individuals (phenocopies).

A lthough there have been some recent advances in our understanding 
of the natural history of OC, the pathogenesis of OC is less well 
understood than in colorectal carcinoma, where a step-wise progression 
from benign adenoma to m alignant carcinoma has been dem onstrated. 
This has been accompanied by a description of the molecular events that 
underlie  these pathological changes (Fearon and Vogelstein, 1990). 
Studies of LOH different grades and stages of OC may help, but unless the 
step-wise progression model can be verified, it will always be open to 
question whether or not these changes simply select a subset of tum ours 
which proceed rapidly from a normal to a malignant epithelium. These 
problems have been discussed in subsection 1.3, p l9  &20 above.

C ytogenetic studies have show n that aneuplo idy  and qualitative 
abnorm alities such as deletions and translocations are extrem ely 
common in OC, probably reflecting the fact that most tum ours are late 
stage. It has not been possible to find areas consistently involved in all 
tum ours. This has som ewhat lim ited the specificity of a m olecular 
approach. By contrast in colon cancer, Muleris et al. (1985) noted re
arrangem ents of the juxtacentromeric regions of chromosome 17 in all 
eleven carcinomas studied. Chromosome 18 was deleted in part or in 
whole in all but one case. These findings led Vogelstein and co-workers 
to show that TP53, m apping to 17p, was m utated in colon cancer (Baker 
et aL, 1989) and to eventually clone DCC (Fearon et aL, 1990), on 
chromosome 18q. No similar cloning exercises have been completed for 
OC.

This notwithstanding, some regions of the genome seem to show LOH at 
a great enough frequency and w ith sufficient consistency to w arrant 
further investigation. These include chromosomes 17, l ip ,  6, 13q and 18q
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in approxim ately descending order of frequency of LOH (considering 
num ber of studies and % LOH per study). Loss on chromosome 17 may 
be accounted for by a number of different candidate TSGs. Chromsome 
l i p  sim ilarly seems to contain at least two regions (one of w hich 
includes WTl)  which might be implicated in OC. The target for LOH on 
chrom osom e 6 is not know n. Chrom osom e 13q LOH m ay be 
accompanied by RBI mutations, but as discussed below, this has not been 
systematically analysed. Similarly, the 18q loss may, or may not represent 
a homozygous alteration affecting DCC.

5.5 Tum our suppressors, candidate genes and m utation analysis in 
ovarian carcinoma

As alluded to above, there have been very few OC studies w here a 
system atic attem pt has been made to analyse a particular TSG. The 
principal gene that has been subjected to such an analysis is TP53. A  
num ber of studies (Okamoto et aL, 1991; Marks et aL, 1991; Mazars et aL, 
1991) showed that TP53 is mutated in most OCs with either positive IHC 
w ith monoclonal antibodies raised against p53. This is often associated 
w ith  LOH on 17p, confirm ing the "two-hit" m odel. M ore recently, 
com prehensive m utation-based studies have confirmed and extended 
the earlier work: TP53 is m utated in at least 50% of OCs (Milner et aL, 
1993; Kohler et aL, 1993; Kupryjanczyk et aL, 1993, Teneriello et aL, 1993).

6. Aims of the project-A molecular genetic analysis of ovarian 
carcinoma

From the discussion in section 5 above, it is possible to assem ble a 
working model of the genetics of OC. This model forms the fram ework 
for the work described in this thesis.

The familial breast-ovarian cancer gene, BRCAl,  is likely to account for 
m ost of the inherited contribution to OC. There is no evidence for 
linkage to other chromosomes in families linked to BRCAl  (D.T Bishop, 
personal communication). Another inherited gene on chrom osom e 2 
m ay contribute to the susceptibility in other families, particularly those 
w ith multiple cases of colon cancer, but it is likely to account for less than
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1% of cases of OC. Other as yet unlinked loci may also contribute in 
further families, but again the proportion is likely to be very low. The 
close genetic relationship between familial breast and ovarian cancer has 
m eant that the data accumulated in sporadic OC has direct relevance to 
the isolating of BRCAl,  and hence some of the work on chromosome 17 
has been carried out in collaboration with Dr. Ellen Solomon's group at 
the I.C.R.F.

From Knudson's two-hit hypothesis and the colorectal cancer model of 
Fearon and Vogelstein (1990), it is assumed that in OC, m utations in 
inherited genes will also occur during the somatic clonal evolution of a 
tum our. So far, only TP53 is known to contribute to this process. 
M utations in other inherited TSGs have not been reported in OC.

Therefore we may expect that mutations in BRCAl  will be im portant in 
both familial and sporadic OC, and that a number of genes will be found 
to be m utated in OCs, possibly operating at different stages of the 
m alignant process. It was decided to focus on LOH in norm al-tum our 
pairs of sporadic ovarian carcinoma as a way of identifying TSGs relevant 
to OC. One approach to genetically characterise OCs at a molecular level 
is to use LOH to carry out an "allelotype" using two or three probes per 
non-acrocentric chrom osome. This m olecular karyotype has som e 
advantages, but does not seem to advance the data m uch beyond a 
standard  karyotype. Instead, on the basis of the literature as well as 
results of experiments carried out within the lab, several chromosomes 
were selected for study.

Therefore the aims of the project can be summarised as-

1. To find regions of the genome that show  frequent loss of 
heterozygosity as a step towards localising tumour suppressor genes 
within these regions.

2. To analyse candidate tumour suppressor genes for mutations.

3. To assess the relationship between grade, histopathological type and 
frequency of genetic aberration.
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Chapter 2
Materials and Methods

1. Tumour and blood collection and preparation

Materials
Blood for lymphocyte preparations 
Stock solution:

200ml RPMI 1640 Hepes buffered medium 
40ml 3.3% Tri-sodium citrate (w /v)
2ml 5xlO‘^M 2-Mercaptoethanol 

U nder sterile conditions, aliquot 25ml of stock solution into 50ml 
polypropylene tubes. These are then stored at 4°c until required. The 
tubes are allowed to warm  to room tem perature before the blood is 
added.

Blood for DNA preparation 
Stock solution:
0.5M EDTA

181.6g Disodium ethylene diamine tetraacetate * 2 H 2O 
800ml H2O
~20g of NaOH pellets to adjust the pH to 8 

Autoclave and dispense into aliquots, decant as required into the 25ml 
universal tubes.

N eutral buffered formalin
4% w /v  formaldehyde 
4g NaH2P04 
6.5g Na2HP04 
ddH20 to IL

Aliquot into wide-mouthed universal polycarbonate tubes. Store at room 
tem perature.

Isopentane (BDH, Poole, Dorset)
Cryospray 22 (Bright Instruments, Huntingdon, Cambs.)
Liquid Nitrogen
Liquid Nitrogen flask (Dilvac)
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Single sided razor blades 
Disposable scalpels 
Tissue forceps

Collection of samples
T um ours and occasionally su rround ing  un invo lved  tissue  w ere 
collected at the time of operation. Blood was draw n either at this time or 
w ith in  a few days of the operation. Samples w ere either collected 
personally, immediately prepared and placed in liquid Nitrogen, or a 
courier system was used. In this case, the tum our sam ples usually 
arrived in the laboratory on ice, within an hour or two of removal from 
the patient. The blood samples were kept at room temperature.

W hen the portion of the tum our was received, it was initially crudely 
dissected to remove any obviously non-tumourous material. Depending 
on the amount of tum our available, it was then cut into smaller pieces, 
~2cm2, which were then snap-frozen, either by im m ersing in cooled 
liquid isopentane or spraying with the coolant Cryospray. The tum our 
chips were then placed into a labelled pre-chilled 5ml polycarbonate tube, 
which was dropped into a flask of liquid Nitrogen. One or more chips of 
tum our were kept for histopathological analysis. These sam ples were 
placed in neutral buffered formalin, fixed and m ounted in paraffin 
blocks and 4|im sections were cut for pathological diagnosis and grading 
(see Table 4 below) in the standard fashion. If any adjacent uninvolved 
tissue was received at the same time, it was handled in the same way. 
The paraffin blocks were prepared by the Histopathology Unit, I.C.R.F.

Blood was placed into two separate plastic tubes. If 40ml of blood was 
available, then 25ml was added to a 50ml polypropylene tube containing 
25ml of a previously prepared solution of RPMI, tri-sodium citrate and 2- 
m ercaptoethanol. This mixture was left at room tem perature and was 
used for Epstein-Barr virus transform ation of the lym phocytes. The 
rem aining 15ml was added to a 25ml universal tube containing 4ml of
0.25M EDTA. The blood in this tube was used for d irect DNA 
preparation. If less blood was available, then the proportion of blood 
added to the EDTA-containing tube was diminished. Both tubes were 
inverted several times to allow adequate mixing.
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Tumour grading

This was carried out according to criteria set out in Table 4.

Table 4. Grading of tumours

This grading system is based on the W.H.O. international classification of 
tum ours (Serov et ah, 1973), with modifications adapted from Russell 
(1987) and Anderson (1991). The criteria chosen reflect reproducible 
observations, and by using five criteria, the problem s of bias are 
dim inished.

Score

Criteria^ Good M oderate/
Variable

Poor

1. Degree of papillary/glandular 
form ation

2 4 6

2. Cytological differentiation 2 4 6
3. Maximum mitotic index 1 2 3
4. Necrosis 1 2 3
5. Nuclear morphology 1 2 3

Scoring system^

Grade I Total score=7-ll
Grade II Total score=12-16
Grade HI Total score=17-21

This grading system was used for all the OCs described in this thesis. It 
was devised by Dr. Gordon Stamp (Royal Postgraduate Medical School). 
All pathological diagnosis and grading was carried w ith the assistance of 
Dr. Stamp.

 ̂ Criteria 1 and 2 are weighted more than criteria 3 to 5 as these two features are more 

reliable indicators.

 ̂ If there was any uncertainty over the final score then another section from the same 

tumour was analysed, and the average score taken. Some tumours still stradled two 

grades, and this is shown in Table 5.
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2. Lymphocyte separation and EBV transformation

2.1. Lymphocyte separation

The lymphocytes must be separated from the blood w ithin a few days 
otherwise there will be a significantly reduced yield of viable cells. The 
separation of lymphocytes from whole blood is carried out in a laminar- 
flow hood.

Materials
Ficoll-Paque (Pharmacia UK, Milton Keynes, Bucks)
Fœtal calf serum (Gibco UK. Uxbridge, Middlesex)
Dimethylsulphoxide (Gibco)
RPMI
Freezing Mixture A (20% FCS in RPMI)
Freezing Mixture B (20% DMSO, 20% FCS in RPMI)

Method
1. Lay 50ml blood (25ml blood collected in 50ml tube w ith 25ml 
lymphocyte preparation mixture) slowly onto 15ml Ficoll-Paque x 2 
in 50ml polypropylene tubes.
2. Centrifugate at 1400 rpm  for 25 minutes at room  tem perature 
w ithout brake.
3. Using a sterile plugged Pasteur pipette transfer the interface into 
fresh 50ml tubes x 2 (i.e keep the samples separate).
4. Dilute to 50ml with RPMI.
5. Centrifugate at 1500 rpm at room temperature for 10 minutes.
6. Resuspend in approximately 10ml RPMI and re-centrifugate at 1200 
rpm  for 5 minutes. A repeat, shorter spin may be necessary if a good 
pellet has not formed.
7. Resuspend in Freezing M ixture A and count in a counting 
chamber. Count central 25 squares (each square is subdivided into 16 
smaller squares), multiply this result by 10"̂ . If 5 squares are counted 
then multiply again by 5. This will give the total num ber of cells per 
m l. For the total num ber of cells m ultiply by the resuspension 
volume. Not less than 3x10^ per vial is then frozen.
8. Add an equal volume of Freezing Mixture B (20% DMSO, 20% FCS 
in RPMI) dropwise, on ice and decant the cells in 1ml aliquots into
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polypropylene freezing vials. Place in several layers of tissue paper, 
freeze overnight at -SO^c, and transfer w ithin a few days to a liquid 
nitrogen tank.

2.2 Epstein-Barr virus transformation

This was perform ed centrally by Cell Production, I.C.R.F. using the 
protocol of Pellonquin et al. (1986), modified by Miss Cynthia Dixon 
(I.C.R.F.).

3. Selection of areas of tumour samples with high proportions of 
malignant cells.

A lthough  cancers tend  to invade and d isp lace non-m alignan t 
surrounding  structures, the extent of invasion can vary significantly 
betw een different tum ours. In OC, there is often plentiful reactive' 
strom a which although not normal, does not contain m any m alignant 
cells. If DNA is extracted from all of the operative specimen there may be 
a significant reduction in the proportion of tum our-derived DNA. This 
is obviously im portant if comparisons are m ade betw een DNA from 
non-involved tissues (e.g. lymphocytes) and supposedly tum our DNA. 
Therefore cryostat sectioning of frozen blocks of tum our was used to 
select tumour-rich areas for DNA preparation.

Materials
OCT (Bayer, Basingstoke, Hants.)

M ethod
1. Trim partly defrosted chips of tumour
2. Divide specimen into two parts. One part is re-frozen for later DNA 
extraction.
3. The remaining part is mounted on cork using OCT and at least 
ten 6|xm sections are prepared using the cryotome.
4. Two of the sections are stained with haematoxylin and eosin (H&E), 
using standard protocols, the others are kept unstained for future use.
5. Comparison is made between the cryostat sections and the 
corresponding paraffin-block section. Identity is confirmed and the
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proportion of tum our in the cryostat specimen is estimated from one 
or more sections.

The tum our dissection was performed with the assistance of Dr. Gordon 
Stamp. Cryostat sections were prepared and stained by Mr. George Elia 
and colleagues (Histopathology Unit, I.C.R.F.)

4. DNA preparation and restriction endonuclease digestions

4.1 DNA preparation

DNA was extracted from the tumour and blood using modifications of 
existing protocols.

Extraction of DNA from tumours
This protocol is based on Goeltz et al  (1985) and Müllenbach et al. (1989) 

Materials
Tris-EDTA, pH 9 (TE9)

500mM Tris base
(60.6g Tris base to IL with H2O, adjust to pH 9 using 
~ 30ml concentrated HCl)
20mM EDTA 
lOmM NaCl 

20% Sodium decadoyl sulphate (SDS)
200g SDS in 900ml H2O,
adjust to pH  7.2 by adding a few drops of concentrated 
HCl, ddH20 to IL.

Proteinase K (BRL, Maryland)
Add 5ml H2O to lOOmg for stock of 20m g/m l 

6M (saturated) NaCl
350.6g NaCl made up to IL with ddH20.

Tris-EDTA (pH 7.4)
lOmM Tris acid pH 7.4 
ImM  EDTA pH 8

Propan-2-ol
Ethanol
Single-sided razor blade
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Plastic Petri dish 
Solid CO2 (Cardice)

M ethod
1. Weigh a chip of tumour, defrost in a petri dish and slice crudely 
with razor blade.
2. Place petri dish on cardice and allow to re-freeze slightly (to make 
mincing easier) and mince further. Repeat until tum our is semi-solid.
3. Place into 50ml polypropylene tube containing 10ml of TE9, 1% SDS 
and 500|ig/m l proteinase K.
4. Vortex for 5 seconds to distribute sample evenly in buffer
5. Incubate at 48°c for 24 hours.
6. Review sample for completeness of digestion. If incomplete, add SDS 
and proteinase K to final concentrations of 2% and Im g /m l 
respectively. Incubate for further 12-24 hours.
7. Add prewarmed 6M (saturated) NaCl to a final concentration of 1.5M and 
mix gently (for 10ml add 3.3ml 6M NaCl).
8. Add an equal volume of chloroform and mix by gentle rotation for between 
30 minutes and 1 hour.
9. Centrifugate at 2000 rpm for 10 minutes.
10. Transfer supernatant with an agar pipette into a fresh polypropylene 
tube and add an equal volume of propan-2-ol and mix gently to 
precipitate the DNA. This can then be recovered by using a cooled, 
flamed Pasteur pipette or, if there is little visible DNA, by 
centrifugation at 4000 rpm for 20 minutes.
11. Wash the DNA in 70% ethanol for between 1 hour and overnight.
12. Centrifugate at approx. 2000 rpm for 10 minutes to pellet the DNA and 
aspirate off most of the ethanol using a 20|il Gilson pipette.
13. Vacuum dry for a few minutes to remove the rem aining ethanol.
14. Resuspend in 500|xl-2ml TE. Leave for a few days at 4°c before assessing DNA 
quantity and quality.

Extraction of DNA from blood
This protocol is largely that of M üllenbach et al. (1989) w ith  some 
modifications.
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Materials 
As above:
20% w /v  SDS 
Proteinase K 
6M (saturated) NaCl 
Tris-EDTA (pH 7.4) 
Propan-2-ol 
Ethanol

In addition:
Phosphate-buffered saline 
2X Sucrose-Triton:
218.5g sucrose 
20mM Tris pH  7.4 (121.1g 
Tris base to IL w ith ddH 2 Ü, 
adjust to pH  7.4 by adding 
~70ml concentrated HCl) 
10ml IM  M gCb (203.3g 
MgCl2*6H20 to IL with 
ddH20)
20ml Triton X-100 
Make up to IL with H2O 
Lysis buffer:
75mM NaCl 
25mM EDTA( pH  8.0)
1% w /v  SDS

For the agarose gel:
100ml 1 X TAE
0.8-2% agarose
Stock 50 X TAE: 484g Tris base, 114.2 ml glacial acetic acid,

200ml 0.5M EDTA, made up to 2L with ddH20.
M ethod

1. Centrifugate non-clotted blood at 1000 rpm for 5 minutes.
2. Take off plasma and freeze down an aliquot if required.
3. Add 45ml of 2X Sucrose Triton to white cell pellet, place on ice for 
10 minutes.
4. Centrifugate at 4200 rpm for 20 minutes at 4°c. Repeat steps 3&4 if 
necessary.
5. Pour off supernatant, taking care not to dislodge pinkish-red pellet
6. Pellet nucleated cells and wash in PBS to remove excess debris.
7. Resuspend in 5-lOml lysis buffer in a 50ml polypropylene tube.
8. Add proteinase K to a final conc. of ~ 500|ig/ml.
9. Incubate at 48-55°c for 3 hours to overnight.
10. Proceed from step 7 in tumour DNA protocol.
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The quality and quantity of DNA obtained was assessed by loading lp.1 of 
the DNA onto a 0.8% agarose gel, (buffer: 1 X TAE) together w ith an 
appropriate size marker. The amount of DNA present and its integrity 
could be visualised after ethidium bromide staining and viewing under 
UV illum ination. In addition, the optical density w as m easured by 
absorption at wavelengths of 260nm (DNA) and 280nm (protein) using a 
LKB Ultrospec II Spectrophotometer (Pharmacia). The ratio 260/280 
should be 1.6 for DNA that is largely free of protein contamination.

4.2 Restriction endonuclease digestions

Materials
R estriction  endonucleases and ap p ro p ria te  buffers (B oehringer
M annheim  UK, Lewes, Sussex, New England Biolabs UK, Bishop's
Stortford, Herts)
ddPUO
Ethanol
3M sodium acetate pH 5.2 (408.Ig  sodium acetate* 3 H 2 O to IL with H2 O 
after adjusting to pH 5.2 with glacial acetic acid).
200pm spermidine

M ethod
1. Add DNA (5-lOpg/ml) to labelled tube.
2. Make up reaction mix of lOx restriction endonuclease buffer, 50-100u 
of restriction endonuclease and ddH 2 0  to desired volume.
3. Finger vortex briefly, microcentrifugate for 1 second.
4. Incubate at temperature indicated by manufacturer for 1 hour to 
overnight.
5. Assess digestion on agarose gel of appropriate concentration.

If the DNA fails to completely digest
1. Add another 50-100u endonuclease, but do not exceed 10% final 
concentration, as glycerol may inhibit the reaction.
2. Repeat digestion, adding 200mM spermidine to a final concentration 
of 2mM.
3. Purify DNA with small volumes of phenol-chloroform followed by a 
final extraction with chloroform: isoamylalcohol (in proportion 24:1). 
Precipitate DNA with 1/10 volume 3M sodium acetate and 2 volumes
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100% ethanol, wash in 70% ethanol and resuspend in 500|xl of TE. 
Repeat digestion.

Restriction endonuclease digestion of PCR products

In some instances, digesting PCR products was required. Large SSCP 
fragm ents can sometimes be digested before loading onto gels, and as 
show n in Chapter 3, digestion of PCR products amplified using primers 
w ithin introns and exons of A PC can obviate the need for sequence 
confirm ation.

Materials and Method
As above, except the PCR product is used directly. There is no need to 
purify the product.
In addition:

1. If a 50pl PCR volume is used, check reaction results by loading l-2|xl 
onto agarose gel.
2. Digest 20-25|xl in 30|il final volume, using appropriate restriction 
enzyme (5-20u) and buffer for 1 hour.
3. Load onto 1-2% agarose gel with undigested DNA as control.

5. Preparation of DNA probes

DNA probes were requested from various sources, including ATCC 
(Rockville, Maryland) and HGMP Resource Centre, Harrow. The probes 
were either supplied as inserts in plasmids or as bacterial stabs in L-agar.

5.1 Electroporation of plasmid DNA containing relevant insert

Materials
Electroporation-competent E.coli (HBlOl or DH l) cells
LB m edium  (Bacto-tryptone lOg; bacto-yeast extract 5g; NaCl lOg per L.
Adjust to pH  7.5 with NaOH)
LB agar plus antibiotic
Electroporation w ith pulse controller (Biorad UK, Hemel H em pstead, 
Herts.)
Electroporation cuvettes with 0.2cm electrode gap
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M ethod
1. Set electroporator to 2.5kV, 25mF. Set pulse controller to 200Q.
2. Add 5-500pg of plasmid DNA in Ijil to eppendorf tubes containing 
fresh of thawed electroporation-competent cells on ice. Use 50|il of cells 
for 5pg DNA.
3. Chill cuvette for 5 minutes on ice and transfer mixture to cuvette, 
ensuring that cells have settled to the bottom. Dry outside of cuvette 
and place in electroporation chamber.
4. Pulse and record time constant (equals resistance in Q x capacitance 
in farads).
5. Remove cells and immediately add 1ml LB m edium  and transfer to 
15ml polycarbonate tube.
6. Incubate for 45 minutes with shaking at 37°c.
7. Plate out onto LB agar with appropriate antibiotic and leave 
overnight at 37°c.
8. If required, pick loopful and place in freezing phial containing 1ml 
LB and 15% autoclaved glycerol. Store at -20°c.

5.2 Small-scale preparation of plasmid DNA

Materials 
LB m edium
Lysozyme (Sigma, Poole, Dorset.)
Solution I (stored at 4°c)

50mM glucose 
25mM Tris pH  8 
lOmM EDTA
5m g/m l lysozyme (added just before use)

Solution II
0.2M NaOH 
1% SDS 

Solution III
5M Potassium acetate pH 4.8 (3M with respect to Potassium, 5M 
w ith respect to acetate.
E thanol
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M ethod
1. Inoculate 5ml LB with single bacterial colony. Agitate at 37°c 
overnight.
2. Centrifuge 1.5ml of cells for ~1 minute in a microcentrifuge to pellet.
3. Resuspend in lOOpl of solution 1. Stand at room tem perature for 5 
m inutes.
4. Add 200|il of solution 2, mix by finger vortex and place on ice for 5 
m inutes.
5. Add 150|xl of ice-cold solution 3, vortex for 3 seconds to mix.
6. Microcentrifuge for 5 minutes to pellet cell debris and chromosomal 
DNA.
7. Remove protein with phenol/chloroform /24:1 chloroform: isoamyl 
alcohol.
8. Transfer supernatant to fresh eppendorf, mix with 2 volumes 100% 
ethanol, sit for 2 minutes to precipitate the nucleic acids.
9. Microcentrifuge for 5 minutes to pellet plasmid RNA and DNA
10. Remove and discard supernatant, wash pellet with 1ml 70% 
ethanol, and lyophilise pellet to near dryness under vacuum.
11. Resuspend pellet in 20|il of TE with 20|ig/m l of DNase-free 
RNase.

Assess plasmid DNA by loading onto 0.8% agarose gel. Digest 2-5|il with 
appropria te  restriction endonuclease for 1 hour and load onto gel 
alongside undigested control. The plasmid and insert bands can then be 
distinguished. The DNA achieved by this method may be sufficient for a 
few Southern hybridisations. However, if larger amounts are required, a 
large scale preparation is required.

5.3. Large-scale preparation of plasmid DNA (alkaline m ethod).

Materials
As above: except up to 1 litre of cells rather than 5ml are being prepared. 
In addition:
20 X SSC-saturated isopropanol
0.3M sodium acetate 
M ethod

1. Inoculate 500ml LB with a single bacterial colony. Agitate at 37°c 
overnight.
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2. Centrifuge at 10,000 rpm for 20 minutes.
3. Resuspend the bacterial pellet in 10ml solution 1 in a 50ml 
polypropylene tube. Stand at room temperature for 5 minutes.
4. Add 20ml of solution 2, mix gently, place on ice for 10 minutes.
5. Add 15ml of solution 3, centrifuge for 4200 rpm for 20 minutes.
6. Filter supernatant through muslin into fresh 50ml polypropylene 
tube.
7. Lyophilize pellet to near dryness and resuspend in 4.5ml TE.
8. Add 4.8g caesium chloride and 0.5ml lOm g/m l ethidium  bromide.
9. Seal into two Beckman VTi80 tubes, balanced to within 0.05g. 
Centrifuge for 16 hours at 55,000 rpm.
10. Collect plasmid band from side of the tube, sequentially extract with 
20 X SSC-saturated isopropanol until pink colour has gone.
11. Add two volumes TE buffer and six volumes ethanol. If necessary, 
chill to -20°c if necessary.
12. In separate eppendorf tubes, resuspend in 0.5ml of 0.3M sodium 
acetate, and precipitate with 1ml ethanol. Microcentrifuge for 1 to 5 
m inutes.
13. Rinse pellet with 95% ethanol and lyophilise to near dryness. 
Resuspend in desired volume of TE.

Assess plasmid DNA as above. The insert band can then be cut out from 
an agarose gel and purified, as follows:

1. Pour appropriate agarose gel thick enough to load with 30|xl or so of 
digested product. Run gel until vector and insert band clearly 
distinguishable.
2. Cut insert band from gel using sterile scalpel.
3. Prepare 1.5ml eppendorf by puncturing base with 19g sterile needle.
4. Fill base with small plug of Whatman 3MM paper.
5. Place inside another eppendorf tube.
6. Place slice(s) of agarose inside punctured eppendorf tube.
7. Microcentrifugate for 1 minute. Repeat until only small pellet of 
agarose remains. This will depend on the concentration of the agarose.
8. Collect insert DNA and load onto another agarose gel to assess 
concentration by comparing with 5ng/fil standard.
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5.4 PCR amplification of insert DNA

Oligonucleotide primers from the vector sequence can be used to amplify 
the probe.

Materials
Probe inserted into plasmid vector
Vector oligonucleotide primers flanking the insert
25mM stock of nucleotides, made up by mixing four nucleotides (dATP, 
dCTP, dGTP, dXTP) at lOOmM each. (Promega UK, Southampton, Hants.) 
Magnesium-free Taq polymerase buffer (XIO) (Promega)
25mM stock of MgCl2 (Promega)
Taq polymerase (Promega) 
ddH2Û

M ethod
1. Set up 100|il PCR amplification mix using

MgCl2 to 1.5-2.5mM depending upon particular reaction 
lOpl 10 X Mg-free Taq polymerase buffer 
200|iM nucleotides
lOOpg-lOng plasmid DNA (try several different concentrations)
4u Taq polymerase 
ddH 2Ü to 100|il

2. Mix thoroughly, lay over with one or two drops of light mineral oil
3. Amplify in thermal cycler

For M13 +20 and -20 primers:
94°c 3 minutes 1 cycle 
94°c 1 minute
58°c 1 minute (This annealing temperature is based on the fm,

being 5°c below the average fm of the two
oligonucleotide primers. It is therefore 
adjusted accordingly for different primers)

72°c 1 minute 35 cycles
72°c 10 minutes 1 cycle

4. Cut PCR band from 2% agarose gel.
5. Purify by using PCR cleaning kit (PrimErase, Stratagene), or as 
described for probes in subsection 5.3 above.
6. Directly label as described below.
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6. Southern Blotting

Materials
Electrophoresis tank, gel-casting tray and comb (Pharmacia)
0.25M HCl 
Denaturing solution 

1.5M NaCl 
0.5M NaOH 

N eutralizing solution 
1.5M NaCl 
0.5M Tris pH  7.2 
O.OOIM EDTA 

20 X SSC
0.4M NaOH
Hybond-N+ (Amersham UK, Aylesbury, Bucks.)
Electrophoresis blotting paper (Whatman 3MM)
Vacublotter (Hybaid, Teddington, Middlesex).

M ethod
1. Electrophorese endonuclease-digested DNA in an agarose gel
(1 X TAE) using a sample buffer containing 0.25% (w /v) xylene cyanol 
and 0.25% (w /v) bromophenol blue.
2. After electrophoresis, assess DNA by ethidium bromide staining.
3. Place gel in 0.25M HCl until dyes have changed colour, and leave for 
10 minutes.
4. Rinse in distilled water and place in denaturing solution, so as to 
completely cover the gel. Leave for 30 minutes at room tem perature 
w ith shaking (or until 15 minutes after the dye colours have returned 
to normal, whichever is the longer).
5. Rinse gel in distilled water and place in neutralisation solution.
Leave for 15 minutes at room temperature with shaking. Repeat.
6. Pre-soak 3MM paper and Hybond-N+ nylon filter in 20 X SSC.
7. Assemble vacublotter, start vacuum pum p and cover gel w ith 20 X 
SSC.
8. Transfer DNA from gel to nylon filter over 1-3 hours depending on 
agarose concentration.
9. Transfer nylon filter (DNA side up) to W hatman 3MM pre-soaked in
0.4M NaOH. Leave for 4-30 minutes.
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10. Rinse filter in 5 X SSC.

7. Hybridisation, autoradiography, probe labelling and 
quantitation.

7.1 Hybridisation and autoradiography 

Materials
Hybridisation solution
Final concentration: 5 X SSC

5 X Denhardt's
100 X Denhardt's:
1% w /v  bovine serum albumin 
1% w /v  Ficoll
1% w /v  polyvinylpyrolidine 

10% w /v  Dextran Sulphate
0.5% w /v  SDS
0.002% w /v  sonicated salmon sperm 
to final volume with ddH 2 0

20 X SSC 
20% w /v  SDS
Autoradiography film (Kodak X-AR)

M ethod
1. Add hybridisation solution to polythene bag or box containing 
filter(s). Pre-hybridise in a shaking water bath for 2 hours-overnight at 
65%. Volume of hybridisation solution used depends on num ber of 
filters and their size. Generally, use 10ml for a 20 X 20 cm filter. Use a 
maximum of two such filters in a bag. Otherwise use a box, covering 
the filters with a piece of polythene cut to fit, followed by cling-film.
2. Add denatured labelled probe (see below) to bag or box in small 
volume of pre-warmed hybridisation solution at a concentration not 
greater than 1 X 10^ cpm per ml. Incubate in a shaking water bath at 65°c.
3. After hybridisation, wash filters in 2 X SSC, 0.1 % w /v  SDS for 10 
m inutes at room tem perature on shaking platform. Repeat.
4. Place filters into box containing 1 X SSC, 0.1% w /v  SDS at 65°c. 
Transfer box to shaking water bath at 65°c and agitate for 15 minutes.
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5. Transfer filters to another box containing 0.1 X SSC, 0.1% SDS at 65°c. 
Agitate in shaking water bath at 65°c for 10 minutes. Repeat if necessary
6. Dry filters in tissue paper, wrap in cling film and expose to 
autoradiography film using intensifying screens when appropriate for
1-120 hours at room temperature or -70°c, depending upon the 
particular circumstance.

7.2 Labelling probes

This protocol is based upon the method of Feinberg and Vogelstein (1983, 
1984).

Materials
DNA probe (optimal amount 50-100ng per 30)il labelling)
Hexanucleotide labelling mix (Boehringer Mannheim)
For working 4X stock add labelling mix (lOOpl stock containing 0.5M Tris- 
Cl, O.IM MgCl2 , ImM DTE, 2m g/m l BSA and 62.5A260 u /m l of random  
hexamers, pH 7.2 at 20°c) to 37.5 |il of 2mM dATP, dGTP, dTTP mix. Make 
up to 250|xl with ddH 2Û 
a-[^^P] dCTP (Amersham)
Klenow DNA polymerase (Boehringer Mannheim) 
ddH20
Sheared hum an placental DNA, lOm g/m l (Sigma)
Sephadex G 5 0  nick columns (Pharmacia)

M ethod
1. Add DNA and ddH 2Û to a combined total of 18|xl to a screw-top 
eppendorf tube.
2. Boil for 5 minutes. Microcentrifuge if necessary.
3. Place on ice for 5 minutes.
4. Add 7.5|xl of 4X hexanucleotide mix.
5. Add 3nl a-[32p] dCTP.
6. Add 2|xl Klenow polymerase, pass through 200pl Gilson pipette 
several times to mix, microcentrifuge for 1 second and leave either at 
room temperature for 4 hours to overnight or at 37°c for 3 /4  to 2 hr.
7. Prepare sephadex column by filling dead space with TE, allowing to 
drip right through.
8. Add probe to column, followed by 1ml TE.
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9. Allow first ~500|il to drip into one eppendorf, then collect remainder 
in three-drop fractions in individual eppendorfs.
10. Assess peak using bench top radioactivity counter and combine 
appropriate samples.
11. Take l |il  for reading in Beckman LS6000 liquid scintillation 
counter (Beckman, Fulleton, CA). Aim for 10^-10^ cpm per ng probe.
12. Denature by boiling appropriate volume of probe for 5 minutes in 
screw-top eppendorf
13. Proceed as from step 2 in subsection 7.1 above.

NB. If competition of the probe is required, on account of known or 
supposed repeat elements, then the following method is used:

1. Add 20|il sheared human placental DNA (lOmg/ml) to probe after 
step 11.
2. Add 250|il of 20 X SSC (final concentration 5 X SSC).
3. Make up to 1ml with ddH 2Ü.
3. Boil probe as in step 12 above.
4. Place in heating block at 65°c for 1 hour.
5. Proceed as from step 2 in subsection 7.1 above.

7.3 Quantitation of Southern hybridisations

This was checked using repeat hybridisations of the same filter using 
probes m apping to different chrom osomal arms. W here necessary, 
densitom etry  was carried out using an LKB U ltrascan XL Laser 
Densitometer.

8. Simple sequence length polymorphisms

These polymorphism s are detected using PCR. The PCR amplifications 
can be radioactively labelled w ith a-[^^P] dCTP or can be perform ed 
w ithout radioactivity.

Materials
Oligonucleotide primers spanning SSLP of interest
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25mM stock of nucleotides (dATP, dCTP, dGTP, dTTP), (Promega) 
Magnesium-free Taq polymerase buffer (XIO) (Promega)
25mM Mg CI2 (Promega)
Taq polymerase (Promega) 
a-[ P] dCTP (Amersham) 
ddHzO

Method: radioactive PCRs
1. Amplification mix per 25|xl reaction:

2-4|il MgCl2 (1.5-2.5mM) depending upon particular reaction
5|l i 1 10 X Taq polymerase buffer
0.12|li1 200mM nucleotides
l|iM  of each oligonucleotide primer
O.OSul a-[32p] dCTP
lu  Taq polymerase
ddH20 to 25pl

2. Add 24|xl to PCR reaction tubes containing l |il  DNA at a 
concentration of ~250ng/|xl.
3. Mix thoroughly, lay over with one or two drops of light mineral oil
4. PCR amplification for relevant primers
(primers used are referenced or listed in appropriate chapters)

94°c 3 minutes 1 cycle 
94°c 1 minute
55°c 1 minute (Most primers are designed to work at between

55 and 60°c. This annealing tem perature is 
based on the fm, being 5°c below the average fm 

of the two oligonucleotide primers. It is 
therefore adjusted accordingly)

72°c 1 minute 35 cycles
72°c 10 minutes 1 cycle

Method: non-radioactive PCR.
As above, adding 2u of Taq polymerase, increasing the nucleotides added 
to 0.2|il and omitting a-[^^P] dCTP and increasing PCR volume to 50pl.
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9. Analysis of SSLPs

One to 2|il of the products of the reaction are assessed on 1-2% agarose 
gels. If there is sufficient product present, the SSLPs are analysed on 
polyacrylamide gels.

9.1 Radioactive PCR products

Materials
30% polyacrylam ide: NN' m ethylenebisacrylam ide 37.5: 1 (PAGE I, 
Boehringer Mannheim)
(NB Neurotoxin. Also store in foil covered bottle or in the dark)
5 X TBE (Tris base 270g, Boric acid, 137.5g 100ml 0.5M EDTA,

to 5L with ddHzO)
TEMED (Sigma)
20% w /v  ammonium persulphate (APS) 
ddHiO

Method
1. Clean 40 x 20cm glass plates with ddH20 and detergent, ethanol, 
acetone and a final wash with ddH%0. Coat one plate with Repelcote to 
enable satisfactory gel removal.
2. Assemble plates using 0.4mm spacers and four bulldog clips. Place on 
Benchkote or similar coated paper.
3. Make up gel mix as follows:

For most SSLPs analysed 10% polyacrylamide gels were used and 
for 40 X 20cm sequencing plates 40ml mix is sufficient:
13.3 ml 30% polyacrylamide 
8ml 5 X TBE 
18.4ml ddH20 
40ml TEMED 
200pl 20% w /v  APS

4. Pour between plates using 50ml polypropylene syringe and set 24 
tooth sharkstooth comb into gel.
5. After at least 45 minutes, remove bulldog clips and assemble 
sequencing tank using 1 X TBE running buffer.
6. Add loading dye (0.25% bromophenol blue, 0.25% xylene cyanol, 30% 
glycerol, 6x) to the completed PCR reactions, and load l-2 |il onto the gel.
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7. Electrophorese at 200-350 volts overnight.
8. When the xylene cyanol as reached an appropriate place on the gel, 
dismantle PAGE apparatus, divide plates and transfer gel to W hatman 
3MM paper.
Vacuum dry on slab drier (Bio-rad) and expose to autoradiographic film 
(Kodak X-AR) for 1-3 days at room temperature.

9.2 Non-radioactive PCR products

Materials and Method
These are as above, with the following modifications:

1. Plates are assembled using one 0.4mm and one wedged 0.4-0.8mm 
spacer on each side. The plates now require taping with 3M sealing 
tape.
2. As wider, wedged spacers are used, 90ml of gel mix is required with 
proportional increases in the ingredients.
3. The mix is poured between the plates and a 0.8mm square-toothed 
comb is set into the gel.
4. 10-20|il of the PCR product is loaded onto the gel.
5. The products are visualised by placing the gel into a tray containing
1.5 litres of 1 X TBE and 0.5jig/ml ethidium bromide. The gel is left for 
30 minutes, and then the bands photographed on a U.V. 
transillum inator.

10. Single-strand conformation polymorphism

10.1 Radioactive PCR amplifications 

Materials and Method
These were performed as described in subsection 8.1 above.

10.2 Polyacrylamide gel electrophoresis and visualisation

This is perform ed as carried out as described in Orita et al. (1989) w ith 
some modifications.
Materials
30% w /v  polyacrylamide: NN' methlylenebisacrylamide 59: 1
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5XTBE 
Glycerol 
TEMED 
20% w /v  APS 
ddHiO

M ethod
The m ethod is as described in subsection 9.1 above, bu t w ith the 
following modifications:

1. A lower proportion of bisacrylamide is used relative to 
polyacrylamide.
2. Generally, 6% polyacrylamide gels are preferred to 10% used above.
3. Glycerol can be added to the gel at a concentration of up to 10%. This 
has to be mixed into the other ingredients using a magnetic stirrer. If 
5% glycerol is used, the TBE is reduced from 1 X to 0.5 X.

In some instances, these modifications can significantly im prove the 
resolution of the single-strands (Hayashi, 1991; Spinardi et al, 1991).

Preparation of PCR products for loading onto gels

Materials
SSCP dilution mix Formamide dye mix
0.1% w /v  SDS 95% formamide
lOmM EDTA 0.25% xylene cyanol
lOmM Tris pH 7.4 0.25% brom ophenol blue
ddH20 to 10ml ddH%0 to 20ml.

M ethod
1. Add 50-lOOpl of SSCP dilution mix to completed PCR reaction.
2. Add 4 îl of formamide dye mix to each of 24 wells of 96 well ELISA 
tray.
3. Add 3|il of reaction + dilution mix to each well.
4. Set thermal cycler (with ELISA wells) to 94°c.
5. Denature samples by heating in a Thermal cycler for 10 minutes.
6. Place immediately on wet ice.
7. Load gel as quickly as possible.
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Electrophoresis of gels
Gels which include glycerol are run at 200-350v at room tem perature 
overnight. Gels without glycerol are run at 4°c over 6 hours at lOOOv, or 
200v overnight. After electrophoresis, gels are treated as described above.

11. DNA Sequencing

11.1 PCR using biotinylated primers 

Materials and Methods
These are as described in subsection 8.1 above, with the following 
modifications:

1. One of the oligonucleotide primer pairs is biotinylated at its 3' end. 
This enables subsequent capture using streptavidin-coated beads. The 
prim er concentration is reduced to 250nM.
2. The a-[^2p] dCTP is omitted.
3. The reaction volume is increased to lOOjxl.
4. 5pl is run on a 1-2% agarose gel to assess whether there is sufficient 
for direct sequencing.

11.2 Direct sequencing of PCR products

This is based on Hultman et al. (1989) and the dideoxy sequencing 
method of Sanger et al. (1977), using Sequenase reagents and protocols 
(USB, Cleveland, Ohio).

Materials
Streptavidin-coated magnetic beads (Dynabeads M-280 streptavidin: 
Dynal, Oslo, Norway).
0.15M NaOH
0.15M NaOH, O.IM NaCl
Primer for sequencing PCR product (Use at 1/40 of 20|xM stock). 
Sequenase polymerase sequencing kit. 
a-p^S] dATP (Amersham)
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M ethod
1. Incubate the PCR product with 200|ig of magnetic beads for 30 
m inutes at room temperature.
2. Remove the beads using a magnet
3. Denature the DNA by washing once with lOOpl 0.15M NaOH at room 
tem perature for 5 minutes.
4. Wash with lOOjil 0.15M NaOH, O.IM NaCl at room tem perature for 5 
m inutes.
5. Resuspend the beads in 7\i\ ddH20, 2\i\ Sequenase reaction buffer and 
Ijil of sequencing primer (final concentration 30nM).
6. Warm the capped tubes to 65°c then allow to cool to room 
tem perature over about 30 minutes by placing the samples in a beaker 
of water at 65°c on the bench.
7. Dilute the Sequenase (modified bacteriophage) T7 polymerase 1: 8 in 
dilution buffer.
8. To the annealed template add

Ip l D TI
2|xl labelling nucleotide mix
0.5 pi (5pCi) a-p^S] dATP 
2pl diluted T7 polymerase.
mix thoroughly, incubate at room tem perature for 2-5 minutes.

9. Terminate the reactions by adding 3.5pl of the reactions to the G, A,
T, C, labelled wells of a pre-warmed (37°c) ELISA tray, each well 
containing 2.5pl of the appropriate dideoxynucleotide.
10. Incubate on a 37°c heating block for 2-5 minutes. While this is 
proceeding place 4pl of stop solution on the side wall of each well.
Stop the reactions by tapping the tray onto the heating block, and place 
the tray on ice.
11. Heat the samples to 75-80°c for at least five minutes, load 2-3pl to 
each lane.

11. 3 Denaturing gel electrophoresis.

Ready-prepared reagents were used for sequencing (Sequegel sequencing 
system. National Diagnostics, Atlanta, GA)

Materials 
9.6ml concentrate
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26.4ml diluent 
4ml buffer 
70^1 TEMED 
120^1 20% w /v  APS

Methods
The method is as described in subsection 9.1 above, except:

1. The gel is run at 40W for 2-3 hours.
2. When the gel plates are dismantled, the gel is transferred on the 
bottom plate to a bath containing 10% acetic acid, 10% methanol for 15 
m inutes to fix.
3. After vacuum drying in a slab drier, the gel m ust not be covered in 
cling-film as this will block % .
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Chapter 3
Loss of heterozygosity and mutation 
analysis on chromosome 5

1. Introduction

Significant LOH of markers on chromosome 5 has been recorded in a 
num ber of carcinomas, including colon (Solomon et aL, 1987; Vogelstein 
et aL, 1988), oesophageal (Boynton et aL, 1992), renal (Morita et aL, 1991) 
and both small and non-small cell lung cancer (Ashton-Rickardt et aL, 
1991; D Amico et aL, 1992). M utations in A PC at 5q21-22 occur in 
hered itary  and sporadic colorectal carcinomas (Groden et aL, 1991; 
N ishisho et aL, 1991) as well as sporadic gastric (Horii et aL, 1992a; 
N akatsura et aL, 1992) and pancreatic carcinoma (Horii et aL, 1992b). 
Unlike colorectal and gastric cancer, ovarian carcinoma (OC) is not part 
of the spectrum of tumours seen in FAF, although OC has been noted 
rarely in Gardner syndrome (Schimke, 1990). LOH on chromosome 5 in 
OC is variable, being uncommon or absent in some studies (Ehlen and 
Dubeau, 1990; Lee et aL, 1990; Sato et aL, 1991; Yang-Feng et aL, 1993), and 
m oderately frequent in others (Jacobs et aL, 1992; Cliby et aL, 1993). In  
addition, cytogenetic reports have occasionally noted isochromosome, 
trisomy and deletions of chromosome 5 (Mitelman, 1991). Translocations 
involving both  5p and 5q have also been reported  (Jenkyn and 
McCartney, 1987; Pejovic et aL, 1989). The aim of this study was therefore 
to establish whether LOH on chromosome 5 was common and w hether 
it was limited to specific regions of the chromosome. If LOH including 
APC was sufficiently frequent, this m ight implicate this gene in the 
development a n d / or progression of OC.

Twenty seven OCs (26 adenocarcinomas: 5 undifferentiated, 14 serous, 3 
m ucinous, 4 endom etrioid) and one mixed m üllerian tum our w ere 
analysed for LOH. Ten known markers on chromosome 5 were used. 
Nine are RFLP DNA markers and one, G31, is a microsatellite repeat, 
located 30-70 kb downstream  of APC  in the 3' untranslated mRNA of a 
nearby gene, DPI (Spirio et aL, 1991).
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Table 5. Histological subtype, grade, percentage tumour and clinical stage 
for the tumours analysed.

T um our
num ber

Histological classification Grade^ Percentage 
tum our b

Clinical 
stage c

7 Adenocarcinoma, undifferentiated lineage 3 80 NA
9 Adenocarcinoma, undifferentiated lineage 3 50 NA
10 Serous papillary adenocarcinoma 3 50-60 NA
11 Serous papillary adenocarcinoma 3 75 NA
13 Mucinous cystadenocarcinoma 1 45 NA
17 Papillary adenocarcinoma 3 75 NA
20 Serous papillary cystadenocarcinoma 2 75 NA
24 Adenocarcinoma, undifferentiated lineage 3 50 III
25 Serous papillary cystadenocarcinoma 3 80-90 III
27 Papillary carcinoma 3 45-50 III
28 Serous papillary cystadenocarcinoma 2-3 75 NA
29 Serous papillary cystadenocarcinoma 2-3 80 III
30 Mucinous adenocarcinoma 1 50 III
31 Endometrioid adenocarcinoma 2 50 III
32 Serous papillary adenocarcinoma 2-3 75 III
37 Serous papillary adenocarcinoma 3 90 II
40 Endometrioid adenocarcinoma 3 60 III
41 Serous adenocarcinoma 3 80 III
42 Endometrioid adenocarcinoma 2 80 NA
47 Adenocarcinoma, undifferentiated lineage 2 80 IV
48 Serous papillary adenocarcinoma 3 80 II
50 Mixed Müllerian tumour 3 95 III
51 Mucinous adenocarcinoma 1 75 III
53 Serous papillary adenocarcinoma 2 60 IV
61 Serous papillary adenocarcinoma 2 25-30 III
64 Adenocarcinoma, undifferentiated lineage 3 90 II
65 Mucinous adenocarcinoma 3 90 II
67 Serous papillary adenocarcinoma 3 80 III
71 Serous papillary adenocarcinoma 2-3 80 III
72 Serous papillary adenocarcinoma 3 75 IV
73 Endometrioid adenocarcinoma 2 85 II
75 Mucinous carcinoma 2 50 IV
77 Serous papillary adenocarcinoma 2-3 80 IV
78 Endometrioid carcinoma 2 75 Ic
79 Thecoma - 100 -

80 Papillary adenocarcinoma 3 90 IIIc
81 Serous papillary adenocarcinoma 3 35-50 IV
83 Serous papillary adenocarcinoma 3 80 IIIc
85 Serous papillary adenocarcinoma 2 50 NA
88 Serous papillary adenocarcinoma 3 35 III
90 Borderline mucinous tumour - 45 -

91 Serous adenocarcinoma 3 90 Ill

 ̂ For the grading system, see Table 4
 ̂ The percentage tumour in the sample used to make the DNA was estimated from frozen 

sections as described in Chapter 2.
 ̂ Staging based on FIGO classification, NA: Not available.

93



In add ition , these 27 OCs p lus 13 other ovarian  tum ours (11 
adenocarcinomas: 9 serous, 1 endometrioid and 1 mucinous; 1 thecoma 
and 1 borderline mucinous tum our. Table 5) were analysed by SSCP 
(Orita et aL, 1989) for mutations in APC using 22 of the prim er pairs 
described in Groden et aL (1991). These included 12 intronic primers (for 
exons 3, 4, 5, 6, 7, 8, 9/9a, 10,11,12,13 and 14) and 10 intra-exonic primers 
(9/9a, 15a, b, c, d, e, f, g, h, i). All the ovarian tumours were studied using 
prim er pairs 15b-i, where most of the m utations so far described have 
been located. With the remaining prim er pairs, SSCP was carried out 
where samples were available, but always included at least 24 tumours.

2. Probes and restriction endonuclease digestions of PCR 
products.

2.1 Probes

Table 6. Probes m apping to chromosome 5 used in this study.

Locus and probe Map position Appropriate
restriction
endonuclease

Reference

D5S110 (pMS621) 5pter-5pl3 H in f l Armour et al. 1990

D5S4 (LI .4) 5pter-pl5 EcoRl Pearson and Bakker, 1984

D5S6(M4) 5ql2 B a m H l Dietzsch et al. 1986

D5S98 (ECB27) 5q21 B g lU Varesco et al. 1989

MCC (SW15) 5q21-22 M s p l Kinzler et al. 1991a

DPI 5q21-22 - Spirio et al. 1991

APC (FB45D) 5q21-22 Mspl Kinzler et al. 1991b

D5S81 (YN5.48) 5q21-22 Mspl Nakamura et al. 1988

D5S84 (MC56.1) 5q22 BglW Nakamura et al. 1988

D5S43 (A.MS8) 5q35-qter Hfnfl Wong et al. 1987

This information is also shown diagramatically in Figure 9.
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2.2 Restriction endonuclease digests of PCR products

From analysis of the published sequence of the cDNA encoded by the 
APC gene, it can be seen that some polymorphisms result in the creation 
or loss of restriction endonucleases sites. When a band shift was seen 
with SSCP, the PCR was repeated w ithout ^^P and with 2mM 
nucleotides. Lymphocyte and tumour DNA from all cases with band 
shifts were included. DNA samples known to contain the relevant 
polymorphism (seen on SSCP gels and detected by direct sequencing) 
were used as positive controls. If the digestion revealed the 
polymorphism in the test DNA and the positive control, then the shift 
seen on the polyacrylamide gel was assumed to be due to this 
polymorphism.
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1 1 . 2
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Figure 9. Map positions of chromosome 5 probes.
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3. Results: LOH on chromosome 5§

W here possible, all twenty seven tum ours were studied w ith all the 
m arkers. The full results are shown in Figure 10 and examples of the 
autoradiographs and polyacrylamide gels are shown in Figure 11. In non- 
trisom ic inform ative cases, twelve show ed LOH of some p a rt of 
chrom osom e 5 (50%). Of these tw elve, seven had  reduction  to 
homozygosity at all informative markers. The five remaining had LOH 
over the whole of 5q. Thus there were no cases which localised the 
region of loss to anything less than the whole arm.

The LOH on 5q was analysed in terms of histopathological subtype. LOH 
was m uch more common in the serous and undifferentiated types of 
carcinoma (Table 7). Analysis by grade showed that LOH on 5q was seen 
in 10/14 (71%) in grade 3 tumours, 1 /3  (33%) in grade 2-3, 1 /5  (20%) in 
grade 2 and 0 /3  in grade 1 tumours. This suggests that LOH of 5q is not an 
early event in sporadic ovarian carcinoma.

Three cases showed an increase in intensity of one homologue, rather 
than decrease in the other. It can be difficult to distinguish this from 
LOH, particularly if the digested DNA from the tum our is overloaded 
compared to that prepared from the lymphocytes. However, it is possible 
to distinguished this from LOH by comparing the autoradiographs from 
the chromosome 5 probes with those from other chromosomes (Figure 
12).

§ Several assumptions were made at the start of this project-

1). OCs are clonal tumours.

2). Removal of "contaminating" stromal elements will be necesary for LOH to be revealed.

3). The two-hit theory can explain the inactivation of recessive TSGs.

4). Small deletions, particularly interstitial deletions will define the region within 

which such TSGs will lie.
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Figure 10

An analysis of all 27 tu m o u rs  by  RFLP D N A  p robes and  one sim ple sequence length  repeat. The sym bols and  abbrev iations used 
are:
#  C onstitu tional heterozygosity  w ith  LOH 
O  C onstitu tional heterozygosity  w ith  no  LOH 
O  H om ozygous
O  T risom y (or extra copies, ra th e r than  loss, of one of the tw o chrom osom es)
Blank space N ot d o n e /N o t determ ined .
The absence of da ta  for sam ples 31 is because the lym phocyte DNA w as m inim al in quantity .
O rdinate: Probes used; Abcissae: T um ours s tud ied  by  num ber.



Figure 11 Selected examples from chromosome 5 analysis (Figure 10) are 
show n next to the karyogram of chromosome 5.

Tum our num bers are indicated above the columns w hich set out the 
interpretation of the autoradiographs and polyacrylam ide gels. The key 
for these columns is as for Figure 10. In each pair, the lymphocyte DNA 
is on the left and the tum our DNA on the right. Loading of DNA for the 
pairs 11, 27 and 42 is approximately equal, bu t there is more DNA in the 
tum our lane of samples 37 and 47. Tumour 11 (IIT) shows extra copies of 
one chromosome 5 homologue, 27T: no LOH, 42T: LOH 5q, 37 &47T: 
LOH over all of chromosome 5.
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F igu re  12 LO H  and  trisom y on  chrom osom es 10 and  5 respectively .

A 1% ag aro se  gel w as lo ad ed  w ith  H m fl-d ig ested  D N A , b lo tted  on to  a 
H y b o n d  N +  filter an d  h y b rid ise d  w ith  m in isate llite  p ro b es  m a p p in g  to 

ch ro m o so m e 5 and  10. A. The e th id iu m  b ro m id e-sta in ed  H /n f l-d ig e s te d  

D N A  b e fo re  S o u th e rn  tra n s fe r  d e m o n s tra te s  in  lan e  1 th e  X H i n d l l l  

m o le c u la r  w e ig h t m ark e r (sizes in  kb sh o w n  to left), the  ly m p h o cy te  

D N A  (lane 2) and  tu m o u r D N A  (lane 3) for tu m o u r n u m b e r 11.

B. R e p e a t  h y b rid isa tio n s  of the  sam e n y lo n  filte r from  A a re  sh o w n . 

F irs tly  the  filter w as p ro b ed  w ith  pM S614 (D10S92). The filter w as th en  

re -h y b rid ise d  w ith  pMS621 (D5S110). Lanes 2 & 3 co rresp o n d  to those in 

A , an d  th e  size of the b an d s  seen  w ith  each  p ro b e  are  illu s tra ted  to the  

rig h t. T u m o u r 11 show s extra copies of one ch rom osom e 5, b u t LO H  on  

ch ro m o so m e 10. C ytogenetic ev a lu a tio n  of the tu m o u rs  w as n o t possib le, 
th e re fo re  the  exact n u m b er of ex tra  cop ies in T u m o u r 11 is n o t know n , 
b u t  fro m  v isu a l in sp e c tio n  a n d  d e n s ito m e tr ic  e v a lu a t io n  of th e  

a u to ra d io g ra p h s  it ap p ea rs  th a t th e re  is m o re  th a n  one e x tra  copy of 

ch ro m o so m e 5 in  th is tum our. In con trast, th e re  is clear L O H  on lOp in 
th is  tu m o u r.



Table 7. Loss of heterozygosity by histopathological subtype and 
chrom osom al arm.

Histopathological subtype LOH on
5p ^

LŒIon
5q^

LOH of all
informative 5q  ̂
markers

LOH of all 
informative 
markers on 5p & 
5qC

Undifferentiated
adenocarcinoma

3/4 4/5 4/4 2/3

Serous papillary 
adenocarcinoma ^

5/11 6/12 6/6 4/6

Mucinous adenocarcinoma 0/2 0/3 - -

Endometrioid adenocarcinoma 0/3 1/3 1/1 -

Mixed Müllerian tumour 0/1 1/1 1/1 -
Totals (%) 8/21 (38) 12/24 (50) 12/12 (100) 6/9 (67)

4. Results : Mutation analysis of APC.

In view of the LOH seen on chromsome 5, and the absence of any data 
providing further localisation, candidate gene analysis was carried out. 
The APC gene, at 5q21-22 is m utated in a num ber of adenocarcinomas, 
and as there have been no published m utation analysis studies of APC in 
DC, this gene was a rational choice for further investigation. There were 
no cases of rearrangem ent of APC  using the cDNA probe FB54D. The 
position of this probe w ithin the APC cDNA is shown in Figure 13. The 
APC cDNA with positions of m utations in FAP and colorectal cancer is 
shown in Figure 14.

SSCP w as used to look for m utations as it is a quick and sensitive 
m ethod for detection of base pair changes (Orita et al,  1989). All the 
published m utations seen in the cancers listed in  the introduction were 
seen in exons 3-15, w ith the majority occurring in  exon 15, betw een 
prim er pairs 15b-i (using the nomenclature of Groden et al  1991).

 ̂ The number of tumours with LOH with any marker divided by the total number of 
informative tumours in that histopathological category.

 ̂ The number of tumours with loss of all markers divided by the number with loss of any 
marker.
 ̂ The number of tumours with loss of all markers on both amns divided by the number 

with loss anywhere on both 5p and 5q.
^ Serous papillary adenocarcinomas include serous papillary cystadenocarcinoma, serous 
carcinoma and papillary carcinoma; Mucinous adenocarcinomas include mucinous 
cystadenocarcinoma. Cases of trisomy have been excluded from the totals.
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F igure  13 A c a r to o n  of th e  APC cDNA

There is an ORF of 8538 nucleotides. The predicted protein has 2843 amino acids. 
The position of cDNA probes is indicated by the black bars below the exon structure.



Figure 14. Mutations in APC

The positions of the germ line (FAP) and som atic (colon cancer) 
m utations w ithin APC  are shown. The num ber refers to the num ber of 
cases reported in the literature. It can be seen that the vast majority of all 
m utations occur in the first half of the gene.
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Figure 14. Mutations in APC

Therefore primers for exons 3-15i were used. Band shifts were seen using 
primers flanking exons 5,11 and 13. In exon 15 we noted band shifts with 
exonic primers for exons denoted 15c,e, g and i in Groden et al. (1991). 
These shifts were also seen in the lym phocyte DNA w here it was 
available. All the band shifts seen were due to polymorphism s and are 
sum m arised in Table 8, along with all other published polym orphism s 
in APC.  The frequency of the known polym orphism s detected was in 
keep ing  w ith  p rev ious descrip tions. A p rev iously  u n rep o rte d  
polymorphism  in exon 15e (TTG-TCG, codon 1129) was noted by direct 
sequencing of a PGR product from norm al volunteer DNA that had 
show n a band shift on SSCP (data not shown). In addition , this 
polymorphism can be detected by digesting the PGR reaction w ith M bdll 
at 37°c. The bands were revealed by running  the products on an 
eth id ium  brom ide stained 2% agarose gel. If the polym orphism  is 
present then the 225 bp fragment is digested to 195 + 30 bp. There is also a 
100 bp constant fragment. This polymorphism in exon 15e was detected 
in 1 /80 chromosomes from OG patients and 1/80 chromosomes from 
norm al Caucasian volunteers (Figure 19).
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The polymorphisms were detected by direct sequencing (intron 5, exons 
13 ,15c and 15g) and restriction digests of PCR reactions (exons 11 ,15e, 15g 
and 15i). The polym orphism  in exon 15c could have been detected by 
BstNl, but this polymorphism was sequenced directly. Examples of all the 
polymorphisms detected are shown in Figures 15-21.
For direct sequence of the band shift seen w ith intronic primers flanking 
exons 5 and 13, nested primers were designed:
5UP2: 5-TTTTCCTTACAAACAGATTTGACCAGA-3’
13UP2: 5-TTATTGCAAGTGTTTTGAGGAA-3'
13RP2: 5'-TTTTAACTTCTAAAGCACATTCC-3'
These primers were used in the sequencing reactions.
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F ig u re  15 D N A  p o lym orph ism s in A P C  exon 5

A. SSCP of A P C  exon 5 in tu m o u rs  11, 13, and  17. The ban d  sh ift is seen  

w ith  in tron ic p rim ers  flanking  exon 5 in tu m o u r 13 only. C onditions: 6% 

p o ly a c ry la m id e  gel w ith  10% g ly cero l, ru n  at room  te m p e ra tu re  

overn igh t. NB b an d  sh ift no t seen w ith  0% or 5% glycerol.

B. The seq u en ce  ch an g e  co rre sp o n d in g  to  the  b a n d  sh ift is sh o w n . 

H ete ro zy g o sity  for GCG-GTG is seen  in b o th  lym phocy te  and  tu m o u r  
D NA  for tu m o u r pa ir 13. N o change is seen in no rm al and  tu m o u r p a ir
11. ’̂ po lym orphism
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F igure  16 D N A  p o ly m o rp h ism s in A P C  exon 11

A. SSCP of A P C  w ith  p rim ers  flank ing  exon 11. E xam ples of the resu lts  

seen  w ith  tu m o u r  D N A  sam p les  41-67 are  sh o w n . The to p  b a n d  is 

c o n s tan t. A b ia lle lic  p o ly m o rp h ism  is rev ea led  a n d  the  a r ro w h e a d s  

ind ica te  d im in ish ed  signal from  the  lost allele in  tu m o u rs  41 and  48 (see 

F igure 10).

B . A n  e th id iu m  b ro m id e -s ta in e d  2% a g a ro se  gel is sh o w n . T his 

p o ly m o rp h ism  (TAC-TAT, codon  486) can be d e tec ted  by Rsal  d igestion  

of PCR p ro d u c ts  of exon 11. Rsa l  (GT AC) c leaves the D N A  an d  the  

frag m e n t sizes are  86 an d  129 bp . The change  of C to T re su lts  in  a 
uncleaved  fragm en t of 215 bp . N on-rad ioactive  PCR am plifications from  
ly m phocy te  co m pan ions of the tu m o u rs  show n  in A are illu s tra ted  The 

alleles 'lost ' in A can be clearly  seen. M olecular w e ig h t size m ark ers  are 
show n  to the righ t of the last lane.
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F ig u re  17 D N A  p o lym orph ism  in A P C  exon 13.

A A n ex am ple  of the  p o ly m o rp h ism  in exon 13 is sh o w n . T u m o u r 37 

show s a b an d  sh ift w h ich  is n o t seen in the flank ing  tu m o u rs.

B. The sequ en ce  change  c o rre sp o n d in g  to  the b a n d  sh ift seen  in  A is 

sh o w n . This w as also seen in  the p a rtn e r  lym phocy te  D N A  (not show n), 

p o ly m o rp h ism  (GCA-GCG, codon 545).
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F ig u re  18 D N A  po ly m o rp h ism  in A P C  exon 15c

A SSCP of A P C  w ith  exonic p rim ers  flank ing  15c. A b an d  sh ift is seen  
w ith  tu m o u r sam ple  90. B. The sequence co rresp o n d in g  to  the b a n d  sh ift 

in A is show n . Lanes 1, 3, 5 and  7: w ild  type D N A  PCR p ro d u c t. L anes 2, 

4, 6 a n d  8: D N A  from  tu m o u r 90. p o ly m o rp h ism  (CCA-TCA , co d o n  

870). T here is no  ev idence of LOH. N o ly m p h o cy te  D N A  w as availab le  

b u t as the  sequence change is a k n ow n  p o ly m o rp h ism  it is assu m ed  th a t 

the  sequence change w o u ld  also be p resen t in  the  germ  line.
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F igure  19 A n ew  D N A  po lym orph ism  in A P C  exon 15e

A SSCP of A P C  w ith  exonic p rim ers flanking  15e. A b an d  sh ift is seen  in 

tu m o u r 77.

B. A n e th id iu m  b ro m id e  sta ined  2% agarose  gel is show n. A p rev io u s ly  

u n re p o r te d  p o ly m o rp h ism  in exon 15e (TTG-TCG, codon  1129) can  be 

de tec ted  b y  d ig estin g  the  PCR reaction  w ith  Mboll .  W hen  th e  ra re  allele 

is p resen t the  225 b p  fragm en t is d igested  to 195 and  30 bp. T here is also a 

100 bp  c o n s tan t frag m en t. Lane 1: lOObp la d d e r, w ith  the  p o s itio n s  of 

p o ly m o rp h ic  b a n d s  in d ica ted  to the  left. L ane 2: P o sitive  co n tro l (the 

n o rm al v o lu n tee r  in  w h o m  the p o ly m o rp h ism  w as firs t n o ted ); L ane 3: 

T u m o u r 77. The sam e d ig estio n  p a tte rn  w as seen  w ith  77N  (d a ta  n o t 

show n); L anes 4 an d  5: L ym phocy te  (79N) an d  tu m o u r (79T) sam p le s  

from  A. N o  d igestion  is seen.
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F ig u re  20 D N A  po lym orph ism  in A P C  exon 15g

A. SSCP of A P C  w ith  exonic p rim ers flanking exon 15g in tum ours  77, 78 

an d  80. A b a n d  sh ift is seen in tu m o u r 78. This ban d  shift w as seen w ith  

0, 5 and  10% glycerol. The w ild-type band  p a tte rn  is also seen.
B. Left: T here is no sequence change in  tu m o u r 77. Right:  The sequence 

change  co rresp o n d in g  to the ban d  sh ift seen in  tu m o u r 78 is show n. The 
w ild  ty p e  sequence  is also seen. This change w as also observed  in  the  
ly m p h o c y te  D N A  (no t show n). p o ly m o rp h ism  (G A A -C A A , cod o n  

1317).
C. D igestion  of the 383 bp w ild  -type PCR p ro d u c t from  exon 15g w ith  

M b o l l  p ro d u c e s  fragm en ts  of sizes 92, 77, 64, 58, 56 an d  36bp (these 

frag m e n ts  are  n o t in d iv id u a lly  sep a ra ted  on th is  gel). If the  m u ta tio n  

sh o w n  in  A an d  B is p resen t then  the enzym e fails to cut a t codon  1317, 

p ro d u c in g  a 150 bp  fragm ent ra ther than  the 92 an d  58bp fragm ents. Lane 
1: Haelll  d igested  0X 174 (sizes of fragm ents show n  to left); Lanes 2 and  4: 

U n d igested  (U) PCR p ro d u c t (383 bp) from  exon 15g of lym phocyte D N A  

from  sp ec im en s  78 an d  80; Lane 3: D igested  (C) PCR p ro d u c t from  

sp ec im en  78 lym phocy te  DNA. The ab no rm al 150 bp  frag m en t can be  

seen , a n d  there  is a fa in t ban d  co rresp o n d in g  to o th e r allele; Lane 5: 

D igested  PCR p ro d u c t from  lym phocyte D N A  of sam ple  80. The 150 bp  

frag m en t w as no t seen as digestion w ith  Mboll  w as com plete  (2% agarose

gel)-
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F igure 21 D N A  po ly m o rp h ism s in  A P C  exon 15i

A SSCP of A P C  w ith  exonic p rim ers  flan k in g  15i. E xam ples of th e  
k n o w n  p o ly m o rp h ism  (ACA-A CG, codon  1493) a re  show n . F our b a n d s  

are  seen  in  he te ro zy g o tes  and  tw o in  hom ozygo tes. T u m o u r D N A  PCR 

p ro d u c t is sh o w n  here, and  a fa in t second se t of b a n d s  can  be seen  in  

tu m o u r 48.

B. A n e th id iu m  b ro m id e -s ta in e d  2% agaro se  gel is show n . W h en  th e  

ra re r  a lle le  is p re se n t d ig estio n  of the  503 b p  PCR p ro d u c t w ith  Bsa] l  

p ro d u c e s  ex tra  b an d s  of size 425 and  78 bp . N o n -rad io ac tiv e ly  labelled  

p a ire d  ly m p h o cy te  an d  tu m o u r PCR p ro d u c ts  a re  sh o w n . T he 78 b p  
frag m en t is n o t sh o w n  on th is gel. F irst lane: D igested  m olecu la r w e ig h t 

m ark e r w ith  selected  fragm ents show n to the  left; L ane 2-3: R eten tion  of 

he terozygosity  w ith  pa ir 30; H om ozygosity  for the sm alle r allele; Lanes 6- 

7 &10-11: H om ozygosity  for the com m oner la rger allele. Lanes 8-9: C lear 

LO H  can  be seen  in n o rm a l/tu m o u r  pa ir 48, ex p la in in g  the  fa in t b an d  
seen in A.



5. Conclusions and discussion

The data presented here establish that LOH on chromosome 5q is a 
common, late event affecting a subpopulation of those cells with LOH on 
chromosome 17, which occurs very frequently in these tum ours and is 
not lim ited to high grade tum ours (see Chapter 6 and Foulkes et aL, 
1993). M utation analysis of -4.7 kb of the APC  cDNA by SSCP did not 
reveal any band shifts due to mutations, and therefore it is unlikely that 
APC is the target for LOH on chromosome 5. Further deletion m apping 
and candidate gene analysis will be required to assess the importance of 
LOH on chromosome 5 in OC.

There are other studies of LOH on 5q in OC. The preliminary studies did 
not show a high frequency of LOH (Ehlen and Dubeau, 1990; Lee et al. 
1990; Sato et al  1991), but more recent studies tend to confirm our 
findings (Jacobs et aL, 1992; Cliby et al. 1993; Yang-Feng et al., 1993).

The LOH findings led to an analysis of APC. A  num ber of know n 
polym orphism s were detected (Table 8), but no m utations were seen in 
exons 3-15i. All the mutations detected so far in different tum our types 
lie in exons 3-15, with the majority occurring in exon 15b-h. This argues 
strongly that this region is critical for APC function. It is conceivable that 
in OC m utations commonly occur outside this region, bu t this seems 
unlikely.

As A P C  does not appear to be im plicated in OC, other genes on 
chromosome 5 near APC could be investigated, for example TBI, TB2 and 
SRP 19 (signal recognition particle protein, Lingelbach et aL, 1988) and 
PER  (Morris et aL, 1990) which has a sim ilar sequence to the A B L  
oncogene. None of these four genes appear to be m utated in FAP 
(Groden et aL, 1991, Kinzler et aL, 1991b). Insulin-like grow th factor 
binding protein 5 which maps to chromosome 5 (Shimasaki et aL, 1991) 
is another candidate because it binds to and negatively regulates insulin
like growth factor receptors.
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Table 8. Polymorphisms^ in APC

Allele Nucleotide Coding Codon Exon Restriction enz. Reference Noted in
fiequency change change change this series
-99/1 GGAGrTA Gly-Val 84 3 - Powell et al. 1992
89/11 C-T intronic 4-llb 5 - Olschwang et fl/. 1993 *

-99/1 TFG-TTA SILENT 235 6 - Olschwang et at. 1993
-99/1 A-T intronic -24C 7 Nagaseetfl/. 1992
-982 T-C intronic -23 7 Nagase et at 1992
-982 A-C intronic +31 8 Nagaseeta/. 1992
57/43 TAC-TAT SILENT 486 11 Rsa I Groden et al. 1991 *
62/38 GCA-GCG SILENT 545 13 - Miyoshi et al. 1992 *
-982 TIG-ITA SILENT 548 13 - Miyoshi et al. 1992
972 T-C intronic 48 14 Nagase et fl/. 1992
-982 AAT-AAC SILENT 741 15b - Nagase et fl/. 1992
-982 CCA-TCA Pro-Ser 870 15c R /̂NI Powell et al 1992 *
-982 ATA-ATT SILENT 1055 15e - Miyoshi et al. 1992
-982 AAT-CAT SILENT 1118 15e - Nagase et al. 1992
-99/1 TTG-TCG Leu-Ser 1129 15e M bo  II Not previously reported *
-982 ACG-ATG Thr- Met 1292 15g - Nagase et a/. 1992
-982 ATA-GTA Iso-Val 1304 15g - Miyoshi et al. 1992
NS GAA-CAA Glu-Gln 1317 15g Mbo n, E coSll Groden et al. 1993 *

NspB n
-982 AAA-AAG SILENT 1359 15h - Nagase et a/. 1992
-982 GAT-GAC SILENT 1422 15h Dpn I, Sau3A I Nagase et a/. 1992
6327 ACA-ACG SILENT 1493 151 BsaJ I, Dsa I Powell et al. 1992 *
6634 GGAGGG SILENT 1678 15j H g iA l Nagase et al. 1992
6327 TOG-TCT SILENT 1756 13c - Groden et al. 1991
9QT0 GAC-GTC Asp-Val 1882 151 - Powell et al. 1992
6327 CCA-COG SILENT 1960 15n M sp  I Cottrell & Bodmer 

1992
*d

-99/1 CTA-TTA SILENT 2401 15r - Miyoshi e ta l .  1992
-99/1 GGT-AGT Gly-Ser 2502 15sÆ - Miyoshi e ta l .  1992
964 GGAGGG SILENT 2568 15lAi B sr l Powell et al. 1992

O ther genes, more telomeric to APC  may be im plicated in cancer. 
Interstitial deletions of telomeric regions of chromosome 5q are typically

 ̂ Strictly, a sequence variation has to attain a frequency of 1% to be termed a 
polymorphism. For ease of presentation, all germ line sequence variations in non-affected 
individuals which do not appear to have phenotypic consequences are referred to here as 
polymorphisms, no matter what the frequency of the variation actually appears to be in 
the population.
 ̂The intronic sequence variation 3' of exon 5, referred to directly by Olschwang et al. 1993 

is also shown in Groden et al. 1991 (Figure 5B). The single base pair change is 32 bp 3' of 
exon 5; see c below.
 ̂ In the relevant paper the intronic sequence variation is referred to as '-24'. Presumably 

this means that the variation is actually in intron 6 but is 72 bp 5' (upstream) of the splice 
donor site of exon 7. Similarly +31 for the T-C intronic change refers to 93 bp downstream 
of the splice acceptor site for exon 8.

 ̂ This polymorphism was used for LOH studies with the A P C  cDNA probe FB54D. The 
frequency of heterozygotes in our study can be seen from Figure 10.

112



seen  in  a num ber of haem ato log ical d iso rd e rs , p a rtic u la rly  
myelodysplasia (Green 1993). These deletions may include the Macrocyte 
colony stim ulating factor (M-CSF) receptor, now  know n as C S F IR  
(Boultwood et ah, 1991) but as yet there is no proof that CSFIR  is the 
target gene. M eanwhile, it has been suggested that the transcription 
factor, IRF-1, which activates interferon a  is the target, as it is deleted in 
some patients w ith myelodysplasia and rearranged in others w ith acute 
lymphoblastic leukaemia (Willman et ah, 1993). Dingermann et al. (1992) 
hybridised twenty OC-derived cDNAs to a filter dotted w ith DNA from 
twenty-five different oncogenes. Amongst others, they noted increased 
expression of CSFIR in 40% of tumours. In addition, levels of M-CSF can 
be elevated in OC (Bast and W oolas, 1993) w hich m ight reflect 
perturbations in its receptor.

Ding et al. (1993) noted LOH at 5q35-qter in 3/10 cholangiocarcinomas, 
w ithout LOH at 5q21-22. The spacing of the markers used means that the 
smallest region of overlap (SRO) could include the region deleted in 
myelodysplasia. The SRO in non-cirrhotic hepatocellular carcinoma is 
also consistent with this interpretation (Ding et ah, 1991). The data in this 
study of OC are also not inconsistent with a target gene at 5q31 driving 
the LOH seen, but one might expect to have seen terminal LOH in some 
tumours. In fact, loss of all markers on chromosome 5 was seen in 7/12 
cases, and the remaining five had LOH of all informative markers on 5q. 
This perhaps suggests that the target gene for LOH in OC is near the 
centromere on 5q.

This study of OC has found several cases of trisomy 5. In other cancers, 
trisom y 5 is rather common. Kovacs and Kung (1991), analysing 
hereditary and sporadic renal carcinoma, reported frequent trisomy 5q 
and partia l trisom y of 5q22-qter, resu lting  from  an unbalanced  
translocation w ith chromosome 3p. M orita et al. (1991), did not find 
trisomy in their series of renal cancers, and it is possible to underestimate 
the frequency of trisom y/extra copies in tumours. However, the use of 
con tro l p robes, as show n in F igure 12 m akes a sign ifican t 
underestim ation in this study unlikely.
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Chapter 4

Loss of heterozgosity and deletion mapping 
on chromosome 6.

1. Introduction

Loss of part or all of chromosome 6 has been described in some earlier 
studies of OC. A specific translocation at 6q21 was reported by Wake et al. 
(1980), and Pejovic et al. (1992) have shown that the region 6q21-23 is 
often involved in breakpoints. These data have been followed up more 
recently by early molecular studies of LOH that have broadly confirmed 
the cytogenetic findings (Ehlen and Dubeau, 1990; Lee et al., 1990).

Loss of heterozygosity is a means of defining regions that may contain 
TSGs, and the aim of the work on this chromosome was to use LOH to 
confirm and expand upon the cytogenetic data. The data localising a TSG 
to chromosome 6q are quite firm. In addition, there have been a num ber 
of reports in a variety of tum our types which indicate that chromosome 
6p is implicated in tumourigenesis:
1. Isochromosome 6p has been reported in retinoblastoma (Squire et al., 
1984), metastatic melanoma (Key et ah, 1985), non-Hodgkin's Lymphoma 
(Schouten et al., 1990), and W aldenstrom 's M acroglobulinaemia (White 
et al, 1992).
2. Deletions of 6pter-6p21 and trisom y 6p has also been seen in 
melanoma (Cowan et al, 1986; Pedersen et al, 1986).
3. A clonal rearrangem ent of 6p21 has been reported in the benign 
tum ours pulm onary ham artom a (Fletcher et al., 1992) and endom etrial 
polyps (Speleman et al., 1991).

Twenty nine pairs of matched malignant tum our and normal DNA were 
studied with ten DNA markers that detect polymorphic sequences on 6q 
and six that do so on 6p. The centromeric marker p308 (D6Z1) was also 
used. Oka et al. (1991) showed that by using carefully dissected tum ours it 
was possible to demonstrate reliably LOH by PCR. Subsequently SSLPs 
m apping to chromosome 17 were used to successfully demonstrate LOH 
in breast cancer (Futreal et al, 1992). The SSLPS D6S89 and FTHPl were
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utilised to study the regions 6p22.3-23 and 6pl2-21 respectively by PCR- 
LOH. From the use of these eight 6p probes in all the tum ours, seven 
tum ours were selected for a more extensive analysis w ith three further 
SSLPs m apping to the region 6pl2-6p23. Twelve nonm alignant ovarian 
tissue specimens were included in the RFLP analysis (Table 9). Although 
not all these samples were analysed w ith all 18 probes, probes at 6p21, 
6q21 and 6qter were employed.

Table 9. Histological subtype, grade, percentage tum our and clinical stage 
from the samples studied w ith chromosome 6 probes and SSLPs.

Table 5, page 93 lists all the tumours used for the analysis of chromosome 5. On 

chromosome 6, all the tumours used in the chromosome 5 study were included except 

tumours 71, 72 and 75-91. Additional specimens used are listed here.

T um our
num ber

Histological classification Grade Percentage
tu m o u r

Clinical
stage

12 Normal ovary -

14 Serous cystadenoma <20
15 Benign teratoma 80
26 Borderline mucinous tumour <25
36 Borderline serous tumour 20-30
38 Borderline serous tumour 45-50
39 Endometriosis <5
54 Thecoma 100
57 Borderline serous adenofibroma 60
58 Mucinous cystadenoma 20-30
60 Borderline mucinous tumour 40-45
65 Mucinous adenocarcinoma 3 90 II
66 Mucinous cystadenoma - 10-15 -

2. DNA probes and SSLPs

In addition to the markers listed in Table 10 below, three other m arkers 
not m apping to chromosome 6 [pMS614 (D10S92) (10pl5), pEFD75.1 
(D10S25) (lQq26) and p79-2-23 (D16S7) (16q24)] were used to see whether 
LOH was any more frequent on chromosome 6 than  on these two 
chromosomes. The assignments for pCGa, pOR3 and pJCZ30 were based 
on Boyle et al. (1992), who also found that the m inisatellite (VNTR) 
probes pJCZ30, pYNZ132 and pMCOB12 (D6S37, D6S44  and D6S48  
respectively) produced similar bands on Southern blots. O ur own data 
(Markie et al, 1992) showed that the probes pJCZ30 and MCOB12 have an
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identical restriction pattern, implying they contain the same VNTR, so it 
was decided to use only pJCZ30 for this study. The positions of TCPIO and 
D6S86 has been inferred from linkage data (Blanche et al., 1992; Markie et 
al., 1992). The 3.6kb, 3.0kb and 2.6kb BamHl bands seen on genomic 
Southern blots with p308 (D6Z1), have been m apped to the centromere 
by genetic means (Blanche et al., 1991).

Table 10. DNA probes and oligonucleotide primer pairs mapping to 
chromosome 6 used in this study

Locus and probe Map
position

Restriction
endonuclease

Reference

D6SF21Sl(pMS29 ) 6p25-pter Hina  (VNTR) Wong et al. 1990

D6S109 6p22 - Ranum et al. 1991

D6S89 6p22.3-23 - Litt and Luty 1990

D6S105 6p21.3 - Weber et al. 1991

D6S202 6p22.3-23 - LeBorgne-DeMarquoy et al. 1991

D6S114E (p21U) 6p21.3 P v u l l Trowsdale et  al. 1990

HLA-DRAl (HLA-DQa) 6p21.3 P v u l l Spiebnan et al. 1984

pRTVl (HLA-DRp) 6p21.3 Taql,  P v u l l Bidwell & Jarrold, 1986

FTHPl 6pl2-21 - Mauvieux et al. 1991

RASKPl (Ki-rasl) 6pll-12 Taql Blanche et al. 1989

GST2 (pGST2) 6pll-12 HgiAl Chen and Board 1987

D6Z1 (p308) 6cen B a m H l Jabs et al. 1984

D6S125 (p327A) 6qll-12 Ps t l Geyer et al. 1991

HCGA (pCGa) 6ql4-21 EcoRl Boothby et al. 1981

MYB (pHM2.6) 6q23.3-q24 EcoRl Dozier et al. 1986

SOD2 (phMnSOD4) 6q25 Taql Xiang et al. 1987

ESR (pOR3) 6q25.1 P v u l l Castagnoli et al. 1987

D6S37 (pJCZ30) 6q27 P v u l l  (VNTR) Nakamura et al. 1988b

TCPIO (pTcr66hl) 6q27 P v u l l Bibbins et al. 1989

D6S132 (CEB3) 6q27 Hina  (VNTR) Vergnaud et al. 1991

D6S133 (CEB4) 6q27 Hina  (VNTR) Vergnaud et al. 1991

D6S86 (pMS605) 6q27 Hina  (VNTR) Armour et al. 1990
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3. Results

LOH on chrom osom e 6q. Where possible, all 10 probes were used to 
study the 29 malignant tumours. The results are set out in Figure 22, and 
representative autoradiographs are shown in Figure 23. LOH of 6q probes 
was a common occurrence, w ith 16/29 (55%) showing LOH of one or 
more probes. As shown in Table 11 column 5, in those 16 tum ours w ith 
6q LOH, the loss involved all informative markers in 10 (63%). However, 
Tum our 9 had LOH limited to probes m apping distal to 6q24. This 
suggests that any tum our suppressor genes relevant to OC on the long 
arm of chromosome 6 will be distal to MYB.

The œ strogen receptor (ESR)  gene is an obvious candidate for 
involvement in OC and when heterozygosity was seen w ith the cDNA 
probe pOR3, LOH on 6q always included the ESR gene. However, no 
rearrangem ents of the gene were found by Southern blotting using the 
pOR3 probe in any of the 41 pairs of samples when digested w ith Pvull 
(data not shown). There was no LOH with any chromosome 6q probe in 
any of the nonmalignant tumours (Table 11).

Using VNTR probes from chromosome lOp, lOq and 16q, all of which 
map to the telomeric regions of the respective chromosomal arms, LOH 
was seen in 4/18 (22%), 4/13 (31%) and 6/22 (27%) cases respectively (data 
not shown), com pared w ith 14/23 (61%) seen at D6S133, the m ost 
informative telomeric VNTR 6q probe. The averaged LOH seen w ith all 
four telomeric VNTRs on chromosome 6 is also 61% (46/75). This 
confirms that the changes seen on chromosome 6q are likely to be of 
biological significance.
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Figure 22

An analysis of 29 tum ours by RFLP DNA probes and  tw o SSLPs (D6S89 and FTH Pl). The sym bols and abbreviations used are:
®  C onstitu tional heterozygosity  w ith  LOH, O C onstitu tional heterozygosity  w ith no LOH, O C onstitutional hom ozygosity, ®  O ne extra copy of denoted  arm . 
Blank space N ot tes ted / not determ ined .
O rdinates: Probes used, w ith  their chrom osom al location. Abcissae: T um ours stud ied  by num ber.
* The position of SOD2 w ith  respect to ESR is not know n.
§ The o rder of D6S133 to D6S86 is based on translocation  hybrid m apping  (Dr. John Boyle, personal com m unication).



Figure 23 A selection of representative results of chromosome 6 LOH 
shown in Figure 22.

On the left is a karyogram with the approximate positions of the probes 
used, the tum our num bers are displayed above the columns which set 
out the interpretation of the autoradiographs (and the one ethidium  
bromide-stained polyacrylamide gel) pictured adjacent to the appropriate 
position on the columns relative to the karyogram. In each pair of bands, 
the left hand bands are normal tissue and the right, tum our. Tumour 32 
shows LOH w ithout recombination or duplication w hereas tum our 42 
dem onstrates LOH w ith recombination. The filled-in arrow  indicates 
plasm id contam ination and the open arrow  draw s attention to the 
retention of genes encoding MHC loci in some tum our cells w ithin 
specim en 42. The full names of the probes and their chrom osom al 
position is given in the text.
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LOH on chromosome 6p. Six RFLP probes and two SSLP prim er pairs 
from 6p were used to study the majority of the tumours. In addition to 
these prim ers, three PCR prim ers from 6p were used to study seven 
selected tumours. LOH on 6p was less frequent than on 6q (8/29, 28%, 
Figures 22 and 24, Table 11). This is not significantly different from the 
loss seen on chromosomes 10 and 16 and therefore may not in itself 
suggest the presence of a tumour suppressor gene on 6p, but two separate 
regions were involved, one between 6p22.3-pter (tumours 7, 10, 11, 42 
and 64) and another at 6pl2-6p22 (tum ours 7, 9, 10 and 42), w hich 
includes the MHC m apping w ithin 6p21.3. LOH on 6p was always 
accompanied by LOH on 6q, but in only 50% of cases was the reverse the 
case. (Figure 22 and Table 11, column 4).

Table 11. LOH on 6p and 6q by histopathological subtype.

Histopathological subtype LOH LOH LOH on 6q LOH of all LOH of all
on6p on6q but not 6p informative informative

markers on 6q markers on 6p & 6q
Undifferentiated 3/5 5/5 2/5 2/5 0/3
adenocarcinoma
Serous papillary 4/15 9/15 5/9 7/9 2/4
adenocarcinoma
Mucinous adenocarcinoma 0/4 0/4 - - -

Endometrioid adenocarcinoma 1/4 2/4 1/2 1/2 0/1
Mixed Müllerian tumour 0/1 0/1 - - -

Serous cystadenoma 0/1 0/1 - - -
Mucinous cystadenoma 0/2 0/2 - - -
Borderline serous tumour 0/3 0/3 - - -
Borderline mucinous tumour 0/2 0/2 - - -
Benign teratoma 0/1 0/1 - - -
Thecoma 0/1 0/1 - - -
Endometriosis 0/1 0/1 - - -
Normal ovary 0/1 0/1 - - -

Totals (expressed as fraction 8/29 16/29 8/16 10/16 2/8
of total number of malignant
tumours)

These num bers are small and require confirmation in a larger series. As 
for 6q, there was no LOH on 6p in nonmalignant tumours.
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F igu re  24 A n analysis of seven  tum ours  using  SSLP p rim er pairs.

The sym bols u sed  are:

C onstitu tio n a l heterozygosity  w ith  LOH 

C 3  C onstitu tio n a l heterozygosity  w ith  no LOH

C o n stitu tio n a l hom ozygosity  

S elected  re su lts  from  PCR am p lifica tio n s, w ith  a n d  w ith o u t are  

il lu s tra te d  be low  the  le tte rs  a to 1 in  the bo ttom  th ird  of the  figure. In 

each  n o rm a l- tu m o u r pa ir, the  ly m phocy te  D N A  is on  the  le ft a n d  th e  

tu m o u r on  the  righ t. T erm inal d e le tio n /re c o m b in a tio n  is seen  in e an d  

k; in te rs titia l d e le tions ap p ea r to be p resen t in  sam p les  9 (b & c), 10 (d) 
and  42 (i & j). W hen v iew ed  toge ther w ith  F igure 22, g an d  h  su g g est th a t 

n o n -d is ju n c tio n  is the  m ech an ism  of ch ro m o so m al loss in  tu m o u r  29. 

The ran g e  of allele sizes for each p rim er p a ir  w ere: D6S202 ,  130-154 base  
p a irs  (bp), com m onest allele (c. al.) 148 bp; D6S89,  199-227 bp , c. al. 225; 

D6S109,  169-193 bp , c.al. 187; D6S105,  116-138 bp, c.al. 128; FTHPl ,  171-181 
bp , c.al. 177&179.



SSLP PCR-LOH. The results using the SSLP primer pairs m apping to 6p 
in selected tum ours are shown in Figure 24. Examples of LOH are shown 
in the lower part of this Figure. As there are potential quantitation 
problem s w ith PCR, reactions using the prim ers for D6S89  in the 
norm al/tum our pairs 42 and 64 (showing no LOH and LOH respectively) 
were carried out, w ith sam pling at 15, 20, 25, 30, 35 and 40 cycles. 
A lthough there were changes in the relative intensity of the alleles in 
the no rm al/tum our pairs, this did not affect the interpretation of the 
results (data not shown). Primers flanking SSLPs on chromosome 17 
were used from regions known to show LOH by Southern blotting. Some 
pairs that failed to show LOH on chromosome 6 clearly dem onstrated 
LOH w hen using the chromosome 17 primers (see Chapter 6). Thus the 
retention of heterozygosity on chromosome 6 found in tum ours at 
differing loci w ith different SSLPs is likely to be a true biological 
phenom enon rather than a false negative result due to co-amplification 
of non-m alignant elements.

Complex events on chromsome 6. Using 19 probes 2 /8  cases (where there 
is LOH w ith  at least one probe on both  arms) show LOH of all 
inform ative m arkers on chrom osom e 6 (Table 11). Term inal and 
interstitial deletions of 6p were found, sometimes in the same tum our 
(tum our 9: Figures 22-24). Two tum ours have LOH of 6q as well as 
having an extra copy of 6p. The extra copy of 6p in these two cases was 
confirm ed by densitom etry (data not shown). There is one case of 
trisomy 6. Overall, the data show that there is independent LOH on both 
chrom osom e arm s, as well as complex events w ith in  the retained  
sections.

LOH on chromosome 6 and histopathological grade. Figure 25 illustrates 
6q LOH in terms of pathological grade and histological subtype. The grade 
1 tum ours contained between 45 and 75 percent tum our, and since LOH 
has been noted in some tum ours where the proportion of tum our to 
stroma is less than this, the absence of loss is probably a true negative. On 
6p, LOH occurred in eight cases only; of these tumours, six were grade 3, 
and there was one tum our each in grades 2 and 2-3. Whilst the num bers 
for 6p and 6q are small and do not allow statistical analysis, they suggest 
that chromosome 6 LOH is commoner in higher grade OCs. With regard 
to histological subtype. Table 11, column 3 shows that LOH on 6q is m uch

122
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Figure 25

P ercen tag e  of LO H  on  6q is sh o w n  for each  of th e  th ree  p a th o lo g ica l 

g rad es . N o t sh o w n  are th ree  tu m o u rs  w h ich  w ere  g ra d e d  2-3 w h ich  all 

show ed  LOH.

4. D iscussion

Mechanisms of LOH on chromosome 6 in OC.
L O H  on  ch rom osom e 6 is a com m on p h e n o m e n o n  in  OC. T here  a re  a 

n u m b e r of chrom osom al m echanism s by  w hich  LO H  can occur (F igure 7, 

p a g e  46), a m o n g s t th e  c o m m o n e s t b e in g  n o n -d is ju n c tio n  w ith  o r 
w ith o u t re d u p lica tio n  (C avenee et a l ,  1983). In th is case all in fo rm ativ e  

m a rk e rs  on  the  ch rom osom e w o u ld  show  re d u c tio n  to h o m o z y g o sity .
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w ith one or two copies of the retained chromosome, depending on 
w hether or not reduplication occurred. As only two out of eight cases 
w ith loss on 6p and q showed LOH of all informative m arkers, non
disjunction is not the commonest mechanism by which LOH occurs on 
chrom osom e 6 in OC. Therefore m echanism s o ther th an  n o n 
disjunction, such as somatic recombination or deletion, m ust account for 
this. Three tum ours (9, 10 & 42) have interstitial deletions on 6p, which 
always include the MHC. In addition to these deletions, these tum ours 
have LOH of 6q. In the 16 cases with loss on 6q, eight had LOH on 6p 
(Table 11, column 4). However, 6p LOH was always accompanied by loss 
on 6q.

LOH on 6q in OC: Cumulative data.
Com bining our findings w ith all the published data on LOH of 
chromosome 6 in OC we can conclude that there is at least one TSG 
between 6q24-qter and based on three tumours in the studies of Dubeau 
and colleagues and Nakamura and colleagues (Ehlen and Dubeau, 1990; 
Zheng et ah, 1991; Saito et al., 1992), the gene may be at 6q27. This gene is 
not restricted to any particular histopathological type. There is probably at 
least one TSG on 6p, both from these data and from that of Sato et ah, 
(1991). In their series of 37 tumours, this group found that three out of 
the four tum ours that had LOH on 6p and not 6q were non-serous 
tumours. However, in this study there was no evidence that 6p LOH was 
limited to non-serous tum ours. Loss of MHC loci, which may give a 
tum our a selective advantage by escaping rejection by the im m une 
system, m ight explain the LOH at 6pl2-6p22 seen here, bu t cannot 
account for the LOH seen at 6p22.3-pter. Thus other genes on 6p are likely 
to be implicated in OC. In support of these data, Cliby et ah (1993) found a 
high frequency of LOH on 6p (21/34 informative tumours, 62%). Of nine 
tumours with regional LOH on 6p, eight showed LOH centromeric of the 
MHC. The other tum our showed LOH that extended further tow ards 
(although did not include) the telomere. The smallest region of overlap 
in their study was centred on 6 p ll.l .

LOH and grade: No evidence that LOH on 6q is an early event.
The data here indicate that 6q LOH is more common in grade 3 tum ours 
than in any other grade. W hether this implies that 6q LOH is a late 
event, or alternatively, that homozygous loss of a 6q gene leads to a more
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aggressive tum our is not known as there is debate about the origin, 
developm ent and subsequent course of an ovarian tum our in vivo 
(Anderson, 1990; Fox, 1990; D.E. Powell et al, 1992; Scully 1992). We did 
not see any LOH on 6p or 6q in benign tumours. However, Russell et al. 
(1990) noted LOH on chromosome 17q in one benign ovarian tum our. 
We have dem onstrated that LOH is more likely to occur in serous and 
undifferentiated  adenocarcinom as than in the m ucinous type, bu t 
interpretation of these results should be cautious, as three of the four 
m ucinous tum ours are grade 1 and therefore the true reason for the 
absence of LOH m ay be the low grade rather than  the histological 
subtype. There is evidence from two papers that LOH of chromosome 6q 
is an early event in the course of OC (Zheng et al, 1991; Cliby et al., 1993), 
but more comprehensive studies will be needed to resolve this issue.

LOH on 6q in other tum our types.
From several LOH studies, chromosome 6q appears to be involved in the 
pathogenesis of other solid tumours. These studies are sum m arised in 
Table 12 overleaf. It is notable that although there is some disagreement 
between different studies of the same tum our type, nevertheless a high 
frequency of LOH is seen in a w ide variety of epithelial and non- 
epithelial tumours. In addition to LOH data, deletions of 6q25-qter have 
been reported from cytogenetic studies of salivary gland adenocarcinoma 
(Stenman et al., 1989). When considering all the published data, it is 
quite possible that a single gene at 6q27 could have relevance to the 
development and progression of a wide variety of tum our types.

The œstrogen receptor and OC.
Intriguingly, the ESR gene m aps to 6q and genomic DNA, cDNA and 
RNA variants of ESR  have been dem onstrated in fresh breast cancers 
and cell lines. Mutations were noted in the horm one-binding dom ain in 
a breast cancer cell line (Ponglikitm ongkol et al., 1988). Insertions, 
deletions, transitions and exon deletions in fresh tum our RNA were 
detected by m utation analysis of PCR amplified cDNA (McGuire et al., 
1992) and an Ala-Val substitution was recognised by an RNase protection 
assay (Garcia et al., 1989). Some of these variants have functional 
significance, acting in some cases as a dom inant positive receptor, i.e. 
active in the absence of oestrogen, and in others as dom inant negative:
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inactive bu t inhibiting the function of the norm al receptor (McGuire et 
al, 1992).

These studies, together with the possible linkage of late-onset breast 
cancer in one family to the ESR gene by Zuppan et a l  (1991) and the high 
frequency of LOH in 6q in breast cancer (Devilee et al, 1991) suggest that 
the ESR gene may be acting as a tumour suppressor in breast cancer. It is 
possible that similar variant forms of the ESR gene are also present in 
OC; however differences were not detected (by Southern blotting) in this 
study. This of course, by no means excludes the possibility that there are 
m utations in this gene in OC that result in functionally abnorm al 
proteins.

Table 12. LOH on 6q in tumours from different tissues.

Cancer studied Frequency 
of LOH (%)

Minimal regions 
of LOH

References

Ovarian carcinoma 6/10 (60) 6q27a Ehlen & Dubeau 1990
9/14 (64) 6q24-qter Lee et al  1990
7/23 (30)b 6q27 Zheng et al. 1991
5/29 (17)c 6q Sato era/. 1991
17/33 (52) 6q27 Saito et a l  1992
2/13 (15) 6q Gallion et al. 1992
21/37 (57) 6pl2-6q21, 6q27 Cliby et al. 1993
10/45 (22) 6q Yang-Feng etal. 1993
16/29 (55) 6q24-qter This study

Breast carcinoma 20/42 (48) 6q Devilee era/. 1991
2/23 (9)c 6q Sato etal. 1990

Colorectal carcinoma N/A (~33)d 6q Vogelstein er a/. 1989
0/22 (0) - Wildrick er a/. 1992

B-cell Non-Hodgkin Lymphoma 16/71 (23) 6q21-23, 6q25-27 Gaidano era/. 1992
Malignant Melanoma 10/20 (50) 6q 14-25, 6q27 Millikin era/. 1991
Primitive neuroectodermal 5/21 (24) 6q27e Thomas & Raffel 1991
Renal carcinoma 17/44 (39) 6q27 Monta, etal. 1991

® The 6q27 assignment is based on two of the six tumours showing LOH. 
b This series had a disproportionately large number of cases with grade 1 and 2 disease: 
there was 60% LOH in grade 3 cases. The 6q27 assignment is based on one extra tumour, 
added to this groups earlier work (row 1).
 ̂ The Japanese group have consistently found lower frequencies of LOH on 6q in breast and 

ovarian cancer than other groups.
d In this allelotype study only the percentage LOH was published, this has been 
estimated from Figure lA  of the paper.
® One tumour localised the minimum region of LOH to 6q27. Another tumour showed gain 
of heterozygosity with ROS.
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A lthough reversion of the m alignant melanom a phenotype seen by 
rep lacem ent of a m issing chrom osom e 6 in m icrocell transfer 
experiments of Trent et al, (1990) could not easily be explained by the 
ESR gene functioning as the tum our suppressor in this cancer, the same 
system could be used to assess w hether wild type ESR  gene transfer 
results in phenotypic reversion in horm one-dependent tum ours w ith 
ESR gene mutations.

5. Conclusions.

LOH is a common event on chromosome 6 in OC and this study, along 
w ith several others has provided evidence for the involvem ent of at 
least two separate regions of the chromosome. PCR-LOH is reliable when 
tum our material is reasonably pure, and here SSLP-PCR has been used to 
show LOH on 6p. The use of PCR may allow archival specimens to be 
studied, vastly increasing the potential source of m aterial particularly 
from the less common early stage, low grade tum ours and thus the 
initiating steps in ovarian carcinogenesis may be elucidated. By studying 
larger series of tum ours it may be possible to isolate smaller regions of 
LOH and hence clone the gene(s) on chromosome 6 that contribute 
tow ards the developm ent and progression of ovarian carcinom a.
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Chapter 5
Tumour Markers, amplification and loss of 
heterozygosity on chromosome llq .
1. Introduction

The five year survival of OC is poor because the disease is usually 
diagnosed late and in an advanced stage. At this time there is no medical 
therapy that has been shown to reduce mortality. For many years, there 
has been interest in tum our m arkers which are used to diagnose, 
m onitor or treat the disease. Tum our m arkers are seen in other 
tum ours, the best examples being the oncofcetal proteins pHCG and AFP 
which are typically elevated in the circulation at time of diagnosis in 
choriocarcinoma and testicular teratom a respectively. Striking falls in 
elevated levels of these markers are seen upon successful treatm ent of 
the tumour. As described in the section on screening in Chapter 1, the 
most useful marker for OC is CA125. However, if these markers are to be 
used as molecular targets for chemo- or radio-therapy, or as a more 
generally applicable screening tool, more needs to be understood about 
their molecular basis. The functional cloning of tum our m arkers using 
the "panning" system of Seed (1987) has been used to clone a num ber of 
tum our markers relevant to OC (Campbell et ah, 1991; Coney et ah, 1991; 
Campbell et ah, 1992).

Miotti et al. (1987) described three monoclonal antibodies raised against 
hum an ovarian carcinoma, namely MOvl6, 18 and 19. M Ovl8 appeared 
to be restricted to ovarian tum ours, w ith positive staining in 41 of 53 
non-mucinous cystadenocarcinomas and 6 out of 6 serous cystadenomas. 
Of m alignant tum ours at other sites, only 3 out of 141 tested were 
positive. The antigen is expressed on the whole surface of serous 
cystadenocarcinom as, and is shed into the circulation, probably by 
cleavage of its GPI tail (Boerman et ah, 1991). The recognised epitope is 
also present on oviduct epithelium, 14 week foetal kidney and focally on 
proxim al and distal adult renal tubules, as well as endom etrial and 
squamous cervical carcinomas (Veggian et ah, 1989).
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Cam pbell et al. (1991) and Coney et al. (1991) reported the cloning of the 
gene that encodes the antigen recognised by M Ovl8. This gene is the 
adult high-affinity folate receptor {FOLRl) (Elwood, 1989), which m aps to 
llql3.3-13.5 (Ragoussis et al., 1992). It is adjacent to FGF3 (formerly FNT2), 
to the hell translocation breakpoint in B cell lymphomas, (Tsujimoto et 
al., 1985) and to PRADl (Cyclin Dl), a bcll-\mked  gene which m ay be 
im portant in l lq l3  amplification (Rosenberg et al., 1991).

M olecular abnormalities of chromosome 11 have been reported in OC, 
b u t m ost studies have concentrated on LOH involving known genes 
such as R A S H  and insulin, both m apping to llp l5 .5  (Lee et al, 1989; 
Ehlen & Dubeau, 1990; Lee et al, 1990; Sato et al, 1991; Viel et al, 1991, 
1992). In contrast, chromsome l l q  has not received m uch attention in 
OC. Three LOH studies (Lee et al, 1990; Li et al, 1991; Sato et al, 1991) in 
OC have used a probe derived from FGF3, which is amplified in a 
lim ited num ber of mainly epithelial tum ours (Lammie and Peters, 1991). 
None of the reports have noted amplification, and LOH appears to be a 
very infrequent event. Sasano et al. (1990a), reported amplification of 
FGF3 in 1/16 carcinomas from a series of 24 ovarian tumours. They did 
not study LOH. Recently, Pejovic et al. (1992) reported five cases of a 
translocation involving l lq l3  and other chromosomes in their series of 
35 OC patients. In addition to data pertaining to l lq l3 , there have been 
num erous cytogenetic reports in OC which include translocations and 
deletions involving regions telomeric to l lq l3  in OC. Despite this, there 
have been no molecular studies of these areas.

The m ultiple endocrine neoplasia type 1 (MENl) gene m aps to l lq l3  
(Larsson et a l, 1988) and LOH on l l q  has been reported in M ENl- 
associated tum ours (Friedman et al, 1989). In most cases, all informative 
probes on l l q  showed LOH, but given the linkage data, the tum our 
suppressor gene is likely to be in l lq l3 . Significant LOH on l l q  has also 
been reported in cervical cancer (Srivatsan et al, 1991a), neuroblastom a 
(Srivatsan et al, 1991b) and colon cancer (Keldysh et al, 1993).

The aim of this study was to determine whether the series of ovarian 
tum ours collected over-expressed FOLRl and if so, to find out whether 
amplification or LOH was occurring at l lq l3  at a frequency sufficient to 
explain this over-expression. In addition, the lim its of any LOH or
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amplification seen had to be defined, and candidate genes investigated. 
Twenty eight OCs were studied by Southern blotting and SSLP-PAGE. 
Thirty eight ovarian tumours, and nine other tum ours were studied by
m e.

2. Immimohistochemistry, Probes and SSLPs

The IHC methods used are briefly outlined here. The m C  was carried out 
by Dr. Peter Ozoa (Royal Postgraduate Medical School). The analysis of 
the slides was carried out in with the assistance of Dr. Gordon Stamp.

The probes and SSLPs used in this study are shown in Table 13.

Monoclonal antibody:
M O vl8 is a mouse monoclonal antibody raised to the cell m em brane 
fraction of the ovarian serous cystadenocarcinoma line OvCa4343/83.
It recognises a 38-40 kD band by immunoprécipitation.

Cryostat sections (6 |iM) were taken from 38 ovarian tum ours (21 serous 
carcinom as (5 borderline), 10 m ucinous tum ours (3 adenom as, 3 
bo rderline) 2 endom etrio id  carcinom as and 5 u n d iffe ren tia ted  
carcinom as) and n ine o ther tum ours includ ing  endom etrio sis , 
leiomyoma and secondary squam ous cervical carcinoma. Briefly, the 
M Ovl8 supernatant was incubated on the sections for one hour at room 
tem peratu re , w ithou t p rio r blocking. The standard  A vidin-Biotin 
Complex (ABC) immunoperoxidase method with diaminobenzidine was 
used. Controls included non-im m une serum  and the n ine o ther 
tum ours.
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Table 13. Probes and SSLPs used in chromosome 11 study.

Locus and probe Map position Restriction
endonuclease

Reference

HRAS (pUCEJ66) llpl5.5 B a m H l Reeve et al. 1984

CD20 (pBl-21A-29) llq l2 M s p l Charmley et a l . 1991

D11S146 (pHBI59) llql2-13.2 M s p l ,  Taql Nakamura et al. 1988c

FGF3 (SS6) llql3.3-5 Ps t l ,  B a m H l Casey et al. 1986

FOLRl (cHTMGvlS) llql3.3-5 Ps t l Campell et al. 1992

TYR (pMEL34) llql4-21 Taql Spritz et al. 1988

STMYl (STMY) Hq22 Taql Spurr et al. 1988

D11S144 (pMCT128.1) llq22.3-23.3 M s p l Carlson et al. 1988

D11S29 (L7.1/2) Hq23.3 - Wamich et al. 1992

CD3D (Mfd69) llq23.3 - Weber et al. 1990a

CD3D (pPGBC9) llq23.3 M s p l Malhotra & Concannon, 1989

ALL-1 (FA4) llq23.3 B a m H l Cimino et al. 1992

D11S147 (pHBI18P2) llq23.3-qter Ps t l Nakamura et al. 1988d

3. Results: Immunohistochemistiy

Three aspects of staining were studied:
1. Uniformity of staining
2. Membrane and polarity of staining
3. The intensity of the cytoplasmic staining

Table 14. Summary of IHC findings

Tum our type Positive cytoplasmic IHC Positive membrane IHC

Serous carcinoma 15/16 11/16

Serous LMP 1/5 1/5

Mudnous carcinoma 1/7 1/7

Mucinous cystadenoma 0/3 0/3

Endometrioid carcinoma 1/2 1/2

Undifferentiated carcinoma 5/5 4/5

Controls (including 0/9 0/9

non-ovarian carcinomas)
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C om m ent

a) The m alignant serous tum ours (n=16), except for one case were all 
positive and the intensity of the cytoplasmic staining increased with the 
grade of the tum our. This staining was focal in seven tum ours, bu t 
show ed no discernible trend w ith  respect to grade. Eleven cases 
dem onstrated m arked membrane reactivity, and this tended to be more 
striking in the higher grade tum ours, bu t there were tum ours w ithout 
membrane staining in all grades (Figure 26a& b).

b) Only 1 of 5 serous borderline tumours showed any positivity and this 
tum our showed basal polarity of the membrane staining.

c) M ucinous tum ours, (n=10) whether benign, borderline or m alignant 
were virtually always negative (fitting with the origin of the antibody), 
bu t interestingly the mucin produced by these tum ours was positive in 
5 /6  benign or borderline tum ours but positive in only 1 /4  m alignant 
tum ours, suggesting a difference in the mucin composition in m alignant 
as com pared w ith non-m alignant m ucinous tum ours. One of the two 
endom etrioid tum ours showed completely negative im m unostaining 
(Figure 26c).

d) The undifferentiated tum ours (n=5) behaved like grade III serous 
tum ours. All were positive for cytoplasmic staining and each one had 
some degree of membrane reactivity (Figure 26d).

e) The squam ous cervical carcinoma and the endometriotic tissue were 
negative , b u t the one leiom yom a show ed p rom inen t un ifo rm , 
cytoplasmic staining.

In conclusion, FOLRl, as detected by M Ovl8 antibody, is w idely over
expressed on the surface of the serous and undifferentiated ovarian 
adenocarcinomas in this series. The intensity of the staining, in general, 
increases with the grade of the tum our and this may represent increased 
metabolic activity of the tumour. The focal nature of staining seen in this 
series is of uncertain significance.
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Figure 26a (top left) A poorly differentiated serous adenocarcinoma

This cryostat section shows moderate to strong imm unoreactivity with 
M O vl8 which is particularly marked at the tumour-stroma interface but 
is also seen in the cytoplasm.

F igure 26b (top right) A poo rly -d iffe ren tia ted  invasive  serous 
adenocarcinom a

This again illustrates a serous adenocarcinoma but here the strom a is 
highly cellular and desmoplastic. The infiltrating tumour cells are picked 
out by MOvl8, showing strong membrane reactivity.

Figure 26c (bottom left) An endometrioid carcinoma of the ovary

This is completely negative for MOvl8.

Figure 26d (bottom right) An undifferentiated ovarian carcinoma

There is some cytoplasmic reactivity for MOvl8, but the staining is most 
m arked in focal areas of the membrane at the tumour-stroma interface.
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4. Results: Amplification and LOH

In view of the interest in FOLRl, FGF3, MENl and other markers 
mapping to l lq , a LOH study of l lq  was initiated.

LOH and Am plification at l lq l3 .  At l lq l3  there was a low level of LOH; 
3 /16  w ith FGF3, 1/14 with FOLRl (Figure 27). There were no cases of 
interstitial deletion. Amplification of this region was also seen in a small 
num ber of tumours: 4/28 with FGF3, 4/25 w ith FOLRl (Table 15). In 
those cases of amplification where there was heterozygosity, there was no 
LOH of the unam plified allele and no genomic rearrangem ents were 
evident with any of the l lq l3  probes studied. The degree of amplification 
of l lq l3  was 1-2 extra copies per cell as measured by densitometry.

Table 15. Amplification of l lq l3  in ovarian cancer

D11S146
llql2-13.2

FGF3
llql3.3-13.5

FOLRl
llql3.3-13.5

7 + + +
10 - + +
24 - + +
73 - + +

Ordinates: Tumour numbers; Abcissae: probes used with chromosomal 
location; + amplification; - no amplification.

LOH telom eric to l lq l3 .  LOH became more m arked as probes more 
telomeric to l lq l3  were used. At llq l4 -21  (TYR), only 3/16  cases had 
LOH, but 6/11 showed LOH at STM Yl (Hq22), 5/17 at D11S144 (Hq22.3- 
23.3), 7/15 at D11S29 (Hq23.3), 7/16 at CD3D (Hq23.3) and 8/12 at D11S147 
(Hq23.3-qter). The results from the thirteen tum ours that showed LOH 
on l l q  were compatible w ith the conclusion that a putative tum our 
suppressor gene is situated telomeric to CD3D. Tumours 10, 25 and 47 
provided the strongest evidence that Hq23.3-qter is the most likely site of 
such a gene. Representative autoradiographs of these results are shown 
in Figure 28, next to a karyogram of l lq .
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Figure 27

Show n here  are the resu lts  of S ou thern  b lo t h y b rid iza tion  and  PCR am plification using  the D N A  m a rk e rs /o lig o n u c leo tid e  p rim ers 
indicated .
O rdinates; Probes used , w ith  their chrom osom al location. Abcissae: T um ours stud ied  by num ber. Sym bols used  are:
#  C onstitu tional heterozygosity  w ith  LO H
O  C onstitu tional heterozygosity  w ith  no LO H
#  H om ozygous
Blank space N ot te s te d /n o t de term ined .



Figure 28 A selec tion  of tu m o u rs  sh o w in g  e ith e r LO H  or am p lifica tion  

o n  ch rom osom e l l q

The sym bols u sed  are:

C o n stitu tio n a l hom ozygosity , no  am plification

C o n stitu tio n a l hom ozygosity , w ith  am plifica tion□N o LOH , no  am plification  

LO H , no am plification  

A m plification , no  LOH

O n  th e  le ft is a p a r t ia l  k a ry o g ra m  of ch ro m o so m e  11 w ith  th e  
ap p ro x im ate  po sitio n s  of the  p ro b es  used . The co lum ns (tu m o u r n u m b e r 

in d ic a te d  above) se t o u t th e  in te rp re ta tio n  of th e  a u to ra d io g ra p h s  
p ic tu re d  re la tiv e  to  the  k a ry o g ram . The a u to ra d io g ra p h s  a re  labe lled  

in d iv id u a lly  if th e  c u rre n t c h ro m o so m al a ss ig n m e n ts  of th e  p ro b e s  

o verlap . In  each  p a ir  of b an d s, the  left h a n d  b an d  is n o rm al tissu e  an d  
the  rig h t, tu m o u r. C rep resen ts  a constan t b an d  (FO L R l, sam p les  7 an d  

10) an d  the  am p lified  allele is m ark ed  w ith  an  asterisk . The lo ad in g  for 

each  p a ir  is ap p ro x im ate ly  equal except w h ere  m ark ed  by  an  arrow . In  

th is case (11, FGF3),  there  is -100%  m ore D N A  loaded  in the  tu m o u r lane 

th a n  the  co rre sp o n d in g  n o rm al lane. As the  sm aller allele is fa in t, th e  

alleles have  been  desig n a ted  A an d  B and  the ir positions are  sh o w n  nex t 

to  th e  a u to ra d io g ra p h . T he fu ll n a m e s  of th e  p ro b e s  a n d  th e ir  

ch rom osom al p o sitio n  is g iven in  Table 13.



1 0 11 25 47

CD20 

[)11S146 

FGF3, FOLRl

TYR

STMY1 

D11S144

D11S147

1/, D ll SI 46

D11S146

•  FGF3
I T

i

FOLRl
#

FGF3

FOLRl

A

B1

B2

FGF3

1 % :
STMY li

D11S146

I



D11S29

32 37 47 48

  150 bp

CD3D 90 bp

F igu re  29 PCR-LOH  on chrom osom e l l q

SSLP p rim ers  p a irs  L 7 .1 /2  { D11S29)  and  M fd69 (C D 3D ) w ere  u sed  to 

a m p lify  g en o m ic  D N A  fro m  n o rm a l- tu m o u r  p a irs . In  eac h  case , 
ly m p h o cy te  D N A  is on  the left, tu m o u r on  the  righ t. LO H  is seen  w ith  

b o th  m ark e rs  in tu m o u r 37 and  h e te ro zy g o sity  is re ta in ed  in 32 an d  47. 

W ith  tu m o u r  48, th e re  is L O H  a t D 1 1 S 2 9 ,  b u t  th is  s a m p le  is 
constitu tio n a lly  hom ozygous at CD3D.
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SSLP PCR-LOH. Examples of the results obtained with the PCR primers 
L7.1/2 (D11S29) and Mfd69 (CD3D) are shown in Figure 29. Sample 47 
showed LOH with D11S147, an RFLP marker, at Hq23.3-qter (Figures 27 
and 28), but retention at D11S29 and CD3D (both at Hq23.3) (Figures 27 
and 29).

LOH and am plification of RASH . In order to ascertain w hether or not 
LOH and amplification on l lq  was due to loss a n d /o r  duplication of the 
whole chromosome, we used a probe derived from the RASH gene, at 
llp l5 .5 . Our results using this probe, pUCEJ66, (LOH 2/13, amplification 
2/26) confirmed that l l q  events were specific to that arm. The two 
tum ours w ith  am plification at RASH retained heterozygosity. The 
conclusion that amplification and not loss had taken place was based on 
repeat hybridisation w ith probes from other chromosomes (data not 
shown). Loss and reduplication was probably present in one case 
(tumour 48), but in the other case, LOH was present on l ip  only.

S ou thern  analysis of A L L  at Hq23. The data suggest that there is 
retention of heterozygosity at CD3D but LOH at D11S147 in three cases. A 
num ber of different leukaem ia/lym phom a translocation breakpoints 
occur w ithin a megabase of CD 3D. The gene ALL-1 m aps about 200kb 
telomeric of CD3D (Ziemin-van der Poel et al., 1991). Cimino et al. (1992) 
have dem onstrated  rearrangem ents of this locus in hum an acute 
leukaemias using a 500bp fragment (FA4) that recognised a 9kb germ line 
fragment on BflmHl-digested Southern blots. The altered bands were 4- 
19kb in size. Therefore this locus was studied in a series of Bam H l-  
digested OCs by Southern hybridisation with F A4. However, we did not 
note any altered fragments in 28 OCs (data not shown).

PFGE analysis of CD3D at Hq23. Analysis of regions adjacent to CD3D by 
PFGE has shown rearrangements in some acute leukaemias (Ziemin van 
der Poel et al., 1992). Ovarian cell lines SKOV3, JA-TIP, Tri-75, JAMA, 
OV-32 and OV-33 were prepared in agarose blocks and digested w ith 
Notl, BssHII, M lul,  EcoRI, Smal, Sacll, Xhol, N ru l  and Sfil. PFGE was 
carried out under various conditions using the CHEF apparatus (Biorad). 
On probing the resulting Southern filters w ith a cDNA encoding CD3D 
(Malhotra and Concannon, 1989), no alterations in any bands were seen
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in this study (data not shown). The PFGE Southern blots were prepared 
in our laboratory by Dr. G. Allan.

LOH and grade. LOH on l l q  was more common in advanced tum ours 
(Table 16), but this trend was not significant. The lack of significance may 
be due to the small num ber of tum ours studied, w ith a bias tow ards 
advanced tum ours. There was also no significant correlation betw een 
histological type and LOH on llq .

Table 16. LOH on l l q  by histopathological grade

Grade LOH (%)
1 0/3(0)
2 4/7(57)
2-3 0/3 (0)
3 10/15 (67)

5. Discussion

FOLRl expression in OC.
FOLRl, as detected by M Ovl8 antibody, is widely over-expressed on the 
surface of the serous and undifferentiated ovarian adenocarcinomas in 
this series. The focal nature of IHC positivity seen in this series has not 
been described before, and an explanation is not obvious. The membrane 
reactivity, generally greater in higher grade tum ours could represent 
actively transporting FOLRl. Where the FOLRl does not appear to be 
associated w ith the m em brane, the transport function m ay be in 
abeyance. This may have implications for targeted and analogue therapy.

A utoradiographs of ovarian norm al-tum our pairs w ith probes around 
FOLRl  showed no correlation between positive M Ovl8 staining and 
either LOH or amplification. Over-expression of FOLRl in ovarian 
carcinoma is thought to be the result of increased transcription, bu t the 
mechanism by which this occurs has not been elucidated (Campbell et al., 
1991). H ow ever, as our results have dem onstra ted  th a t ne ither 
am plification nor LOH can explain this elevation, the m echanism  is 
probably not genetic in origin but may relate to local factors such as low
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levels of folate and subsequent upregulation of expression of the FOLRl  
gene (Campbell et al, 1991).

Am plification of l l q  in tumours.
There has been extensive investigation of l lq l3  in a large num ber of 
solid and haematological tum ours (Lammie and Peters, 1991). The region 
appears to contain a num ber of cancer-related genes, and on average, 
betw een 5 and 50% of tum ours of various types show  m odest 
amplification of some or all of this large band. Amplification at l lq l3  in 
our study was at a frequency similar to the 1/16 cases reported in OC by 
Sasano et al. (1990a) which is at the lower end of the range previously 
reported for other tumours. The copy num ber is slightly lower than that 
reported in breast cancer, which is usually 3-10 fold (Lammie and Peters,
1991). It is likely that the gene(s) around the bell breakpoint (Motokura et 
al., 1991; Rosenberg et al., 1991; Schuuring et al., 1992;) is driv ing 
amplification seen in OC.

LOH at Hq23 in OC.
In contrast to the low level of LOH at l lq l3 , 67% LOH at Hq23.3-qter has 
been shown. The minim um  region of LOH is telomeric to the Mfd69 
m arker at CD3D (Hq23.3). This suggests a deletion or a recombination 
event is occurring just centromeric of D l l  SI 47 in Tumours 10, 25 and 47 
(Figures 27-29). A num ber of cytogenetic reports in ovarian tum ours 
have noted the consistent, but infrequent finding of translocations and 
deletions involving Hq23-q25 (Jenkyn and McCartney, 1987; Pejovic et 
al., 1989; Bello and Ray, 1990; Pejovic et al,  1992). Interestingly, a 
translocation, t(l;ll)(q25;q23) was seen as the only karyotypic abnormality 
in a m ucinous cystadenoma (Pejovic et al., 1990), suggesting that such 
translocations may be significant early events in the pathogenesis of 
m alignant ovarian neoplasia.

Hq23 deletions and translocations in lymphoproliferative neoplasia.
H ow  these reports in ovarian tum ours relate to the m uch m ore 
com m only seen (and better characterised) H q23 translocations in 
haematological disorders is unknown at present, but interestingly, data 
from studies in acute leukaemia and lymphoma found that one of the 
breakpoint regions (MLL/ALL-1)  present on chromosome Hq23 in a 
num ber of different haematological malignancies is approximately 200kb
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telomeric to CD 3D. New bands were seen in PFGE when Notl  and Sfil- 
digested DNA were subjected to PFGE and probed with CD3D (Ziemin- 
van der Poel et al., 1991). No similar band shifts were noted in these OCs. 
Figure 30 dem onstrates the LOH seen in three tum ours at D l l  SI 44, 
D11S29, CD3D and D11S147.

D11S144

cen

Approx. position of breakpoint in ieukaemias

D11S29 CD3D D11S147 

qter

Distance: cM 7.8 1.8 5.5
Theta 0.08 0.02

10 ND ND O e
25 O ND ND e
47 O O O e
Figure 30 LOH in OC at Hq23.

The most likely order of the loci D11S144, D11S29, CD3D and D11S147 
used in this study  is shown. The distance betw een m arkers, in 
centimorgans (cM) is based on sex-averaged recombination fractions, and 
is not to scale. Theta is the female recombination rates between markers. 
The figure is based on the genetic m apping data of Foroud et al  (1991) 
and Heutink et al. (1992) and the physical data of Ziemin-van der Poel et 
al. (1991). Loss of heterozygosity in ovarian tum our pairs 10, 25 and 47 is 
shown below.

LOH, O No LOH, ND Not Done.

In fact, there are at least three translocation breakpoints in leukaemias 
and lymphomas adjacent to CD3D at Hq23. The gene ALL-1, hom ologous 
to Drosophila trithorax, is translocated from chromosome 11 to many 
chromosomes, including 1, 4, 6, 9, 10 and 19 in different hum an acute
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leukaem ias (Gu et al., 1992). Slightly telomeric lies RCK,  which is 
reciprocally translocated to chromosome 14q32 in a different subset of 
leukaem ias (Akao et al., 1992). In Non-Hodgkin's Lymphoma, there is 
another Hq23 breakpoint that also translocates to 14q32, bu t this lies 
p rox im al to CD3D (Cotter et al., 1991). Thus it is possible that 
pertu rba tions of these genes could also be relevant to ovarian  
carcinogenesis. As ALL-1 encodes a large (~15kb) cDNA it is possible that 
other fragments may be re-arranged in OC. From this study however, the 
F A4 probe, m apping to the ALL-1 cDNA at a breakpoint cluster w ithin 
ALL-1 is not frequently re-arranged in OC. This work is being continued 
in collaboration with Dr. B. Young.

Hq23 lesions in solid tumours.
The molecular studies presented here suggest that functional deletions of 
genes on Hq23.3-qter may be more common in OC than is suggested by 
the cytogenetic data. Heutink et al. (1992) reported linkage of hereditary 
paragangliomas in a large Dutch pedigree to D11S147, a probe used in the 
present study which is an anonymous DNA marker m apping to Hq23.3- 
qter. Keldysh et al. (1993) studied colorectal carcinomas by cytogenetic 
m ethods and Southern hybridisation. They confirmed their previous 
findings and show ed that 23/39 inform ative cases (59%) show ed 
deletions or LOH of some part of l lq . They found the smallest region of 
overlap of LOH (or cytogenetic deletion) to be Hq22-23. In agreem ent 
with the data presented here, they also found that by cytogenetics, whole 
chromosome 11 loss was unusual (only 1/19) and that l l q  LOH and 
deletions appeared to be occurring late in the disease process. These 
findings support the notion that there is a solid tum our-related gene 
adjacent to or telomeric of Hq23.3. This region therefore appears to be 
im portant in a num ber of different tum our types. An expanded LOH 
study using newer polymorphic markers from H q23.3-llq ter (Tanigami 
et ah, 1992) should lead to finer m apping of this deletion in ovarian 
cancer.

Fragile sites and cancer-related breakpoints.
It is notew orthy that two fragile sites (FRAllB, rare and folic acid 
sensitive, and FRA llG , common and aphidicolin sensitive) are present 
at H q23.3. H ow ever, there are no published  reports of possible 
involvem ent of these two sites in the evolution of any hum an cancer.
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nor are they thought to be coincident upon known breakpoints. Support 
for the fragile site hypothesis of cancer appears generally to be waning 
(Hecht, 1988) and although it is possible that random  chrom osomal 
breakages occur more frequently at fragile sites in the later stages of 
neoplasia, there are no data to support a causal role.

6. Conclusions
The data presented here suggest that LOH and amplification on l l q  are 
quite distinct events that involve separate regions of the chromosome. 
We have show n by LOH studies that the m inimal region of LOH on 
chromosome l l q  in OC is Hq23.3-qter. No re-arrangements were seen in 
ALL-1 or in the vicinity of CD3D. Immunohistochemistry has confirmed 
that FOLRl is over-expressed on the surface of nearly all ovarian serous 
adenocarcinom as. This suggests that there may be some therapeutic 
benefit in targeting this molecule.
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Chapter 6
Mutation analysis and loss of heterozgosity 
on chromosome 17.

1. Introduction

The cloning of putative TSGs has been made easier by the use of LOH to 
localise the sm allest region of overlap of LOH, or if possible the 
m inim ally deleted region. It is assumed that the TSG will lie w ithin 
these boundaries. However, only one putative TSG, DCC has actually 
been positionally  cloned w ithout any linkage inform ation. W hen 
convincing LOH data are combined with positive linkage information 
from families in whom susceptibility to the tum our in question appears 
to be inherited, the likelihood that a TSG is nearby is strong. This of 
course is based on two assumptions, which may or may not be correct-
1). The cancer gene in question is a recessive TSG.
2). LOH cannot be accounted for by some other gene(s) m apping to the 
same band, or arm of the chromosome.

Early-onset familial breast cancer was linked to an anonymous VNTR, 
pCMM86 (D17S74), m apping to 17q22 (Hall et ah, 1990). Following this 
report, N arod et ah (1991) showed that in three out of five families 
stud ied , this m arker was also linked to both  breast and ovarian 
carcinom a occurring in those families. In all linked fam ilies, the 
inheritance pattern  appeared to be dom inant. Eccles et ah (1990) and 
Russell et ah (1990) had previously demonstrated a high degree of LOH 
on chromosome 17q in sporadic OC (i.e. that arising w ithout a clear 
genetic susceptibility) at a more telomeric rninisatellite m arker, pTHH59 
(D17S4).

This region has not rem ained localised at D17S74.  As discussed in 
Chapter 1, there has been refinement of the localisation of the breast- 
ovarian cancer gene, B R C A l .  Hall et ah, (1992) have show n that the 
linkage is not lim ited to early-onset breast cancer families and that 
BRCAl  probably lies between the gene encoding the thyroid horm one 
receptor A (T H R A l)  and an anonymous m arker, M fdl88 (D17S579) 
(Easton et ah, 1993 and references therein). This region includes a
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num ber of known genes including estradiol 17p hydrogenase 2 (17HSD2) 
(The et al, 1987). In addition, chromosome 17 contains genes known to 
act as tum our suppressors (TP53,NF1, THRAl, N M El) ,  as well as other 
genes where loss or disruption of one or both copies might aid tum our 
progression [Retinoic acid receptor a , Prohibitin (PHB)]. Initially, in this 
study three VNTRs, D17S74, D17S4 and LCN5A2 (D17S308) were used to 
ascertain whether the high frequency of LOH seen at D17S4 in sporadic 
OC might extend as far as D17S74. The study was then extended to cover 
large regions of chromosome 17, but still focusing on the region known 
to be linked to familial breast-ovarian cancer. In the extended study, 27 
adenocarcinom as (5 und ifferen tia ted , 15 serous, 4 m ucinous, 3 
endom etrioid) and one mixed müllerian tum our (as shown in Table 5, 
page 93, m inus tum ours 71-91) were studied using ten markers in the 
17ql2-21 region as well as eleven o ther m arkers m app ing  to 
chromosome 17. The aim of this work was to see whether the flanking 
markers would reveal small interstitial deletions, or conversely, whether 
mitotic recombination a n d /o r  non-disjunction were more likely to be 
the mechanism by which the allele loss occurred. Candidate genes were 
studied by Southern blotting and SSCP. In addition, ten benign tum ours 
(one serous cystadenoma, two mucinous cystadenomas, three borderline 
serous tum ours, tw o borderline  m ucinous tum ours, one benign 
teratoma and one thecoma) were studied with one 17p probe, D17S34 and 
three 17q probes, D17S74, D17S4 and D17S308.

The TP53 gene is probably the most commonly m utated gene in hum an 
cancer (Hollstein et al,  1991) and LOH on 17p, at or near TP53 is present 
in more than 45% of all OCs studied. Over-expression of TP53 protein is 
though t to be largely due to the presence of m utations in the 
evolutionary-conserved regions of the gene which increase the stability 
of the protein. Marks et al  (1991) provided evidence for this in OC, when 
they sequenced conserved exons of TP53 in three of 54 cancers over
expressing p53 and noted point m utations in all cases. Furthermore, it 
was shown by SSCP analysis that mutations in TP53 were accompanied 
in eight out of nine cases by loss of the wild type (non-mutated) allele, 
thus supporting  the hypothesis that T P 53 is acting as a tum our 
suppressor gene in OC (Okamoto et al., 1991). We therefore used two 
polym orphic TP53 markers (Table 17) to assess the frequency of LOH at
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this locus. In addition, 35 ovarian tum ours, including 27 OCs were 
studied by IHC using the mouse polyclonal antibody CMl.

Several reports have suggested that there may be another gene on 17p at 
17pl3.3, distal to TP53 (17pl3.1) which is acting as a tum our suppressor 
gene or gene regulator in breast cancer (Coles et ah, 1990; Sato et al., 1990; 
Thompson et al., 1990; Anderson et al., 1992). Tsao et al. (1991) have also 
noted this phenom enon in ovarian tum ours. Therefore, the telomeric 
region of 17p was analysed with four probes, in addition to the two TP53 
m arkers, to assess whether or not our results provide support for these 
reports.

2. Probes, SSLPs and immunohistochemistry 

Table 17. Chromosome 17 probes used in this study.

Locus and probe Map position Restriction
enzymes

Reference

D17S34 (pl44D6) 17pl3.3 VNTR Kondoleon et a l  1987
D17S28 (YNH37.3) 17pl3.3 VNTR Nakamura et al. 1988
D17S5 (YNZ22.2) 17pl3.3 VNTR Nakamura et a l  1988
D17S31 (MCT35.1) 17pl3.1 M s p l Nakamura et al. 1988
TP53 (p53) 17pl3.1 B g lU Harlow et a l  1985
TP53 (SSLP) 17pl3.1 - Jones & Nakamura 1992a
D17S136 (A34) 17ql2 M s p l Yagle et a l  1990
D17S146 (B412) 17ql2 M s p l Yagle et a l  1990
THRAl (SSLP) 17ql2 - Futreal et a l  1992
D17S174 (D14) 17ql2 Taql Yagle et a l  1989
D17S579 (Mfdl88) 17ql2-21 - Hall et a l  1992
PHB (pHG7Bg4) 17q21 EcoRl White et a l  1991
PHB (PCR polymorphism) 17q21 - Unpublished, D. M. Black
D17S180 (E55) 17q21 B g lU Solomon & Ledbetter 1990
D17S293 (6C1) 17q21 - HaU et a l  1992
D17S41 (LEW102) 17q21 P s tl ,  Taql Nakamura et a l  1988
NMEl (nm23Hl) 17q21-22 B g lU Hall et a l  1992
NMEl (SSLP) 17q21-22 - Varesco et al. 1992
D17S74 (pCMM86) 17q22 VNTR Nakamura et a l  1988
D17S4 (pTHH59) 17q24 VNTR Nakamura et al. 1988
D17S308 (LCN5A2) 17q24 VNTR Solomon & Ledbetter 1990

In add ition  to the chrom osom e 17 m icrosatellites, we used  the 
microsatellite M fd ll, at D19S49 (Weber et al. 1990b), to ascertain whether 
the LOH seen w ith the microsatellite repeats was specific to chromosome 
17.
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The IHC methods used are briefly outlined here. The IHC was carried out 
by Dr. Clare Macfarlane (Institute of Cancer Research). The analysis of the 
slides was carried out in with the assistance of Professor Barry Gusterson 
(Institute of Cancer Research) and Dr. Gordon Stamp.

Polyclonal antibody: CMl is a mouse polyclonal antibody raised against 
the full-length hum an TP53 expressed in E.coli using a modified TV- 
based  ex p ress io n  vector. It recognises a 53 kD b an d  by 
im m unoprécipitation.

Serial sections (4 p.M) were taken from 39 form alin-fixed paraffin 
em bedded ovarian tumours: 18 serous tumours including 16 carcinomas, 
1 adenom a, 1 borderline), 9 m ucinous tum ours (2 carcinom as, 4 
adenomas, 3 borderline) 2 endometrioid carcinomas, 5 undifferentiated 
carcinomas, 2 mixed m üllerian tum ours and 4 other tum ours, one of 
w hich was a non-ovarian tum our (leiomyoma). Briefly, the sections 
were dewaxed and rehydrated and then blocking was carried out using a 
1:20 dilution of goat serum. A 1:2000 dilution of CMl was incubated on 
the sections overnight at 4°. The sections w ere then exposed to 
biotinylated goat anti-mouse IgG and Streptavidin-HRP, followed by a 
d iam in o b en z id en e  so lu tion  w ith  hy d ro g en  perox ide . M ayer's 
haem atoxylin was used as a counterstain. Controls included non- 
immune serum  and positive controls (breast cancers with known TP53 
m utations).

3. Results: LOH

The DNA extracted from the 28 tumour-norm al pairs was analysed on 
Southern blots and polyacrylamide gels where appropriate, using the 
fifteen RFLP DNA probes and the six PCR prim er pairs. A complete 
record of the results achieved with the m alignant tum ours using all the 
chromosome 17 markers is shown in Figure 31. M fd ll, at the D19S49 
locus, used a control minisatellite repeat, showed LOH in two out of 
thirteen informative cases (15%, data not shown). Loss on 17p, 78% 
overall, was extremely frequent at all the loci studied, as shown in Figure 
31. Of informative cases, most could be explained by loss of the whole 
arm, and in some cases by loss of the whole chromosome.
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Two cases (Figure 33B& C) showed clear evidence of retention at D17S28 
w ith loss at flanking markers, D17S34 and D17S5. Although these cases 
w ere a sm all proportion  of the total, these results m ay im ply the 
presence of a tum our suppressor gene at the telomere of 17p, in addition 
to the loss seen centromeric of D17S28, all of which can probably be 
explained by the TP53 gene. No LOH was seen at D17S34 in any of the 
benign or borderline tum ours (seven informative cases, data not shown).

S31
TP53

2 .3 - -2  .3221 .33-

THRA1 
S579 
SI 80

Figure 32. A karyogram of chromosome 17. The probe loci illustrated in 
Figure 33 are shown adjacent to their approximate map position.

149



Figure 33 Selected examples from chromosome 17 LOH (Figure 31).

The locus names are shown next to the bands. As all probes m ap to 
chrom osom e 17, D17S34 has been abbreviated to S34, for example. 
Tum our num bers are indicated below the panels. In each pair, the 
lym phocyte DNA is on the left and the tum our DNA on the right. 
Loading of the pairs of samples was approximately equal except for pair 
24, w here more DNA was loaded into the tum our lane. A: Tumour 24 
shows LOH over the whole chromosome. B: Tumour 37 and C: Tumour 
42 show LOH at S34, S5, TP53 and on 17q, but retention at S28. D: 
Tum our 47 is the one example of LOH over the whole of chromosome 
17 except for the telomeric region (S4).
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The frequency of LOH on 17q (75%) was at a similar level as that on 17p. 
Once more, a large proportion of cases of LOH (20/21, 95%) can be 
explained by loss of the whole arm. Only one case, 47, was suggestive of a 
smaller region of LOH (Figure 33D). The LOH involved the B R C A l  
region. As there was also LOH on 17p in this case, it is difficult to be 
certain  as to the significance of this case, b u t it m ay represent 
translocation of the retained segm ent w ith loss of the rest of the 
chromosome. Because of the events on 17p, 18/21 (86%) cases of loss on 
17q can be explained by nondisjunction with or w ithout reduplication of 
the whole chromosome (Table 18, Figure 31). None of the ten benign 
tum ours (nine of which were inform ative for one or m ore probe) 
showed LOH with D17S74 , D17S4, or D17S308 (data not shown).

Loss of heterozygosity on 17p and q was analysed by histopathological 
subtype, and the results are shown in Table 18. LOH was almost equally 
frequent in all the five subdivisions, except mucinous adenocarcinomas, 
where no cases of LOH were seen.

Table 18. Loss of heterozygosity by histopathological subtype

Histopathological subtype LOH
onl7p

LOH
onl7q

LOH of all 
informative 
17p markers

LOH of all 
informative 
17q markers

LOH of all 
informative 
markers on 
17p & 17q

Undiff. adenocarcinoma 5/5 5/5 5/5 4/5 4/5
Serous pap. adenocarcinoma 13/15 13/15 12/13 13/13 12/13
Mucinous adenocarcinoma 0/3 0/4 - - -

Endometrioid adenocarcinoma 2/3 2/3 1/2 2/2 0-1/2
Mixed Müllerian tumour 1/1 1/1 1/1 1/1 1/1
Totals (%) 21/27 (78) 21/28 (75) 19/21 (90) 20/21 (95) 18/21 (86)

Three of these four mucinous tumours were grade 1 however, the other 
being grade 3 and therefore the absence of LOH in these cases m ay be 
related to the grade rather than the histopathological subtype. Table 19 
shows that LOH on both 17p and 17q was more common in late stage 
tumours, but significant loss was seen in all grades of tum our other than 
grade 1.
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Table 19. Loss of heterozygosity on 17p and q by histopathological grade

Grade
(no. of cases 
per grade)

LOH on 17p (%) LOH on 17q (%)

1(3) 0 0
2(6) 5(83) 5(83)
2-3 (3) 3 (100) 3 (100)
3(16) 13 (81) 13 (81)

4. Results: TP53 immunohistochemistry

The IHC was carried out as described above. The results are summarised 
in Tables 20-22. In the latter case, a comparison is made between EHC and 
LOH.

Table 20. Immunohistochem istry results: CM l in  ovarian carcinoma

Serous Mucinous Endometrioid Mixed Müllerian Undifferentiated

Positive IHC 10 0 1 0 3

Negative IHC 6 2 1 2 2

Totals 16 2 2 2 5

From Table 20 it can be seen that only serous carcinomas showed 
frequent positive IHC. The sample size of the all the other tum our types 
is small however. Examples of the IHC results are shown in Figure 34a 
and b.

Table 21. Im munohistochem istry results: CM l in benign ovarian 
tum ours

Serous

adenoma

Mucinous

adenoma

Serous

borderline

Mucinous

borderline

Miscellaneous^

Positive IHC 0 0 0 0 0

Negative IHC 1 4 1 3 4

Totals 1 4 1 3 4

 ̂Includes: teratoma, endometriosis, leiomyoma and thecoma
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Figure 34a (top) A poorly  d ifferen tia ted  adenocarcinom a

T his d e m o n stra te s  s tro n g  s ta in in g  of the tu m o u r nuclei w ith  the  anti- 
TP53 an tibody  C M l. The cellu lar strom a is negative.

Figure 34b (bottom) A grade II pap illa ry  serous adenocarcinom a

S trong  TP53 im m uno reac tiv ity  is seen



No benign tumours showed positive IHC with CMl. This suggests that 
m utations in TP53 are uncommon in benign ovarian tumours. It is 
possible that there are a few foci of positive cells in ovarian adenomas, as 
has been reported in colonic adenomas (Pignatelli et al., 1992).

Table 22. A comparison of imm unohistochem istry and LOH at TP53 in 
ovarian carcinomas

LOH present! LOH absent Totals
Positive IHC 12 2 14
Negative IHC 9 4 13
Totals 21 6 27

The correlation between LOH at TP53 and positive IHC is not significant.

5. Results: Candidate genes- Southern and mutation analysis

Southern hybrid isations. During the course of LOH studies, candidate 
genes from 17q were examined by hybridising cDNA probes from the 
relevant genes onto Southern blots from norm al-tum our pairs of DNA 
digested w ith the appropriate restriction endonuclease: BatnHl, Bglll, 
EcoPl, Hinfl, Mspl, Pstl, PvuU and Taql. Using this method, no genomic 
alterations were seen using cDNAs encoding ERBB2,17HSD2,1A1.3B,  
IGFBP4, WNT3, PHB and N M E l  (formerly nm23-Hl) (data not shown). 
ERBB2 is sited proximal of THRAl) 17HSD2, 1A1.3B and IGFBP4 m ap to 
the interval THRA1-D17S181  and are therefore B R C A l  candidates 
(Bajalica et al., 1992; Black et al., 1993; D.M. Black, p e rso n al 
com m unication), whereas PHB, WNT3 and N M E l  are below D17S181 
and are therefore not in the appropriate region to be considered as 
candidate genes.

Ovarian cell lines SKOV3, JA-TIP, Tri-75, JAMA, OV-32 and OV-33 were 
prepared in agarose blocks and digested with Notl, BssHII, Mlul, EcoRl, 
Smal, SacU, Xhol, N ru l  and Sfil. PFGE was carried out under various

LOH was said to be present if LOH was seen with either an RFLP or a SSLP. In three 
tumours, neither of thse markers were informative, but several markers on the same arm 
all showed either LOH or no LOH. These results are included in the appropraite columns.
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conditions using the CHEF apparatus (Biorad). On probing the resulting 
Southern filters w ith the 1A1.3B cDNA, no alterations in any bands were 
seen in this study. The PFGE Southern blots were prepared  in our 
laboratory by Dr. G. Allan. The hybridisations were carried out by K. 
Jones (Somatic Cell Genetics Laboratory).

M utation  analysis of exon 4 of Prohibitin . As m entioned above, no 
rearrangem ents were seen with the PHB cDNA by Southern blotting, but 
as Sato et al. (1992) reported that exon 4 of PHB showed m utations in 
breast cancer, prim ers were used for this exon in order to establish 
w hether m uta tions w ere also p resen t in OC. The p rim er pa ir 
com binations described in Sato et al. (1992) did not work, bu t it was 
found that the combination of the published 3' prim er used to amplify 
the prohibitin gene, w ith a new 5' oligonucleotide prim er (designated 
prim er C) covered exon 4. In addition, a polymorphism (0.8/0.2) was also 
detected w ithin intronic sequence 5' of exon 4. From the appearance of 
the non-denatured strands on SSCP, the polymorphism can be seen to be 
due to an insertion/deletion. This work was initially carried out by Dr. 
D.M. Black.

Eight OCs w ith LOH of 17q were studied by SSCP. No band shifts 
consistent with m utation were seen, but LOH was confirmed (data not 
shown). This could also be seen by perform ing non-radioactive PCRs 
using prim er combination C and 3 and loading the samples onto 2% 
agarose gels. In the infrequent case where there is polym orphism , the 
LOH can clearly be seen (Figure 35 overleaf).
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Figure 35 Agarose gel of PCR products from the prohibitin gene.

PCR amplification of exon 4 of the prohibitin gene using primers C: 5'- 
CACTGACTTGAGGATCTCAG-3' 3: 5-CAGGAAACTAGCAGCCACAT- 
3' Lane 1: H^7cIII-digested 0X174, with selected molecular weight markers 
shown to the left. Lanes 2 and 3: LOH seen with lym phocyte/tum our 
pair 7.

Incidentally, exon 4 of PHB was also analysed in 100 premenopausal 
breast cancers. No band shifts consistent with mutations were seen (H. 
Nicolai and D. Black, unpublished observations).

M utation analysis of 1A1.3B. A  number of candidate genes have been 
found to map to the interval THRA1-D17S579. One of these which has 
been analysed in collaboration with Dr. Ellen Solomon (Somatic Cell 
Genetics Laboratory, I.C.R.F.) is the gene 1A1.3B. This cDNA was 
provided by Dr. R. Bast (Duke University, N. Carolina). cDNA was 
prepared from the OC cell line OVCA432 and ligated into a Lambda ZAP 
expression vector (Stratagene) and BB4 cells were infected with the 
recombinant phage. The clone was isolated by screening the library with 
a purified polyclonal antibody (PAb357) raised in a rabbit against the 
high-molecular weight fraction of a pleural effusion from a patient with 
OC. In such situations, pleural effusions are known to be rich in CA125. 
This macromolecule is thought to be composed of an aggregate of
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glycosylated proteins with a total molecular weight of > 1000 kD. The 
clone was found to map within the linked region by fluorescent in situ 
hybridisation, somatic cell hybridisation and PFGE (this work was done 
in collaboration with Dr G. Senger). The entire cDNA (4.5 kb) was 
sequenced in our laboratory by Dr. I. Campbell. The cDNA recognises a 
4.5-4.8kb species on Northern hybridisation and as discussed above, no 
abnormalities were noted in 30 OCs by Southern hybridisation. The 
putative structural motifs are shown below.

200 a.a 250 a.a

N

B-Box Coiled coil Acidic region

Figure 36 Cartoon of 1A1.3B product.
Putative motifs are marked below the hatched areas

Immunohistochemistry of a wide variety of malignancies and normal 
tissues by Dr. Gordon Stamp (R.P.M.S) has shown that the two antibodies 
exhibit a very similar staining pattern (Figure 37a-d). Significant 
differences in staining pattern was seen in two colon carcinoma cell lines 
(HT29 and SW1222) that were negative for OC125 but positive for PAb357 
(data not shown). It may be that in these two lines the component of 
CA125 recognised by OC125 is not expressed, whereas that recognised by 
PAb357 is detected appropriately.

In view of these findings, the gene has been subjected to m utation 
analysis in DNA sporadic OC and from breast cancer families and 
prem enopausal sporadic breast cancers (Somatic Cell Genetics 
Laboratory). Only the results of mutation analysis in OC will be described 
here, but they do not differ in substance from the results seen in sporadic 
breast cancer and in lymphocytes from BRCA 2-linked family members 
(H . N ic o la i  a n d  D.M. B lack, u n p u b l is h e d  d a ta ) .
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Figure  37a (top left) A w e ll-d iffe re n tia te d  p a p illa ry  se ro u s 
cystadenocarcinoma

This cryostat section shows cell surface staining with rabbit polyclonal 
antibody PAb357. This is localised mainly to the apical membrane.

F igure 37b (top righ t) A w e ll-d iffe ren tia ted  p a p illa ry  serous 
cystadenocarcinoma

Staining of the next section with the mouse monoclonal antibody OC125 
gives an almost identical pattern. The heterogeneity of staining w ithin 
the tum our is not an artefact.

Figure 37c (bottom left) A benign serous cystadenoma

This cryostat section is stained w ith PAb357. A lthough cytoplasmic 
staining is present, apical membrane staining is more pronounced.

Figure 37d (bottom right) A benign serous cystadenoma

The next section from 37c, stained w ith  OC125, show s an exact 
correlation with PAb357.
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Figure 38 A cartoon of the 1A1.3B cDNA.

The num bers below the horizontal line refer to the num bering of the 
exons w ithin the cDNA, the numbers above refer to the first nucleotide 
of each exon. The w idth of the black bars corresponds to the size of the 
exons in bp.

<100 >101,<150 I >151,<1500 >1500bp

The final exon includes 3' untranslated sequences that have not been 
analysed by SSCP. The prim ers used for PCR-SSCP will be published 
elsewhere. The intron-exon structure was determined by D.M. Black and 
H. Nicolai.

Results

The cDNA is 4.4kb long and is composed of 19 exons. Each exon was 
subjected to mutation analysis in between 20 and 35 OCs. Consistent band 
shifts were seen in exons 17 and 19 but the shifts were show n to be 
present in both lymphocyte and tum our DNA and therefore represent 
polym orphism s (The exon 17 polymorphism was only seen on gels run 
at 4P w ithout glycerol, data not shown).

No other band shifts were seen in the cDNA so far examined. It is 
possible that there are significant m utations in the prom oter or 3' 
untranslated region, or that mutations elsewhere affect the expression of 
this gene but so far the absence of mutations in the coding region make it 
unlikely that this gene is BRCAl.  However, the im m unohistochem istry 
results suggest that there is some relationship between CA125 and the 
antigen encoded by 1A1.3B. This work is still in progress.
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6. Discussion

LOH on chromosome 17 in OC.
Very frequent LOH occurred at all eighteen chrom osom e 17 loci 
examined in this study of OC. In most cases, the loss appeared to involve 
the whole chromosome, probably due to nondisjunction with or w ithout 
reduplication. All cases of LOH on 17q include the region in which the 
familial breast-ovarian cancer gene is thought to lie (Hall et aL, 1992), and 
one tum our showed a deletion that included BRCAl  but did not extend 
to the telomere.

Using a SSLP, there was 78% LOH at TP53. There appears to be a 
correlation between LOH on 17p at or near TP53 and m utation of the 
retained allele (Okamoto et aL, 1991) or overexpression of the TP53 
protein (Eccles et aL, 1992a). This implies that a m utation in the retained 
allele is likely to be present in a large proportion of the 78% of cases 
showing LOH at TP53. There has been some debate as to whether TP53 
m utation is an early or a late event in OC (Marks et aL, 1991; Mazars et 
aL, 1991). In our series, the three grade 1 tum ours did not show LOH at 
TP53 whereas all the informative tum ours in grade 2 and grade 2-3, as 
well as 12/14 (86%) grade 3 tum ours show ed LOH. H ow ever, the 
num bers are too small to exclude early loss. It is now widely agreed that 
in the m ultistep model of carcinogenesis, generally (and particularly in 
colorectal carcinoma) it is the accumulation of genetic dam age that is 
important, rather than the order in which these changes occur (Fearon & 
Vogelstein, 1990). The finding of 78% LOH at TP53 is probably a reflection 
of the im portant role that loss of function of TP53 plays in OC, as in 
m any other tum ours (Nigro et aL, 1989).

In addition to TP53 at 17pl3.1, several groups have suggested that there 
m ay be a gene at 17pl3.3 which is acting as a tum our suppressor or 
regulator in breast (Coles et aL, 1990: Sato et aL, 1990; A nderson et aL,
1992) and ovarian (Tsao et aL, 1991) cancer. In breast cancer, LOH at 
D17S5, which can be independent of LOH at TP53 (Coles et aL, 1990), is 
correlated w ith over-expression of TP53 mRNA (Thompson et aL, 1990) 
and therefore a gene near D17S5 that could regulate the function of TP53 
has been postulated. Whilst we did find LOH at D17S34 and D17S5 w ith 
retention at D17S28 (Figure 32B& C), all three probes map to 17pl3.3. By
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contrast, 17pl3.3 and 17pl3.1 (where D17S31 and TP53 map) were always 
lost together. The most parsimonious explanation for the data obtained 
is that LOH of TP53, a known tum our suppressor gene, accounts for the 
loss on 17p, and that the retained copy is likely to contain a m utation 
(Okamoto et aL, 1991). The nine cases (out of 21) with negative IHC and 
LOH may suggest a reconsideration of this view, but not all m utations in 
TP53 in OC result in over-expression of TP53 (Kupryjanczyk et aL, 1993).

TP53 Im m unohistochem istry.
A num ber of other groups have studied TP53 expression and LOH at 
TP53. Eccles et aL (1992a) used two m ouse m onoclonal antibodies, 
PAb240 and PAblSOl, and found that 11/15 cases of OC with LOH had 
positive IHC. Only one of 12 cases w ithout LOH had positive IHC. 
Kupryjanczyk et aL (1993) also found 11/15 cases with LOH has positive 
IHC. However, 11/16 cases w ithout LOH had positive IHC. Thus the 
correlation did not hold in both directions. In this study the figures are 
12/21 and 2 /6  respectively. There is also some question of the ability of 
any one anti-TP53 antibody to detect all cases of m utation, and 
conversely w hether positive IHC definitely means there is a m utation 
present in the TP53 gene, the latter case being rather more laborious to 
prove conclusively. Kupryjanczyk et al. (1993) have studied this in detail 
in OC. Twenty four of 30 tum ours with TP53 m utations were detected 
using the antibody PAblSOl, however, 96% of all the missense m utations 
were detected. No mutation was detected in TP53 exons 2-11 in one case 
w here IHC was positive. M utation analysis of TP53 in all the OCs 
described here is underway.

LOH on 17q in breast and ovarian cancer.
Loss of heterozygosity on chromsome 17q has been shown to be frequent 
in m ost of the studies of OC, as shown overleaf (Table 23). In Southern 
blot RFLP-based studies of chromosome 17q in breast cancer the LOH is 
generally less frequent, w ith a w ider variation, despite the strong 
evidence for an inherited breast cancer gene on proximal 17q (Hall et aL, 
1990). Loss seen varies from 9-57% (Devilee et aL, 1989; Borresen et aL, 
1990; Coles et aL, 1990; Cropp et aL, 1990; Larsson et aL, 1990; Sato et aL, 
1990; Thoralacius et aL, 1991; Anderson et aL, 1992; Cornells et aL, 1993; 
Saito et aL, 1993). Where such data are available in these series, LOH was 
always greater with telomeric markers.
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Table 23. Loss of heterozygosity in ovarian cancer on chromosome 17.

Reference % LOH on 17p § Loci studied % LOH on 17q § Loci studied

Lee
et ah (1990)

7 0 % 1 7 p l3 D17S28, S30 31% 17q25 D17S26

Okamoto 
et a l  (1991)

80% 17pl3 .1 TP53 - -

Sato
et a l  (1991)

46% 1 7 p l3 .3 - l D17S30, TP53 39% 17q21-qter D17S33, S74, S4, S24

Tsao
et a l  (1991)

64% Î7p l3 .3 -1  
37% 1 7 p l 2 - l l . l

D17S28, S5, S31, 
TP53, S71, S58, S73

- -

Zheng 
et a l  (1991)

26% 17p l3 .3 D17S5 - -

Eccles
et a l  (1992a)

55% 17pl3 .2-13.1 C3068, D17S31, 
TP53

- -

Eccles
et a l  (1992b)

50% 17pl3 .3-13.1 D17S28, TP53 70% 17q25 D17S4

Jacobs 
et a l  (1993)

53% 1 7 q l l - 2 5 D17S250, THRAl, 
S579, S509, GIP, 
HOX2, S293, S588, 
NMEl, S74, GH, S4

Cliby
et a l  (1993)

81% 17pl3 .3-11 .2 D17S5, S34, 
MYH2, S71

76 % 1 7 q D17S73,S41, S4, S77

Phillips 
et a l  (1993)

83% 1 7 p l3 .3-11.1 D17S34, S28, S30, 
TP53, S31, S58

77% 17q D17S73, RARA, 
S579, PHB, NMEl, 
S41, S74, S40, S4, S24

Yang-Feng 
et a l  (1993)

42% 17pl3 .3-12 D17S5, S28, S31, 
MYH2, TP53, S67

45% 17q21-qter D17S78, S41, S74, 
S40, S4, S21, S24

Saito
et a l  (1993)

39% 17ql2-25 .3 CI17-316, 592, 701, 
730,507, 533, 7,489, 
D17S34, 516, 710

This study 78% 17pl3 .3-13.1 D17S34, S28, S5, 
S31, TP53

75% 17ql2-25 D17S136, S146, 
THRAl, S174, S579, 
PHB, S180, S293, 
S41, NMEl, S74, S4, 
S308

Cytogenetic findings on chromosome 17 in OC.
W hilst LOH is very common on chromosome 17 in OC, cytogenetic 
aberrations of chrom osome 17 appear to be relatively infrequent. 
How ever, the two sets of data fit well if our molecular findings are 
compared with the cytogenetic data. In this series, LOH always involved

§ Averaged by region. Details in italics refer to regions covered by probes used in the 
study.
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the region of 17q which contains BRCAl,  but small deletions were not 
seen . By cy togenetic  analysis, tran s lo ca tio n s , d e le tio n s and  
isochromosomes involving chromosome 17 are uncommon, bu t loss of 
one or more copies of chromsome 17 has been reported by num erous 
groups (M itelm an, 1991). This is probably  because reduction  to 
hom ozygosity (due to nondisjunction, w ith or w ithout duplication) is 
occurring over the entire chromosome.

Mechanisms of LOH on chromosome 17.
Based on the data presented here, nondisjunction is a very common 
mechanism of LOH on chromosome 17 in DC. This does not appear to be 
the case for all chromosomes (for example, chromosome 6, chapter 4). 
There are several reasons why nondisjunction may be common. First, 
both arms of chromosome 17 contain TSGs as well as other genes where 
loss or d isruption  of one or both copies m ight aid ovarian tum our 
progression. Second, it may be that reduction to homozygosity over the 
w hole chrom osom e 17 does not p u t the tum our at a selective 
disadvantage and therefore can be tolerated. These two explanations 
w ould im ply that there are both tum our and chrom osome-specific 
m echanism s of LOH. Third, it may be that m ultiple recom bination 
events a n d /o r  interstitial deletions are occurring on both arm s of 
chromosome 17, as seen by Phillips et aL (1993) and others, and we have 
failed to detect these because we did not use a sufficient num ber of 
polym orphic probes. However, this explanation w ould require at least 
two separate genetic events and would leave only small parts of the 
altered chromosome 17 intact. Finally, whole chromosome LOH may be 
a reflection of the advanced stage of m ost OCs at time of diagnosis 
compared w ith cancers from other sites. However, there is no evidence 
that LOH on any one chromosome occurs in stages in this manner.

Interstitial deletions on 17q in breast and ovarian cancer.
Recently, SSLPs m apping close to the linked region of 17q have been 
used to look for small deletions in breast and ovarian cancer. Somewhat 
surprisingly, in breast cancer, there appears to be much greater LOH at 
these loci than at the adjacent loci studied by RFLPs (Futreal et al., 1992). 
In particular, small deletions involving T H R A l  but not D17S579 have 
been noted, w ith maximal LOH of 79% at T H RA l .  The data presented 
here obtained using similar SSLPs, shows that although LOH in this

163



region is at least as frequent as that reported by Futreal et ah, such 
interstitial deletions are much less common in ovarian cancer than in 
the report of Futreal. This has also been shown by other groups (Cliby et 
ah, 1993; Jacobs et ah, 1993; Saito et ah, 1993). More recent studies in breast 
cancer have show n that while interstitial deletions are present, they 
appear to be less common than was suggested by the first publication 
(Cornelis et ah, 1993; Saito et ah, 1993).

If BRCAl  is a classical TSG, following the model of RBI,  then functional 
loss of activity of the protein encoded by B RC A l  will be an essential 
element in breast tumourigenesis in those cases where there is linkage to 
BRC A l .  M utation and LOH of the w t chromosome may be a common 
m echanism  by w hich this occurs. By studying a large num ber of 
tum ours, the smallest region of overlap (SRO) can be defined. The gene 
is thought then to lie w ithin this region. Even more helpful is the 
finding of hom ozygous deletions which should be very near the gene 
itself (possibly less than 1 Mb). In breast and more especially OC there is 
very little consensus as to where the SROs lie. Based on current data, 
however, it does appear that there is at least one region on 17q other than 
the BRCAl  locus that is implicated in OC. These studies are summarised 
in Table 24. These results emphasise the difficulty of using LOH data in 
sporadic cancers to isolate TSGs. It is not possible to fit all the data into 
one or even two regions of LOH: at least one of the regions does not 
appear to be where BRCAl  lies. If all the data are correct, and SROs and 
interstitial deletions harbour TSGs then there are three or more TSGs on 
chrom osom e 17q. This is not inconceivable, bu t seems in tu itively  
unlikely. The second possibility is that as the num bers of tum ours 
comprising each SRO are rather small, there may be interpretative errors 
in some studies.

BRCAl  and models of inherited cancer genes.
Smith et ah (1992) showed that in all nine tumours with LOH, occurring 
in four breast-ovarian cancer families w ith  the disease-associated 
haplotype, it was the wt allele that was lost. This supports the notion that 
B R C A l  is a TSG. However, large num bers of sporadic OCs have now 
been studied, and it is intriguing that no peak of LOH is seen adjacent to 
the B R C A l  locus. Only 2 of 343 OCs in Table 24 below show definite 
in terstitial deletions that could include B R C A l .  Six others m ay be
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interstitial deletions. In addition, only 3 of 343 showed either mitotic 
recom bination event (or a deletion) that started above B R C A l .  This 
raises the alternative possibility, that B R C A l  is not a TSG, bu t is 
dom inant and that the LOH seen in hereditary and sporadic tum ours is 
accounted for by nearby TSGs. There do appear to be precedents for 
inherited cancer-predisposition genes not acting as TSGs: the gene that is 
m utated in the familial endocrine cancer syndrome, MEN2A, is the RET  
oncogene (Mulligan et al, 1993b). It was already known that there is no 
significant LOH on chrom osom e 10 in M EN2A-related tum ours 
(M ulligan et al,  1993a), which is not surprising if the gene acts in a 
dom inant fashion. Similarly, linkage to the familial colon cancer gene 
on chromosome 2p is not accompanied by LOH in tum ours occurring in 
those w ho have inherited  the  d isease-associated  chrom osom e 
(Peltom aki et al,  1993, Aaltonen et al., 1993). Thus, the LOH on 17q in 
breast and ovarian cancer may be accounted for by other genes on 
chromosome 17, such as TP53, NFl,  THRAl,  PHB and NM El.  If this is so, 
then finding interstitial deletions may not help to localise the position of 
BRCAl.  In this case, m utation analysis of all the expressed genes within 
the linked region may be the only way to exclude candidates that may not 
appear to be TSGs on the basis of deletion mapping.

Table 24. SROs and interstitial deletions on chromosome 17q in OC.

Reference Number of 
informative 
carcinomas

SRO of LOH Interstitial
deletions

Proportion of cases of 
LOH explicable by loss 
of whole of 17q (%)

Jacobs 
et a l  1993

120 NMEl-GH (17q21-23) 2: D17S74, 
D17S74 & NMEl

56/64 (88)

Phillips 
et a l  1993

28 NME1-D17S74
(17q21-23),
D17S73-S579
(17qll-21.1)

4: D17S40,
D17S74 & NMEl,
D17S73-D17S579,
PHB

15/28 (54)

Yang-Feng 
et a l  1993

47 D17S40-S4 (17q22-25) 1: D17S4 & S21 7/18 (39)

Cliby 
et a l  1993

36 SRO includes 17p and q - 26/29 (90)<̂

Saito 
et a l  1993

84 CI17-316-507
(17ql2-21.3),
CI17-516-710
(17q25.1-25.3)

- However, 
no information 
about LOH on 
about17p

25/33 (76)

This study 28 - - 20/21 (95)

 ̂This refers to loss of the whole chromosome, not just the q arm.
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Candidate gene m utation analysis.
As mentioned above, the linked region may be defined by TH R A l  and 
D17S579 (Easton et aL, 1993). Within this region lies the gene 17HSD2, 
the product of which plays a central role in catalysing the reaction 
converting the weak oestrogen, cestrone to oestradiol. The activity of 
17HSD2 is hormonally regulated in breast cancer cells. It therefore is a 
BRCAl  candidate gene. In this study, we did not find any abnormalities 
of this gene by Southern blotting and hybridisation w ith the full-length 
cDNA. Simard et aL (1993) have reported a m utation analysis of the 
w hole of this gene in four unrelated affected wom en, w ho have 
inherited the disease-associated haplotype. This group did not find any 
m utations by direct sequencing of PGR products, thus probably excluding 
17HSD2 as BRCAl.  We have not been able to completely exclude 1A1.3B 
as a candidate, but no mutations have been found in the cDNA so far 
exam ined.

7. Conclusions.
In this study it has been demonstrated that LOH on chromosome 17 is 
very frequent in OC and commonly all informative markers on 17p and 
q show LOH. Loss on 17p is often accompanied by m utation of TP53. 
Other studies, published at a similar time to ours, broadly confirm our 
work. While it is probable that BRCAl  is a tum our suppressor gene, no 
hom ozygous deletions w ere seen using anonym ous probes and 
candidate  cDNAs that m ap to the linked region. Using SSCP no 
mutations were seen in BRCAl  candidates PHB and 1A1.3B.
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Chapter 7
Discussion and Conclusions

The w ork in this thesis has clearly dem onstrated that in ovarian 
carcinoma, LOH is common on chromosomes 5 ,6 ,1 1  and very common 
on chromosome 17. By using a relatively large num bers of probes it has 
been possible to build  up a picture of the sorts of chrom osom al 
mechanisms by which LOH occurs. In addition, expression of the high 
affinity folate binding protein (FOLRl) has been shown to be increased, 
by a mechanism other than gene amplification.

In this Chapter, an overview of the published data on LOH in OC will be 
presented and some speculations as to the use of LOH and the nature of 
ovarian-specific cancer genes will be provided.

1. Cumulative LOH in OC

In this study seven chromosomal arms have been studied w ith at least 
two markers per arm (5p, 5q, 6p, 6q, l lq , 17p and 17q). In addition other 
chromosomes have been studied with only one probe per arm (lOp, lOq, 
16q, 19q). Because the same set of tum ours have been studied w ith  
m ultiple m arkers, it is possible to build up a pattern  of LOH w ithin 
individual tum ours. These data are represented in Figure 39 overleaf. 
From this it can be seen that all but one of 27 tum ours have losses on 
m ore than one chromosomal arm. Some groups have referred to the 
fractional allelic loss of a series of tum ours (Vogelstein et ah, 1989), this 
fraction being the ratio of the num ber of chromosomal arm s show ing 
LOH to the total num ber of informative arm s studied. The fractional 
allelic loss for this series of tum ours is for these seven arm s is 0.79. 
However, this figure is not based on a genome-wide allelotype and 
therefore is highly biased. Other groups, carrying out allelotypes, have 
recorded m uch lower fractions (0.23, Sato et ah, 1991; 0.35, Cliby et ah, 
1993; 0.17, Yang-Feng et ah, 1993). These three groups all found the 
highest ratios (-0.4) in high-grade serous tumours.
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Loss of heterozygosity in 27 ovarian carcinomas on seven chromosomal arms: 5p, 5q, 6p, 6q, l l q ,  17p and 17q
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Figure 39

Shown here is the result of studying the same tum our/blood pairs with a number of markers on seven different chromosomes.
0  LOH with at least one marker on the denoted arm,
O No LOH with any marker on the denoted arm,
®  No information.
t  Histopathological classification: UD, undifferentiated adenocarcinoma; SP, serous papillary carcinoma; P, papillary carcinoma; M, mucinous 
adenocarcinoma; E, endometrioid adenocarcinoma; MM, mixed müllerian tumour; S, serous carcinoma.
H Pathological grade based on criteria described in Chapter 2.



2. LOH in early and late stage OCs

Even from the relatively small numbers in this study it is clear that low- 
grade, early-stage tum ours have a lower frequency of LOH compared 
w ith high-grade, late stage tumours. (It should be noted that high-grade 
early stage tum ours are seen, but not surprisingly, these tum ours are 
rare). This is shown in figure form below.

5

4

3

2

1

4 6 72 3 510

F ig u re  40.

The relationship betw een LOH and tum our grade in this series of 
tum ours is dem onstrated. X-axis: the num ber of chrom osomal arm s 
show ing LOH (out of a maximum of seven). Y-axis: (left) N um ber of

tumours with LOH, (right) Grade. LOH per a rm ,^ ^  Grade.
Mean num ber of arms lost per tumour is 4.3, mean grade is 2.5.
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From this figure it can be seen that as the grade increases, so does the 
num ber of arms lost, out of a total of seven. As might be expected, LOH is 
not seen on every arm (resulting in a fractional allelic loss of 1) bu t there 
is peak at LOH on 4 out of 7 arms studied per tumour.

A num ber of LOH studies have attempted to find out whether there are 
particular chromosomes that show LOH in early-stage tumours. Some of 
these findings are sum m arised below. U nfortunately, a consistent 
pattern  of early and late losses does not emerge from the data from 
different studies. Indeed, it is not possible to say from these studies 
w hether there is one chromosomal locus that is specifically lost in 
adenom as, for example. In colorectal cancer, although LOH does not 
appear to be required for adenoma formation, a num ber of sporadic 
adenomas, particularly the large ones, do show LOH on chromosome 5q, 
the site of APC, responsible for FAP (Powell et al., 1992). The reason for 
this may be simply that there have not been enough large studies of 
benign ovarian tumours, so the lack of a defined locus is real rather than 
apparent. W hen genes such as B R C A l have been cloned, it will be 
possible to answer these questions.

W hat is clear from Table 25 is that LOH on chromosome 17 is very 
common in late stage tum ours. The difficulty in attributing loss of a 
chromosomal locus to early or late stages of malignancy is simply that 
even if frequent loss is only seen in late stage tum ours this does not rule 
out the possibility that the loss actually occurs in the early stages of 
tumourigenesis, but the loss at that locus results in a selective advantage. 
This is sufficient for the tum our to supplant the other clones in the 
tum our. At diagnosis this clone is predom inant. This is a kind of 
reversal of the length bias seen in some screening studies.
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Table 25. LOH: correlations with grade and stage.

•Frequency of LOH (%]

Locus

arm

or Benign Borderline Low

Grade§

High

Grade

Reference

3p NT NT^ 2/20 (10) 4/5 (80) Zheng et aL 1991

6p NT NT 2/7 (29) 19/27 (70) Cliby et a l  1993

6q NT NT 4/18 (22) 3/5 (60) Zheng et  al. 1991

lip NT NT 5/22 (23) 3/4 (75) Zheng et al. 1991

lip NT 0/2 (0) 0/6 (0) 5/9 (56)î Eccles et al. 1992c

lip 0/4 (0) 0/2 (0) 5/11 (45) 5/8 (63) Gallion et al. 1992

lip NT NT 5/15 (33) 13/28 (46) Viel et al. 1992

13q NT NT 1/14 (7) 0/3 (0) Zheng et al. 1991

13q 1/4 (25) 2/5 (40) 11/15 (73) 4/7 (57) Gallion et al. 1992

13q NT NT 0/7 (0) 18/25 (72) CÜby et al. 1993

17p 3/4 (75) 1/5 (20) 9/15 (60) 7/9 (78) Gallion et al. 1992

17p NT NT 4/17 (24) 1/2 (50) Zheng et al. 1991

17p NT NT 2/6 (33) 27/30 (90) Cliby et al. 1993

17p NT 1/3 (33) 5/6 (83) 20/22 (91) Phillips et al. 1993

TP53 1/13 (8) 1/7 (14) 5/15 (33) 17/32 (53) Eccles et al. 1992b

TP53 NT NT 3/13 (23) 6/18 (33) Okamoto et al. 1991

17q 3/23 (13) 2/16 (13) 11/20 (55) 34/44 (77) Eccles et al. 1992b

17q NT NT 2/7 (29) 26/30 (87) Cliby et al. 1993

17q NT 0/3 (0) 3/6 (50) 20/22 (91) Phillips et al. 1993

18q NT NT 3/7 (43) 28/45 (62) Chene vix-T rench 

et al. 1992

3. Loss of heterozygosity in OC: An overview

There have now been over tw enty studies of LOH in OC. The data 
extracted from these papers may be grouped together to look at large 
num bers of tumours. This gives the findings greater numerical validity. 
All the published papers of LOH in OC are sum m arised in Figure 41

§ Where information available. Low grade is Stage I-II or Grade 1-2, High Grade is any 
score greater than this.
 ̂Not Tested

Î  LOH at an adjacent locus is much less
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overleaf. It is sometimes difficult to be sure that the same data are not 
presented in two different papers, but if there is doubt then both sets of 
data are included. The references included in the analysis but not already 
mentioned elsewhere in this thesis are Vandamme et al. (1992) and Jones 
and Nakamura, (1992b).

There are four basic reasons for choosing particular chromosomes on 
which to look for LOH.

1. The position of known TSGs that may be implicated in OC, such as 
TP53 on chromsome 17p.

2. LOH reported on that chromosome in other tumours.
3. The presence of clonal cytogenetic lesions on that chromosome in OC, 

e.g. 3p, 6q and 11.
4. Linkage in families with OC to a particular region of one chromosome, 

for example, 17q.

In addition, the systematic approach-one or more m arker on each arm 
(usually telomeric) can be used to define an "allelotype" for that tumour. 
This figure contains a large amount of useful data, but it is im portant to 
note that there are num ber of biases w ith this type of accum ulative 
analysis. Regions of the chromosome where a particular group have 
shown high LOH is likely to attract other studies. However, as there have 
been three allelotypes of OC published and overall, a large num ber of 
tum ours have been studied, this effect should be minimised.

The chromosomal location of known TSGs is marked on the figure, and 
it is no surprise that frequent LOH is often seen on chromosomal arms 
known to harbour TSGs. Despite this, there are relatively few studies of 
the TSGs themselves (Table 26) and so the conclusion that the LOH on a 
particular arm can be accounted for by a known TSG m apping to that 
arm  m ust rem ain speculative. Another problem  is that these data are 
compiled from studies where only one probe per arm  was used, as well 
as studies w here m ore serious attem pts to m ap LOH w ere m ade, 
som etim es using up to tw enty probes per chromosome. These latter 
studies are under-represented. LOH m apping studies may end up w ith 
lower LOH frequency overall, bu t usually provide m ore inform ation 
about events along the whole chromosome. If only one probe per
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F igure 41

All the data from publications of LOH in OC have been collated in this Figure. The LOH for each arm  is represented as histogram s.
X axis: Chrom osom al arms;
Y axis: Loss of heterozygosity  in %age.
The dashed line is placed at 30% LOH, a percentage thought to imply significance for the presence of a TSG w ithin the region show ing LOH. 
The num bers above each of the colum ns refers to the total num ber of tum ou r/b lo o d  pairs studied for each arm .



chromosome is used (as was often the case in the earlier studies) then 
LOH on one arm may actually reflect LOH on the other arm, which will 
no t show in the results. There m ay also be environm ental factors 
influencing the pattern of LOH seen. The incidence of OC varies widely 
a round  the w orld  and it is know n tha t there is geographical 
heterogeneity  of chrom osome aberrations in some hum an cancers 
(Johansson et al., 1991). Therefore there may be considerable differences 
hidden w ithin the data.

Figure 41 indicates that ten chromosomal arms show greater than 30% 
LOH. This figure has been chosen as it is often regarded, som ewhat 
arbitrarily, as the level of significance for LOH, implying that TSGs are 
likely to be located within regions showing 30% LOH or more. Others 
have chosen 25% (Seizinger et al., 1991). Does this mean that there are at 
least ten TSGs of importance to OC? At the moment it is not possible to 
answer this question. One problem is cause and effect. Whilst LOH at a 
site known to be linked to a familial form of the disease is highly likely 
to be causal in the pathogenesis of a carcinoma, LOH elsewhere is more 
problematic. As genes, such as TP53, which control the cell cycle become 
m utated, there is increasing likelihood of errors in DNA replication. 
This can lead to nondisjunction, mitotic recombination and deletion. If a 
large num ber of events occur together at one cell division, then they may 
be selected for on the basis of only one such event being advantageous to 
tum our grow th. The events on other chrom osom es are neu tra l 
bystanders which do not have any disadvantage or advantage to the 
cancer cell.
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Table 26. Hum an tum our suppressor genes: involvem ent in ovarian 
carcinom a

Gene^ Aberrant in the germ line in 
hereditary cancer syndromes?

Somatic 
mutations ?

Aberrant in OC?

A P C Yes, familial adenomatous polyposis No No published reports, 26% 
LOH on 5q^

D C C No No No published reports, but 43% 
LOH on 18q

N F l Yes, neurofibromatosis type 1 Yes No published reports, but 54% 
LOH on 17q

N F 2 Yes, neurofibromatosis type 2 No^ No published reports, 33% 
LOH on 22q

TP53 Yes, Li-Fraumeni syndrome and 
variants

Yes Yes, deletions, nonsense and 
missense mutations. Positive 
IHC§ (see text for discussion)

RE Yes, retinoblastoma Yes One case of probable 
homozygous deletion, 44% 
LOH on 13q

V H L Yes, von Hippel Lindau syndrome Not yet tested No published reports, LOH 
23%

W T l Not in aU cases of familial WT, but 
has been seen in a father and son 
with WT. Also seen in association 
with genital abnormalities

No No (Bruening et al. 1993), but 
up to 50% LOH on lip

N ondisjunction is probably the com m onest m echanism  by w hich 
tum ours show LOH. This does not provide useful information for fine 
m apping of regions thought to contain TSGs, and it has become apparent 
that large num bers of sporadic tumours will have to be studied in order 
to build up a convincing deletion map in OC. Nevertheless, there are 
now  a considerable am ount of data, and it is w orthw hile to draw  
attention to some results show n in Figure 41 and to com m ent on 
possible future directions.

This includes inherited cancer predisposing genes that are not formally proven to be 
TSGs as weU as putative TSGs that do not appear to be associated with an inherited 
predisposition to cancer. At present, it is unclear whether N M E l ,  M C C  and ERBA  should 
be included in this list.

Somatic mutations seen in cancers not seen at an increased frequency in the inherited 
syndromes caused by mutations in that particular gene, or with non-inherited TSGs, in 
cancers other than the tumour type in which the mutation was originally reported.

 ̂In the series of OCs reported here, 50% LOH on 5q and no evidence of mutations in A P C , 
see Chapter 3.
§ Positive immunohistochemistry (IHC) is generally taken to imply mutations in the 
TP53 gene (see Chapter 6).
# G.A. Rouleau, personal communication.
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1. LOH is very frequent on chromosome 17. BRC Al, the unknow n gene 
implicated in familial breast and ovarian carcinoma is located at 17ql2- 
21, but there are num erous genes (e.g. TP53, NM El, NFl, prohibitin) on 
chromsome 17 which could account for the LOH. Several groups have 
reported LOH on 17q outside the BRCAl region.
2. Chromosome 6q appears to show frequent LOH, around 50% overall. 
Recent studies suggest that part of 6q27 may be the smallest region of 
LOH.
3. LOH involving l i p  is common and may involve m ore than  one 
region. However, SSCP analysis of W Tl has not revealed any m utations 
(Bruening et aL, 1993),
4. One study has suggested that LOH on 18q may involve regions which 
are more telomeric than the putative TSG DCC. As DCC is a large gene, it 
will take a long time to eliminate m utations in DCC as a contributory 
factor to LOH on 18q.
5. The X chrom osom e shows LOH. X-inactivation is non-random , 
implying a clonal origin for OC. Since X-inactivation normally occurs in 
utero, LOH of specific regions subject to inactivation may suggest that 
two hits are not necessary for the disabling of putative TSGs m apping to 
the X chromosome.
6. On the basis of this 'cum ulative allelotype', other regions of the 
genome that may contain TSGs include 4p, 8p, 9p, 13q (RB is at 13ql4) 
and 22q (NF2 is on 22q) but the siting of TSGs on these arm s m ust 
rem ain highly speculative.
7. From data accumulated from num erous LOH studies of other cancers, 
it seems unlikely that there are chrom osom al arm s w here LOH is 
lim ited to OC. It may be that groups of tum ours (such as breast and 
ovarian carcinoma) show broadly sim ilar patterns of LOH, bu t tru ly  
specific loci have not yet been uncovered. G enerally speaking , 
inactivation of any one TSG is not restricted to a cell type. This m ay be 
especially true of TSGs such as TP53 and RB which have a nuclear 
localisation and are implicated in cell cycle control.

4. The role of LOH in finding TSGs in human cancers.

The use of polym orphic m arkers tha t can d istingu ish  betw een  
chrom osom al hom ologues has resulted  in an explosion of data in
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hum an genetics. The ability to link anonymous DNA sequence w ith 
disease predispositions has lead to the positional cloning of a num ber of 
genes. Similarly, the use of polym orphic m arkers has enabled the 
description of a num ber of tum our suppressor genes both by linkage and 
by com paring the genomes of non-involved and cancerous tissues for 
loss of heterozygosity of these markers.

The difficulty in cloning TSGs purely by LOH as illustrated in the work 
described in this thesis, is that most tumours exhibit loss of large regions 
of the genom e, encom passing w hole arm s or som etim es w hole 
chromosomes. This clearly will not be of use in fine m apping of genes. 
W ith standard techniques, if there are no cytogenetic or meiotic linkage 
clues to localisation, the only way around this problem is to analyse very 
large num bers of tum ours with highly polymorphic m arkers spaced at 
regular (<2Mb) intervals. By using a large num ber of evenly-spaced 
markers to study a large panel of paired norm al/tum our DNA samples it 
is hoped that the rare, small interstitial deletion will be detected. It 
remains to be seen whether an OC suppressor gene can be cloned using 
LOH in sporadic tumours, but what is clear is that there is no easy way to 
isolate these genes without accurate positional information.

There are probably  a num ber of as yet uncloned genes w hose 
malfunction play a significant role in the genesis of this cancer. From the 
w ork described in this thesis and elsewhere, chromosomes 6 and 17 are 
highly likely to harbour such genes. Work on chromosomes 5q and l l q  
rem ains more preliminary but I have shown that they too may contain 
such genes.

5. Ovarian carcinoma: genotype to phenotype

The accumulated LOH and m utation analysis data in OC suggests that 
there may be several genes involved in ovarian tumourigenesis. Linkage 
data has shown that a m utant allele of a gene on 17ql2-21 (B RC A l)  is 
crucial to the cancers occurring in most if not all breast-ovarian cancers 
families. M utation analysis of TP53 has shown that at least 50% of 
sporadic OCs show somatic mutations, and this is commonly associated 
w ith  LOH. W hile m utant TP53 is clearly implicated in m ost hum an
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cancers, it is not possible to say whether m utant BRCAl will show such 
w idespread tum our distribution. However, from the pedigrees known, 
apart from breast and ovarian cancer, only prostate cancer appears to 
occur at a (slightly) increased frequency. One might therefore speculate 
that B R C A l is at some level involved in horm onal regulation. These 
three organs are all highly-endocrine dependent and develop and regress 
prim arily  as a result of horm onal influences. Tumours arising in the 
breast and prostate, and to a lesser extent the ovary, respond to endocrine 
therapy, such as tamoxifen, LHRH antagonists and methyl progesterone 
acetate.

From an epidemiological view point, both breast and ovarian cancer 
have several endocrine-related risk factors. These include details of 
fertility and exposure to exogenous hormones, although generally these 
are stronger with breast compared to ovarian cancer and occasionally for 
exam ple, w ith contraceptive pill usage, the risks point in opposite 
directions. Aberrant forms of the oestrogen receptor (ESR), w ith varying 
transcriptional activity are known to exist in breast cancer. The ESR gene 
m aps to 6q25 and it is possible that LOH on 6q, common in both breast 
and ovarian cancer, is contributing to the expression of these aberrant 
forms. An interaction with an inherited gene on chromosome 17q would 
be an interesting way of explaining why LOH on 6q and 17q is frequently 
seen together in this series of OCs.

6. Future directions

The cloning of the retinoblastoma susceptibility gene, RBI, has lead to an 
enorm ous am ount of data concerning its role in cell cycle control, 
transcriptional activation and several other cellular processes. The same 
is true for TP53. This w ork on R B I  and TP53 has show n that the 
functions of these cancer genes are far more complex than one m ight 
have, perhaps naïvely, expected from the tum our phenotype and these 
functions are certainly not limited to carcinogenic processes. Similarly, 
b reast-ovarian  cancer genes m ay prov ide  us w ith  fundam en ta l 
know ledge of non-m alignant as well as m alignant events in breast, 
ovarian and other tissues.
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The description of inherited cancer genes greatly improves the possibility 
of predicting the occurrence of the associated cancers and provides some 
hope that the tumours can be detected at a sufficiently early stage to allow 
complete removal, leading to cure. In addition, the m utant genes or their 
products could themselves be targets for DNA or RNA-based therapy. 
Therefore it is hoped that the cloning of BRC Al will, in years to come, 
have some impact on the num ber of deaths from breast and ovarian 
cancer.

W hile know ledge of inherited cancer genes p rov ides the hope of 
successful screening of patients w ith inherited cancers, m ost cancers 
probably arise as a result of somatic events, and are not open to such 
DN A -based diagnostic investigation. H ow ever, the descrip tion  of 
m ultiple somatic steps in ovarian carcinogenesis m ay enable future 
treatments to be tailored to the tum our genotype.

During the course of this work, it has become apparent that LOH, despite 
its limitations, is a powerful technique for defining regions w ithin which 
tum our suppressor genes may lie. A num ber of recom m endations for 
future research follow from the work described here.

1. Large num bers of OCs should be screened for LOH using SSLPs and 
other polymorphic probes mapping to 6q27. In addition, cosmids should 
be used to look for homozygous deletions. At the same time, a physical 
map of the region should be assembled using YAC contigs.

2. On chromosome 17, the situation is both clearer and more difficult. On 
the one hand, linkage and LOH data support the localisation of BRCAl to 
an interval THRA1-D17S578, but interstitial deletions around this locus 
appear to be exceedingly infrequent, and some mitotic recombination or 
deletion events in OC are known to start below  the B R C A l  locus. 
Therefore, systematic m utation analysis within the linked region may be 
the most useful approach to isolating BRCAl.

3. On chromosomes 5q and l lq ,  further LOH studies are required. As 
with chromosome 6q, large number of tumours will need to be analysed 
along w ith suitable candidate genes within the regions show ing LOH.
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