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ABSTRACT

The genetic epidemiology of colorectal, breast and ovarian cancer was
investigated and used to provide risk estimates for use in clinical practice.

The risk of colorectal, breast and ovarian cancer in first degree relatives
of patients with these cancers was determined empirically from extensive
sets of pedigrees taken from patients with these cancers or from consultands.
For each of these cancers, risks were highest for those relatives of patients
diagnosed at a young age.

Complex segregation analysis showed that the familial aggregation of
colorectal, breast and ovarian cancer is most compatible with the inheritance
of dominant genes. The frequencies of these deleterious genes account for a
significant proportion of colorectal, breast and ovarian cancer in young
individuals, however, in older age groups the majority of those affected are
phenocopies. Using estimates of the probability of inheriting the deleterious
gene and the age specific penetrance enables the genetic component of risk
at different ages for relatives to be calculated. With an early age of diagnosis
the genetic risk to offspring is high, but with increasing age at diagnosis this
diminishes. This information can be used to identify more precisely those
family members at high risk of colorectal, breast or ovarian cancer and
estimate the chance that a dominant gene is responsible for any family
aggregation.

The estimates of risk, gene frequency and penetrance were used in two
family cancer clinics to determine the screening requirements of relatives of
patients with colorectal and breast cancer. Screening was targeted to the
relatives at a high risk of cancer. Detection rates for adenomas of the colon
and colorectal cancer using colonoscopy, and breast cancers using
mammography and ultrasound were high.

In conclusion, family history can be used to identify individuals at a high
risk of colorectal and breast cancer who may benefit from screening at an
earlier age than members of the general population.
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SECTION 1: BACKGROUND AND OBJECTIVES

1.1 INTRODUCTION

The majority of cancers are thought to arise as a result of tissue-specific
somatic alterations induced by environmental exposure. it is therefore not
surprising that cancer epidemiologists have traditionally focused on
identifiable factors that increase the risk of cancer in those exposed. Dietary
factors have been shown to be important in the development of colorectal
and breast cancer [Rogers and Lbngnecker, 1988, Vecchia, 1989], and the
risk of ovarian and breast cancers appears to be influenced by hormonal
factors [Van Leeuwen and Rookus, 1989; Adami et al., 1990].

There then might initially appear to be conflict with the suggestion that a
large proportion of cancers, including colorectal, breast and ovarian are
attributable to genetic factors. However, the genetic basis of cancer has lately
evolved into a virtually undisputed concept [Weinberg, 1989]. This view is
based on four lines of evidence: (1) The recognition of rare syndromes
inherited in a Mendelian fashion associated with cancer such as
adenomatous polyposis coli [Bishop and Thomas, 1990}, (2) population
studies which show that subsets of common cancers such as breast cancer
are due to inherited susceptibility [Porter and Steel, 1992], (3) the recognition
that sensitivity to the environment is genetically determined and that some
individuals are at a higher risk than others for common cancers, such as lung
cancer [Levine et al., 1989]; and (4) that inherited and environmental cancer
may be genetically the same [Knudson, 1989}, that is, the same genes may
be responsible for cancers caused by somatic alterations as for cancers
caused by inherited germ-line mutations.

This section outlines the evidence for genetic factors in the aetiology of

colorectal, breast and ovarian cancer.
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1.2 FAMILIAL PATTERNS OF COLORECTAL, BREAST AND OVARIAN
CANCER

1.2.1 Familial Patterns of Colorectal Cancer

A number of Mendelian syndromes predisposing to colorectal cancer
are recognised (Table 1). They can be divided into two groups; those with
multiple adenomas of the bowel and those associated principally with
hamartomas, although adenomas do occur. Each can be further subdivided
by the presence of either polyposis or extracolonic features [reviewed in
Haggitt and Reid, 1986; Murday and Slack, 1989; Bishop and Thomas,
1990].

Of all the inherited syndromes predisposing to colorectal cancer
adenomatous polyposis coli (APC) is the most well known and is recognised
as the condition associated with the highest risk of bowel cancer. The
prevalence of APC is at most 1 in 7000 [Neel 1954; Aima and Licznerski,
1973, DeCoffe et al., 1977, Lipkin et al., 1980], therefore its impact on the
overall burden of colorectal cancer risk is very small (less than 0.1%). Still
rarer syndromes predisposing to colorectal cancer include Turcot's, Muir-
Torre, Peutz-Jeghers, juvenile polyposis and Ruvalcaba-Myrhe; described in
Table 1.

The dominantly inherited non-polyposes colorectal cancer syndromes
may, however, be responsible for 5% of all colorectal cancers [Lynch et al.,
1988], accounting for between 8.6% and 39% of cases diagnosed before
age 50 [ Mecklin, 1987; Westlake et al., 1990].

Hereditary non-polyposis colorectal cancer syndromes (HNPCC) are
usually divided into two groups: Hereditary site-specific colon cancer
(HSSCC or Lynch syndrome type 1), which predisposes specifically to
colonic cancer, and cancer family syndrome (CFS or Lynch syndrome type
I1), in which there is a predisposition to colorectal cancer and other

adenocarcinomas including breast, ovary, uterine and stomach [Lynch et al.,
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Table 1. Inherited syndromes associated with colorectal cancer:
Adenomatous Polyposis Syndromes

Adenomatous Polyposis Coli

Multiple colorectal adenomas (typically greater than 100) develop during childhood to
early adulthood and progress to adenocarcinomas mainly in the third and forth
decades [ Bussey, 1975]. Inherited as an autosomal dominant, the gene has been
mapped to 5q21-22 [Bodmer et al., 1987; Kinzler et al., 1991a]. The population
frequency is between 1in 7000 and 1 in 30 000 [Neel 1954; Alma and Licznerski,
1973, De Coffe et al., 1977, Lipkin et al., 1980] with 10% to 47% of cases due to new
mutations [Jagelman, 1988; Bussey, 1975; Bulow, 1987]. Extracolonic features
include; multiple osteomas, epidermoid cysts, desmoid tumours and congenital
hypertrophy of retinal pigment epithelium {Gardner, 1951; Smith, 1958; Gardner,
1962; Bulow, 1987, Traboulsi et al., 1988; Chapman et al., 1989; Heyen et al., 1990].
An increased incidence of upper gastrointestinal malignancies [Domizio et al., 1990],
papillary carcinoma of the thyroid {Plail et al., 1987] and hepatoblastoma [Kingston et

al., 1983; Li et al., 1987] is now recognised in gene carriers.

Turcot's Syndrome

Characterised by adenomas of the colon (fewer than in APC), central nervous system
tumours (mainly astrocytomas), focal nodular hyperplasia of the liver [Turcot et al. ,
1959; Braughman et al., 1969] and multiple cutaneous features including cafe au-lait
patches [Everson and Fraumeni ,1976; Itoh et al., 1979}. Some authors have
postulated an autosomal recessive mode of inheritance [McKusick, 1962; Rothman et
al., 1975; Erbe, 1976], however, the condition seems more likely to be a variant of
APC, at least in those patients with more than 100 adenomas [Lewis et al., 1983].
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Table 1. Inherited syndromes associated with colorectal cancer:
Adenomatous Non-Polyposes Syndromes

Muir Torre Syndrome

Autosomal dominant inheritance of carcinomas of the colon, duodenum and larynx in
association with kerato-acanthomas and sebaceous adenomas; originally described by
Muir et al. [1967]. The cutaneous lesions such as sebaceous cysts have also been
reported in association with cancers of the oesophagus, uterus, ovary, bladder and
breast [Anderson, 1980a], suggesting an expanding phenotype and possible

overlap with the Lynch syndrome type Il [Lynch et al., 1988].

Hereditary Non-Polyposis Colorectal Cancer Syndromes

Hereditary non-polyposis colorectal cancer (HNPCC) syndromes are divided into
hereditary site-specific colon cancer (HSSCC or Lynch syndrome type | ) which
predisposes specifically to colorectal cancer and cancer family syndrome (CFS or
Lynch syndrome type i) which predisposes to colorectal cancer and other
adenocarcinomas, including breast, ovary, stomach and uterine [Lynch et al., 1988].
Both are dominantly inherited, the lifetime penetrance of the deleterious gene has
been estimated to be between 0.5 and 0.9 [Mecklin et al., 1986a; Lynch et al., 1988].
In both Lynch syndromes types | and Il the peak age of onset of colorectal cancer in
affected individuals is in the fifth decade. Furthermore, cancers tend to be right-sided
and are more likely to be synchronous or metachronous than in sporadic cases
[Meckiin and Jarvinen, 1986; Mecklin et al., 1986b; Lynch et al., 1988]. In one large
kindred HNPCC has been shown to be linked to a region close to a gene altered in
colorectal cancer, the DCC gene (deleted in colorectal cancer) on chromosome 18q
[Lynch et al., 1985; Boman et al., 1988; Fearon et al., 1990]. However, other workers
have been unable to confirm this assignment [Peltomaki et al., 1991; Dunlop, 1992].
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Table 1. Inherited syndromes associated with colorectal cancer:
Hamartomatous Polyposes

Peutz- Jeghers Syndrome

Autosomal dominant disorder characterised by multiple gastrointestinal hamartomas
and mucocutaneous pigmentation. Melanin flecks occur on the face, especially
periorally, but may also be present on the fingers, toes and perianally [Utsunomiya et
al., 1975] . An increased risk of malignancy, of the gastrointestinal tract and other
sites including breast and ovary has been shown in those affected [Utisunomiya et
al., 1975; Foley et al., 1988; Giardiello et al., 1988; Spiegelman et al., 1989].

Juvenile Polyposis

Familial juvenile polyposis appears to be inherited as a autosomal dominant. It is
characterised by hamartomatous polyposis (more than 10) and an increased
prevalence of adenomas of the colon [Veale et al. 1966]. It is not entirely clear
whether the hamartomas or the associated adenomatous polyps confer the increased
risk of colorectal cancer [Stempler et al., 1975, Grotsky et al., 1982; Mils and Fechner,
1982: Jarvinen and Franssila ,1984; Grosfeld and West ,1986; Jones et al., 1987;
Jass et al. ,1988]. Dysmorphic features reported in association with familial juvenile
polyposis include, macrocephaly, congenital heart disease and gastrointestinal
malformations [Veale et al., 1966; Bussey et al., 1978].

Ruvalcaba-Myhre Syndrome

A probable variant of juvenile polyposis associated with macrocephaly, mental
retardation, perianal freckling, diabetes mellitus and seizures [Erbe ,1976; Ruvalcaba
et al., 1980; Dil.iberti et al., 1983].
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1988]. In both syndromes the peak incidence of colorectal cancer is in the
fifth decade, and two thirds of cancers are proximal as compared with one
third in the general population. Furthermore, cancers are more likely to be
synchronous or metachronous than in sporadic cases [Mecklin and Jarvinen,

1986,; Mecklin et al., 1986a; 1986b; Lynch et al., 1988].

1.2.2 Familial Patterns of Breast Cancer

The major familial syndromes predisposing to breast cancer are
detailed in Table 2.

Families with the classical features of the Li-Fraumeni syndrome are
readily identifiable [Li and Fraumeni, 1969; 1982; Li et al., 1988]. However,
the occurrence of high grade astrocytomas and soft tissue sarcomas in aduit
members of families that in other respects fit the description of the Lynch
syndrome type |l suggests a possible overlap between these two syndromes
[Birch, 1990; Steel et al., 1991; Buckley et al., 1992]. This may be clarified
with the identification of constitutional mutations of the p53 gene in classical
Li-Fraumeni [Malkin et al., 1990; Srivastava et al., 1990; Santibaez-Koref et
al., 1991].

The Cowden and Gorlin syndromes also may not be entirely distinct.
Both have a variable phenotype and share a number of similar features, such
as palmer pits and abnormalities of the neurological and skeletal systems.
The relationship between the two syndromes is likely to be better understood
following the finding of linkage between chromosome 9q(22.3) and Gorlin's
syndrome [Farndon et al., 1992].

Ataxia-telangectasia is an autosomal recessive syndrome in which
cancers develop in affected homozygotes at a rate approximately 100 times
higher than in unaffected individuals. It is now recognised that individuals
heterozygous for the ataxia-telangectasia gene, who may make up
approximately 1 per cent of the general population, also have an excess risk

of cancer, particularly breast cancer in women [Swift et al., 1987; 1991].
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Table 2. Inherited syndromes associated with breast cancer.

'Cancer Family' Syndromes
[Lynch et al., 1988; Lynch et al., 1989; Deville and Cornelisse, 1990].

1. Site-specific breast cancer

Dominant inheritance of breast cancer only, maies occasionally affected .

2. Breast-ovarian cancer
Dominant inheritance of breast and ovarian cancer only, probable effects of
single gene with pleiotropic effects.

3. Lynch syndrome type Il
Autosomal dominant inheritance of colon and other adenocarcinomas
including breast, ovary, uterus and stomach. Presumed to be due to the

inheritance of a singie deleterious gene.

Linkage of early onset breast cancer and breast-ovarian cancer to 1722 reported
[Hall et al., 1990; Narod et al., 1991; Easton et al., 1992].

Li-Fraumeni Syndrome (SBLA)

Classically soft tissue sarcomas in children and young adults, and early onset breast
cancer in close relatives, also an excess of adrenocortical tumours, brain

tumours, osteosarcoma and leukaemia. High incidence of multiple primary
malignancies. Autosomal dominant pattern of inheritance [Li and Fraumeni ,1968;
Lynch et al., 1978; Duncan et al., 1983; Pearson et al., 1982; Hartley et al., 1986;
Strong et al., 1987; Li et al., 1988]. Germ iine mutations in p53 (on chromosome 17p)
underlie a proportion of cases [Malkin et al., 1990; Srivastava et al., 1990; Satibanez
et al., 1991]. The overall contribution of mutations in p53 to early onset breast cancer
is probably small [Prosser et al .,1991. Sidransky et al., 1992].
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Table 2. Inherited syndromes associated with breast cancer.

Ataxia Telangectasia

An autosomal recessive syndrome of progressive cerebellar ataxia and
occulocutaneous telangectasias with immunological defects [Boder ,1985]. The main
defective gene localised to 11q [Gatti et al., 1988]. Affected individuals demonstrate
an exquisite sensitivity to ionising radiation and have an approximately 100 fold
greater risk of developing cancer, especially lymphomas and lymphocytic leukaemias
[Spector et al. ,1982]. Cancer rates also higher in obligate heterozygotes (1% of the
white population) [Swift et al., 1987; 1991]; specifically carcinomas of the lung,
pancreas, gallbladder, stomach and breast, but not colorectal cancer. The increased
risk of breast cancer (5.1 fold) may be related to a history of exposure to ionising
radiation [Swift et al., 1991].

Cowden's Syndrome

Adenomas and fibromas of the thyroid, gastrointestinal tract, skeletal system and
central nervous system are found in association with mucocutaneous lesions (lipomas,
sebaceous cysts and angiomas) in the dominantly inherited multiple hamartoma
syndrome (Cowdens disease) [Gentry et al., 1974; Burnett et al., 1975; Brownstein et
al. ,1979]. Whilst 35% of patients have polyps in the gastrointestinal tract [Salem and
Steck ,1983] the polyps in Cowden's disease are not neoplasms and do not have
malignant potential. However, up to 50 per cent of affected women develop breast
cancer and 10 per cent of both sexes deveiop cancer of the thyroid [Brownstein et al.,
1978; Walton et al., 1986).

Gorlin's Syndrome

Gorlin (naevoid-basal-cell-carcinoma) syndrome is a fully penetrant, autosomal
dominantly inherited disorder characterised by multiple basal-cell naevi of varying
degrees of malignancy. Other features include recurrent odontogenic keratocysts,
intracranial calcification and agenesis of the corpus callosum, palmer pits and skeletal
malformations [Berlin ,1966; Gorlin, 1987]. The minimum prevalence is 1 per 57 000
[Evans et al., 1991]. An increased risk of medulloblastomas, astrocytomas and breast
cancer also seen in gene carriers [Gorlin, 1987; Evans et al. ,1991]. Defective gene
located within 9922.3-31 [Farndon et al., 1992].
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Homozygotes show an unusual sensitivity to ionising radiation, but whether
diagnostic or occupational exposure to ionising radiation increases the risk
of breast cancer in women heterozygous for ataxia-telangectasia, remains
unclear [Swift et al., 1991; Kuller and Modan, 1992; Boice, 1992; Borie and
Miller, 1992; Wager, 1992.

Even collectively, the Cowden, Li-Fraumeni and Gorlin syndromes are
rare. There are however, several presumptive dominantly inherited cancer
family syndromes (site-specific breast cancer, breast-ovarian cancer and the
Lynch syndrome type IlI) which are likely to have a greater impact on the risk
of breast cancer in the general population [Lynch and Lynch, 1985]. They
appear to have a later onset of breast cancer than in the Li-Fraumeni and
Cowden syndromes and so can be expected to reach higher frequencies at
mutation selection. Whether site-specific breast cancer represents a distinct
entity has been questioned, since the pedigrees of many of these types of
families, when extended, invariably show an excess of other cancers [Steel
et al., 1991]. The finding of linkage between the long arm of chromosome
17922 to both early onset breast cancer [Hall et al., 1990; Easton et al.,
1992], and the dominant inheritance of breast and ovarian cancer [Narod et
al., 1991; Easton et al., 1992], suggests the inheritance a single gene with

pleiotropic effects.

1.2.3 Familial Patterns of Qvarian Cancer

Syndromes predisposing to ovarian cancer are less well defined than
the syndromes conferring a high risk of either colorectal or breast cancer.
From studies of extended pedigrées, Lynch and co-workers have, however,
distinguished three types of family clusters involving ovarian cancer : (1) Site
-specific ovarian cancer, (2) breast-ovarian cancer syndrome and (3) the
Lynch syndrome type Il, with ovarian cancer in association with cancers of
the colon, uterus, breast and other adenocarcinomas [Lynch et al., 1990;

Lynch et al., 1991]. The pattern of inheritance in these families is consistent
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with a dominant mode of inheritance. However, in the families reported the
possibility of familial aggregation of ovarian cancer with other cancers by
chance cannot be entirely ruled out.

Support for the existence of a breast-ovarian cancer syndrome comes
from epidemiological studies that have shown an association between breast
and ovarian cancer and vice-versa [Schildkraut et al., 1989], and from recent
linkage studies [Narod et al., 1991; Easton et al., 1992]. Furthermore, greater
than chance occurrences have been reported for multiple primary cancers of

the breast and ovary [Prior and Waterhouse, 1981; Ewertz and Storm, 1989].

1.3 FAMILIAL CLUSTERING OF COLORECTAL, BREAST AND OVARIAN
CANCER : EPIDEMIOLOGICAL ASPECTS

Epidemiological studies have shown that colorectal, breast and ovarian
cancers show a tendency to aggregate in families. For first degree relatives
(mothers, fathers, daughters and sons) of patients with colorectal, breast and
ovarian cancers, in the absence of sex limitation, the risk of developing
cancer at the same site is increased by 2 to 4 fold; Table 3.

Such moderate increases in risk may initially appear unlikely to have a
substantial genetic basis and have in the past been thought to suggest a
common environmental exposure due to a shared lifestyle rather than
genetic factors. Paradoxically, however, these moderate increases in relative
risks can result from very substantial genetic effects [Peto, 1980]. For
example, a dominant gene with a frequency of 0.001 conferring a relative
increase in risk of 25 fold is only associated with a one and half fold increase
in risk in a sibling [Easton and Peto, 1990]. Furthermore, empiric data
supporting the role of genetic factors in the aetiology of colorectal, breast and
ovarian cancer comes from observing the age distribution of cancer

incidence in susceptible individuals. A Qene conferring a high lifetime risk of
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developing cancer will produce an unusual age distribution, since the
proportion of surviving susceptible individuals will fall progressively with
increasing age. A direct consequence of this is that the relative risk will be

highest in young relatives of young patients.

Table 3. Summary estimates of relative risks to first degree
relatives of affected individuals with colorectal,
breast and ovarian cancer.

Ranges of relative risk given in parentheses

Site Cases affected Relative risk References
of cancer at
same site
Breast 768 2.2 (2.2-2.3) Claus et al 1990

Tulinius et al 1992a

Colorectum 239 2.0 (1.6-3.3) Woolf 1958
Macklin 1960
Lovett 1976
Songergaard et al1991

Ovary 80 4.4 (2.3-18.2) Casagrande et al 1979
Hildreth et al 1981
Cramer et al 1983
Tzonou et al 1984
Schildkraut and
Thompson 1988
Ponder et al 1990

There are a number of genetic syndromes associated with a
predisposition to develop colorectal, breast and ovarian cancer. Some, such
as adenomatous polyposis coli and the Li-Fraumeni syndrome, are clearly
Mendelian diseases in the classical sense, but they are rare. Of potentially
greater importance are those syndromes that are defined not by clinical

features, but which show high densities of early onset cases of colorectal,
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breast and ovarian cancer which cannot be accounted for by chance alone.
The cardinal feature of this second group of families is not their
epidemiological distinctiveness but their apparent biological similarity with
colorectal, breast and ovarian cancer in the general population.

How much of the increased risk of colorectal, breast and ovarian cancer in
relatives reflects Mendelian patterns of inheritance is not established. The
most rigorous method for examination of this question and developing a
model of susceptibility to these cancers is by use of complex segregation
analysis. This is ideally carried out on a population based series of families

ascertained through sequential probands [Morton, 1984].
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1.4. OBJECTIVES AND SCOPE OF ENQUIRY

The recognition that some individuals are placed at a high risk of
colorectal, breast or ovarian cancer because of their genes makes taking a
family history a powerful method for identifying individuals at whom tumour
prevention strategies can be targeted.

The principle objective of this thesis was to quantify the role of family
history in the aetiology of colorectal, breast and ovarian cancer and to use
this information in clinical practice to identify those placed at a high risk who
may benefit from selective screening.

To pursue these aims a number of specific studies were undertaken:

1. Extensive sets of pedigrees taken from patients or consultands with
colorectal, breast and ovarian cancer were used to estimate the risk of these
and other cancers in first degree relatives of patients diagnosed at different
ages.

2. These pedigrees were analysed by complex segregation analysis to
determine the underlying genetic basis of the observed familial clustering of
colorectal, breast and ovarian cancer. Estimates of the most likely mode of
inheritance, gene frequency and penetrance should permit the genetic risk
associated with family history to be better defined than by empiric methods.

3. The estimates of risk of colorectal, breast and ovarian cancer
associated with a family history were used in clinical practice in two cancer
clinics for counselling and determining the screening requirements of first

degree relatives of patients with these cancers.
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SECTION 2: STUDIES OF THE GENETIC EPIDEMIOLOGY
OF COLORECTAL, BREAST AND OVARIAN CANCER.

2.1 METHODS

2.1.1 Life Table Analysis

Standard life table methods [Bradford Hill, 1961] were used to estimate
the years at risk by decades, contributed by first degree relatives of patients
with the cancers studied. Index patients were excluded from lifetables.
Tables from the Office of Population Censuses and Surveys, England and
Wales [OPCS] were used to calculate the expected number of deaths among
first degree relatives in 10-year age groups. Each first degree relative
contributes years at risk only to those decades through which they have
lived. Individuals dying within the jth decade were awarded 5 years towards
the total years at risk for that decade; similarly those alive in that decade, but
not contributing to subsequent decades were also awarded 5 years. The
expected incidence of cancer is low in early life and high later. Only those
relatives living through the later decades provide years at risk during which
there is a significant incidence of a cancer. This type of analysis eliminates
the problem of individuals having differing numbers of relatives and controls
for their ages.

The expected number of deaths (Ej) in the j th decade in first degree

relatives is calculated by:

no. dying in j th decade” years at risk in
Ej = X j th decade
estimated population in j th decade*

where (*) are derived from the OPCS mortality statistics.
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The ICD numbers [International Classification of Diseases 1978] for the
disease states studied are listed in Appendix A; Section 5.

The relative risk (RR) in the j th decade is defined by the ratio of
observed (Oj) to expected numbers of deaths (Ej).

The Poisson distribution was used to estimate the significance of any
difference between the observed and expected number of deaths [Pearson
and Hartley, 1966]. Ninety-five per cent confidence limits were obtained from
the table in Breslow and Day [1987].

Manipulations were carried out using the computer software package
EXCEL [Excel; Version 3: Microsoft Corporation, Redmond, U.S.A.] run on a
Macintosh LC computer [Apple Computer, Inc. Cupertino, California, U.S.A.].

2.1.2 Complex Segregation Analysis

2.1.2.1 Introductory remarks

The purpose of complex segregation analysis is to define the most
probable genetic mechanism (if any) involved in the aetiology of a disease
[reviewed in Elston, 1980; Morton, 1982a; 1984]. In essence this involves
comparing the observed pattern of disease incidence in pedigrees, given
that certain individuals are known a-priori to be affected, with that predicted
by a number of different models, i.e. dominant, recessive, polygenic,
multifactorial or sporadic. The best fitting model is generally determined by
maximum likelihood.

Complex segregation analysis of colorectal, breast and ovarian cancer
pedigrees was carried out under the mixed model using the computer

program POINTER [Morton et al., 1983a].
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2.1.2.2 The mixed model of inheritance [Morton and MaclLean, 1974].

The mixed model of inheritance is shown in Figure 1. An individual's
phenotype measurement (xj) is considered to result from a major gene effect
(gi), a muitifactorial transmissible component (cj) and a residual
environmental contribution (ej), each acting independently. The major gene
locus is biallelic, giving three major genotypes, GG, GG' and G'G', with
corresponding means, z, z + td, and z + t, located from left to right across the
phenotype-liability axis. The frequency of the G' allele (deleterious form of
allele G) is denoted by q, and 1-q denotes the sum of the frequencies of all
other alleles at the major locus. The relative size of each major genotype
class, is (1- g)2, 2q (1 - ), and g2. The distance between the two
homozygote means on the liability scale is represented by t, the
displacement. The position of the heterozygote genotype mean relative to the
means of the two homozygous genotype means is represented by d, the
degree of dominance. When the heterozygote mean is near the mean of the
lower homozygote, d = 0, the abnormal gene is recessive; when it is near the
mean of the higher homozygote, d = 1, the abnormal gene is dominant; and
when it is in the middle, d = 0.5, the effect of the abnormalt allele is additive.
The mean genotypic value, (1 -9 )2 @)+ (1-q)@Ez+td)+q2(z+t), is
equivalent to the mean phenotypic value, p, under the assumption that both
the multifactorial transmissible contribution and the residual environmental
contribution have expected values of zero.

It is assumed that variation around each of the genotype means is
normally distributed, with common variance C + E, where C is the variance
component due to multifactorial transmissible effects and E is the random
environmental variance component.

A second multifactorial component, CA, accounts for inter-generational
differences; C is restricted to shared determinants of young children and CA
denotes the corresponding variance component for adult children and their

parents. Multifactorial transmission is defined by parameters, H and HZ,
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referred to as childhood heritability and adult heritability respectively. These
represent the proportion of the total phenotypic variance (V) explained by
multifactorial transmissible effects in young children and adults. In terms of

total phenotypic variance:

H=C/V,and HZ=CA/V

Implicit within the liability scale is a threshold, to the right of which individuals
are classified as being affected and to the left as being normal. The location
of the threshold is dependant upon the prevalence of the disease and the
parameters of the major locus. The prevalence of many diseases such as
cancer vary within a population according to age and sex of the individual.
To incorporate this information, the population which is being analysed can
be polychotomised into risk classes. These classes are referred to as liability
classes; within each there is a threshold defined on the liability scale beyond
which an individual is classified as affected. Shifting the threshold
corresponds to changing the incidence or the risk of the disease and is
synonymous with changing the probability of affection. Furthermore, by
assigning the proper liability classes to each individual in a pedigree,
nonheritable risk factors can be accounted for in the model. The liability
classes are defined by a liability indicator. The use of multiple thresholds on
a single liability scale is equivalent to considering each risk class to be

associated with a different mean liability to affection.

2.1.2.3 The Pointer strateqy

The pointer strategy was developed by Lalouel and Morton [1981] as an
approach to segregation analysis of multigenerational pedigrees under the
mixed model, providing for the mode of ascertainment and the manner in
which the pedigrees were extended. In this approach, pedigrees are

partitioned for analysis into their component nuclear families and, possibly,



Figure 2. Partition of a pedigree for analysis by the POINTER methad.

(u refers to an individual of unknown phenotype).
[Williams and Anderson 1984].
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an outside relative who led to ascertainment of the family. The outside
relative who points to the family is referred to as a "pointer". Figure 2 shows
the process of partitioning a single pedigree into nuclear families.

The pedigree can be partitioned into four different sibships,
distinguished by their relationship to the proband and, consequently the type
of ascertainment correction necessary. Nuclear families 1 and 2 represent
examples of incomplete and complete selection respectively [Cavalli-Sforza
and Bodmer, 1971; Morton and MacLean, 1974]. Nuclear families 3 and 4
are derived from two stages of sampling. They are not derived directly
through the proband (as a parent or child), but indirectly through a
descendant of the proband who is considered to be a pointer to these
families.

Knowledge of the ascertainment probability, JU, representing the
probability that an affected person is a proband, is required to correct for

families ascertained under incomplete selection, group 1.

2.1.2.4 POINTER

The computer program POINTER written by Lalouel and Yee [Morton et
al., 1983a] analyses families with or without pointers under the mixed model.

There are 3 basic assumptions implicit in POINTER; inclusion of specific
mortality in morbid risk, that liability classes of affected individuals are
determined by age of last observation, not age of onset; and that probands
are drawn at random from those affected.

Support for a particular hypothesis (e.g. dominant, recessive, polygenic,
sporadic) requires maximisation of the probability density of the observations
with respect to the free parameters of the mixed model. This is carried out in
POINTER by minimising the logarithm of this density with a negative sign
using the computer program GEMINI [Lalouel, 1979].
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Using -2In (L) + c as a measure, where In (L) is the log-likelihood and c,
is a constant, the unrestricted model will have the smallest value. Each null
(restricted) hypothesis can then be tested by means of a likelihood-ratio
criterion, with the difference in -2In (L) + ¢ between two competing
hypotheses being distributed asymptotically as a X2 with the numbers of
degrees of freedom (d.f.) equal to the difference in the number of free
(iterated) parameters under the two models.

Alternatively, the likelihood of each model can be directly compared
using the Akaike Information Criterion (AIC) [Akaike, 1974]. The log
likelihood of each model is multiplied by -2 and twice the number of free
parameters in each model is added. The lowest value is considered to be
the best model.

Ascertainment bias towards affected parents or pointers can be
controlled by conditioning the likelihood's on the phenotypes of parents and
pointers (conditional likelihood approach). Alternatively, the joint likelihood
approach can be used which conditions on the phenotypes of pointers but
not on parents. The joint likelihood approach is more informative, but
requires that phenotypes of parents do not influence the probability of
sampling the family, either through reproductive performance or by being

probands [Morton et al., 1991].

2.1.2.5 Implementation of the computer program POINTER
Pedigrees used in this thesis were analysed using the pointer strategy.

For those pedigrees ascertained through a consultand, the consultand was
discarded and the closest affected relative was taken to be the proband or
pointer. If a parent and sib qualified as affected, the parent was taken as the
proband for odd-numbered pedigrees and the sib as proband for even-

numbered pedigrees.
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Sibships were of three types:
1. index sibships including the proband as a child (incomplete single
selection) ;
2. children of proband (complete selection);
3. children of collateral and ancestral cases (truncate selection with
closest affected relative as a pointer; pedigrees only extended when

they include at least one affected relative).

In view of the restrictive sampling frames of the pedigrees analysed and
the relatively high frequency of the cancers studied, T must be small, and JT
was set at 0.001; corresponding to single selection.

In segregation analysis, assuming that cumulative incidence
corresponds to morbid risk is incorrect if the disease causes premature
death. Taking into account specific mortality, the risk (R) of a particular cancer

in the j th liability class can be defined by [Morton, 1991; Iselius et al., 1992] :

lj-Mj-1

1-Mj1

where ljis the cumulative incidence to the mid-point and M;j-1 is the
cumulative specific mortality to the end of the preceding class. In all the
studies presented in this thesis the incidence (I) and mortality (M) of cancers
were derived from the Registrar General's Statistical Reviews of England and
Wales [Office of Population Census and Surveys, Cancer Statistics and
Mortality Statistics).

Age was taken to be age at death or, if alive, at the time of

ascertainment. Individuals younger than 20 years were omitted. In the
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segregation analysis of the ovarian cancer pedigrees all male relatives were
assigned to a single arbitrary liability class with the risk set at a tenth of that in
the smallest female liability class.

The transformations used in this thesis to construct the liability classes
in order to run the program POINTER are given in Appendix B; Section 5.

Current methods of determining penetrance are generally conditional
on the assumption that gene frequency is constant over liability classes.
Estimation of penetrance is therefore complicated when specific mortality is
taken into account. As an approximation, penetranpe (P) can be defined as
the cumulative incidence for gene carriers in the jth liability class, given by

[Iselius et al., 1992]:

P P (affIG,j)+[1-P (aff IG,|)] Mj1,

where the genotype specific mortality is defined by:

j-1
Mj-1 = {ZP(G'laff,i)(Mi—MH)}/ZP (G'laff, i) (1i-1i1).
i=1

and, P (aff | G') denotes the probability of affection given genotype, and
P (G' | aff) denotes the probability of genotype given affection.

Segregation analysis of nuclear families was carried out using the
computer program POINTER. This software was run on a SUN 4/30 work-
station computer [Sun Micro Systems, Inc., Mountain View, CA 94043,
U.S.A].

Analysis of both colorectal and breast cancer pedigrees which were

ascertained through index cases were carried out using the joint likelihood
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approach. The ovarian cancer pedigrees ascertained through consultands
were analysed using both joint and conditional likelihood approaches.
Transmission probabilities [Elston and Stewart, 1971] were not used in
any of the segregation analyses since they are only valid in POINTER if
families are drawn under complete selection, without pointers and with no

allowance for sporadic cases [Iselius and Morton, 1991].

2.1.2.6 Calculation of risk from estimates of gene penetrance and frequency
Estimates of penetrance and frequency of putative predisposing genes

to cancer in different age groups allows the risk in relatives of patients

affected at different ages to be calculated. The risk (BL) in class i for an

individual normal in class j is given by [Morton, 1982b]:

Bi - Bj
BL = (i=j+1t000)

1-Bj
where, as an approximation when G' is rare,
Bj = (Pj) (ry P (G'Iaff, proband age) +
P (aff 1GG, j) [1- (r) P (G'I aff, proband age)]
and

Bi = (Pi) () P (G'I aff, proband age) +
P (aff 1GG, ) [ 1- () P (G'laff, proband age)]

and

r = coefficient of relationship
(0.5 for first degree and 0.25 for second degree relatives)
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2.2 GENETIC EPIDEMIOLOGY OF COLORECTAL CANCER

2.2.1 Colorectal Cancer Pedigrees

Pedigrees from Lovett's published series [Lovett, 1976] were analysed.
These pedigrees were ascertained from 209 consecutive patients
undergoing treatment for histologically proven colorectal cancer at St. Mark's
Hospital, London. Particular care had been taken to avoid bias and no
patient was selected on the basis of family history. Pedigrees were taken to
include only first degree relatives and half sibs. Those patients with clinical
evidence of adenomatous polyposis coli were excluded. Death certificates

had been obtained for all deceased parents and sibs.

2.2.2 Life Table Analysis: Results
These index patients provided a total of 56615 years at risk in first

degree relatives. Table 4 shows the years at risk for both male and female
first degree relatives of patients diagnosed with colorectal cancer at different
ages.

Table 5 shows the observed number of deaths from colorectal cancer
and relative risks for first degree relatives of patients diagnosed at different
ages. Relative risks were greatest for relatives aged less than 65 who were
relatives of patients diagnosed before age 45.

Table 6 shows the risk of colorectal cancer in first degree relatives
before age 65 based on the estimates of relative risk, incidence and mortality
rates. The risk is similar to the risk of colorectal cancer for members of the
general population over 65.

The risk of other cancers was not calculated since this has previously
been reported by Lovett [1976] who showed an increased risk of stomach

and breast cancer in first degree relatives ( 2.0 and 1.7 fold respectively).



Table 4. Years at risk contributed by first degree relatives of index patients with colorectal cancer by age

groups.

Sex of relative Females Males

Age of index patient <45 45-64 65+ <45 45-64 65+
Age group of relatives

(years)

15-24 230 3510 2720 255 3890 2800

25-34 185 3105 2515 235 3395 2635

35-44 165 2785 2420 180 2880 2345

45-54 125 2250 2105 125 2370 1790

55-64 80 1575 1715 90 1465 1475

65-74 35 900 1000 50 705 810

75-84 5 435 415 15 300 - 265

85+ - 110 60 - 55 40

1¢ abed





















































































































































































































































































































