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Abstract

The gene responsible for the dominantly inherited cancer syndrome adenomatous 
polyposis coli (APC) has recently been isolated. APC confers a predisposition to 
colorectal cancer on affected individuals and is characterised by the development of 
multiple adenomatous polyps throughout the colon and rectum during adolescence and 
early adulthood. In addition, frequent allele loss at chromosome 5q21-22 
encompassing the APC  gene region, in colorectal tumours from individuals with 
sporadic colorectal cancer has implicated the APC  gene in the general molecular 
pathogenesis of colorectal cancer.

The discovery of large, often cytogenetically visible alterations in APC patients was 
instrumental in localisation of the APC gene to chromosome 5q21-22 and in its eventual 
isolation. To identify APC patients potentially harbouring large alterations around the 
APC  locus, a long range physical map encompassing approximately 3.5Mb was 
constructed using pulsed field gel electrophoresis and Southern blot hybridisation 
analysis with cDNA fragments representing APC and MCC genes and a tightly linked 
cosmid marker EF5.44, as hybridisation probes. This physical map was then used for 
comparative analysis of DNA derived from a panel of APC patients. Three common 
colorectal cancer cell lines and two individuals from a breast cancer susceptibility family 
with a large, cytogenetically characterised rearrangement on chromosome 5q were also 
analysed in a similar manner. Aberrant hybridisation patterns were observed in 
individuals from two unrelated families and were further characterised by fluorescence 
in situ hybridisation analysis using yeast artificial chromosome probes from a contig 
spanning the APC gene region.

Patients which had been used in pulsed field gel electrophoresis and FISH analysis, 
together with a series of well documented APC familial cases and new mutation cases, 
were analysed for mutations within a 3kb region of the APC  gene. Germline variants 
were detected using the polymerase chain reaction (PCR) combined with single-strand 
conformation polymorphism analysis (SSCP) and a heteroduplex mismatch assay. 
This was followed by direct sequencing of the critical regions to precisely characterise 
any mutations. APC patients were selected to represent a range of phenotypic criteria in 
an attempt to evaluate the relationship between the nature of the mutation detected and 
the disease phenotype. In addition similar analysis was performed on available tumour 
material from these individuals to search for somatic mutations within the same region 
of APC. Germline mutations were detected in 14 of 22 unrelated APC patients of 
which 10 were new mutation cases. Mutations detected in 7 (of 12) families allowed
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vertical transmission and segregation of the alteration with the disease to be 
demonstrated in 5 families. APC cases for whom the disease causing mutation was 
identified were assessed for the severity of the APC phenotype based on an early age at 
presentation or cancer development and the profusion of adenomatous polyps 
throughout the colorectum. This enabled correlation to be drawn between the position 
of the mutation and severe forms of APC. Colorectal tumours from four familial APC 
cases and two new mutation cases were also available for parallel analysis. APC  
alterations consisting of intragenic mutation, allelic loss or unique single
strand/heteroduplex conformers were detected in 17 of 30 colorectal adenomas and one 
carcinoma. Finally, during the course of PCR-SSCP analysis three rare, non-disease 
causing variants and one common polymorphism were additionally characterised.
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Chapter 1. 

Introduction

Parti. Cancer: a genetic disease.

1.1. Epidemiology of cancer

Decades of research have led to the conclusion that cancer, at the cellular level, is 
essentially a genetic disease. Cancer differs, however, from the classical concept of 
genetical syndromes which show the consistent inheritance of germline gene defects 
from one generation to the next, in that epidemiological studies clearly indicate that the 
majority of cancers are caused by somatic mutation (Doll and Peto, 1981). Cancer in 
general appears not to be a disease with a major inherited component although almost 
every human malignancy has been reported in both hereditary and nonhereditary forms 
(Knudson, 1986). Conditions with a predisposition to cancer, where a particular 
malignancy exists in the form of a pre-cancerous phenotype, and a marked familial 
tendency, have in themselves provided a valuable source of material for studying the 
underlying genetic mechanisms involved in tumourigenesis. An inherited 
predisposition to cancer may also result from the transmission of disorders leading to 
cancer as a secondary effect; for example deficiencies in the ability to repair DNA 
defects are associated with increased rates of somatic mutation and hence a higher 
tumour incidence (Ponder, 1990).

The fact that a wide variety of tumour cells visibly contain genetic damage in the form 
of translocation, large scale deletion and amplification is itself indicative of a causal 
nature of genetic alterations in neoplasia (Meuth, 1990; Alitalo and Schwab, 
1986).Very little is known about how such changes occur in mammalian cells or even 
the mechanisms by which carcinogenic agents inflict the genetic damage found in 
human tumours. Numerous agents have been implicated in the aetiology of many 
malignancies (Doll and Peto, 1981) but only a few have been identified as directly 
causal; these include cigarette smoke with carcinoma of the lung, ultraviolet light with 
skin cancer and hepatitis B virus with carcinoma of the liver. Many carcinogens are 
additionally mutagenic with, in many cases, the ability to bind with DNA (Ames, 1979) 
further suggesting a genetic origin of cancer at the somatic level. Carcinogens possibly 
increase the rate of cellular proliferation thus increasing the probability of a mutational 
event occurring (Ames and Gold, 1990).
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Evidence strongly suggests that cancer is a multistep process requiring several 
separate mutational events for complete neoplastic transformation (Fearon and 
Vogelstein, 1990). For example, the long latent period observed between initial 
exposure of a carcinogenic or mutagenic agent and tumour development in many 
malignancies, may be explained by the requirement for additional mutations before the 
cancer appears (Boice and Monson, 1977). The single overriding risk factor for the 
development of cancer is age (Miller, 1980), the incidence of most malignancies 
increasing consistently as people get older. This in itself is suggestive of multiple 
events occurring in the progression towards malignancy, for if only a single event were 
required cancer might be expected to be equally common among persons of different 
ages which clearly it is not. Such observations have been used to draw statistical 
correlation between age and the mechanism of carcinogenesis (e.g. Nordling, 1953; 
Armitage and Doll, 1954; Miller, 1980) which predict that between four and seven 
separate mutational events are required for cancer formation.

Nordling (1953), classing all cancers together, observed a simple relationship 
whereby cancer mortality increased proportionally with age which, he proposed, could 
be explained if a cancer cell was the end result of seven successive mutations. 
Armitage and Doll (1954) extended this to a similar study of individual neoplasms at 
various sites and in many instances observed a comparable relationship. However, 
there were many exceptions demonstrating irregularities. For example the incidence of 
lung and bladder cancers were seen to vary according to the duration of exposure to a 
carcinogen and not to age. Malignancies involving prostate, breast, ovary and cervix, 
believed to be under the influence of endocrine secretions, would perhaps not be 
expected to show a uniform relationship. Also, in some instances relatively high rates 
of mortality were observed at younger ages which would possibly result if, within the 
population, there existed a subset of individuals with a predisposition to a particular 
cancer. The latter was considered in detail by Ashley (1969) who studied such a 
population with an inherited susceptibility to colorectal cancer (adenomatous polyposis 
coli) which manifests itself at a much earlier age than non-inherited colorectal cancer. 
He postulated that several hits were required for the development of colorectal cancer 
and that one or two hits less were required in individuals with adenomatous polyposis 
coli.

A multistep theory towards neoplasia involving an accumulation of several separate 
mutations is very much in accord with the hypothesis that tumours are of monoclonal 
origin. It is predicted that the initiating genetic alteration in a single cell provides a 
growth advantage allowing it to outgrow surrounding cells (Nowell, 1976). A second 
mutational event in one of these sister cells would provide a further growth advantage
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allowing cells with two alterations to further grow and become the predominant cell 
type. This process of clonal expansion driven by mutation may continue until the cell 
has acquired a sufficient number of mutations to form a malignant tumour with the 
ability to invade surrounding tissues and metastasise to other organs. Recent advances 
in molecular biology have made the isolation of many genes responsible for several 
cancer syndromes possible, and these appear to fit into a multistep theory for tumour 
progression.

1.2. Molecular genetics of cancer.

In normal tissue homeostasis an increase in cell number due to cell division co
operates with a decrease in cell number as a result of differentiation (ultimately leading 
to apoptotic cell death), generating a balanced equilibrium. Tumourigenesis arises as a 
consequence of the breakdown in these normal regulatory mechanisms which are 
themselves under positive and negative feedback control within the cell cycle. 
Alteration of genes concerned with regulating positive stimuli to growth, may for 
example disrupt this feedback control such that cellular proliferation increases relative to 
differentiation, thus leading to tumour formation.

Two main types of genetic damage associated with, and contributing to cancer have 
been well characterised. Firstly, cellular proto-oncogenes, on mutation, are 
transformed into dominantly acting oncogenes which typically confer gain of function, 
forcing tumour cells to grow. Secondly, recessive lesions resulting in inactivation of 
tumour suppressor genes cause loss of function, releasing cells from the normal 
constraints of growth. In the normal environment, homeostatic regulation of cell 
proliferation may be considered a counterbalance between the growth promoting actions 
of proto-oncogenes and growth constraining responses of tumour suppressor genes 
(Weinberg, 1991).

1.2.1. Oncogenes.

There exists within the genome a class of genes, referred to as proto-oncogenes, 
which in the normal cellular environment encode proteins involved in controlling cell 
proliferation. Oncogenes are the activated counterparts of proto-oncogenes with either 
altered gene expression or protein function and are critical in transformation to a 
neoplastic state. Oncogenes were initially discovered as retroviral genes capable of 
inducing tumours in birds and it was only later that these genes were shown to be 
dominantly mutated forms of host genes integrated into a viral genome (Bishop, 1987).
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Since their discovery many proto-oncogenes have been characterised and shown to be 
altered with some consistency in a wide variety of human malignancies.

In vitro experimental systems indicate that expression of two or more independent 
oncogenes is required for tumourigenic transformation, providing further evidence that 
cancer is a multistep process. The concept that oncogenes cooperate in transforming 
cells to a malignant phenotype initially arose through studying the actions of two 
papylomavirus oncogenes on rat embryo fibroblasts (Rassoulzadegan et al., 1982). 
Individually neither of the two oncogenes were capable of transforming the fibroblasts 
and only in collaboration did they induce a full tumourigenic phenotype. This was 
extended to oncogenes of a cellular, as opposed to viral, origin when ras and myc were 
similarly shown to cooperate in eliciting full transformation of rat embryo fibroblasts 
when individually they were unable to do so (Land et al, 1983).

Interestingly the intracellular localisation of the ras gene product in the cytoplasm 
contrasts with the nuclear localisation of wyc which led to a generalised hypothesis that 
activated oncoproteins are perhaps limited in the growth regulatory circuits they control 
and thus only have transforming potential when complemented by oncoproteins of a 
different origin (Weinberg, 1985). From studies on rodent cells it would appear that 
most cytoplasmic oncoproteins, including H-ras, K-ras, N-ras and src, are able to alter 
cell morphology and growth factor requirements and lead to anchorage independent 
growth, but are unable to immortalise cells (Weinberg, 1985). In the case of nuclear 
oncoproteins, which include c-myc, L-myc, N-m yc,fos and jun, the reverse would 
seem to be true (Weinberg, 1985). Although the properties of cooperating 
oncoproteins adhere to the general theory that oncogenes express themselves in 
collaborations of two or more, there are exceptions in which two cytoplasmic (Reed et 
al., 1990) or two nuclear oncoproteins (Ruppert et a l, 1990) combine in inducing 
cellular transformation.

Functionally the proteins of oncogenes may be divided into four classes: (1) growth 
factors, which includes platelet derived growth factor (PDGF) encoded by the sis 
proto-oncogene, and the fibroblast growth factor (FGF) family encoded by hst\ (2) 
Growth factor receptors (e.g. v-erbB and v-fins)\ (3) transducers of growth factor 
responses which include the ras family of oncoproteins believed to be membrane 
associated GTP-binding GTPases; and (4) transcription factors, including the myc 
oncogene family, v-jun and v-fos (Hunter, 1991). In general the transcription factors 
are associated with oncoproteins from all of the other three classes (which are localised 
either in the cytoplasm or to the cytoplasmic membrane) in co-operation studies.
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The genetic damage converting proto-oncogenes into activated oncogenes may occur 
by a variety of events including point mutations, amplification, small deletions and 
insertions, and juxtaposition to other chromosome sequences by means of translocation 
or inversion (see Solomon et a l, 1991). Point mutations in ras proto-oncogenes are 
the most consistently observed oncogenic change occurring, as they do, in many 
diverse tumour types (see Bishop, 1991). The ras gene family consists of three 
functional genes found in mammalian cells, Ha-ras, Ki-ras and N-m j, all located on 
different chromosomes (see Lowy et ai, 1986). There is a great deal of homology 
between the three ras genes, and the almost identical protein product encoded by Ha-ras 
in both rodent and human would indicate a high degree of conservation (Ruta et a l,
1986).

Chromosomal translocations are gross structural rearrangements which became of 
particular interest when molecular analysis revealed the breakpoints involved lay within 
or adjacent to proto-oncogenes (e.g. Klein, 1983; Leder et a l, 1983). Subsequently 
this form of genetic alteration has been described in a number of malignancies and most 
commonly in leukemias and lymphomas (Mitelman et a l, 1990). By interrupting 
proto-oncogenes translocations may affect their biochemical function or their 
expression. One example, referred to as the Philadelphia chromosome and first 
described in 1960 (Nowell and Hungerford), consists of a reciprocal exchange between 
chromosome 9 band q34 and chromosome 22 band q l l  and occurs predominantly in 
chronic myloid leukemia (CML). The Philadelphia chromosome translocation results in 
relocation of the proto-oncogene c-abl from its normal location at 9q34 to its 
translocated position at 22ql 1 (de Klein et a l, 1982; Bartram et a l, 1983). A number 
of breakpoints at 22qll which have been characterised in Philadelphia-positive CML 
patients are clustered in a 5.8kb region, referred to as the breakpoint cluster region 
(bcr), and within intronic sequence of the bcr gene which is of unknown function 
(Groffen e ta l,  1984; Shtivelman et al, 1985). The transcriptional orientation of both 
c-abl and bcr genes are the same and thus the consequence of Philadelphia translocation 
involving breakpoints within each gene is to generate a stable fusion hybrid gene, 
centromere-5'-bcr-abl-telomere (e.g. Shtivelman e ta l, 1985; Ben-Neriah e ta l, 1986), 
which yields a 210kD bcr-abl fusion protein (Clark et a l, 1987).

Three translocations are common to Burkitt lymphoma involving, in the majority of 
cases, the translocation (8;14) (q24;q32) and also t(8;22) (q24;qll) or t(2;8) (pl2;q24) 
(van der Berghe et a l,  1979; Bemheim et a l,  1981). The breakpoint at 8q24 is 
common to all three translocations and represents the location of the proto-oncogene c- 
myc. The second breakpoint in each translocation occurs at the site of various 
immunoglobulin (Ig) loci. The translocation (8; 14) involves juxtaposition of the tip of
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chromosome 8q, including the c-myc gene, to the immunoglobulin heavy chain (IgH) 
gene on chromosome 14q (Taub et.al., 1982). Translocations (8;22) and (2;8) 
similarly involve movement of c-myc to Ig Lambda L chain and Ig kappa light chain 
gene regions on chromosomes 22 and 8 repectively (Croce et.al., 1983; Erikson etal., 
1982). Other translocations involving juxtaposition of Ig loci with various oncogenes 
have been documented (e.g. Tsujimoto etal., 1986; Motokura et.al., 1991).

Gene amplification involving focal regions within chromosomes or even whole 
chromosomes are common features of cancer cells, particularly in the more advanced 
and aggressive stages of malignancy (Alitalo and Schwab, 1986; Tlsty et.al., 1989). 
High levels of gene amplification may be detected cytogenetically as double minute 
chromosomes and homogenously staining regions, and is associated with increased 
dosage of genes at particular loci. Amplification of specific proto-oncogenes has been 
observed as a recurrent abnormality in specific tumours; for example amplification 
involving two proto-oncogenes of the myc gene family, c-myc and L-myc, are 
consistently reported lesions in carcinoma of the lung, breast and cervix (see Bishop, 
1991) while amplified N-myc is a common feature of neuroblastomas (Kohl et.al., 
1983; Brodeur et.al., 1984). Another proto-oncogene, c-erbB-2 (neu), is amplified in 
the more advanced stages of adenocarcinoma of the breast and ovary (Liberman etal., 
1985; Slamon et.al., 1987). Amplification occurs as a rare event, if at all, in normal 
cells (Wright etal., 1990) and no explanation of the causal mechanisms involved have 
been established.

Until very recently none of the described dominant oncogenes had been implicated in 
the inheritance of a particular cancer syndrome. Embryonic survival was perhaps 
thought to be impeded by the existence of such dominant lesions (Scrable et.al., 1990). 
However germline transmission of mutations in the ret proto-oncogene have been 
found in several distinct families with the inherited predisposition to thyroid cancer, 
multiple endocrine neoplasia type 2A (Mulligan et.al, 1993).

1.2.2. Tumour suppressor genes.

The idea that genetic alterations may contribute to oncogenesis by interfering with 
mechanisms restraining cell multiplication, received attention as early as 1914, when 
Boveri proposed that tumour cells of unlimited growth would arise in the absence of 
chromosomes normally inhibiting division (cited in Bishop, 1991). He further 
proposed that since each chromosome was represented twice in the normal cell, 
depression of only one would be insufficient for the proliferative effect. Thus, the
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notion that loss of genetic material promotes tumourigenesis constituted an early 
formulation of the hypothesis of tumour suppressor genes.

In 1971 Knudson investigated the clinical nature of transmission, from parents to 
offspring, of susceptibility to the neoplastic eye disorder retinoblastoma. To account 
for the high proportion but incomplete penetrance of bilateral tumours, he proposed that 
affected individuals inherited a single mutation in their germline with the requirement of 
an additional somatic mutation for tumours to develop. For the development of non- 
hereditary retinoblastoma, two independent somatic mutations would be required in a 
single precursory cell (Knudson, 1971). Two such mutational events would be rare 
and would be unlikely to occur more than once in an individual, thus accounting for the 
late onset of the disease and complete absence of bilateral retinoblastoma in non
predisposed patients (Knudson, 1971).

This now classical two-hit hypothesis (Knudson 1971), was extended by Comings 
(1973) who suggested that two such mutational events served to inactivate both alleles 
of a gene normally functioning as a suppressor to retinoblastoma formation. A single 
mutation would be recessive to the remaining wild-type allele and therefore insufficient 
for phenotypic expression. Furthermore, Comings (1973) hypothesised that this 
mechanism may apply to carcinogenesis in general.

Evidence that malignancy behaves as a recessive trait, with genetic alteration leading to 
neoplastic transformation as a result of loss of function of normal alleles, was first 
provided by somatic cell hybrid studies. Fusion of tumour cells with normal or low 
malignant cells in vitro may create hybrids which are initially nontumourigenic but 
which revert back to malignancy on loss of chromosomes derived from the 
nonneoplastic fusion partner (Harris e ta l, 1969; Stanbridge, 1976). More elaborate 
studies involving the introduction of normal, individual chromosomes into cell lines of 
a particular tumour type, demonstrated tumour suppression only after the transfer of a 
specific chromosome, other chromosome transfers having no effect (Weissman et.al.,
1987). In sum, these results suggested that certain chromosomes harboured genes, 
absent from the genomes of tumour cells, with the capability of normalising the growth 
status of cancer cells (Harris et.al., 1969; Stanbridge et.al., 1981; Kaebling and 
Klinger, 1986; Weissman et.al, 1987).

Further support for recessive, loss of function mutation contributing to tumour 
formation, was provided by karyotypic investigation of retinoblastoma patients. 
Approximately 3% of affected individuals demonstrate constitutional deletion within 
one copy of chromosome 13 (Francke, 1978). Similarly, studies of patients
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predisposed to Wilms' tumour, revealed associated interstitial deletion of the short arm 
of chromosome 11 (Francke e ta l,  1979; Riccardi et.al., 1990).

Such cytogenetically observable alterations of specific chromosomal regions were 
interpreted as removing a single copy of a gene involved in preventing tumour 
formation. As theorised by Knudson (1971), subsequent loss of gene function would 
require somatic inactivation of the remaining wild-type copy, and further genetic 
analysis did indeed demonstrate loss of both copies of chromosome 13ql4 (Cavenee 
et.al., 1983). The favoured mechanisms for elimination of the second allele are 
chromosome nondisjunction, mitotic recombination or gene conversion which occur at 
a greater frequency than independent knockout events (Weinberg, 1991; Marshall, 
1991). These mechanisms lead to homozygosity of the mutant suppressor allele, and 
often involve chromosomal regions flanking the gene locus. Closely situated 
polymorphic DNA markers, normally heterozygous, may in turn demonstrate loss of 
heterozygosity (LOH) in tumours, corresponding to somatically induced loss of the 
remaining wild-type allele. LOH has been consistently observed in particular 
chromosomal regions for many tumour types (e.g. Cavenee et.al, 1983; Mackay et.al., 
1988; Vogelstein et.al., 1988), and is used to indicate the presence of a nearby tumour 
suppressor gene.

Localisation of the genetic targets involved in tumour formation, has subsequently led 
to the identification and characterisation of inherited genes predisposing to familial 
forms of cancer (e.g. Friend, et.al., 1986;Viskochil et.al., 1990; Gessler, et.al, 1990) 
and also candidate tumour suppressor genes involved in sporadic cancers (Baker et.al, 
1989; Fearon et.al, 1990).

1.2.2(a). Retinoblastoma.

Investigations leading to the isolation of the gene causing retinoblastoma, a rare 
childhood malignancy of the developing retina, established a framework for the 
identification of the class of genes for which loss of function mutations are 
tumourigenic. The retinoblastoma (RB) gene was localised initially by cytogenetic 
analysis demonstrating constitutional deletion of chromosome 13ql4 (Knudson et.al, 
1976; Francke, 1978) and occasional deletion of the same region in sporadic tumours 
(Balaban et.al, 1982). Cavenee et.al (1983) subsequently demonstrated that the two 
genetic targets in retinoblastoma predicted by Knudson (1971), were two copies of a 
gene located at 13ql4. Using polymorphic DNA markers derived from chromosome 
13 to examine loss of heterozygous alleles, it was possible to show that the two
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mutational events involved functional inactivation of both copies of this gene in 
tumours (Cavenee et.al, 1983; Godbout et.al, 1983).

Candidates for the RB gene were identified by virtue of correct localisation to 
chromosome 13ql4, expression in precursory fetal retinal cells and functional loss 
from retinoblastomas. An anonymous DNA marker mapping within 13ql4, detected 
deletions in 3 out of 37 retinoblastomas, two of which demonstrated loss of both alleles 
(Dryja et.al, 1986). This suggested close proximity to the RB gene and subsequent 
characterisation of surrounding genomic DNA led to the isolation of a complementary 
DNA (cDNA) segment conserved between mice and humans (Friend et.al, 1986). The
4.7 kb RNA transcript recognised by this cDNA, was shown to be ubiquitously 
expressed in normal tissues including fetal retina, and also in many tumour types 
(Friend et.al, 1986). However, expression was shown to be either reduced or absent 
in most retinoblastomas and osteosarcomas, suggesting this was the gene involved in 
retinoblastoma (Friend et.al, 1986; Lee et.al, 1987). In addition the locus of this RB 
candidate gene, spanning approximately 200kb in human chromosome band 13ql4, 
frequently exhibited either complete or partial deletion in retinoblastomas and 
osteosarcomas (Friend et.al, 1986).

Large rearrangements of RB, involving for example, deletion and translocation, have 
been detected in up to a third of retinoblastomas and osteosarcomas using Southern 
blotting techniques (Friend et.al, 1986; Lee et.al, 1987). More sensitive mutational 
analysis demonstrates that in a substantial proportion of these tumours, RB inactivation 
is the result of more subtle alteration, and in particular point mutations leading to 
alterations in splicing (Dunn et.al, 1988; Horowitz et.al, 1989; Dunn et.al, 1989). 
Germline mutations of RB appear to occur preferentially on the paternal chromosome, 
whereas in sporadic retinoblastoma no such bias is observed with regard to the initial 
somatic mutation (Dryja et.al, 1989; Zhu et.al, 1989). This suggests either that there 
is a greater preponderance of germline RB mutations during spermatogenesis, or 
imprinting in the early embryo confers a greater susceptibility to mutation (Zhu et.al, 
1989; Sapienza, 1990).

A similar spectrum of RB alterations have been observed in a variety of other human 
tumours of purely somatic mutational origin. Loss of chromosome 13 markers, centred 
around the RB locus, have been observed with high frequencies in both breast cancer 
(Lundberg et.al, 1987) and small cell lung carcinomas (Yokota et.al, 1987). In 
addition aberrant RB mRNA expression has been detected in both tumour types, 
indicating that the retinoblastoma gene is the target of the observed chromosome 13 
allele loss (Lee et.a l, 1988; T'Ang et.al, 1988). Similarly bladder and prostate
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carcinomas have been found to have severely reduced or undetectable amounts of RB 
protein in tumour cells (Horowitz etMl, 1990; Bookstein et.al, 1990).

RB encodes a 110 kD phosphoprotein (pRB), localised primarily in the cell nucleus, 
and although ubiquitously expressed, only appears to function as a critical regulator of 
proliferation in a limited number of tissues (Bernards et.a l, 1989). The precise 
function of pRB remains to be elucidated, although evidence suggests that the protein 
product may serve to inhibit the advancement from G1 to S phase of the cell cycle. 
Stimulation of cultured primary lymphocytes or endothelial cells to a state of 
proliferation, coincides with phosphorylation of pRB from an unphosphorylated form 
(Buchkovich et.al, 1989; Chen et.al,\9^9). Additionally, the demonstration that pRB 
has the ability to bind with viral oncoproteins suggests that RB may be a target of DNA 
tumour virus complex formation, leading to RB inactivation and loss of its growth 
suppressing function (DeCaprio et.al, 1988; Whyte e ta l,  1988).

1.2.2(b). The p53 gene

p53 is a 53-kD nuclear phosphoprotein initially identified by virtue of its ability to 
bind to, and form stable complexes with the large T antigen from Simian virus 40 
(SV40) in transformed cells (DeLeo e t.a l, 1979; Lane and Crawford, 1979; 
McCormick et.al, 1981). Generally nontransformed cells express low levels of p53 
(Dippold et.al, 1981) and so the observation of elevated levels in cells transformed by, 
in particular SV40 and adenoviruses, suggested that p53 acted as a dominant oncogene 
(Lane and Crawford, 1979; Linzer and Levine, 1979). Further investigations 
demonstrated that p53 could cooperate with activated ras oncogenes in transforming 
normal embryonic cells to a state of malignancy, similar in manner to the DNA binding 
protein product of the oncogene myc (Eliyahu e ta l,  1984; Parada et.al, 1984; Land 
e ta l ,  1983).

However, cDNA clones used in these early studies were found to be mutated forms of 
p53, and subsequent investigations involving transfection of wild-type p53 into 
transformed cell lines, demonstrated a marked reduction in transformation ability 
(Finlay e t.a l, 1989; Eliyahu e t.a l, 1989; Baker e t.a l, 1990). Further to the 
suppressive properties of wild-type p53. Baker et.al (1989) were able to show that, in 
conjunction with mutational inactivation of the p53 gene in colorectal carcinomas, wild- 
type p53 alleles were often deleted. Such a property is strongly indicative of a tumour 
suppressor gene, although in contrast to other tumour suppressors it appears that, in 
some instances, inactivation of a single p53 allele is sufficient for loss of regulatory 
function.
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To explain the apparent dominantly acting nature of p53, it has been proposed that 
mutant p53 competitively binds to wild-type p53 forming a functionally inactive 
complex (Eliyahu et.al., 1988). These complexes are believed to act as dominant 
negatives (Herskowitz, 1987) whereby the mutant/wild-type p53 complex becomes 
stabilised within the cytoplasm and is unable to exert any growth suppressive effect 
(Finlay et.al., 1988). It has been postulated that such an effect may also involve 
binding with the cellular heat shock protein Hsc70 (Pinhasi-Kimhi etal., 1986; Finlay 
et.al., 1988). A second mechanism by which p53 may be inactivated is through 
binding with the E6 oncoprotein encoded by human papilomavirus type 16 (Wemess 
et.al., 1990; Scheffner et.al., 1990). E6 proteins form a complex with wild-type p53 
leading to ATP dependant degradation of the p53 protein (Scheffner et.al., 1990).

The p53 gene itself is localised to human chromosome 17pl3.1 (Isobe et.al., 1986; 
Mcbride et.al., 1986) and recognises a 2.8 kb mRNA transcript encoded within 11 
exons (Matlashewski et.al., 1984; Bienz-Tadmour et.al., 1984). Alterations of p53, 
including rearrangement, deletion and point mutation, have been observed in many 
different tumour types making p53 the most frequently targeted gene in human cancers. 
Point mutation analysis, principally of exons 5 through to 8, has demonstrated 
particularly high frequencies of alteration in cancers of the colon, bladder, prostate and 
lung (see Tominaga, et.al., 1992 for review). Other common forms of cancer where 
somatic mutations of p53 have been implicated as causal events include gastric, ovary, 
breast, brain and Burkitts lymphoma (see Tominaga, et.al., 1992 for review).

The high prevalence of p53 somatic mutations in a broad spectrum of human 
malignancies, led to the hypothesis that p53 may be involved in the dominantly 
inherited cancer syndrome described by Li and Fraumeni (1969). Characteristically, 
affected individuals develop cancers at a variety of sites which may include, 
rhabdomyosarcomas, brain tumours, osteosarcoma, leukemias, adrenocortical 
carcinoma and carcinomas of the breast, lung, larynx and colon (Li et.al., 1988). 
Subsequent sequence analysis of the p53 gene in patients with Li-Fraumeni syndrome 
(LFS), did indeed demonstrate germhne transmission of mutated p53 in a number LFS 
families (Srivastava etal., 1990; Malkin et.al, 1990).

Like pRB, the p53 protein product undergoes cell cycle dependent phosphorylation, 
indicating a possible mechanism whereby it may exert a suppressive effect (Reich and 
Levine, 1984; Wilcock and Lane, 1991). p53 may also act to inhibit expression or 
function of transforming oncogenes such as c-myc. This follows observations of p53 
suppressing the transformation ability of cells in cooperation assays between ras and
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myc (Finlay et.al., 1989; Eliyahu et.al., 1989). Interestingly wild-type p53 has been 
shown to bind to specific DNA sequences resulting in transcriptional activation, 
whereas mutant p53 proteins were unable to stimulate transcription in this way making 
them transformation competent (Raycroft et.al., 1990; Kern et.al., 1991). El-Diery 
et.al. (1992) identified a 20kb consensus binding site consisting of two identical lObp 
sequences separated by a further 13bp, which is required for efficient binding of p53. 
It has been suggested that p53 may contain certain domains involved in transcriptional 
regulation and subsequently it has been demonstrated that p53 contains a strong 
transcription site near its amino terminus and can stimulate expression of genes 
downstream of this site (Raycroft et.al., 1990; Fields and Jang, 1990). p53 has also 
been shown to repress transcription by binding in a sequence independent manner to 
TATA elements (Seto e ta l,  1992; Liu et.al, 1993).

A recent investigation to search for genes involved in transcriptional activation by p53 
identified one such gene, referred to as WAFl, whose induction was associated with 
wild-type but not mutant p53 gene expression in a human brain tumour cell line (El- 
Diery et.al, 1993). El-Diery et.al (1993) further demonstrated WAFl itself was able 
to mimic the growth suppressive effect of p53 when introduced into different tumour 
cell lines. In a simultaneous investigation to search for regulators of cyclin dependent 
kinases (Cdks) which play a positive role in promoting cell cycle transitions by their 
association with cyclins. Harper et.al (1993) identified a Cdk interacting protein, 
CIPl, which acts as a tight binding inhibitor of Cdks and of RB phosphorylation. 
Analysis of the sequence of WAFl and ClPl demonstrate the two genes to be identical 
in sequence with both encoding a 21kD protein, and provides a striking example of the 
close relation between the cell cycle and tumour suppressor genes. Such a relationship 
has led Vogelstein and colleagues (El-Diery et.al, 1993) to suggest a model for p53 
function whereby p53 expression is stimulated only under certain environmental 
conditions, for example DNA damage, at which moment it binds to W AFl/ClPl and 
transcriptionally activates its expression. As a consequence the W AFl/ClPl protein 
inhibits Cdk activity and blocks cell cycle progression.

1.2.2(c). Other tumour suppressor genes

Retinoblastoma and p53 are respectively considered to be the prototype model and 
most ubiquitously affected of the class of tumour-predisposition genes. A number of 
these dominantly inherited suppressor genes have now been either cloned or localised 
representing, as they do, the source of initiation and progression of a wide variety of 
human malignancies. The classic model provided by retinblastoma, involving loss-of- 
function mutations in two alleles of a gene, appears in some instances to be more
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complex. For example, in the inherited predisposition to colorectal cancer, 
adenomatous polyposis coli (APC), the suggestion is that loss of a single allele may be 
sufficient for expression of the disease phenotype. APC will be discussed in more 
detail in section 2, suffice it to say that such instances possibly involve gene dosage 
effects or dominant-negative mutations (Bodmer et.aL, 1987; Herskowitz et.al., 1987).

In other malignancies, such as Wilms' tumour, evidence exists for the involvement of 
more than one tumour suppressor gene locus. Following localisation of the WT gene 
to the short arm of chromosome 11, constitutional deletion and loss of heterozygosity 
defined two separate loci at 11 p i3, in association with WAGR syndrome (Francke 
et.al., 1979), and llp l5  associated with the Beckwith-Wiedemann syndrome and some 
sporadic WT cases (Koufos et.al., 1989). Furthermore, familial WT appeared not to 
be linked to either of these loci, implicating a third locus in the disease (Grundy et.al., 
1988; Huff et.al., 1988). Of these possible WT loci, only the gene localised to l lq l3  
has been isolated (Rose et.al., 1990; Call et.al., 1990; Gessler et.al., 1990). Referred 
to as W Tl, this gene is expressed in a limited number of tissues including glomerular 
epithelium of the embryonic kidney, mesenchymal buds, renal vesicles and urogenital 
precursors, but is not expressed in adult human kidney (Haber et.al., 1990). The 
protein of WTl contains four zinc-finger domains within 345 amino acids, indicating a 
sequence specific binding ability and functionally suggestive of a transcriptional 
regulator (Call et.al., 1990; Gessler et.al., 1990).

Neurofibromatosis represents a dominantly inherited predisposition to tumours of the 
nervous system and exists in two clinically distinct forms, von Recklinghausen 
neurofibromatosis (NFl), and neurofibromatosis type 2 (NF2), which is less common. 
Using linkage studies in affected pedigrees, NFl was assigned to chromosome 
17qll.2 (Goldgar et.al., 1989). NF2 was shown to be genetically distinct from NFl 
when linkage analysis localised the gene to chromosome 22 (Rouleau eta l, 1987a and 
b, and 1990).

A large proportion of NFl individuals are the result of fresh mutation, which 
suggested the gene spans a large locus (Wallace et.al., 1990). Following the 
identification of two NFl patients with apparently balanced translocations involving 
chromosome 17ql 1.2 (Wallace e ta l, 1990) a large mRNA transcript was isolated and 
shown to be disrupted by both translocation breakpoints and also partially deleted in 
some NFl patients (Wallace et.al, 1990; Cawthom et.a l, 1990; Viskochil, et.al, 
1990). Wallace et.a l (1990) also identified a single NFl patient with a de novo 
insertion in this gene, providing further evidence that it was indeed the gene responsible

Page -34-



for NFl. Like pRB, expression of the NFl peptide is ubiquitous but with tumour 
development restricted to a few tissues only (Wallace et.al, 1990; Xu et.al, 1990).

The gene for NF2 represents one of the most recently isolated tumour suppressor 
genes (Rouleau et.a l, 1993: Trofatter et.a l, 1993). The observation of gross 
chromosomal deletions in NF2 patients highlighted a critical region from which 
candidate genes were isolated. Subsequent mutational analysis of one particular gene 
identified subtle alterations in the germline of NF2 patients and also somatic mutations 
in schwannomas and meningiomas, providing evidence that it was the NF2 gene 
(Rouleau et.al, 1993; Trofatter et.al, 1993). The protein encoded by the NF2 gene 
resembles a family of proteins, sublocalised to the cell membrane, which appear to act 
as membrane organising proteins (Luna and Hitt, 1992). On the basis of this 
homology, it has been proposed that the NF2 protein acts as a link between the cell 
membrane and cytoskeleton (Trofatter et.al, 1993).

The tumour suppressor genes mentioned represent the genes so far isolated, which are 
initiators of a wide range of familial cancers. The genetic loci of other inherited cancer 
predisposition genes have been identified, including those of familial breast cancer, 
melanoma, renal-cell carcinoma and multiple endocrine neoplasia type 1. Additionally 
other tumour suppressor genes, either responsible for, or involved in the progression 
of non-familial cancers, have been localised or cloned using a combination of allele loss 
studies and positional cloning techniques.

Two genes implicated in the progression of colorectal cancer, DCC (deleted in 
colorectal cancer) and MCC (mutated in colorectal cancer) have both been isolated and 
shown to be somatically altered in colorectal tumours (Fearon et.al, 1990; Kinzler 
et.al, 1991a). In addition to the previously documented involvement of RB and p53 in 
bladder cancer and small cell lung carcinoma, genetic loci specifically associated with 
both of these predominantly somatically induced malignancies have been identified. An 
understanding of the biochemistry and cellular biology of the protein products encoded 
by all of these tumour suppressor genes lags far behind the understanding of their 
genetic constitution. The challenge now, it seems, is to work out the mechanisms by 
which defective copies of these genes cause malignancy.
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Part 2. Colorectal cancer.

1.3. Epidemiology of colorectal cancer.

Cancer of the colon and rectum has long been recognised as a disease common to well 
developed industrialised nations representing, as it does, the second most common 
cause of cancer deaths in North America and Western Europe (Doll and Peto, 1981; 
Lambert, 1982). In the United Kingdom alone approximately 25,000 new cases of 
colorectal cancer are reported each year, leading ultimately to 19,000 deaths 
(Northover, 1989).

Geographically the incidence of colorectal cancer varies considerably worldwide 
(Boyle et.al. 1985) suggesting an important role for environmental factors in the 
aetiology of the disease. Investigating cancer incidence in the Bantu and Cape coloured 
races of South Africa in 1960, Higginson and Oettle reported the rare occurrence of 
carcinoma of the stomach and large intestine, and postulated that dietary factors may be 
responsible for the high incidence of large bowel cancer observed in Western societies. 
Evidence supportive of the theory that diet and colorectal cancer are connected, has 
been provided by studies on migrant populations from low risk areas, adopting the 
incidence rates of the high risk host population (e.g. Haenzel and Kurihara, 1968; 
Warshaur et.al. 1986). Furthermore, comparative studies of religious groups such as 
Mormons and Seventh-Day Adventists where dietary intake differs markedly from that 
of the general North American population, indicate colorectal cancer mortality is 
significantly reduced (e.g. Wynder and Reddy, 1974; Enstrom, 1975).

Several hypotheses have been proposed relating dietary factors to risk of colorectal 
cancer. Burkitt (1971) drew correlation between the rarity of large bowel cancer in 
African populations and high levels of fibre intake, leading to the suggestion that fibre 
has a protective effect involving a capacity to regulate the speed of transit, bulk and 
consistency of stools, and to dilute carcinogens (Oettle, 1964; Burkitt, 1971). A 
comprehensive review of evidence relating fibre intake to the risk of colorectal cancer 
reveals the majority of studies to be supportive of a negative relationship between the 
two, although it should emphasised that this is not conclusive (Trock et.al., 1990).

Trock et.al. (1990) stress that inconsistencies involved with assessing the total fibre 
intake between different cohorts, and the presence of a strong correlation between fibre, 
fat and caloric intake may affect the significance of the relationship observed. Indeed, 
high levels of dietary fat and cholesterol have been positively associated with increased
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colorectal cancer risk (Zardize, 1983; Liu et.a l,1919). This led Cruse e ta l  (1979) to 
postulate that cholesterol acts as a co-carcinogen facilitating development, growth and 
spread of cancer as opposed to being an initiating element. A more recent study 
suggests that variation in the total caloric intake derived from fat, protein and 
carbohydrates, accurately parallels colorectal cancer risk (Bristol e ta l ,  1985; Lyon 
e ta l ,  1987).

Trock e ta l  (1991) also emphasise the variability which exists between studies in 
assessing the source of fibre intake and in particular whether the intake be derived from 
fruit and vegetables or cereals. The nature of dietary fibre, and in particular the degree 
of resistant starch as opposed to non-starch polysaccharides, demonstrates notable 
variability between different investigations (Trock et.a l, 1991) and this seems an 
important factor in assessing the potential protective effect of fibre against colorectal 
cancer. Resistant starch has been shown to induce mechanical and chemical effects on 
the colon in humans, increasing stool weight and the mean transit time as a result of 
increased colonic bacterial microflora stimulating carbohydrate fermentation (Scheppach 
et.al, 1988).

Nonsteroidal anti-inflammatory drugs (NSAIDs), and in particular aspirin, have also 
been reported to confer a protective effect against colorectal cancer (Kune et.al, 1988; 
Rosenberg et.al, 1991; Thun et.al, 1991). NSAIDs have been shown to be inhibitors 
of the synthesis of prostaglandins which are associated with enhancing tumour 
progression (Lupulescu, 1978). Following a large case-control study, Thun e ta l  
(1991) concluded that regular use of aspirin at low doses reduces the risk of colorectal 
cancer. In smaller studies another NSAID, sulindac has been shown to cause 
regression of multiple adenomas of the colon in patients with adenomatous polyposis 
coli (Gonzaga et.al, 1985; Labayle et.al, 1991). However, on cessation of use with 
both aspirin and sulindac, a rapid return to the expected incidence of colorectal cancer 
and recurrence of adenomas respectively was observed (Labayle et.al, 1991; Thun 
e ta l ,  1991).

It has been estimated that in the United States of America, 90% of colon cancer is 
attributable to environmental factors, primarily diet (Doll and Peto, 1981). In addition 
evidence strongly suggests a substantial genetic contribution to colorectal cancer risk 
and an interaction between genes and the environment (Cannon-Albright et.al, 1988; 
Willet, 1989). Pedigree studies where multiple cases of colorectal cancer have been 
observed among close relatives, indicate an increased risk between two and three times 
that of the general population (Macklin, 1960; Burt, et.al, 1985; Cannon-Albright, 
et.al, 1988). Genetic models based on such analysis infer the existence of a major
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susceptibility gene confering a dominant mode of inheritence to colorectal cancer (Burt, 
e ta l,  1985; Cannon- Albright et.al, 1988).

1.4. Aetiology of colorectal cancer.

1.4.1. Anatomy of the human colorectum.

Anatomically the colorectum is subdivided into nine different parts as illustrated in 
figure 1.1. Topographically the colon and rectum are bordered by the dorsal bony 
abdominal and pelvic walls and represent the distal portion of the alimentary canal 
(Hermanek et.al, 1983). The inner mucosal surface of the colorectum is consistent 
throughout and consists of an outer epithelium composed of invagenous crypts termed 
crypts of Lieberkuhn, an inner layer, the lamina propria, and the lamina muscularis 
mucosa layer which forms the border to the submucosa. Columner cells, goblet cells 
and isolated enterchromaffin cells account for the cellular composition of the 
epithelium. Columner cells predominate in the surface epithelium and also in the lower 
third of crypts which represents the zone of regeneration and proliferation. Goblet cells 
are abundant throughout the crypt epithelium particularly in the upper two thirds of the 
crypt which represents the zone of differentiation and migration. Microscopic 
examination of columner cells treated with a tritiated thymidine marker has been used to 
demonstrate their progression after proliferation in the lower third of the crypt, as they 
migrate up the crypt during differentiation, before final extrusion at the surface 
epithelium (Deschner, 1980).

1.4.2. Formation of adenomas.

The occurrence of cancers in the colon and rectum have long been associated with 
benign epithelial protrusions, arising from the normal mucosal surface, termed 
adenomatous polyps. Adenomas themselves arise from tubular invaginations of the 
intestine, the crypts of Lieberkuhn (Lipkin, 1988). Ponder et.al (1985), demonstrated 
that the epithelium of individual crypts in the small and large intestine of adult mice is 
always composed of cells of a single parental type concluding that crypt epithelium is 
derived from a single stem cell.

Almost all adenomatous polyps are of epithelial origin and may be classified according 
to macroscopic criteria into three types: (1) pedunculated polyps are small (rarely larger 
than 3cm), lobulated growths protruding from the bowel wall with stalk attachments; 
(2) secil-villous adenomas are broad-based and larger (up to between 12 and 15cm) and
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Figure l.l.Subdivision of the colon and the border area towards the 
rectum, (modified from Hermanek et al. 1993).

1. cecum
2. appendix
3. ascending colon
4. hepatic flexure
5. transverse colon
6. splenic flexure
7. descending colon
8. sigmoid colon
9. rectum
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are composed of well-developed villi creating a shaggy appearance; (3) semi-sessile or 
semi-pedunculated polyps are intermediaries of these two forms appearing more 
branched than villous adenomas and with blunt or rounded ends (Bussey, 1975; 
Hermanek et.al, 1983). These three forms of adenoma are similarly distinguishable 
according to histological criteria into tubular adenomas (which constitute approximately 
75% of all colorectal adenomas), villous adenomas (10%) and tubular-villous 
adenomas (15%) respectively (Muto e ta l, 1975).

Using X-linked restriction fragment length polymorphism (RFLP) analysis to examine 
the pattern of X inactivation in colorectal tumours , Fearon e ta l  (1987) have been able 
to show that tumours arising from colonic crypts are of monoclonal origin. Consistent 
with the results of this study is an investigation of the effects of sporadic carcinogen 
induced somatic mutations in the X- linked gene G6PD indicating that each colonic 
crypt is maintained throughout life by a single stem cell ( Ponder e ta l,  1985; Griffiths 
e ta l ,  1988).

1.4.3. Progression from adenoma to carcinoma

It has been generally accepted that in the vast majority of cases adenomas represent 
precursor tissue from which colorectal carcinomas arise (Morson, 1974; Muto, et.al, 
1975; Fengolio and Pascal, 1982). Evidence supportive of this theory is multifold: 
firstly, a common feature shared by adenomas and carcinomas is a disruption of the 
normally balanced cellular equilibrium, involving hyperproliferation and incomplete 
differentiation throughout colonic crypt cells (Pascal, e ta l, 1968; Ponz de Leon, et.al,
1988); secondly, consistent removal of polyps from the rectum of patients with the 
inherited pre-malignant condition adenomatous polposis coli (see section 1.2.3a) 
greatly reduces the risk of rectosigmoid cancer (Muto et.a l, 1975); thirdly, on 
microscopic examination, tumours are often shown to consist of both adenomatous 
tissue and carcinomatous tissue, the ratio of each determining the extent of malignancy 
in the polyp and its potential for metastasis (Fengolio and Pascal, 1982).

In 1932, Dukes presented a means of classifying intestinal carcinomas based on the 
degree of malignancy. Dukes's classification enables subdivision into three groups 
depending on the extent of invasion to surrounding tissue: A cases are those tumours 
which are limited to the wall of the rectum and are without lymphatic involvement; B 
cases are cancers which have progressed beyond the submucosa, muscle coat and 
saroal layers but still without lymphatic involvement; C cases are carcinomas which 
have invaded the lymph nodes leading to metastasis (Dukes, 1932). Bussey (1975) 
extended this classification to include the histological basis of cancers. Tumours of
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low grade malignancy appear well-differentiated with cells well organised, of uniform 
shape and with few mitoses occurring. Tumours of high grade malignancy however 
are poorly differentiated with chaotically arranged clumps of cells with a common but 
irregular pattern of division (Bussey, 1975).

More recently a prognostic system evaluating the extent of progression towards 
carcinogenesis and to a metastatic state in patients with bowel cancer has been devised 
to additionally provide a confident prediction of the clinical outcome (Jass et.al., 1987). 
Limitation of growth to the bowel wall, number of lymph nodes with metastatic 
tumour, character of the invasive margin and conspicuous peritumoural lymphocytic 
infiltration were selected as four variables with an important and independent influence 
upon survival (Jass et.al., 1987). Four prognostic groups were derived from an 
accumulative assessment of these four variables and used to characterise 379 patients 
who had undergone radical surgery for bowel cancer two decades previously. This 
classification enabled a consistent prediction of the chances of survival of patients to be 
made thus highhghting those individuals who might receive most benefit from adjuvant 
therapy to eradicate occult disease (Jass et.al., 1987).

Age-specific incidence curves demonstrating a rapid increase in mortality with age in 
cancers at some sites, have been used to predict a multi-stage progression from 
adenoma to carcinoma involving a complex process of perhaps six or seven stages 
(Nordling, 1953; Armitage and Doll, 1954). Hill et.al. (1978) hypothesised that 
adenomas of the colon are initially caused by an environmental agent acting on the 
colorectal cells of persons prone to adenoma formation. A second agent then causes the 
adenoma to grow while a third agent induces malignancy, commonly in large adenomas 
and occasionally in small adenomas. Support for such theories has been provided by 
Voglestein, et.al. (1988) on demonstration that progression from the adenomatous to 
carcinomatous state in colorectal tumours results from the accumulation of several 
somatic mutations.

1.5. Inherited colorectal cancer predisposition syndromes.

1.5.1. Adenomatous Polyposis Coli

Adenomatous polyposis coli (APC) is a highly penetrant disease characterised by the 
development of multiple benign adenomatous polyps of the colon and rectum, some of 
which will progress towards malignancy unless colectomy is performed (figure 1.2), 
A familial tendency for (APC), was first suggested by Cripps (1882) on observation of 
the disease in two members of the same family (cited in Bussey, 1975). An
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Figure 1.2. Examples of surgical specimens of the affected colon from two 
unrelated APC patients

The surgically removed colon of two unrelated, APC affected individuals 
demonstrating: (a) the colon opened up longitudinally to reveal the inner colonic 
mucosa and many small adenomatous polyps; (b) a magnified portion of the 
mucosal surface of a colon exhibiting a few adenomatous polyps varying in both 
size and the degree of dysplasia.
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investigation of three families with APC led Lockhart-Mummery (1925) to conclude 
that the hereditary factor was not cancer itself, but multiple adenomas showing a 
marked tendency to undergo malignant change (cited in Bulow, 1987). A diagnostic 
criterion defining the minimum number of polyps required to be considered multiple 
adenomatous has been proposed. The observation that less than 200 polyps in a single 
colectomy specimen is rare has led to a definition for APC as a condition where 100 or 
more adenomas are present in the large intestine (Bussey, 1975).

The age of development of multiple adenomas is variable usually occurring during 
adolescence or early adulthood. In a study by Bulow (1986) the age of onset varied 
between 5 and 39 years with a median age for the time of adenoma development of 16 
years. The time of diagnosis following onset of the disease in individuals with no 
previous associated risk of APC is dependent on the presentation of symptoms. These 
include rectal bleeding, diarrhoea and mucus discharge and lead to diagnosis at an 
average age of 35 years, by which time about 60% of individuals will already have 
developed colorectal cancer at one or more sites (Bussey, 1975; Bussey, 1982). The 
average age at diagnosis of polyposis without cancer in familial cases is approximately 
27 years and of colorectal cancer about 39 years, suggesting an average time interval in 
the progression from adenoma at initial diagnosis to a state of malignancy of 12 years 
(Muto, et.al, 1975).

Comparison of the average ages of death in England and Wales (1963) for individuals 
with APC and those with sporadic colorectal cancer (41.8 years and 70.4 years 
respectively) demonstrates a difference of between 25 and 30 years for fatal large 
intestinal cancer in the general population compared with the APC group (Bussey, 
1975). This was used by Ashley (1969) as evidence supportive of a multi-hit 
hypothesis for cancer formation, the inference being that in individuals with APC, 
alteration of the gene responsible replaces one or two hits customarily essential in the 
genesis of colonic neoplasms.

Estimates of incidence rates for APC suggest an apparent similarity in frequency 
throughout the world. These range from frequencies of about 1 in 6800 to 1 in 24000 
(e.g. Pierce, 1968; Reed and Neel, 1954; Murata et.al, 1981 and Veale, 1965). The 
accuracy of such measurements may involve elements of bias and is particularly 
dependent on the completeness of the registry. In view of this perhaps the most reliable 
estimate comes from the Danish polyposis registry where a cumulative incidence 
between 1976 and 1982 of approximately 1 in 10,000 has been calculated (Bulow,
1986).
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In a large proportion of APC cases no family history of the disease is apparent and 
such cases thus appear to be the result of new mutation. Such isolated cases appear not 
to differ either clinically or pathologically from those of familial probands, indicating 
that they represent variants of the same disease (Bulow, 1987). The frequency with 
which isolated cases occur ranges from 30 to 47% the total number of APC cases 
registered (Aim and Licznersiki, 1973; Bussey, 1975; Bulow, 1986). This suggests a 
mutation rate for APC of at least 1 in 1(X),000 and perhaps as high as 1 in 25,0(X) 
(Bodmer et.al, 1987). Consistant with an autosomal dominant mode of inheritance, 
the sex distribution of APC demonstrates an approximately equal male to female ratio 
(e.g. Aim and Licznersiki, 1973; Bussey, 1975; Bulow, 1986).

In 1951, Gardner described a kindred with a condition involving multiple adenomas 
of the large intestine accompanied by multiple osteomas and epidermoid cysts. This 
complex of manifestations was observed in six members from a kindred of 51 
individuals (Gardner and Richards, 1953) and has come to be known as Gardners 
Syndrome (GS). Gardner expanded on the definition for GS, following a review of 
the same family (1962), to include abnormal dentition and desmoid tumours. Since 
then extracolonic lesions have been observed to varying degrees in the majority of APC 
patients (Utsunomiya and Nakamura, 1975; Jarvinan, et.a l, 1983). Indeed the 
variation and large number of combinations of extracolonic manifestations within 
families has led to the suggestion that APC and GS are indistinguishable and should 
therefore be considered as part of the same disease complex (Smith, 1958; Jagleman, 
1987; Cohen, 1982).

Osteomata of the jaw and skull bones were observed in all six members of the kindred 
studied by Gardner (1951). These are benign lesions present in bones throughout the 
body, which develop during childhood and possibly precede development of intestinal 
adenomas (Jagleman, 1987). Mandibular osteomas have been detected in 75 to 90% of 
APC patients without additional extracolonic manifestations, suggesting a possible role 
for these lesions in the prophylactic screening of high risk family members (Jarvinan 
et.al, 1982; Utsunomiya and Nakamura, 1975). Similarly epidermoid cysts are benign 
lesions commonly observed in children and possibly preceding intestinal adenomas. 
They are soft subcutaneous tumours of the face and scalp and may also be important as 
a clinical marker for the disease (Leppard, 1974).

Desmoids are fibromatous tumours originating from musculoaponeuritic soft tissues 
with a marked tendency towards local growth (MeAdam and Goligher, 1970). They 
commonly arise in APC patients following surgery, usually prophylactic colectomy, 
and although not malignant may cause mechanical obstruction and compression of the
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intestine or urinary tract (Bussey, 1975; Jagleman, 1987). Desmoid tumours are 
uncommon occurring in 4 to 10% of APC patients of which 75 to 80% are women 
(e.g. Bussey, 1975; Jones et.al, 1986; Bulow, 1986). One other condition associated 
with APC involves the formation of discrete, darkly pigmented lesions of the retina. 
Congenital hypertrophy of the retinal pigment epithelium (CHRPE) is known to occur 
to a small degree and at low frequencies in the general population. A high incidence of 
CHRPE (90 to 100%), often extensive and bilateral, has been observed in APC patients 
with and without other extracolonic manifestations (Traboulsi e ta l,  1987; Romania 
et.al, 1989; Chapman et.al, 1990). The high penetrance of this lesion suggests an 
important role as a clinical marker in presymptotic diagnosis of the disease (Traboulsi, 
e ta l,  1987; Chapman et.al, 1990).

The use of fibreoptic gastroendoscopy in recent years has demonstrated a frequent 
occurrence of polyps in the stomach or duodenum in APC patients (e.g. Utsunomiya 
e ta l, 1974; Burt et.al, 1984; Domizio e ta l,  1990). Their presence appears to confer 
an increased risk of carcinoma development in the gastrointestinal tract particularly the 
duodenum (Bulow, 1987). The observation that in Japanese populations gastric cancer 
is far more common than duodenal cancer in APC patients, while the reverse is true for 
Western societies, suggests that the function of the APC gene could be modified for the 
formation of these cancers under the relevant environmental conditions (Utsunomiya, 
1990).

1.5.2. Hereditary Nonpolyposis Colorectal Cancer.

Hereditary nonpolyposis colorectal cancer (HNPCC) describes an autosomal 
dominantly inherited predisposition to multiple colorectal cancers, predominantly in the 
proximal colon, with a characteristically earlier age of onset than in sporadic colorectal 
cancer. The term nonpolyposis is not meant to imply that adenomas do not occur in 
HNPCC but indicates that adenomatous polyps of the colon are few and not multiple as 
in APC. HNPCC is a heterogenous entity comprising at least two conditions : (1) the 
cancer family syndrome (CPS), or Lynch syndrome II; and (2) hereditary site specific 
colon cancer (HSSCC), or Lynch syndrome I.

CPS was first reported in 1913 by Warthin on observation of a family with a high 
incidence of adenocarcinomas at several sites, commonly in the colon and rectum (cited 
in Murday and Slack, 1989). Lynch and Krush (1967; 1971) further characterised the 
condition observing an average age of onset of about 45 years compared with 65 years 
in sporadic colorectal cancer, and a preponderance of extracolonic cancers particularly 
carcinoma of the endometrium and ovary. Additional features include a proximal
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location of colorectal tumours in about two thirds of cases and vertical transmission 
consistent with an autosomal dominant mode of inheritance. These characteristics of 
CFS have been confirmed more recently (e.g. Lynch et,al., 1985a; Mecklin et.al., 
1986; Ushio, 1989). HSCC, initially described by Woolf (1955), exhibits all the 
features of CFS but without the extracolonic carcinomas.

Also classified in the HNPCC group is the Muir-Torre syndrome, similar to CFS with 
a dominantly inherited predisposition to colorectal cancer, and carcinomas of the 
oesophagus, uterus, ovary and breasts, but distiguishable by the occurrence of multiple 
skin tumours (Muir et.al., 1967; Anderson 1980). The similarities with CFS, and 
apparent overlap in phenotypic features in some individuals, has led to the suggetion 
that Muir-Torre may be due to the same gene (Lynch 1985c).

Attempts to estimate the contribution of HNPCC to the total colorectal cancer 
incidence have proven difficult due to the lack of any obvious diagnostic criteria such as 
the presence of multiple polyps seen in individuals with APC. With the exception of 
the cutaneous manifestations seen in Muir-Torre, no such diagnostic markers are 
readily apparent in HNPCC, identification therefore requiring examination of family 
members in search of affected first degree relatives. Factors such as small family size 
and an inability to assess the incidence of solitary cases resulting from fresh mutation, 
would seriously prohibit identification of HNPCC kindreds. A common definition of 
an HNPCC kindred is one where at least three relatives in two generations have 
colorectal cancer with diagnosis of one of the relatives before the age of 50 (Vasen 
et.al., 1991). Current figures which estimate HNPCC cases as representing 4-6% the 
total colorectal cancer burden must therefore be considered under-estimates (e.g. 
Lynch, 1986; Mecklin, 1987; Ushio, 1989). Lynch et.al. (1985b) suggest that 
sensitive biomarkers might enable genotypic identification before phenotypic 
expression and lead to greater accuracy in estimating the frequency of HNPCC.

1.5.3. Other inherited colorectal cancer predisposition  
syndromes.

In addition to APC and HNPCC a number of other inherited syndromes exist which 
are also characterised by the formation of gastrointestinal polyps and a predisposition to 
colorectal cancer (Bussey, 1975). Although these syndromes are rare and represent 
only a very small proportion of the total colorectal cancer burden, they are of particular 
aetiological interest. Most of these inherited conditions are distinguishable both 
clinically and histologically which is of particular importance in their diagnosis and 
treatment (Bussey, 1975).

Page -46-



Turcot syndrome is a rare multiple polyposis condition with associated tumours of the 
central nervous system and characteristic brain tumours which develop in childhood 
and early adulthood (Turcot et.al., 1959; Bussey, 1975). Colonic polyps in Turcot 
syndrome are numerous although are fewer than in APC numbering less than 1(K3. In 
addition polyps are larger and the age of onset earher, usually during the second decade 
of life, than in APC (Murday and Slack, 1988). The condition appears to be inherited 
as an autosomal recessive disorder with high penetrance although an autosomal 
dominant mode of inheritance has been described in some families (Kumar et.al. ̂  
1989). A recent study has suggested that the classical autosomal recessive form of 
Turcot syndrome at least is not linked to the APC locus and is therefore a genetically 
distinct disorder (Tops et.al, 1992).

Peutz-Jeghers syndrome, described by Jeghers et.a l (1949), is an autosomal 
dominant disorder with characteristic multiple polyposis throughout the gastrointesinal 
tract, although more commonly in the small intestine (Utsunomiya et.al, 1974), with 
associated melanin spots on the lips, bucal mucosa, hands, arms, feet and legs. Polyps 
were originally thought to be adenomatous but are now considered hamartomas with a 
core of smooth muscle, which cause obstruction and intussusception of the small 
intestine (Giardello et.a l, 1987). Peutz-Jeghers patients are of increased risk of 
developing gatrointestinal cancers and in addition cancers at extra-intestinal sites, 
particularly breast, uterus and testicular tumours (Spigelman et.al, 1989).

Juvenile polyposis is also characterised by multiple harmartomata throughout the 
gastrointestinal tract, predominating in the large intesine, and develops during infancy 
and early childhood (Bussey, 1975; Erbe, 1976). Affected individuals present with 
symptoms of rectal bleeding, anemia, diarrhoea and interssusception, and have an 
increased risk of developing gastrointestinal cancer (Stemper et.al, 1975; Jarvinan and 
Franssila, 1984). Although harmatomatous and believed to be non-neoplastic, juvenile 
polyps showing evidence of dysplastic and adenomatous change have been observed 
(Jarvinan and Franssila, 1984), while Jass et.al. (1988) have documented adenomatous 
polyps co-existing with juvenile polyps. The condition is inherited as an autosomal 
dominant with complete penetrance although linkage studies have been unable to 
localize the gene responsible for the condition (Petersen et.al, 1990).

1.6. Genetic alterations in colorectal cancer

The evolution of colon cancer along a well defined morphological pathway provides 
an ideal opportunity for studying the genetic alterations involved in the progression
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from benign adenoma to metastatic carcinoma. For both inherited and sporadic forms 
of colorectal cancer an accumulation of mutations involving the mutational activation of 
oncogenes coupled with the mutational inactivation of tumour suppressor genes appears 
to lead to tumour formation (Fearon and Vogelstein, 1990). Additionally DNA from 
human colonic neoplastic tissue demonstrate substantial hypomethylation in comparison 
to DNA from normal colonic mucosa (Goelez et.al., 1985; Feinberg et.al., 1988). 
Similar states of méthylation exist between benign polyps and malignant carcinomas 
suggesting that such alterations in DNA precede malignancy. A proposed effect of 
hypomethylation is the inhibition of chromosome condensation possibly resulting in 
chromosomal abnormalities due to mitotic nondisjunction (Schmid et.al., 1984).

A further genetic mechanism for colorectal carcinogenesis has recently been uncovered 
primarily involving the inherited predisposition HNPCC. In the course of linkage 
studies localising the gene for HNPCC to chromosome 2 (Peltomaki et.al., 1993; 
Aaltonen et.al., 1993) it was discovered that the microsatellite repeat markers used were 
altered in HNPCC tumours, mainly through expansion, suggesting replication errors 
(RER) had occurred during tumour development (Aaltonen et.al., 1993). More 
extensive analysis indicated that such alterations were common features of microsatellite 
repeats throughout the genome (Aaltonen et.al., 1993; Thibodeau et.al., 1993; Ionov 
et.al., 1993). The inference from such investigations is that a defective gene on 
chromosome 2 is responsible for a general genome instability, and confers an inherited 
susceptibility to colorectal cancer in HNPCC patients (Aaltonen et.al, 1993).

Observations suggest that although in the majority of colonic carcinomas genetic 
alterations tend occur in a specific order according to the stage of tumourigenesis, there 
are exceptions and the net accumulation of changes is likely to be most important in 
colorectal tumour progression (Vogelstein et.al, 1988). Furthermore, the frequency of 
these genetic changes appear to be independent of geographic and ethnic variations and 
colorectal cancer incidence (e.g. Vogelstein et.al,l9SS; Ashton-Rickardt et.al, 1989; 
Delattra et.al, 1989). A multistep process involving four to six independent changes is 
consistent with measurements of colorectal cancer incidence increasing in proportion to 
a fifth or sixth the power of age (Ashley 1969).

1.6.1. Genetic alterations associated with oncogenes

Several studies have described the alteration of proto-oncogenes leading to the 
production of dominantly acting cellular oncogenes with an ability to promote the 
progression towards malignancy in colorectal cancer. Increased mRNA expression of 
c-myc in colonic polyps has been reported (Rothberg et.al, 1985; Stewart et.al, 1986)
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together with c-myc amplification in colon carcinoma cell lines (Alitalo et.al, 1983; 
Finley et.al, \9Wi). Activation by amplification is considered rare in colorectal cancers 
although amplification of neu (D'Emilia et.al, 1989) and c-myb (Alitalo et.al, 1984) 
proto-oncogenes has also been reported.

The most commonly observed oncogenic change in colorectal tumours are somatic 
mutations of ras genes and in particular point mutation at codon 12 of the K~ras gene. 
Consistent with animal models, where activated ras oncogenes have been detected in 
premalignant tumours (Land et.al, 1983; Leon et.al, 1988), Vogelstein et.al (1988) 
detected K-ra^ mutations in approximately 50% of human colorectal adenomas greater 
than 1cm in size. With the observation of similar mutation frequencies in colorectal 
carcinomas (Bos et.a l, 1987; Forrester et.a l, 1987; Vogelstein et.a l, 1988) the 
suggestion is that K-r/35 gene mutations are relatively early events in colorectal 
tumourigenesis conferring a high probability of malignant progression. Reports also 
suggest that such changes are not the initial genetic alteration in the development of 
colorectal tumours, since Y.-ras gene mutations have been detected infrequently 
(between 7 and 10%) in small adenomas from patients with familial adenomatous 
polyposis coli (Vogelstein et.al, 1988; Farr et.al, 1988). A small proportion of 
carcinomas have also been found to harbour N-raj gene mutations (Vogelstein et.al,
1988) while Forrester et.al (1987) has reported a single villous adenoma exhibiting 
simultaneous activation of both K-ras and '^-ras.

1.6.2. Genetic alterations associated with tumour suppressor 
genes

Physical evidence implicating the inactivation of genes which normally regulate cell 
proliferation, thus promoting neoplastic growth, is provided by observations of region 
specific chromosomal deletions in certain human tumours (Knudson, 1985). The 
existence of constitutional deletion has previously permitted chromosomal localisation 
and subsequent isolation of tumour suppressor genes involved in, for example, 
retinoblastoma (Cavenee et.a l, 1983) and Wilms' tumour (Dao et.a l, 1987). 
Colorectal cancer has also been the subject of many studies investigating allelic loss 
using markers for the identification of restriction fragment length polymorphisms 
(RFLPs) and variable number tandem repeats (VNTR or minisatellite).

Cytogenetic analysis of colorectal cancers initially suggested consistent alteration of 
chromosomes 17 and 18. The deficiencies observed by Muleris et.al (1985) were 
described as rearrangement in the juxtacentromeric region leading to loss of the short 
arm of chromosome 17 and relative lack of chromosome 18. Subsequent molecular
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analysis by Fearon et.al. (1987) indicated loss of heterozygous alleles from 
chromosome 17p in more than 75% of colorectal carcinomas. Similar high levels of 
allele loss in carcinomas were observed in other studies (Monpezat et.al., 1988; 
Vogelstein et.al., 1988; Law et.al, 1988; Delattre et.al, 1989) although this was not 
absolutely conclusive as no chromosomal 17p loss was detected by Solomon et.al. 
(1987) or Okomato et.al. (1988). The markers used in these two studies may have 
been too uninformative or were perhaps located too far from focal point of loss for it to 
be detected. Alternatively the inconsistencies observed may be the result of differences 
in DNA preparation with the greater percentage of allelic deletion being observed in 
studies where fractionation of tumour material provided greatly enriched populations of 
neoplastic cells in comparison to unfractionated samples (Monpezat et.al, 1988; 
Vogelstein et.a l, 1988). Loss of heterozygosity of chromosome 17p has been 
observed in about 50% of well developed adenomas but rarely in small and median 
adenomas suggesting that such alterations are relatively late events in the progress 
towards malignancy coinciding with the transition from the adenomatous to 
carcinomatous state (Vogelstein et.al, 1988).

A study of RFLP markers from 17p (Baker et.al, 1989) indicated a common region 
of deletion between markers situated within bands 17pl2 and 17pl3.3. This region 
harbours the p53 gene which, on examination of the coding sequence, was shown to be 
mutated in two colorectal carcinoma derived cell lines with allelic deletions of 17p 
(Baker et.al, 1989). Nigro et.al. (1989) further demonstrated the existence of p53 
mutation coupled with allelic deletion, consistent with the theoretical model for a 
tumour suppressor gene (Knudson, 1985), in colonic tumours and also in tumours of 
the breast, lung, and brain. The implication is, therefore, that the p53 gene is the target 
for somatic alteration on 17p in colorectal cancer and many other common human 
malignancies (Nigro et.al, 1989).

A second common region of allele loss has been observed on the long arm of 
chromosome 18 (Mulleris et.al, 1985) and specifically the region 18q21.3 (Vogelstein 
et.al, 1988). Loss of heterozygosity at this locus has been demonstrated in 52 to 73% 
of colorectal carcinomas (Vogelstein et.al, 1988; Law et.al, 1988; Delattre et.al, 
1989). Additionally loss has been shown to occur in approximately 40% of advanced 
adenomas giving rise to areas of invasive adenocarcinoma and about 13% of smaller 
non-invasive adenomas (Vogelstein et.al, 1988). The suggestion is that, as with loss 
involving p53 on chromosome 17p, alterations on 18q may be relatively late events in 
the progression towards colorectal carcinogenesis, perhaps resulting in the transition 
from intermediate adenoma to the potentially invasive late adenomatous state (Fearon 
and Vogelstein, 1990).

Page -50-



A contiguous stretch of DNA spanning the common region of deletion in these 
tumours was subsequently cloned and used to isolate a gene exhibiting direct alteration 
in colorectal cancers (Fearon et.al, 1990). Consistent with previous allele loss studies, 
one allele of this gene, termed DCC (for deleted in colorectal carcinomas), was shown 
to be deleted in 71% of colorectal carcinomas indicating that functionally it may act as a 
tumour suppressor gene (Fearon et.al, 1990). In addition somatic mutations in the 
form of insertion, point mutation and further deletion, were detected in approximately 
13% of colorectal cancers while the levels of expression of the gene seen in normal 
colonic mucosa were significantly reduced or absent in the majority of colorectal 
carcinoma cell lines (Fearon et.al, 1990). Examination of the predicted amino acid 
sequence of DCC demonstrates significant homology to the cell adhesion molecule N- 
CAM from nerve tissue (Edelman, 1983). The suggestion is that specific changes in 
N-CAM-dependent cell-cell adhesion results in changes in tissue integrity affecting cell 
motility and proliferation (Greenberg et.al, 1984). Similarity with N-C AM suggests a 
possible role for DCC in tumour progression involving disruption of normal cell- 
surface interactions characteristic of the process of metastasis (Fidler and Hart, 1982).

Many other chromosome losses have been observed in colorectal carcinomas. Of 
particular significance is loss of heterozygosity involving chromosome 5, details of 
which will be discussed later in connection with the isolation of genes involved in 
APC. Investigation of colorectal tumours from Japanese populations with APC 
revealed allele loss on chromosome 22 in approximately two thirds of colon carcinomas 
(Okamoto et.al, 1988; Sasaki et.al, 1989) although this observation has failed to be 
reproduced in American populations (Vogelstein e t.a l,  1989). Additional 
investigations involving Japanese populations revealed significantly high levels of loss 
on chromosomes 12,14 and 15 in contradiction to data from American studies, which 
would appear to suggest differences in genetic alterations during colorectal 
carcinogenesis between patient groups (Okamoto et.al, 1989; Sasaki et.al, 1989).

To gain a broader perspective of the prevalence of allelic deletions in colorectal 
tumours, Vogelstein et.al (1989) undertook a comprehensive study of allelic loss 
throughout the genome, termed an allelotype, involving analysis of polymorphic 
markers from every non-acrocentric autosomal arm. This provided a measure of the 
fractional allelic loss (FAL) based on the proportion of chromosomal arms on which 
deletions were found and demonstrated loss in colorectal carcinomas, with varying 
degrees, on every arm (Vogelstein et.al, 1989; Kern et.al, 1989). Measurement of 
FAL further illustrated a significant pathological association between the level of genetic 
abnormality and the occurrence of metastatic disease subsequently leading to cancer
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mortality (Kern et.al., 1989). Thus it would appear that analysis and evaluation of the 
accumulated genetic changes in colon cancer provides a useful molecular correlate of 
tumour behaviour.

1.6.3. Genetic alterations associated with APC.

1.6.3(a). Localisation of the APC gene.

In 1986 Herrera et.al. reported a 42-year-old male with, among other abnormalities, 
severe mental retardation, multiple polyposis of the large bowel with associated 
carcinoma of the colon and rectum. Cytogenetic examination of this individual revealed 
a constitutional deletion on the long arm of chromosome 5 with breakpoints at either 
ql3::ql5 or ql5::q22. Previous reports of interstitial deletion of 5q 13-23 had found 
similar association with mental deficiency but none with multiple polyposis and 
colorectal cancer (e.g. Pescia et.al., 1978; Stoll et.al, 1980). The relationship between 
APC and cytogenetically visible alterations on 5q has subsequently been confirmed by 
investigations detecting similar regional deletions in family members with disease 
(Hockey et.al, 1989; Cross et.al, 1992).

Following the initial suggestion that a gene located on chromosome 5q might be 
responsible for APC (Herrera et.al, 1986), two groups simultaneously demonstrated 
linkage to a locus on chromosome 5q using a series of polymorphic markers mapping 
along the length of chromosome 5 (Bodmer et.al, 1987; Leppert et.al, 1987). One 
marker, C l l p l l ,  showed tight linkage to APC, a result later confirmed by Meera Khan 
et.al. (1988). Additionally a second marker i t l l l  also, shown to be closely linked to 

APC, proved to be highly polymorphic and therefore potentially very useful as a 
predictive marker for the disease (Meera Khan et.al, 1988). C l l p l l  and n l l l  were 

initially mapped using somatic cell hybrids to 5q22-31.3 and 5ql4-32 respectively 
(Leppert et.al, 1987; Stewart et.al, 1987) and with greater accuracy using in situ 
hybridisation to 5q21-22 and 5q22 respectively (Bodmer et.al, 1987; Alitalo et.al,
1987). Such a localisation was consistent with the deletion described by Herrera e ta l  
(1986) being at 5q 15-22 as opposed to the cytogenetically indistinguishable alternative 
5ql3-15.

The initial inference from these linkage studies was that C l l p l l  and APC were in 
close proximity to each other as no recombinants were found with a maximum LOD 
score of 3.26 (Bodmer et.al, 1987; Leppert et.al,l9^1). However, the subsequent 
identification of recombination events involving C l l p l l  and APC (Aldred e ta l, 1988; 
Dunlop et.al, 1989) suggested the two loci were not as close together as originally
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reported. In addition the isolation and linkage mapping of six new polymorphic DNA 
markers to the APC region demonstrated one marker, situated approximately 3 
centimorgans (cM) distal to C l Ipl 1, which detected several recombinants in families 
not informative for C l l p l l  (Nakamura et.al., 1988). These six new markers and 
C l l p l l  were used to construct a high resolution genetic map around the APC locus 
which delimited an 8cM region harbouring the APC gene flanked by two markers 
YN5.64 and YN5.48 (Nakamura et.al, 1988). The latter of these two markers was an 
estimated 17cM distal to C l l p l l  while an indirect physical estimate placed YN5.48 
approximately 3 megabases (Mb) distal to the gene itself (Nakamura et.al, 1988). That 
YN5.48 was situated telomeric to APC was confirmed by the identification of a single 
APC-YN5.48 recombinant in a Dutch pedigree which did not involve the marker tc227 

previously shown to lie centromeric to APC (Tops e ta l, 1989).

A similar study including two further markers, ECB27 (Varesco e ta l ,  1989) and 
EF5.44 detected crucial recombination events allowing confident ordering of parts of 
the now high density genetic map (Dunlop et.al, 1990). EF5.44 is a cosmid subclone 
recognising an Mspl RFLP and was of particular significance as no recombination 
could be detected with APC suggesting it was closer still to the precise location of the 
gene (Dunlop et.al, 1990). Kinzler et.al. (1991a) refined the APC locus to a 4cM 
region flanked by the tightly linked EF5.44, and a second cosmid marker L5.99 thus 
allowing accurate physical mapping using pulsed field gel electrophoresis and 
providing the opportunity for isolation of the gene involved in APC. There was no 
evidence for genetic heterogeneity in any of these studies, with linkage to 5q21-22 
being apparent in all families for at least one of the several markers generated in the 
region (e.g. Bodmer et.al, 1987; Meera Khan et.al, 1988; Nakamura et.al, 1988; 
Dunlop et.al, 1990).

1.6.3(b). Chromosome 5 allele loss in APC and sporadic 
colorectal cancer.

Investigations ascertaining the localisation of the APC gene were accompanied by 
allele loss studies to expose regions of chromosome 5 targeted for recessive mutation. 
That these mutations are recessive at the cellular level in their contribution to the 
malignant phenotype (Knudson 1971), was initially exemplified by reports of loss of 
heterozygosity in retinoblastoma (Cavenee et.al, 1983) and subsequently in a wide 
variety of tumour types (e.g. Orkin et.al, 1984; Fearon et.al, 1984; Seizinger et.al, 
1986; Koufos et.al, 1985). According to Knudson's hypothesis (1971), susceptibility 
to colorectal cancer in the dominantly inherited condition would be the result of 
germline mutation of the APC gene with the requirement of somatic mutation in the
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remaining homologous allele for colon cancer to develop, while in sporadic cases both 
mutational events would occur somatically.

Initial investigation of chromosome 5 allele loss in human sporadic colorectal 
carcinomas using a highly polymorphic minisatellite probe located on the tip of the long 
arm of chromosome 5, demonstrated loss of heterozygosity in at least 20%, and 
possibly as many as 40% of tumours compared with matched normal tissue (Solomon 
et.al., 1987). Furthermore 50% of cell lines derived from sporadic colorectal 
adenocarcinomas demonstrated homozygosity using the same probe, a value 
significantly greater than its predicted homozygote frequency of between 8 and 9% 
(Solomon et.al., 1987). Subsequent confirmation of these findings was provided by 
similar studies detecting chromosome 5q allele loss in 19 to 39% of sporadic colorectal 
carcinomas (e.g. Vogelstein et.al., 1988; Law et.al., 1988; Okamoto et.al., 1988; 
Delattre 1989). Vogelstein a/. (1988) further demonstrated relatively common 
loss in median and large adenomas from sporadic colorectal cancer patients concluding 
that allelic deletions of 5q, when they occurred, did so at an earlier stage of neoplasia 
than the deletions of chromosomes 17 and 18 previously described.

Such reports characteristically detected hemizygous loss of at least part of 5q using 
distant markers with respect to the APC  locus, suggesting that the most common 
mechanism for somatic alteration involved chromosome loss by non-disjunction. 
Previous studies on retinoblastoma demonstrated the use of markers closely flanking 
the RB gene at 13ql4 for detecting small deletions (Dryja etal., 1986). This suggested 
that homozygosity may be commonly achieved via intrachromosomal and even 
intragenic breakage events resulting in partial deletion. Applying the same principle 
Ashton-Rickardt et.al. (1989) were able to demonstrate a high frequency (54%) of 
bilateral allele loss in colorectal carcinomas using markers from 5q21-22 which closely 
flank the APC locus. This implies that the frequency of allele loss increases as one 
approaches the APC locus with a possible clustering of breakpoints in a 10-15Mb 
region around the gene (Ashton-Rickardt et.al., 1989).

Concomitant with the demonstration of loss of heterozygous alleles from chromosome 
5q in sporadic colorectal tumours, several groups similarly investigated colorectal 
tumours from APC patients but in the main were unable to detect allele loss, in 
adenomas at least (Solomon et.al., 1987; Vogelstein et.al., 1988; Law et.al., 1988). 
Such observations do not readily adhere to the Knudson model of tumourigenesis 
(1971), since verified for retinoblastoma (see Hanson and Cavenee, 1987), where 
individuals carrying germline inactivation of one copy of the tumour suppressor gene 
would predictably have inactivation of the remaining wild type allele at the suppressor

Page -54-



locus. It could be that inactivation of the second copy of the gene in these tumours was 
via a different mechanism, for example point mutation, and not by allele loss.

Allelic loss of chromosome 5q was subsequently demonstrated in colorectal 
carcinomas (Okamoto et.al., 1988; Sasaki et.al., 1988) and in adenomas (Rees et.al.,
1989) from APC individuals, although these observations appear to represent rare 
events in contrast to the pattern of allelic losses seen in other inherited tumour 
predisposition syndromes (see Weinberg, 1991). Adenomatous polyps in patients with 
APC appear to arise through clonal expansion of cells (Fearon et.al., 1987) not 
associated with allelic deletion around the disease locus (Vogelstein et.al, 1988). This 
would suggest that mutation of a single allele, the inherited genetic alteration, is 
sufficient to induce loss of growth regulation leading to increased colonic epithelial 
proliferation, even though the remaining wild-type chromosome 5 allele remains fully 
functional.

To explain how heterozygosity for APC  could result in expression of the disease 
phenotype even in the presence of the wild-type allele, Bodmer et.al. (1987) proposed a 
gene dosage effect involving the control of growth factors within the cellular 
environment. Here the APC gene product in normal homozygotes is maintained at a 
threshold sufficient to prevent random fluctuation below a critical level which would 
allow excessive localised growth of colonic epithelial cells. For the heterozygote with 
only a single wild-type copy however, the level of APC gene product would regularly 
fall below this threshold leading to hyper-proliferation and the formation of polyps. 
Having acquired this growth advantage adenoma progression would then increase the 
probability of inactivation of the remaining allele, and ultimately other genetic 
alterations, leading to carcinogenesis.

Vogelstein et.al. (1988) hypothesised that in the normal environment, APC may act as 
a negative regulator of colonic epithehal proliferation with inactivation of a single allele 
by mutation causing reduced gene expression and subsequent loss of growth control. 
However they further proposed that such an alteration would be insufficient to result in 
transition to the adenomatous state, even in the event of loss of the remaining wild-type 
allele, and that other epigenetic events would be required. The suggestion is that the 
hypo-methylation observed in both benign and malignant colonic neoplasms may be 
involved in this respect, although the precise role of these changes has yet to be 
established (Goelz et.al, 1985).

A third mechanism to explain how an APC  tumour suppressor gene could induce a 
phenotypic effect even in the presence of the wild-type allele is by acting in a dominant
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negative manor at the cellular level (Herskowitz, 1987) as previously described for the 
p53 gene on chromosome 17. A mutant APC gene product may bind to the remaining 
wild-type molecule thus inactivating it by preventing interaction with other cellular 
constituents. This complex could be seen to mimic the effect caused by inactivation of 
both APC  alleles leading to the formation of adenomatous polyps despite continued 
expression of the wild-type APC gene product.

In summary, it would appear that ! inactivation of a gene in the region q21-22 of 
chromosome 5 is a key step in the progression towards malignancy in sporadic and 
inherited forms of colorectal cancer (Bodmer et.al, 1987; Vogelstein et.al, 1988; 
Delattre et.al, 1989). Mutations of a gene at this locus may be initiating events in 
colorectal tumourigenisis resulting in, or leading to the formation of pre-cancerous 
adenomatous polyps (Vogelstein et.al, 1988; Delattre et.al, 1989).

1.6.3(c). Isolation of genes from chromosome 5q21-22.

Following localisation of the APC  gene to chromosome 5q21-22, and having 
identified this region as a common target for deletion in adenomas and carcinomas from 
patients without an inherited susceptibility to colorectal cancer, investigations 
concentrated on isolating putative tumour suppressor genes appearing to be involved in 
the early stages of both sporadic and familial forms of colorectal neoplasia.

Deletion mapping (e.g. Solomon et.al, 1987; Vogelstein et.al, 1988; Delattre et.al, 
1989; Ashton-Rickardt et.al, 1989), appeared to suggest a common region of deletion 
centred around a cosmid marker L5.71 (Kinzler et.al, 1991a). Using subcloned 
portions of this cosmid as probes for Southern blot analysis Kinzler et.al (1991a) 
screened a panel of 150 colorectal carcinomas and found one tumour exhibited a 
smaller, aberrant sized fragment in addition to the normal fragment. Further analysis of 
this tumour indicated that the new DNA fragment was due to a rearrangement resulting 
in juxtaposition of sequences normally separated by at least 100 kilobases (Kinzler 
et.al, 1991a).

Assuming that this rearrangement affected a nearby gene, DNA sequences from 
cosmid L5.71 were used in a cross-hybridisation strategy to identify evolutionary 
conserved sequences between rodent and human DNA which may correspond to 
expressed genes (Kinzler et.al, 1991a). Such an approach had previously been 
successful in the isolation of the DCC gene (Fearon e ta l, 1990) and neurofibromatosis 
type 1 gene (Viskochil e ta l,  1990). The resulting clones were in turn applied to an 
exon connection strategy (Fearon et.al, 1990) leading to the eventual identification of a
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4181bp transcript with a predicted 829 amino acid protein product (Kinzler et.al, 
1991a).

Comparison of sequences from this gene, referred to as MCC (mutated in colorectal 
cancer), with those of DNA from the tumour exhibiting the original rearrangment, 
demonstrated the boundary of this rearrangement to lie within MCC, the disruption 
resulting in loss of several exons from the gene in this tumour (Kinzler e ta l, 1991a). 
Mutational analysis using ribonuclease A (RNaseA) protection assays (Myers et.al, 
1985c; Winter et.al, 1985) to search for subtle sequence variations, highlighted two 
colorectal tumours with variants in different exons not present in corresponding normal 
DNA. Subsequent cloning and sequencing identified these variants as single base pair 
substitutions leading to amino acid changes (Kinzler et.al, 1991a).

These generic alterations appeared to suggest that MCC was a strong candidate for the 
tumour suppressor gene involved in sporadic and familial colorectal carcinogenesis 
localised to 5q21-22, as such somatic mutations have previously been observed in 
oncogenes and tumour suppressor genes (Weinberg et.a l, 1991). However, it is 
possible that the rearrangement observed in a single tumour, although disrupting MCC, 
may have also resulted in disruption of another gene in close proximity to MCC 
representing the true target of somatic alteration in this tumour. A more extensive 
analysis involving 17 exons of the MCC gene in 90 sporadic tumours, again using a 
RNase protection assay, highlighted a further four somatic mutations, although analysis 
of DNA from 90 APC kindreds failed to detect any germline mutations in eight exons 
and surrounding introns of the gene (Nishisho et.al, 1991).

To facilitate the identification of other genes from chromosome 5q21-22 which may be 
involved in the development of colorectal cancer, yeast artificial chromosomes (YACs) 
libraries were screened and YACs isolated in the creation of 6 contiguous stretches 
(contigs) of sequence spanning the APC locus (Kinzler et.al, 1991b). These contigs 
incorporate approximately 5.5Mb of DNA of which 4 Mb are encompassed within the 
central portion of the region defining the APC locus (Kinzler et.al, 1991b).

A gene isolated from one contig, referred to as PER, demonstrated tight linkage to 
previously defined polymorphic markers for the APC  locus (Kinzler et.al, 1991b). 
PER had been identified on the basis of homology to the oncogene abl (Hao et.al, 
1989; Morris et.al, 1990), and was thus considered an APC gene candidate. However 
the only variant observed with a RNase protection assay was a common single base 
pair substitution revealed as a polymorphism not specifically associated with APC 
(Nishisho et.al, 1991). A second gene (TBl), isolated from a different contig using a
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cross hybridisation approach (Monaco et.al, 1986; Fearon e ta i,  1990), also appeared 
unconnected with colorectal tumourigenesis other than its localisation to the APC  
region.

Concurrent studies using pulsed field gel electrophoresis to analyse DNA from APC 
patients revealed two individuals with regionally altered hybridisation patterns (Joslyn 
et.ai, 1991). Cosmid probes L5.79 and L5.71, the latter of which was instrumental in 
isolation of the MCC gene (Kinzler et.ai, 1991a), both hybridised to a normal sized 
1200kb Notl fragment (Joslyn et.a i, 1991). In contrast DNA from one APC 
individual hybridised to a smaller 960kb Notl fragment also present in the affected 
mother but not in other unaffected family members (Joslyn et.ai, 1991). DNA from a 
second individual also appeared to hybridise to a smaller aberrantly sized Not I 
fragment, this time of llOOkb. Together with other pulsed field data both were 
interpreted as being the result of small nested deletions of 260 and l(X)kb respectively 
(Joslyn et.ai, 1991). Significantly these two deletions appeared to map approximately 
50kb distal to the centromeric end of the largest deletion suggesting a precise location 
for a gene involved in APC and thus defining a small region in which to search (Joslyn 
et.a i, 1991). Subsequently two groups simultaneously investigated this clearly 
defined region for the presence of genes (Kinzler et.ai, 1991b; Joslyn et.ai, 1991).

In the first approach involving a Y AC contig seeded from MCC sequences, a single 
Y AC distal to MCC and mapping around the region deleted in two APC patients 
(Joslyn e t.a i,1991), was radioactively labelled and hybridised to a cDNA library 
derived from normal colon (Kinzler et.a i, 1991b). Sequence analysis of eight 
overlapping cDNA clones identified in this manner revealed a 2322 nucleotide stretch of 
sequence incorporating an open reading frame (ORE) of 593bp (Kinzler et.ai, 1991b). 
Subsequent mutational analysis of this gene, referred to as TB2, revealed no evidence 
of its involvement in colorectal cancer (Nishisho et.ai, 1991). Another cDNA clone 
isolated from this cDNA screen, appeared to contain portions of two distinct genes 
(Kinzler et.ai, 1991b), the first of which contains a ISObp stretch of sequence identical 
to a signal recognition protein SRP19 (Lingelbach et.ai, 1991). The second ORE was 
shown to be identical to 78bp of sequence of a gene which had been isolated with 
another YAC, again mapping into the deleted regions of the two APC patients (Joslyn 
et.ai, 1991), by a cross-hybridisation approach (Fearon et.ai, 1990; Kinzler et.ai, 
1991a) and subsequent cDNA library screening (Kinzler et.ai, 1991b). In total 112 
cDNA clones derived from normal colon, brain and liver cDNA libraries were isolated 
and found to encompass a continuous transcript of 8972 nucleotides, which hybridised 
on a Northern blot to a single transcript of approximately 9.5kb (Kinzler et.ai, 1991b).
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This gene, referred to as APC (adenomatous polyposis £oli), was situated about 150kb 
distal to MCC with TB2 and SRP placed in between the two (Kinzler et.al, 1991b).

In the second approach a single YAC spanning the two APC patient deletions was 
used to construct a large-insert phage library and clones selected on the basis of their 
hybridisation to a YAC subclone mapping within both deletions (Joslyn e ta l,  1991). 
One phage clone thus identified was used to probe a random primed fetal brain cDNA 
library and recognised six cDNA clones leading to the subsequent isolation of a gene, 
DPI (d.eleted in polyposis 1), with an ORF of 631 bp (Joslyn e ta l ,  1991). Partial 
characterisation of the YAC subclone which initiated the isolation of DPI demonstrated 
a 200bp stretch of sequence from one end identical to sequences coding for the 
ribosomal recognition particle SRP 19 (Lingelbach et.al, 1988; Kinzler e ta l, 1991b).

A large fragment generated from another YAC and completely spanning the smaller of 
the two deletions, was next used to screen a fetal brain cDNA library to create a contig 
of clones used to identify an 8532 bp transcript called DP2.5 (Joslyn et.al, 1991). The 
relative sizes and positions of transcripts DPI, SRP 19 and DP2.5 (Joslyn e ta l,  1991) 
would suggest that they are equivalent to TB2, SRP and APC identified in the parallel 
investigations of Kinzler et.al (1991b). Analysis of DPI and SRP19 sequences in a 
series of unrelated APC patients failed to detect any subtle alterations associating these 
genes with colorectal cancer (Groden e ta l,  1991).

Analysis of three exons of the APC gene, using a RNase protection assay (Myers 
e ta l,  1985c; Winters et.al, 1985), in 103 APC kindreds revealed 5 novel variants not 
observed in normal individuals (Nishisho et.al, 1991). Cloning and sequencing of the 
relevant portions of DNA from these patients, demonstrated all to have single base pair 
substitutions leading to the formation of stop codons in four individuals and a missense 
in the other (Nishisho et.al, 1991). In addition to these germ line mutations, a similar 
analysis of approximately 5% of the APC gene coding region in 158 sporadic tumours, 
detected three somatic mutations, two resulting in stop codons and the third altering a 
splice donor site (Nishisho et.al, 1991).

Single-stand conformation polymorphism (SSCP) analysis (Orita e ta l,  1989a and b) 
of much of the coding sequence from DP2.5 revealed four variants in 61 APC 
individuals none of which were observed in a panel of unaffected control samples 
(Groden e ta l ,  1991). Sequencing demonstrated two of these variants to be due to 
point mutations resulting in stop codons while the other two changes were caused by 
small deletions resulting in frameshifts and creating termination codons downstream of 
the mutations (Groden et.al, 1991). One alteration was shown to be the result of fresh

Page -59-



mutation (Groden et.al, 1991), while another demonstrated pecise co-segregation of 
the mutation in affected members of a family (Nishisho et a l ,  1991). Both 
investigations indicate that alterations of APC/DP2.5 is responsible for causing APC 
(Nishisho et.al, 1991; Groden et.al, 1991).

A search for similarities between the structure of known proteins and that of APC, 
gave little indication as to its function (Kinzler et.al, 1991b; Groden et.al, 1991). 
Both noted local sequence similarities to myosins and intermediate filament proteins in 
the NH2 -terminal, due in the main, to the presence of a series of heptad repeat motifs 
(Cohen and Parry, 1986). These regions have the potential to form a-helical coiled 
coils which may facilitate protein interaction such that they form stable hydrophobic 
complexes (Cohen and Parry, 1986) acting within the cytoplasm or nuclear membrane 
(Bourne, 1991a). Intriguingly investigation of the MCC protein structure also reveals 
stretches of heptad repeat motifs along its length (Bourne, 1991a), suggesting that 
perhaps these two closely located genes interact with each other in their normal 
biochemical pathways (Groden 1991; Bourne gr.a/., 1991b).

Part 3. Genome analysis.

An understanding of the molecular basis of human inherited diseases requires the 
isolation of the specific genes responsible for a particular disorder, followed by 
characterisation of the causative genetic alterations. Gene isolation has, in the past, 
relied mainly on a functional cloning approach whereby the defect is first determined at 
the level of the protein with subsequent gene isolation. However functional cloning is 
limited for the many situations where no biochemical defect can be found. This is no 
better illustrated than in characterising the underlying genetic alterations responsible for 
many human malignancies. Whereas dominantly transforming oncogenes have on the 
whole been isolated using a functional cloning approach, the second class of cancer 
genes, tumour suppressor, are still largely of unknown function and consequently their 
isolation has very much lagged behind that of oncogenes (Weinberg, 1991).

The recent isolation of many genes using an alternative approach termed positional 
cloning, has necessitated the progressive technological advances of molecular biology 
and this is mainly responsible for the afore mentioned time lag in the isolation of 
tumour suppressor genes. Many genes have been isolated using positional cloning 
including those responsible for cystic fibrosis (Rommens et.al, 1989; Riorden et.al,
1989), Duchenne muscular dystrophy (Monaco et.al, 1986), Wilms tumour (Call
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et.al., 1990; Gessler et.al, 1991) and adenomatous polyposis coli (Kinzler et.a l, 
1991b; Joslyn et.al, 1991). Positional cloning aims to identify a gene on the basis of 
its genomic localisation which may have been established by linkage analysis to identify 
the genetic locus (e.g neurofibromatosis type 1; Goldgar et.a l, 1987) or through 
cytogenetic observations leading to direct chromosomal localisation (e.g. 
retinoblastoma; Francke, 1978).

Once the region of interest for a particular gene has been defined, a framework of 
specific DNA sequences localised within the boundaries of this region needs to be 
constructed. A number of refined techniques have been developed for such regional 
enrichment; these include chromosome sorting which involves random selection of 
cloned DNA segments from chromosome enriched libraries (Krimlauf et.al, 1982), 
repetitive sequence PCR (alu-PCR) for the selection of region-specific DNA sequences 
(Nelson et.al, 1989) and microdissection of chromosome sub-regions with subsequent 
construction of a region-specific library (Ludecke et.al, 1989). Markers generated 
thus, may be ordered and used to create a detailed physical map of the region for a more 
precise genetic localisation. Finally elegant strategies have been developed for the 
isolation of candidate gene sequences; for example detection of cross-species 
homology, which relies on the theory that physiologically important genes are 
conserved between species (Monaco et.a l, 1986; Fearon et.a l, 1990). This is 
followed by hybridisation of the probe of interest across appropriate cDNA libraries to 
isolate the candidate clones which may be analysed for disease specific alterations.

Perhaps one of the most significant advances in molecular biology in recent years has 
been the development of yeast artificial chromosome (YAC) technology for human 
genome mapping. As the name would suggest YACs are artificial chromosomes with 
the elements necessary for linear propagation in the yeast Saccharomyces cerevisiae 
(Murray and Szostak, 1983). These elements are centromere sequences (CEN), 
telomere sequences (TEL) and an origin of replication (ARS), and together with 
selectable markers have been used to construct linear vectors into which human 
genomic sequences in excess of 1Mb may be cloned (Burke et.al, 1987). Due to their 
capacity to incorporate large genomic fragments, a contiguous stretch of DNA 
consisting of only a few YACs can encompass the whole region of interest. YACs may 
subsequently be used to construct detailed physical maps of the disease locus, or may 
also be used for isolating candidate genes either through searching for cross 
hybridisation sequences within individual YACs (e.g. Fearon et.a l, 1990) or by 
screening cDNA libraries (e.g. Wallace et.al, 1990). Some of the techniques regularly 
used in genome analysis, be they for localising disease genes, physical mapping of
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disease loci or in particular for characterising subtle alterations within the genes 
themselves, are discussed in greater detail below.

1.7. In situ hybridisation.

In situ hybridisation provides the most direct method of localising DNA sequences 
involving, as it does, the hybridisation of genomic fragments to metaphase 
chromosome spreads, followed by microscopic examination in order to determine the 
map location (Gall and Pardue, 1969; Harper and Saunders, 1981). Originally DNA 
probes as small as Ikb were labelled with radioisotopes which required post 
hybridisation autoradiography before visualisation. The exposure times required 
however were lengthy, often many weeks, and so physical mapping using somatic cell 
hybrids became a more widely used technique (Ruddle, 1981). This involves 
generating a series of stable rodent/human cell hybrids with a full complement of rodent 
chromosomes and a variable complement of human chromosomes which differs from 
hybrid to hybrid. Hybridisation of human DNA sequences to bulk DNA of each 
somatic cell hybrid then correlates with the presence or absence of a particular human 
chromosome, provided no homology with rodent sequences exists or at least any cross
hybridisation is distinguishable.

Both radiolabelled in situ hybridisation and somatic cell hybrid methods have been 
largely superseded by a non radioactive in situ technique referred to as fluorescence in 
situ hybridisation (FISH) (Pinkel et.al., 1986). Here a DNA probe is labelled, usually 
with biotin, and hybridised under competition to suppress repetitive sequences (Lichter 
et.al., 1988), to metaphase chromosome spreads. A fluorescent labelled reporter 
molecule, in this case avidin, is then actively bound to the biotin and if necessary 
amplified with additional layers of antibody to develop the fluorescent signal. The 
chromosomal localisation of the probe is visualised directly using fluorescence 
microscopy. In contrast to radioactive in situ hybridisation, FISH is a rapid and 
efficient technique providing unambiguous results after overnight hybridisation.

The lower limit of resolution on metaphase spreads is approximately 10Mb but greater 
resolution may be attained using FISH on interphase nuclei. By using a second probe 
labelled with a different fluorescent reporter molecule, it is possible to resolve sites of 
sequence separated by as little as 40kb when hybridised to interphase nuclei (Lawrence 
et.al., 1988; Trask et.al., 1989). The use of multi-colour FISH in high resolution 
interphase mapping has facilitated the ordering of markers from many chromosomal 
subregions and may also be used to estimate physical distances (e.g. Lawrence et.al., 
1990; Trask et.al., 1991; Knoll et.al, 1993). As such FISH is a very powerful and
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elegant technique which can be used to complement previous genetic and physical 
mapping information.

1.8. Pulsed field gel electrophoresis.

Pulsed field gel electrophoresis (PFGE) is a physical mapping technique which 
bridges the resolution gap between the upper limits of conventional electrophoresis and 
the lower limits of genetic mapping and metaphase FISH. First developed by Schwartz 
and Cantour (1984) PFGE relies on the principle that large DNA molecules 
electrophoresed through an agarose gel matrix reorientate themselves more slowly in an 
alternating electric field than do smaller DNA molecules. This consequently allows 
resolution of DNA fragments from 50kbp up to about 10,000 kbp.

Originally PFGE was used to separate yeast chromosomal DNA of Saccharomyces 
cerevisiae, where chromosome sizes range between 200 and 2000kb, by applying 
alternating, perpendicular, non-unifonn electric fields through an agarose gel (Schwartz 
and Cantour, 1984). This and other non-uniform electrode systems, although 
achieving high molecular weight resolution, migrated with mobilities dependent on 
where the samples were loaded often resulting in curved, diagonal or generally obtuse 
DNA tracks which would make size estimation inaccurate (Schwartz and Cantour, 
1984; Carle and Olsen, 1984). This problem has since been overcome by the 
development of a hexagonal electrode configuration which applies a contour-clamped 
homogenous electric field (CHEF) which creates a more homogenous field and hence 
more uniform electrophoresis (Chu et.al, 1986).

PFGE requires the preparation of high molecular weight DNA not subjected to the 
shearing forces which accompany conventional DNA preparation. This is achieved by 
embedding cells from cultures or from fresh tissue in high grade, low melting point 
agarose and then subjecting to in situ lysis, washing, and when appropriate, restriction 
endonuclease digestion. In addition the production of large DNA fragments suitable for 
PFGE analysis requires digestion with restriction enzymes which cut infrequently in the 
genome, so called rare cutting enzymes.

The great majority of the vertebrate genome exists in a highly methylated state with 
only about 1 % of DNA being stably non-methylated. Non-methylated DNA differs 
from methylated DNA in that it consists of a relatively high C G content by 
comparison. It is this feature of DNA which is utilised by rare cutting restriction 
enzymes. The recognition sequences of these enzymes contain CpG dinucleotides and 
will only cleave at unmethylated sites. Characteristically unmethylated regions exist as
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discrete islands, termed CpG or HTF (Hpa II cut tiny fragment) islands, of which there 
are an estimated 30,000 in the haploid mammalian genome (Bird et.al, 1985; Bird, 
1986). That is not to suggest that these islands are CpG rich, more that bulk DNA is 
CpG deficient being present at less than one quarter its expected frequency at sites other 
than CpG islands (Swartz et.al, 1962; Bird et.al, 1985). This deficiency is thought to 
be because the methylated cytosine residues in the CpG dinucleotide are frequently 
deaminated giving rise to thymine (Erlich and Wang, 1981). As a consequence of the 
CpG clustering many of the rare cutting restriction enzyme sites are also found in 
discrete clusters corresponding to islands and this proves a useful tool for long range 
mapping by PFGE.

Through the construction of long range restriction maps around regions of interest, 
PFGE can be used to physically link two markers flanking a disease locus thus 
delineating a region in which to search for the disease gene. Further still large scale 
deletions or rearrangements which may be too small to detect karyotypically may be 
highlighted using PFGE, suggesting a precise location for a disease gene. This has
recently been applied to the isolation of the APC gene which was greatly assisted by the
detection of two deletions of lOOkb and 250 kb respectively, in unrelated APC patients 
(Joslyn et.al, 1991; Kinzler et.al, 1991b). Also in the X-linked disorder Duchenne 
muscular dystrophy (DMD) where the gene spans 2.3Mb (van Ommen e ta l,  1986), 
PFGE has been used as an efficient mutation screening technique detecting large 
deletions in over half the patients analysed (den Dunnen e ta l, 1987).

1.9. Studying DNA sequence variants

1.9.1. The polymerase chain reaction

Even though the polymerase chain reaction (PCR) is still a relatively new technique, in 
the short time since its invention it has revolutionised many aspects of molecular 
biology and in particular the analysis of small specific sequences for single base pair 
alterations. Additionally PCR provides a simplified alternative to scoring restriction 
fragment length polymorphisms, far less laborious and time consuming than standard 
Southern blotting techniques, and has also been particularly developed for studying 
variable number tandem repeats (VNTR) and CA-repeat microsatellites (Jeffreys et.al, 
1985; Nakamura et.al, 1987; Webber and May, 1989).

PCR is an in vitro technique designed to isolate and amplify small, specific segments 
of DNA between 10  ̂ and 10  ̂fold from insignificant quantities of template (less than 
Ipg) in a short space of time (Saiki et.al, 1985; Mullis and Faloona, 1987). In
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principal two synthetic oligonucleotide primers are designed, typically 20-25 
nucleotides long, which flank the DNA segment to be amplified. These primers, 
orientated 5’ to 3', are hybridised to opposite strands of the target sequence and 
extended using DNA polymerase until the region between the two primers is completely 
replicated. For the two oligonucleotides to hybridise first requires heat dénaturation of 
the DNA template followed by lowering of the temperature to an optimum at which 
primers anneal to their complementary sequences. Finally polymerase elongation, 
again requiring an optimal temperature, completes the synthesis which effectively 
results in doubling the concentration of the target DNA segment. This cycle of events 
involving dénaturation followed by annealing followed by elongation is repeated for 
25-35 rounds to obtain an enriched concentrate of specific DNA.

Since it was initially reported (Saiki et.al, 1985) advances in PCR technology have 
greatly increased its efficiency while generally simplifying and speeding up the 
technique. Initially the DNA polymerase used, Klenow derived from Esherichia coli, 
was thermally unstable at the high temperatures used in the dénaturation step requiring 
it to be replaced during each round of amplification (Saiki et.al, 1985). In contrast the 
thermostable DNA polymerase isolated from the bacterium Thermus aquaticus (Tag) 
was found to have a higher optimum temperature (70-75“c) giving it greater specificity 
and yield, and also retained its activity after heat dénaturation (Saiki et.al, 1988 a and 
b). Commercially available thermal cyclers specifically designed for PCR and with the 
ability to accurately control the temperatures required for each stage of the PCR 
reaction, have simplified and improved the speed and efficiency of the technique as a 
whole.

1.9.2. Detection of single base changes in DNA.

The ability to detect single base changes in genomic DNA is of fundamental 
importance to the study of genetic diseases by identifying the specific mutations which 
cause them. In addition, the identification of DNA polymorphisms provide invaluable 
genetic markers for linkage studies either in the localisation of particular genes or 
diagnostically through determining the segregation of genetic diseases within families 
(Gusella et.al, 1982: Gitschier et.al, 1985). Where the target sequences are known. 
Southern analysis using radioactively labelled allele-specific oligonucleotide probes 
(ASOs) may be used to test for the presence or absence of a mutation by its ability or 
inability to hybridise to the target sequence. This technique has been successfully 
applied to mutational analysis in ai-antitripsin (Kidd et.al, 1983), pre-natal diagnosis 
in B-thalassemia (Pirastu et.al, 1983) and for diagnostic testing in cystic fibrosis 
(Shuber et.al, 1993).
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However circumstances often require the detection of mutations when the precise 
nature of the alteration is not known. Direct DNA sequencing may be used to scan a 
gene for unknown mutations but is laborious, costly and very time consuming with the 
present technology. RFLP analysis using Southern blotting with probe hybridisation 
can detect mutations which alter cutting sites of restriction enzymes, and in its own 
right has been employed successfully at the level of routine diagnosis (Chang and Kan, 
1982; Orkin et.al, 1982). However, palindromic sequences of the type recognised by 
restriction enzymes are uncommon and the chances of detecting single base mutations 
on this basis are consequently low. For these reasons a number of methods have been 
developed for the detection of subtle genetic alterations with a high degree of speed and 
efficiency, the most frequently used of which are discussed below. All of these 
principally detect the presence or absence of a mutation, ultimately relying on 
sequencing of the specific region in order to characterise the change, and all have been 
greatly aided by the advances of PCR technology.

1.9.2(a). Single-strand conformation polymorphism analysis.

One of the most widely used techniques for the detection of subtle genetic alterations 
is single-strand conformation polymorphism analysis (SSCP) first developed by Orita 
et.al (1989a and b). The basic principle on which SSCP relies is that under non
denaturing conditions single-stranded DNA molecules take on a folded secondary 
structure which is stabilised by weak intramolecular interactions. In general these 
interactions are base pairing hydrogen bonds and so, as a consequence, two strands 
differing by only a single base will have different conformations which potentially 
manifest themselves in their electrophoretic mobility (Orita et.al, 1989a and b).

After heat dénaturation with formamide to retain a single-stranded state, DNA 
fragments are electrophoresed through a non-denaturing polyacrylamide gel matrix. 
The two complementary strands will usually resolve as two SSCP conformers of 
distinct mobility, although under various conditions a single strand can adopt more than 
one conformation. A mutation resulting in heterozygosity will be characterised by the 
presence of extra bands in addition to those produced by the normal homozygote, base- 
pair changes being identified as variants among DNAs of a sample set. Radioactively 
labelled DNA fragments generated by PCR are visualised after autoradiography 
(Sheffield et.al, 1993) or alternatively non-radioisotopic methods for detection, such 
as silver staining, may be used (Ainsworth et.al, 1990).
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After dénaturation to generate single-stranded DNA a certain amount of reannealing 
inevitably occurs leading to heteroduplex formation between mutant and wild-type 
fragments. When electrophoresed through a non-denaturing polyacrylamide gel these 
heteroduplex mismatches can been seen to run significantly slower than either mutant or 
wild-type homoduplexes. This feature has favourably increased the informativeness of 
the SSCP technique and is particularly useful for detecting small insertions and 
deletions (e.g. cystic fibrosis: Cottrell et.al, 1992).

The estimated efficiency of SSCP appears to vary between studies but the general 
indications are that between 75 and 90% of single base mutations are detectable in DNA 
fragments ranging from l(X)-450bp, with an optimal size of approximately 2(X)bp in 
length (Orita e t.a l, 1990; Sheffield et.a l, 1993; Condie et.a l, 1993). Various 
parameters can be modified to increase the sensitivity of the technique, in particular the 
running conditions (e.g. temperature during electrophoresis; concentration of running 
buffer) and gel content (Orita et.al, 1989b).

SSCP is a rapid, simple analytical technique, easy to set up and requires no special 
equipment, and as such has been the preferred method for mutational analysis for 
studying a great many disease genes. For example Cawthon e ta l  (1990) used SSCP 
to characterise point mutations in the neurofibromatosis gene, while more recently 
Claustres et.al (1993) have similarly analysed all 27 exons of the cystic fibrosis gene 
in characterising a large spectrum of novel mutations in a geographically select group of 
CF patients. Other examples where SSCP has been used to screen for known or novel 
mutations include phenylketonuria (Labrune et.al, 1991), Norrie's disease (Berger 
et.al, 1992) and adenomatous polyposis coli (Groden et.al, 1991 and 1993).

1.9.2(b). Denaturing gradient gel electrophoresis.

As a double stranded DNA fragment moves electrophoretically through a 
polyacrylamide gel with a linearly increasing concentration of dénaturants, small 
regions referred to as melting domains will undergo cooperative strand dissociation 
which results in a retarded DNA mobility in the gel (Myers et.al, 1985a and b). This 
property of DNA is sequence specific and has been used to develop a sensitive 
analytical technique, denaturing gradient gel electrophoresis (DOGE), for detecting 
single base pair substitutions, or small deletions and insertions (Fischer and Lerman, 
1983: Myers et.al, 1985a and b; Myers and Maniatis, 1986).

Melting domains consist of a blocks of sequence which may be between 25 and 
several hundred base pairs in length with, in general, two to five such domains
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contained within DNA fragments up to lOOObp (Myers et.al., 1988). During 
electrophoresis the DNA fragment remains double stranded until it reaches a particular 
concentration of dénaturant, equivalent to the melting temperature (Tm) of the lowest 
domain, causing it to melt and form partially denatured DNA. The same DNA fragment 
with a sequence variant (e.g. a single base pair substitution) in this domain will have a 
slightly different Tm and the point at which dénaturation occurs will differ to an extent 
visible on the polyacrylamide gel. Mobility will be further retarded as the points of 
dissociation in higher melting domains are reached with sequence variants in any these 
also resulting in an altered electrophoretic pattern. Finally at the Tm of the highest 
domain complete dissociation occurs at which point strand separation causes loss of 
sequence-dependent gel migration. Any variations of sequence in this last domain are 
therefore unresolvable (Myers et.al, 1985a and b).

As, on average, over half the length of DNA fragments between 100 and lOOObp in 
length are of lower melting domains (Myers et.al, 1988), initial estimates predicted that 
greater than 50% of all single base pair changes were detectable using DGGE (Myers 
et.al, 1985a and b). However refinements of the DGGE technique have significantly 
increased its efficiency which now theoretically allows 100% detection of single base 
pair substitutions. Firstly the attachment of a high melting GC rich sequence to the 
specific DNA fragment (a GC clamp), allow sequence variations in the highest melting 
domain to be detected as an altered electrophoretic mobility before complete strand 
dissociation occurs (Myers et.al, 1985a and b). The GC clamp is usually about 40 
nucleotides of sequence and is incorporated into the test DNA as an attachment to one 
of the oligonucleotide primers used in PCR amplification (Sheffield et.al, 1989). 
Secondly the generation of heteroduplexes between wild-type and mutant DNA 
fragments resulting from mismatches, provide additional information as they are less 
stable and melt more easily, thus providing greater resolution and an increased 
sensitivity (Myers and Maniatis, 1986). Finally computer programs designed to predict 
the melting behaviour of the test DNA fragment may be used to determine the optimal 
denaturing conditions of the gel for electrophoresis (Lerman and Silverstein, 1987).

Modified systems which take advantage of the principles of DGGE also exist. For 
example temperature gradient gel electrophoresis (TGGE) uses a temperature gradient 
from cold to hot in the direction of electrophoresis (Wartell et.al, 1990). In constant 
denaturing gel electrophoresis (CDGE) computer simulation programs first calculate the 
denaturing concentrations at which melting domain dissociation will occur. Samples 
are then run in a gel matrix with the calculated uniform concentration (Borresen et.al, 
1991). DGGE has been effectively used in screening for known mutations in the p53
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gene (Beck et.al, 1993), and for the detection of novel mutations in Tay-Sachs disease 
(Akli, et.al, 1992) and the CFTR gene (Audrezet et.al, 1992).

1.9.2(c). Ribonuclease A cleavage at heteroduplex  
mismatches.

Ribonuclease A (RNaseA) protection analysis, first described by Myers e t.a l 
(1985c), relies on the fact that single base pair substitutions will create heteroduplex 
mismatches in a RNA:DNA hybrid, which can then be enzymatically cleaved with 
RNaseA. A single stranded, radioactively labelled RNA probe is first synthesised in 
vitro as a run-off transcript from a cloned DNA fragment (Green et.a l, 1983) of 
normal sequence. This probe is then hybridised to a denatured test DNA template, 
often derived by PCR amplification (e.g. Kinzler e ta l, 1991a). If a nucleotide variant 
is present in the DNA sample a mismatch will form in the DNAiRNA hybrid which, on 
treatment with RNaseA will be cleaved. The RNA products are then electrophoresed in 
a denaturing gel matrix and visualised by autoradiography. If the test DNA is exactly 
complementary to the RNA strand a single band will be observed, but if there is a 
nucleotide difference and if this is cleaved at the subsequent mismatch, then two bands 
will be observed. A variation of this technique involves similarly processing 
heteroduplex mismatches in RNAiRNA hybrids as demonstrated by Winter et.a l 
(1985) in studying single base mutations in H-ras mRNA.

The size of DNA fragment efficiently screened for single base changes using this 
procedure is limited by the size of the RNA probe generated this being between 100 and 
1000 base pairs (Myers et.al, 1988). Using the RNase protection analysis about a 
third of all single base pair substitutions are detectable, which translates into a relative 
efficiency of between 60 and 70% when analysing the two RNA strands corresponding 
to both DNA fragments (Myers et.al, 1985c and 1988; Myers and Maniatis, 1986). 
Extensive use of this technique in mutational analysis of the adenomatous polyposis 
coli (APC) gene in both familial and sporadic colorectal cancer further suggests it has 
an even greater propensity for detecting microdeletions and insertions (e.g. Miyoshi 
et.al, 1992a).

1.9.2(d). Chemical cleavage mismatch analysis.

Chemical cleavage works according to a similar principle of enzymatic cleavage at 
single-base-pair mismatches but, whereas RNaseA protection analysis relies upon 
heteroduplex formation in RNA:DNA hybrids (Myers e t.a l, 1985c) or even 
RNAiRNA hybrids (Winter et.al, 1985), chemical cleavage depends on the formation
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of DNAiDNA heteroduplexes (Cotton e ta i ,  1988). Previous attempts to cleave 
DNAiDNA mismatches with single-strand specific nucleases (Myers et.al., 1985c) or 
by reaction with carbodiimide (Novack et.al., 1986) had proved only partially 
successful.

Initially heteroduplexes are formed between PCR generated DNA of wild-type and a 
complementary test strand with potentially mispaired bases. Either or both of these 
strands may be radioactively labelled. The double stranded DNA is then treated 
separately with two chemicals, hydroxylamine and osmium tetroxide, which modify 
cytosine and thymine respectively at points of mismatch in the DNA double helix. Both 
are then incubated with piperidine which cleaves at any modified bases (Cotton etal., 
1988). As with RNaseA protection assays products are electrophoresed through a 
denaturing gel before visualisation by autoradiography.

By studying both strands of the DNA fragment, chemical cleavage potentially 
identifies 100% of mutations (substitutions, deletions and insertions) and is effective 
for fragment sizes up to 1200base pairs long (Grompe et.al., 1989; Condie et.al., 
1993). In addition, by sizing the fragments during electrophoresis it is possible to 
approximate the position of the mutation which may be verified by sequence analysis 
(Condie etal., 1993). This technique has recently been applied to the study of p53 
mutations in breast cancer (Prosser et.ai, 1991) and to the identification of germline 
mutations of the ret proto-oncogene implicated in multiple endocrine neoplasia type 2A 
(Mulligan et.ai, 1993).

1.10. Mutational analysis of the A P C  gene.

Isolation of the APC  gene (Kinzler et.ai, 1991b; Joslyn et.ai, 1991) was followed 
by extensive mutational analysis in APC patients in order to characterise alterations in 
the gene. The gene itself consists of 15 exons with a coding sequence of approximately 
8,5(X) nucleotides (Kinzler et.ai, 1991b; Joslyn et.ai, 1991). Exons 1-14 range in 
size from between 78 and 379 nucleotides while exon 15 represents over three quarters 
the entire APC  gene coding sequence being 6549 nucleotides in length (Groden et.ai, 
1991). RNaseA protection and SSCP analysis were both used initially to detect 
germline mutations of the .4PC gene in APC patients (Nishisho et.ai, 1991; Groden 
et.ai, 1991). Both techniques optimally detect sequence variations in DNA fragments 
of less than 500bp (Myers et.ai, 1985c; Orita et.ai, 1989a and b). Exons 1-14 were 
of a size suitable for analysis individually with primer pairs designed for amplification 
residing in flanking intronic sequences (Nishisho e ta i ,  1991; Groden et.ai, 1991; 
Miyoshi et.ai, 1992a). Analysis of exon 15 was achieved by examining at least 17

Page -70-



overlapping sections which were suitable for PCR amplification (Groden et.al., 1991; 
Myoshi et.aL, 1992a).

A significant proportion of the APC  gene has now been analysed for mutations in 
patients with adenomatous polyposis coli, using RNase protection assays (Miyoshi 
e ta i,  1992a; Nagase et.ai, 1992a; Nagase et.ai, 1992b), SSCP (Cottrell et.ai, 1992; 
Groden et.ai, 1993; Varesco et.ai, 1993; Paul et.ai, 1993) and DGGE (Fodde et.ai, 
1992; Olschwang et.ai, 1993). In combination these studies have characterised well 
over a hundred different germline mutations. In addition, investigation of colorectal 
adenomas and carcinomas (Nishisho et.ai, 1991; Myoshi et.ai, 1992b; Ichii et.ai, 
1993; Powell et.ai, 1992) have enabled detection of a number of somatic mutations in 
the APC  gene.

In comprehensive studies the entire exonic sequence was screened in 150 unrelated 
APC patients from a range of ethnic and geographical backgrounds, resulted in 
detection of germline mutations in 65% of individuals (Miyoshi et.ai, 1992a; Nagasse 
et.ai, 1992a; Nagase et.ai, 1992b). Over 90% of these mutations lead to truncation of 
the predicted protein product by creation of a stop codon, either directly by point 
mutation or through frameshift resulting from small deletions or insertions. In all, 61% 
were frameshift mutations, consisting mainly of deletions between 1 and 8bp, while the 
remainder were mainly nonsense point mutations. Interestingly greater than 70% of 
mutations detected in these studies are clustered in the 5' half of exon 15, between 
codons 713 and 1597, a region which constitutes less than one third the entire coding 
sequence (see figure 1.3). In the main mutations within this section were frameshifts 
while the majority of point mutations were located in the first 14 exons. Furthermore, 
two common 5bp deletions in this frequently mutated region of exon 15, at codons 
1061 and 1309 respectively, represent more than a quarter of the total germline 
mutations detected (Miyoshi, et.ai, 1992a; Cottrell et.ai, 1992; Nagase et.ai, 1992b; 
Groden et.ai, 1993; Varesco et.ai, 1993).

A similar spectrum of somatic mutations have been observed in colorectal adenomas 
and carcinomas from both APC patients and sporadic colon cancer patients (Powell 
et.ai, 1992; Miyoshi et.ai, 1992b). Together these investigations detected at least one 
somatic mutation in 65% of the tumours analysed and in common with germline 
mutations, almost all were predicted to result in truncation of the protein product. The 
distribution of mutations throughout the gene follows a similar pattern to the germline 
mutations found in APC patients. As figure 1.3 shows the majority (79%) are located 
in the 5’ half of exon 15. However, whereas germline mutations are relatively evenly 
spread throughout this region, over three quarters of somatic mutations in this area are
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Figure 1.3. Distribution of germline and somatic mutations 
throughout the APC gene compiled from the studies of Miyoshi et 
a i, 1992a, Nagasse et a i, 1992a and b (for germline APC mutations), 
and Powell et al., 1992, Miyoshi et al., 1992b (for somatic APC 
mutations). Divisions of exon 15 are according to Groden et al., 
1991.
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clustered within a 232 nucleotide stretch referred to as the mutation cluster region 
(Miyoshi et.al, 1992b). The proportion of somatic mutations which are due to single 
base substitutions or small deletions and insertions are also similar to germline 
mutations, as are their distribution (figure 1.3). Finally there is an equally high 
prevalence of somatic mutation in adenomas and carcinomas with no difference 
observed with this respect in tumours from APC patients or sporadic colorectal cancer 
individuals (Powell et.al, 1992; Miyoshi et.al, 1992b). This supports the hypothesis 
that APC  mutations are an early if not initiating event in colorectal tumourigenesis 
(Vogelstein et.al, 1988).

The high frequency of somatic mutations in such a small part of the APC  gene, the 
mutation cluster region (Miyoshi et.al, 1992b) has defined an area in which to search 
for somatic mutations in other cancers (Horri et.al, 1992; Nakatsura et.al, 1992). 
Using the RNaseA protection assay, Nakatsura e t.a l (1992) detected somatic 
mutations in 12 of 57 sporadic gastric cancers of which 8 had predicted truncating 
mutations. Similarly, Horri et.al (1992) found inactivating APC mutations in 4 of 10 
sporadic pancreatic cancers but found no such alterations in 14 renal cell carcinomas, 5 
hepatocellular carcinomas or 55 lung cancers.

1.11. Aims of this I investigation ,

Subsequent to isolation of the APC gene and the demonstration that it is indeed the 
gene responsible for the inherited predisposition to colorectal cancer, adenomatous 
polyposis coli (Kinzler e t.a l, 1991b; Nishisho e t.a l, 1991; Joslyn e t.a l, 1991; 
Groden et.al, 1991), mutation analysis of the entire APC coding sequence revealed a 
broad spectrum of intragenic germline mutations in APC patients and somatic mutations 
in colorectal tumours (Miyoshi et.al, 1992a; Nagase et.al,l992a. and b; Powell et.al, 
1992; Miyoshi et.al, 1992b). The majority of both types of mutation are clustered in 
approximately one third of the gene which itself represents the 5' half of a single exon. 
The present investigation was concerned with molecular analysis, primarily in APC 
patients and related tumour material, for germline and somatic alteration involving the 
APC gene using two approaches:

(1) The first approach involves the generation of a long range restriction enzyme map 
around the APC  locus by pulsed field gel electrophoresis and Southern blot analysis 
using three tightly linked markers, APC  and MCC genes and the cosmid marker 
EF5.44, as hybridisation probes. Information derived from the normal restriction map 
of the region will then be used in a comparative analysis of a series of previously 
genetically uncharacterised APC patients, sporadic colorectal cancer cell lines and
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patients with cytogenetically characterised rearrangements on the long arm of 
chromosome 5. Abnormal fragment sizes highlighted in patient material using the 
pulsed field Southern blot hybridisation analysis can then be similarly investigated 
using conventional gel electrophoresis, and also by fluorescence in situ hybridisation 
analysis, primarily using yeast artificial chromosomes which encompass the APC gene 
region, as hybridisation probes.

(2) Secondly, the 5' half of exon 15 of the APC gene, where the majority of germline 
and somatic mutations thus far characterised are clustered, will be screened for germline 
mutation in a series of APC families and new mutation cases using single-strand 
conformational polymorphism analysis combined with a heteroduplex mismatch assay. 
Particular attention will be payed to the phenotypes of affected individuals to determine 
whether any correlation exists between the location of germline mutations detected and 
the severity of the APC phenotype. Finally a number of colorectal tumours from a 
subset of these APC patients will be similarly examined for the presence of somatic 
mutation or allelic loss.
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Chapter 2.

Materials and Methods.

2.1. Materials.

2.1.1. Chemicals

All chemicals of general use were supplied by British Drug House (BDH), Poole, 
Dorset unless otherwise stated and were of AnalaR quality. In addition BDH also 
supplied the specific reagents trichloroacetic acid, gluteraldehyde, silver nitrate, sodium 
thiosulphate, sodium carbonate, glycerol, NNN'N' tetramethylenediamide and urea.

Sigma Chemical Company supplied phenylmethylsulphonylfluoride(PMSF), sarkosyl 
(W-lauroylsarcosine; sodium salt), bovine serum albumin (BSA), ethidium bromide, 
spermidine (lOOmM), standard grade agarose, ultra pure low melting point agarose. 
Tween 20 detergent, phosphate buffered saline (PBS) tablets and dimethyl sulphoxide 
(DMSO).

Acrylamide was supplied as a 40% solution by Severn Biotech Ltd; dextran sulphate 
was supplied by Pharmacia; ammonium persulphate was obtained from Bio-rad. The 
radiochemical [a-^^P] dCTP was supplied by either Amersham International, Pic. or 
ICN Biomedicals Inc., California, USA at a specific activity of 3000 Ci/mMol. The 
radiochemical [a-^^S] dATP was obtained from NEN/Dupont at a specific activity of 
1415 Ci/mMol.

2 .1 .2 .E nzym es

Restriction endonucleases were supplied either by Gibco BRL or Northumberland 
Biologicals (NBL). Klenow DNA polymerase was either provided with the multiprime 
DNA labelling kit or supplied by Boehringer Mannheim GmbH (concentration of 1- 
lOU/pl). Desiccated Proteinase K was supplied by Boehringer Mannheim GmbH and 
was made to a final concentration of 50pg/ml with sterile distilled water and stored at 
-20“c. Desiccated Lyticase (from Arthrobacter luteus) was supplied by Sigma Chemical 
Company and made to a concentration of 25U/pl in sterile water and stored at 4“c. 
Pancreatic ribonuclease A (RNAse A) was supplied by Sigma Chemical Company and 
prepared to a concentration of lOmg/ml in sterile water. RNAse A was prepared as a 
DNAse-free solution by boiling for 10 minutes followed by storage at -20°c. Taq DNA
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polymerase (from Thermus aquaticus) was supplied by H.T. Biotechnologies 
(concentration of 5U/pl).

2.1.3. Nucleic acids

Hindni digested bacteriophage X DNA, Ikb and 123 bp ladders were all supplied by 
Gibco BRL and stored at -20°c. Yeast Saccharomyces Cerevisae chromosomal DNA 
markers and 50kb Lambda concatomers were supplied as agarose strings in 0.5M 
EDTA by Promega and stored at 4°c. Desiccated salmon sperm DNA was supplied by 
Sigma Chemical Company and prepared by boiling in sterile water to a final 
concentration of lOmg/ml. Details of the hybridisation probes used in this study are 
listed in appendix 2A.2.

2.1.4. Patients and DNA samples

Fresh blood and tissue samples were provided by the Northern Polyposis Registry, 
University of Newcastle upon Tyne, by the Polyposis Registry, St. Marks Hospital, 
London and by Mr. D. Finnis of the Salisbury Health Authority. Families with 
histologically confirmed APC were considered to be of an average phenotype if at-risk 
patients undergoing regular screening developed polyps between 15 and 25 years 
(Murday and Slack, 1989). Family members were defined as severe if diagnosis was 
before the age of 12 years or if advanced neoplastic disease occurred before 30 years. 
Patients with histologically confirmed APC as a result of fresh mutation were classed as 
phenotypically severe if they presented with symptoms in their teens, or with overt 
cancer in their twenties, and were classed as average if presentation was 30 years or 
later. Details of APC patient DNA derived from blood lymphocytes and studied using 
PCR-SSCP and heteroduplex mismatch analysis are presented in tables 2.1 and 2.2. 
DNA analysis using pulsed field Southern blot hybridisation was performed on a 
subset individuals including APC affected patients and unaffected relatives, two 
individuals from a single family characterised by a high occurrence a breast cancer and 
of interest because of a large cytogenetically determined rearrangement on chromosome 
5, and on three colorectal cancer cell lines. Patient material investigated using such 
analysis is detailed in table 2.3. In addition blood lymphocyte DNA derived from a 
panel of 50 normal, randomly selected individuals from a range of geographical and 
ethnic origins and were used for control PCR-SSCP/heteroduplex mismatch analysis. 
Similarly blood lymphocyte DNA from 15 normal unrelated individuals was prepared 
for use in normal pulsed field Southern blot hybridisation analysis and as controls in 
patient comparative analysis by the same methods. Details of APC patient DNA
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derived from tumour material and normal colonic mucosa, and studied using PCR-
SSCP and heteroduplex mismatch analysis are presented in table 2.4.

Table 2.1. Affected and unaffected individuals from familial APC cases 
investigated by PCR-SSCP and heteroduplex mismatch analysis.

APC case APC case
Family Generation Individual Family Generation Individual

FC162 II 1 FC5998 m 6

FC3880 II 1 IV 1
FC152 II 5 IV 2

III 7 IV 4
III 9 IV 6
III 10 IV 7
m 11 V 1
m 12 V 2
IV 2 FC5383 II 7
IV 3 II 9
IV 4 III 5

FC 100 II 1 ni 6
II 2 ni 8
II 3 III 9
II 4 FC5622 n 1
III 1 III 2
III 2 FC552 n 1
III 3 II 2
m 4 II 4

FC4883 II 1 n 6
FC5454 II 1 n 7

III 2 m 1

FC282 II 1 m 2
m 1 FC560IV 1 IV 1
in 2

Bold type indicates APC affected individuals with plain type indicating unaffected 
relatives.
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Table 2.2. Affected and unaffected individuals from APC new mutation 
cases investigated by PCR-SSCP and heteroduplex mismatch analysis.

APC case

New mutation case Individual

NMC 535 I
II
IV

NMC 551 I
II
III

NMC 540 I
II
III

NMC 7601 I
II

NMC 6303 I

APC case
New mutation case Individual

NMC 567 I
II
III

NMC 564 I
II
III
IV

NMC 426 I
NMC 5424 I

II
III

NMC PeGa I

Bold type indicates APC affected individuals-plain type indicates unaffected relatives.

Table 2.3. Patient DNA prepared for pulsed field Southern blot 
hybridisation analysis.

Individual Prognosis Individual Prognosis

FC5383 n  7 APC affected NMC 5511 Unaffected relative
FC5383 m  9 APC affected NMC 551 n Unaffected relative

FC5691 APC affected NMC 551 n i APC affected

FC5998 IV 4 APC affected NMC 6303 APC affected
FC5454 n  1 APC affected Q286RA tBrCa-Inversion 5
FPC 164 APC affected Q287SA fBrCa-Inversion 5

NMC 567 I Unaffected relative 565 IV 2 APC patient tumour
NMC 567 n Unaffected relative ACJI Atypical APC

NMC 567 m APC affected JW2 *CoCa cell line

NMC 5641 Unaffected relative LIM 1899 *CoCa cell line
NMC 564 n Unaffected relative L IM 1215 *CoCa cell line
NMC 564IV APC affected

t  Individuals from a breast cancer family with a paracentric inversion on chromosome 5. 
^Colorectal cancer cell line (see methods appendix 2A.2)
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Table 2.4 Tumour material from APC affected individuals investigated by
PCR-SSCP and heteroduplex mismatch analysis.

APC case APC case
Individual Tumour Individual Tumour

NMC 535 IV Adenoma TP5 FC5383 III 9 Adenoma Ad8
Adenoma TP6 Adenoma Ad9
Adenoma TP7.5 Adenoma Ad 10
Adenoma DP6 Adenoma Ad 11

Adenoma DP9 FC552 n  2 Adenoma Adi
Adenoma DP 10 FC162 I I 1 Adenoma Adi
Adenoma DP 15 FC5454 III 2 Adenoma Adi
Carcinoma Cal Adenoma Ad2

NMC 540 III Adenoma Adi Adenoma Ad3

FC5383 m  9 Adenoma Adi Adenoma Ad4
Adenoma Ad2 Adenoma Ad5
Adenoma Ad3 Adenoma Ad6
Adenoma Ad4 Adenoma Ad7
Adenoma Ad5 Adenoma Ad8
Adenoma Ad6 Adenoma Ad9
Adenoma Ad7

2.1.5. Cell culture and media.

RPMI 1640 medium, Dulbecco's MEM medium, non essential amino acids and 
glutamine/penicillin/streptomycin (GPS) were all supplied by Gibco. Fetal calf serum 
was obtained from Globepharm 50ml, 200ml and 500ml cell culture flasks were 
supplied by Nunclon™. Components cell culture media are presented in appendix 
2A.3

2.1.6. Solutions and buffers

Unless otherwise stated solutions and buffers were prepared using distilled and 
deionised water and were stored at room temperature (i.e. between 15 and 25°c). 
Sterilisation was by autoclaving at 151bs psi 12TC for 30 minutes. The components of 
general solutions and buffers are presented in appendix 2A.4.
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2.1.7. Yeast media and maintenance of clones

Yeast artificial chromosomes (YACs) were as described for contig 3 by Kinzler et.al 
(1991b) and were provided Phillip Hedge, ICI, as agar stabs. The following 
components were supplied by Difco: Bacto-yeast nitrogen base (without amino acids); 
Bacto-agar; casamino acids. Individual amino acids, lyticase and p-mercapto-ethanol 
were all supplied by Sigma while glucose, glycerol and sucrose were all supplied by 
BDH.

Yeast cultures were prepared for both long and short term storage. For short term 
storage a single colony was streaked on to an S.D. agar petri dish and grown over 48 
hours at 30°c. These plates were stored at 4°c with subsequent subculturing every 4 
months. For long term storage yeast cultures prepared in S.D. medium were stored in 
1ml Nunc™ cryo tubes mixed with sterile glycerol to a final concentration of 30% ^/v, 
at -70°c. The components of yeast media are presented in appendix 2A.5.

2.1.8. Fluorescence in situ hybridisation materials and solutions.

All solutions for fluorescence in situ hybridisation were prepared using distilled and 
deionised water and, unless otherwise stated, were stored at room temperature. 
Fluorescent labelling kits were supplied by either BRL (for biotin labelling) or 
Boehringer Mannheim (for digoxigenin labelling). For avidin signal detection or 
immunocytochemical detection fluorochrome conjugated avidin (Av) and biotionylated 
avidin were supplied by Vector, mouse anti-digoxin (MaDig), fluorochrome 
conjugated rabbit anti-mouse antibody (RaaM) and fluorochrome conjugated goat anti
rabbit antibody (GaRa), were all supplied by Sigma Chemical company. Cot 1 DNA 
was supplied by BRL and DABCO supplied by Sigma Chemical Company. The 
components of solutions and buffers for fluorescence in situ hybridisation are presented 
in appendix 2A.6.

2.2. Methods.

2.2.1. Standard DNA protocols.

2.2.1(a). Cell line cultures.

Lymphoblastoid cell lines, fibroblasts and cancer cell lines were cultured from stocks 
frozen in liquid nitrogen (-196°c). Cells were thawed at 37°C and transferred to 25ml
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culture flasks together with 15ml of appropriate medium. Lymphoblastoid cell lines 
were cultured with RPMI medium at 37°C and with 5% CO2 . Cells grew in 
suspension with medium replaced every 2 to 3 days by decanting off starved medium, 
being careful not to disturb the cells, and adding fresh medium, pre-warmed to 37°C.

Fibroblasts and cancer cell lines were cultured in MEM medium at 37 “C without CO2 . 
50ml culture flasks were incubated horizontally for cells to adhere and grow on the 
largest possible surface area. When approaching full confluence cells were divided into 
two flasks, cells were briefly washed with 5ml of Hanks balanced salt solution 
followed by similarly washing with versene prior to incubation with 2.5ml of versene 
containing 0.025% trypsin for 10 minutes at 37 °C. Once confluence was re-achieved 
cells were established into first 80cm^ flasks and then 150cm^ flasks.

2.2.1(b). Extraction of genomic DNA.

DNA extractions from blood and solid tissue had previously been performed by Dr. 
Michele Rees, Dr. Sarah Leigh, Ms Luiza Bowles and Ms Katia Tsioupra, using a 
standard phenol chloroform extraction method (Maniatis, et.al.^ 1992). 
Lymphoblastoid cell lines grown to a cell density of 1 x 10^ cells/ml, they were treated 
with an equal volume of LCL lysis buffer (appendix 2A.4.) and incubated at 37°C for 
between 12 and 24 hours. DNA was precipitated by the addition of an equal volume of 
iso-propyl alcohol at room temperature the DNA was removed to a 1.5ml microfuge 
tube using a fine glass pipette and allowed to air dry. DNA was washed once with 
80% ethanol and again allowed to air dry before resuspending in an appropriate volume 
of 1 X TE (lOmM Tris HCl/ O.lmM EDTA, pH8).

2.2.1(c). Restriction endonuclease digestion.

Restriction endonuclease digestions were performed under the appropriate conditions 
and with the appropriate buffers supplied with the enzymes, as recommended by the 
manufacturer's. In general between 4 and 8pg of genomic DNA were mixed with 4pl 
of lOOmM spermidine, 4pl 10 x restriction enzyme buffer and 5-10 units of enzyme, all 
in a volume of 40pl (made up with sterile water) and incubated at the optimal 
temperature for 6-12 hours.

2.2.1(d). Agarose gel elecrophoresis.

Digested DNA was size fractionated by agarose gel electrophoresis with gels prepared 
to concentrations of between 1 and 2% ^/v by heat dissolving an appropriate amount of
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agarose (Sigma) in 1 x TBE. Molten agarose was poured into midi-gel moulds 
(Scotlab) with 14-well gel-slot-formers and left to set at room temperature. Prior to 
electrophoresis digested DNA reaction mixes were combined with a one-tenth volume 
of loading buffer and loaded into well-slots submerged under running buffer (0.5 x 
TBE with Ipg/ml ethidium bromide). Electrophoresis was performed at 25V for 12 to 
24 hours. Estimation of the size of fractionated DNA was achieved by similarly 
electrophoresing a Ikb ladder and Hindlll digested bacteriophage X DNA along side 
digested genomic DNA. Ethidium bromide stained gels were viewed under ultra violet 
trans-illumination.

2.2.1(e). Southern blotting.

Transfer of DNA from agarose gel to nylon membrane was performed according to 
the method originally described by Southern (1975). Essentially gels were treated in 
dénaturation buffer for 30 minutes before capillary blotting on to Genescreen Plus 
membrane (NEN Research Products) over a period of 12 to 24 hours. On completion 
membranes were neutralised by washing in 2 x SSC (15mM NaCl/1.5mM sodium 
citrate) for 30 minutes and allowed to air dry on 3mm paper (Whatman).

2.2.1(f). Radiolabelling DNA probes.

Probes to be radiolabelled were prepared as purified insert DNAs from bacteriophage 
clones by appropriate digestion followed by electrophoresis through agarose and 
excisition as recommended by the source of the probe (appendix 2A.1). The 
concentrations of DNA probes were estimated by comparing the intensity of the 
ethidium bromide stained DNA resolved in an agarose gel under UV transillumination, 
with similarly stained and resolved bands of undigested bacteriophage X DNA for 
which the concentration was (lOng/pl).

Probes were labelled by the random hexanucleotide priming method (Feinberg and 
Vogelstein, 1983) using the multiprime DNA labelling system (Amersham) and with 

dCTP (3000 Ci mmol’ )̂ as the radioisotope. 25-lOOng of DNA probe in a lOpl 
volume was denatured by heating to 99“c for two minutes followed by a 10 minute 
incubation at 37°c. To this was added lOpl of labelling buffer, 5pl of primer (both 
from the Amersham multiprime labelling kit) and between 30 and 50pCi a^^P dCTP. 
The labelling reaction was initiated by the addition of 2pl Klenow fragment DNA 
polymerase and incubated at 37“C for four hours. On completion the reaction was 
mixed with 75|il of 1 x TE and centrifuged through a Sephadex G-50 column at 3000g 
for 15minutes to remove unincoiporated nucleotides.
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2.2.1(g). Hybridisation of DNA probes.

Hybridisations were performed at 65°C in sealed plastic bags in a volume of 20ml. 
Genescreen Plus nylon membranes, usually approximately 10cm x 8cm were 
prehybridised for two hours in Hybridisation Buffer I (appendix 2A.4.) as 
recommended in the manufacturers instructions (NEN Research Products). 
Radiolabelled probes were first denatured along with 20pl of lOpg/ml sonicated salmon 
sperm DNA by boiling for three minutes followed by quenching on ice. Complete 
probe mixtures were added directly to the pre-hybridising membrane in the buffer 
which were further incubated for between 12 and 24 hours at 65°C.

2.2.1(h). Post-hybridisation washing and radioactive signal detection.

Following hybridisation residual and non-specifically bound probe was removed from 
the membranes by washing twice in 2 x SSC for 30 minutes at room temperature 
followed by 2 X 30 minute washes in 2 x SSC/1% SDS again at room temperature. 
When greater stringencies were required membranes were further washed with 2x 
SSC/1% SDS at 65°C for varying lengths of time. For radioactive signal detection 
membranes were exposed to autoradiographic film (Fuji) in light proof cassettes at 
-70°c with intensifying screens for between 12 hours and 5 days.

2.2.1(i). Removal of radiolabelled probe.

To remove radiolabelled probes for repeated hybridisation experiments, membranes 
were submerged in boihng 0.1 x SSC and left to cool to room temperature. Following 
subsequent washing in 2 x SSC for 30 minutes, membranes were exposed to 
autoradiographic film as previously described (2.2.1(h).) to ensure complete removal 
of the probe.

2.2.2. Pulsed field gel electrophoresis (PFGE).

2.2.2(a). Preparation of DNA for pulsed field gel electrophoresis.

High molecular weight genomic DNA suitable for PFGE was prepared from fresh 
human blood, lymphoblastoid cell lines, fibroblasts or cancer cell lines according to the 
methodology described by Schwartz and Cantour (1984). 20 ml of blood was 
incubated on ice for 30 minutes followed by the addition of four volumes of chilled
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AKE lysis buffer (appendix 2A.4.) and a further 60 minute incubation on ice. 
Lymphocytes enriched during this lysis were centrifuged for 10 minutes at 6(XX)g and 
4°C, and the supernatant discarded. The pellet of cells obtained was subsequently 
resuspended in a small volume of chilled 1 x phosphate buffered saline (PBS) and, 
following addition of a further 20ml of chilled 1 x PBS, centrifuged as before. This 
process of centrifugation, resuspension and washing with 1 x PBS was repeated 
another three to four times. Lymphoblastoid cell lines grown to a cell density of 1 x 
10^ cells per ml in RPMI medium (2A.3.) were similarly washed with 1 x PBS. For 
surface attached fibroblasts and cancer cell lines, cells cultured in two 150ml tissue 
culture flasks were treated with 0.025% ^ /v  trypsin in versene (2A.3.) at 37“C for 10 
minutes to remove from the base of the flask. The cell suspension was removed to 
20ml centrifuge tubes with the addition of 3 volumes of 1 x PBS followed by 
successive steps of centrifugation and washing with 1 x PBS as described for blood 
lymphocytes and lymphoblastoid cell lines.

Cells were counted using a calibrated haemocytometer and adjusted to a concentration 
of 1-1.5 X 10^ cells/ml. This suspension was in turn mixed with an equal volume of 
molten 1% ^ /v  low melting point (LMP) agarose (Sigma) and aliquoted in l(K)|il 
volumes into appropriate moulds (Pharmacia LKB). Once set, the blocks were 
incubaed at 50°C in ESP lysis buffer (2A..4.) for 48hrs with buffer renewal after 
24hrs. The blocks were then washed in sterile 1 x TE prior to a 1 hr incubation at room 
temperature in 1 x TE/0.4mg per ml phenylmethylsulfonylfluoride (prepared as a 
40mg/ml solution in propan-2-ol) to inactivate proteinase K and sarcosyl activity. 
Blocks were then either prepared for restriction endonuclease digestion or stored at 4°C 
in 0.5M EDTA

2.2.2(b). Restriction endonuclease digestion of DNA in agarose blocks.

Prior to restriction enzyme digestion of DNA set in agarose, the blocks were washed 
for between 30 and 60 minutes in sterile distilled water followed by equilibration in the 
appropriate restriction enzyme buffer. Restriction enzyme buffers supplied by the 
manufacturers were supplemented with the addition of bovine serum albumin (to a final 
concentration of 4pg/ml) and spermidine (to a final concentration of40mM).

Half agarose blocks (50pl) were incubated in 15pl buffer, 80 to 85pl sterile distilled 
water and 20 units of enzyme (a final volume of 150pl), on ice for 30 minutes to allow 
complete enzyme diffusion into the agarose block. For complete digestion reaction 
mixtures were subsequently incubated for four hours at the appropriate temperature. 
When digesting with two enzymes, the agarose block was incubated with the first
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enzyme for complete digestion, removed and washed for between 30 and 60 minutes 
with sterile distilled water followed by digestion with the second enzyme.

2.2.2(c). Pulsed field agarose gel electrophoresis.

Genomic DNA digested with rare cutting restriction enzymes was size fractionated by 
pulsed field gel electrophoresis using the hexagonal electrode array of the LKB- 
Pharmacia Pulsaphor apparatus. 150ml garose gels of between (of 0.8 to 1.2% w/y) 
were cast in 0.5 x TBE with 16 well combs. Blocks loaded into individual wells were 
sealed in with 1% LMP agarose to prevent them from floating out during 
electrophoresis. Gels were electrophoresed in 0.5 x TBE running buffer constantly 
circulating at 10°C using one of two sets of conditions described below, depending on 
the size of fragments to be resolved:

Pulse time 
(seconds)

Time (hours) Voltage (V) Separation 
range (Kb)

Program 1 

Program 2

50 secs. 
70 secs. 
90 secs.
120 secs.

14 hours. 
14 hours. 
20 hours. 
20 hours.

170V 
170V 
170 V 
170V

50kb-900kb

200kb-1500kb

For size estimation commercially available yeast Saccharomyces Cerevisae 
chromosomal DNA markers with a range between 200 and 2000kb, and phage Lambda 
concatomers with a range between 50 and SOOkb were electrophoresed along side 
digested genomic DNA.

2.2.2(d). Southern blotting of pulsed field agarose gels.

Following electrophoresis, pulsed field gels were stained in 0.5 x TBE containing 
Ipg/ml ethidium bromide for 15 minutes, before visualisation under ultra violet 
transillumination. Gels were then acid depurinated by submerging them in 0.25M HCl 
for 15 minutes and then treated with 0.4M NaOH for between 30 and 60 minutes. 
DNA was then transferred to Highbond N+ nylon membrane (Amersham) by capillary 
blotting through 3mm paper (Whatman) in 0.4M NaOH over a 48hour period.
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2.2.2(e). Hybridisation and post-hybridisation washing.

Hybridisation of pulsed field membranes was performed at 65°C most usually in 
sealed plastic boxes and occasionally in bags as described previously (2.2.l.g.). 
Probes for hybridisation were radiolabelled and prepared prior to hybridisation also as 
previously described (2.2.l.f  & g). The hybridisation technique is modified from that 
of Church and Gilbert (1984). Pre-hybridisation of membranes required incubation in 
100ml of Hybridisation Buffer II. The larger hybridisation volume compared to bag 
hybridisation (2.2.l.g) required a threefold increase in the probe concentration added to 
the prehybridisation mix.

Post-hybridisation washing involved incubating in Church and Gilbert wash solution I 
(appendix 2A.4) at 65 °C for 2 x 15 minutes. If more stringent washes were required 
subsequent 15 minute incubations at 65°C in Church and Gilbert wash solution II 
(appendix 2A.4) were performed. Radioactive signal detection was as previously 
described (2.2. Ih.).

2.2.3. Yeast artificial chromosome (VAC) preparations.

2.2.3(a). Small scale VAC cultures.

Single colonies from short term agar plates, or lOOpl of suspension direct from yeast 
glycerol stocks, were inoculated into 2ml of S.D. medium (appendix 2A.5.) in 
centrifuge tubes. Cultures were grown up at 30“C for between 12 and 24 hours before 
being expanded to 10ml with the addition of a further 8ml of S.D. medium. Following 
further culturing, again at 30°C for 12 to 24 hours, cells were harvested by 
centrifugation at 30(X)g for 10 minutes. After decanting off the supernatant, the pellet 
of cells was resuspended in 0.5ml of YRB (appendix 2A.5.). To this was added 25 
units of Lyticase (Ipl of 25U/pl stock) followed by incubation at 37“c until 80-90% of 
cells had formed spheroplasts (between 1.5 and 3 hours). Estimation of spheroplasts 
number was performed by diluting Ipl in 20pl of sterile water, placing on a microscope 
slide under coverslip, and examining cells with phase contrast using a Reichart Polyvar 
microscope. Under phase contrast spheroplasts appear as ghosts of lysed cells and are 
easily distinguishable from non-spheroblastic cells. From this point onwards YAC 
cultures were processed either for the prepartion of agarose plugs for pulsed field gel 
electrophoresis or as liquid DNA for use as probes in fluorescence in situ hybridisation.
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2.2.3(b). Preparation of YAC DNA for pulsed field gel electrophoresis.

To lysed cells (see 2.2.3a.) at 37°C and in a volume of 0.5ml was added an equal 
volume of molten ultra-pure 1% ^ /v  low melting point agarose (Sigma Chemical 
Company) in 1 x TBE before mixing and dispensing into lOOpl plug moulds. When 
set, plugs were incubated at room temperature in 5ml of yeast lysis buffer (YLB; see 
2A.5.) for one hour prior to replacement with a further 10ml of YLB and incubation for 
approximately 12 hours at 50“C. Plugs were finally washed at room temperature with 
1 X TE for 30 minutes and stored in 20ml of YLB also at room temperature. Plugs 
were washed in 1 x TE overnight at 4°C prior to use.

2.2.3(c). Preparation of YAC DNA probes for fluorescence in situ  
hybridisation

Cells treated with lyticase as previously described (2.2.3a.) were centrifuged at 
6,000g for one minute and were then resuspended in 0.5ml of 50mM Tris-HCl/20mM 
EDTA, pH 7.4, 50 pi 10% sodium dodecyl sulphate (SDS) and incubated at 65°C for 
30 minutes. To this was added 200pl of 5M potassium acetate followed by incubation 
on ice for 60 minutes and centrifugation at 10,000g for 5 minutes. The supernatant 
was decanted into a fresh 1.5 ml microfuge tube and to it was added an equal volume of 
propan-2-ol. DNA was allowed to precipitate at room temperature for 5 minutes 
followed by a 10 second centrifugation at 10,000g. Following removal of the 
supernatant and air drying, the pellet was resuspended in 300pl of Ix TE and treated 
with 2pl of lOmg/ml pancreatic RNase by incubating at 37“C for one hour. 30pl of 3M 
sodium acetate was added, together with an equal volume of phenol and after vortexing 
to mix, this was centrifuged at 3000g for 5 minutes to separate the two layers. The 
clear upper layer was removed before repeating the phenol extraction and similarly 
extracting with chloroform. Finally, DNA was ethanol precipitated by adding two and 
a half volumes of absolute ethanol (99.7-100%), incubating at -70°C for 10 minutes, 
centrifugation at 10,000g for ten minutes, and after air drying, resuspension in lOOpl of 
1 X TE. DNA preparations were stored at -20“c.

2.2.4. Fluorescence in situ hybridisation.

2.2.4(a). Preparation of metaphase chromosome spreads.

Metaphase chromosome spreads were prepared from blood cultures set up as follows; 
1ml heparinised blood was combined with 17ml Iscoves modified DMEM medium 
(Imperial), 1% GPS, 2ml fetal calf serum and 200pl phytohaemaglutinin (PHA).
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Cultures were incubated at 37 °C for 72 hours with occasional agitation. Extended 
chromosomes were obtained by incubation of the blood culture for a further 18 hours 
following the addition of thymidine to a final concentration of 0.3mg/ml followed by 
incubation at 37°C for 3 hours and 55 minutes with the addition of 2-deoxycytidine in 1 
X phosphate buffered saline (to a final concentration of lOpg/ml). Colcemid was added 
to a final concentration of 0.1 pg/ml and the culture incubated for 20 minutes at 37“C.

For harvesting, cells were collected by centrifugation at 6000g for 5 minutes followed 
by resuspension with 5ml of 0.075M potassium chloride hypotonic solution and 
incubated at room temperature for 20 minutes. The cells were collected as before and 
the hypotonic solution was removed prior to resuspension with a fixative mix of glacial 
acetic acid and methanol (in a ratio of 1:3), added dropwise in approximately lOOpl 
volumes, over a period of 10 minutes with constant agitation. This procedure was 
repeated three to four times until the pellet, after centrifugation, appeared clean.

Chromosome suspensions were prepared using fresh fixative prior to spreading. 
Slides were pre-soaked in methanol with 0.5% ^/v concentrated hydrochloric acid, and 
dried with a lint free cloth before dropping approximately lOOpl of suspension centrally 
on to the slide. Approximately 200pl of fresh fixative was similarly dropped on to the 
slide which was agitated until dry. When dry the slide was briefly flooded with 70% 
glacial acetic acid and again agitated until dry. Slides were examined under phase- 
contrast microscopy for cytoplasm free mitotic spreads suitable for subsequent use in 
FISH analysis.

Metaphase chromosomes spreads were prepared for R-banding using a method 
modified from that of Takahashi et.al. (1991). The metaphase chromosome spreads 
were first incubated in Sorensen's buffer (appendix 2A.6.) at room temperature for 5 
minutes followed by staining with a 5pg/ml solution of Hoescht 33258 (Polysciences, 
Inc.) again at room temperature, for 10 minutes. Following a brief rinse with 
Sorensen's buffer metaphase chromosomes were treated by the addition lOOpl 
Sorensen's buffer under a coverslip and irradiated with UV light for 6 minutes. Slides 
were briefly washed in distilled and deionised water and then dehydrated by incubating 
in 70% ethanol for 5 minutes at room temperature followed by similar incubations with 
90% and 100% ethanol respectively.

2.2.4(b). Preparation of interphase cell nuclei.

For preparation of interphase cell nuclei, lymphoblastoid cell line cultures were 
starved for 14 days prior to harvesting, to arrest the cells in G1 phase of the cell cycle.
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To harvest, the cells were collected by centrifugation at 6000g for 5 minutes followed 
by resuspension in 5ml of 0.075M potassium chloride hypotonic solution and 
incubated at 37°C for 20 minutes. Cells were collected as before and the hypotonic 
solution removed prior to resuspension with a fixative mix of glacial acetic acid and 
methanol as described previously for preparation of metaphase chromosome spreads. 
Interphase nuclei spreads were also prepared in a manner similar to that previously 
described for the preparation of metaphase chromosome spreads.

2.2.4(c). Fluorescence labelling of DNA probes.

400ng YAC DNA or Ipg lambda phage DNA, were labelled with either biotin-16- 
dUTP or digoxigenin-11-dUTP by nick translation using commercially available kits 
(see 2.1.8). Unincorporated nucleotides were removed by passing the complete 
labelling mix through a Nick™ column (Pharmacia) equilibrated with 1 x TNE (20mM 
NaCl/lmM Tris HCl, pHS/O.lmM EDTA) in a volume of 400|il. Labelled probes were 
stored at -20°C.

2.2.4(d). Pre-hybridisation treatment of metaphase chromosome and 
interphase nuclei spreads.

Unless otherwise stated slides were handled and treated in 50ml or 100ml Coplin jars 
with solutions of a similar volume. Slides prepared for metaphase chromosomes and 
interphase nuclei were initially treated by washing with 1 x PBS, followed by three 
successive 5 minute dehydration washes in 70% ethanol, 90% ethanol and 100% 
ethanol respectively, at room temperature. Slides were allowed to air dry prior to 
treating with 100ml RNaseA (lOmg/ml RnaseA stock diluted Ipl in lOOpl with 2 x 
SSC) under coverslip and were then placed in a humidity chamber at 37“C, for Ihour. 
This was followed by successive 5 minute washes in 2 x SSC at room temperature and 
incubation in proteinase K buffer (appendix 2A.6 ) at 37“C for 5 minutes. Slides were 
then similarly incubated at 37 “C in proteinase K buffer with the addition of proteinase 
K to a final concentration of 50ng/ml, for 7 minutes. After briefly washing in 
magnesium chloride buffer and fixing in paraformaldehyde buffer, the slides were 
alcohol dehydrated as before and allowed to air dry.

2.2.4(e). Hybridisation with competition.

Prior to hybridisation, 200ng of labelled DNA probe (in an approximate 200pl 
volume) was mixed with a 100 x concentration Cot-1-DNA, 2pl of lOmg/ml salmon 
sperm DNA and one twentieth the volume of 3M sodium acetate. The DNA was then
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precipitated by the addition of two and a half volumes of absolute ethanol (99.7-100%) 
followed by incubation at -70°c for 1 hour. The DNA was retrieved by centrifugation 
at 1 0 ,0 0 0 g for one hour, followed by removal of the supernatant and freeze drying of 
the DNA pellet. The DNA was resuspended in lOpl of hybridisation mix (2A.6.) if a 
single probe was to be used for hybridisation, or in 5pl of hybridisation mix if a second 
probe was to be used which was also resuspended in a 5pl volume, for dual 
hybridisation. Probes with competitor DNA were incubated at 70°C for 5 minutes to 
denature, and allowed to pre-anneal at 37°C for 2 hours prior to hybridisation.

Before hybridisation metaphase chromosomes and interphase cell nuclei were treated 
by baking at 80“C for five minutes with lOOpl of 70% ^/v deionised form amide in 2 x 
SSC under coverslip, to denature chromosomal DNA, and were then dehydrated by 
quenching in 70% ice cold ethanol for consecutive washes. The slides were dehydrated 
with 5 minute washes in 90% and 100% ethanol respectively and allowed to air dry. 
lOpl of pre-annealed probe was applied to individual slides under coverslip and sealed 
with rubber solution. Hybridisation was performed by incubating the slides in a 
humidity chamber at 37“C for 12-24 hours.

2.2.4(f). Single FISH: post-hybridisation washing and signal detection.

Following hybridisation, the rubber solution and coverslips were removed and the 
slides were washed for 5 minutes in 50% form amide/2 x SSC at 45°C followed by two 
further 5 minute washes in 50% form amide/2 x SSC at 45“C and three 5 minute washes 
at 45“C in 2 x SSC. In preparation for signal detection with biotin (all single 
hybridisations were with biotin labelled probes only), slides were washed for 5 minutes 
at room temperature with SSCT (4 x SSC/0.05%Tween 20) followed by a 20 minute 
incubation in SSCM (4 x SSC/5% Marval non-fat dried milk). The slides were then 
treated as follows ensuring minimal exposure to light:

Step 1: 20 minute incubation under coverslip and at room temperature with 
avidin-fluorescein isothiocyanate (avidin-FTTC) in SSCM (1:200 and lOOpl 
volume for each slide), followed by three 5 minute washes in SSCT also at 
room temperature.

Step2: 20 minute incubation in biotinylated-anti-avidin in SSCM (1:100 and 
lOOpl volume for each slide), followed by three 5 minute washes in SSCT, also 
at room temperature.
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Step 3: 20 minute incubation under coverslip and at room temperature with 
avidin-FITC in SSCM (1:200 and lOOpl volume for each slide), followed by 
one 5 minute wash in SSCT also at room temperature. Slides were 
additionally washed twice in 1 x PBS for 5 minutes at room temperature.

Finally, the chromosomes were counterstained by the addition of 50-100pl anti-fade 
medium II containing DAPI and propidium iodide (appendix 2A.6.) to give an R- 
banding pattern.

2.2.4(g). Dual FISH: post-hybridisation washing and signal detection.

Post hybridsation washes for dual FISH on interphase nuclei were as described for 
single FISH (2.2.3f.). In preparation for immunocytochemical detection with biotin 
and digoxigenin together, the slides were washed for 5 minutes with TNT (O.lmM Tris 
HCl, pH7.5/0.15M NaCl/0.1% Tween 20) at room temperature followed by incubation 
with lOOpl of TNB (appendix 2A.6.) under coverslip in a humidity chamber at 37°C 
for 20 minutes. The slides were then treated as follows ensuring minimal exposure to 
light:

Stepl: 20 minute incubation under coverslip and at room temperature with 
avidin-fluorescein isothiocyanate (avidin-FITC) in TNB (1:200 and lOOpl volume 
for each slide), followed by three 5 minute washes in TNT also at room 
temperature.

Step2: 30 minute incubation under coverslip in biotinylated-anti-avidin and 
mouse anti-digoxin antibody in TNB (10:1:1000 and lOOpl volume for each 
slide). This was performed at 37“C in a humidity chamber and followed by 
three 5 minute washes in TNT at room temperature.

Step 3: 30 minute incubation under coverslip with avidin-FITC and 
tetramethylrhodamine isothiocyanate (TRITC) labelled rabbit anti-mouse 
antibody, in TNB (5:1:1000 and lOOpl volume for each slide). This was 
performed at 37“C in a humidity chamber and followed by three 5 minute washes in 
TNT at room temperature.

Step 4: 30 minute incubation under coverslip with TRITC labelled goat anti
rabbit antibody, in TNB (1:1000 and lOOpl volume for each slide). This was
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performed at 37°C in a humidity chamber and followed by one 5 minute wash in 
TNT at room temperature and two washes in 1 x PBS.

Finally nuclei were counterstained with 50-100pl of anti-fade medium I (2A.6.) 
containing DAPI but without propidium iodide.

2.2.4(h). Viewing and recording FISH images.

Chromosomes and nuclei were visualised using a Nikon optiphot Fluorescent 
microscope. Single FISH signals were visualised through and Fl l C Biter while double 
FISH signals were visualised through a dual band pass filter for simultaneous detection 
of FITC and TRITC. Images were stored and analysed using a Bio-Rad MRC 600 
confocal laser microscope attachment with MRC 500/600 software.

2.2.5. The polymerase chain reaction (PCR).

2.2.5(a). O ligonucleotides.

Oligonucleotide primers were purchased from Oswell DNA services and were 
supplied as purified working solutions with a concentration of 50pM/pl. Melting 
temperatures of the oligonucleotides were calculated using the following formula, 
which takes into account the G and C content of the primer:

Tm = 4 (0 + 0  2(A+T)

Primers were initially assayed between 48° and 62°C to assess their optimal annealing 
temperature. The oligonucleotide sequences used and their respective annealing 
temperatures are summarised in the materials and methods appendix 2A.7.

2.2.5(b). Polymerase chain reaction (PCR).

Polymerase chain reactions (PCR) were prepared under sterile conditions using sterile 
Gilson pipette tips to minimise DNA contamination. Pre-mixes were first prepared 
containing 50pM of each oligonucleotide per lOOpl, 200pM final concentration of each 
deoxy-nucleotide-triphosphate (dATG, dCTP, dGTP and dTTP), 1/10 volume of 10 x 
enzyme reaction buffer (HT Biotechnologies) and 0.1 units per lOOpl volume of Taq 
polymerase (HT Biotechnologies). PCR mixes were added in 50 or lOOpl volumes to 
500ng-lpg genomic DNA under sterile conditions in sterile 0.5ml microcentrifuge 
tubes. Finally, mixes were overlayed with 50-75pl of paraffin oil (BDH).
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PCR reactions were performed in a Hybaid Omnigene thermal-cycler. Reaction mixes 
were first denatured at 94”C for 5 minutes followed by between 30 and 40 cycles of 
denaturing at 92-94°C for 30-60 seconds, annealing at the appropriate temperature for 
45-60 seconds and elongating at 72°C for 45-60 seconds. On completion of the final 
cycle reactions were further elongated at 72”C for 10 minutes.

2.2.5(c). Agarose gel electrophoresis of PCR products.

On completion of the PCR, lOpl aliquots of each reaction mix including negative 
controls where no DNA had been added were removed from beneath the paraffin oil 
and mixed with 2pl agarose gel loading buffer in micro-titre plates. These were then 
electrophoresed through 1-2% ^ /v  agarose in 1 x TBE mini-gels (Scotlab) and after 
staining with ethidium bromide (| Ipl/ml ), the gels were viewed under UV 
transillumination to test for the presence of specific amplified DNA products and for the 
absence of amplified DNA products in the negative control lanes. Products were size 
estimated by similarly electrophoresing a 123bp DNA ladder along side PCR products.

2.2.6. Single-strand conformation polymorphism (SSCP) and 
heteroduplex analysis.

2.2.6(a). Preparation of PCR generated DNA samples.

PCR products for SSCP/heteroduplex analysis were diluted up to 1 in 10 with 1 x TE 
depending on their concentration estimated after visualising products under UV 
transillumination (see 2.2.5c.). 2pl of diluted PCR product was mixed with an equal 
volume of 95% deionised formamide and denatured in a thermal cycler (Hybaid) at 
99°C for 5 minutes before cooling to 60“C over a 30 minute period to allow partial 
reannealing. The samples were snap chilled and stored on ice for up to 20 minutes 
prior electrophoresis.

2.2.6(b). Polyacrylamide gel electrophoresis (PAGE).

Electrophoresis was performed on the automated PhastSystem™ electrophoresis 
apparatus (Pharmacia) according to manufacturer's instruction. Samples were 
electrophoresed in pre-prepared homogenous 20% polyacrylamide PhastGels™ 
(Pharmacia) and loaded with the aid of 8  or 12 well sample applicators (Pharmacia). 
This was achieved by dispensing 2pl of denatured PCR product, the preparation of 
which has been described (2.2.6a.), on to a well template formed with Nescofilm™
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(Bando Chemical Industry Ltd) using an appropriate applicator template mould 
(Pharmacia). Samples were taken on to sample applicators by capillary action and 
positioned on the frame of the electrophoresis chamber prior to automatic loading. In 
addition to patient samples, a 123bp ladder diluted 1 in 20 with sterile water and with 
10% loading buffer (2A.4)was often electrophoresed simultaneously to provide a 
monitor of electrophoretic mobility and reference size of homoduplexes. PastGels™ 
were pre-run with solid native running buffer strips (Pharmacia) forming the electrode 
contacts between either ends of the gel. Pre-run conditions were as follows: 400V, 
10mA, 2W for lOVh at temperatures between 4 and 15°C. Electrophoresis was 
performed under the following conditions: 400V, 5mA, 2W for 2Vh ; 400Vh, 10mA, 
2W for 150-340Vh at temperatures between 4 and 15“C.

2.2.6(c). Silver staining PAGE gels.

Silver staining PAGE gels was also automated using the development chamber of the 
PhastSystem™ according to the manufacturer's instructions. The steps and conditions 
involved in the staining procedure are detailed in appendix 2A.8. All solutions were 
prepared fresh on the day of use with distilled and deionised water, each step requiring 
75ml of solution.

2.2.7. DNA Sequencing.

2.2.7(a). Preparation of PCR generated DNA template.

lOOpl PCR products were electrophoresed through 2% Nusieve agarose midi-gels, 
prepared as described previously (2.2.Id.), with either 1 x TBE or 1 x TAE as the 
electrophoretic running buffer. Electrophoresis was performed at 4“C and 125V for 
between 2 and 4 hours. The DNA fragments were size estimated using a Hindlll 
digested bacteriophage X DNA marker electrophoresed in parallel with PCR products, 
and relevant bands excised from the gel. DNA fragments excised from TAE gels were 
cleaned using Geneclean™ exactly according to manufacturer's instruction, while DNA 
excised from TBE gels was cleaned using the Wizard™ PCR Prep DNA purification 
system (Promega Corporation). DNA was eluted in sterile water to a final 
concentration of between 40 and 80ng/pl.

2.2.7(b). DNA sequencing reactions.

Sequencing reactions were performed using the Sequenase Version 2 sequencing 
system (USB), with a modified protocol, based on the chain-termination method
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described by Sanger et.al. (1977). Between 2(X) and 5(X)ng of DNA template in a 
volume of 6 pl was mixed with Ipl of the appropriate primer (at lOpM/pl), 2pl of 
sequence reaction buffer and Ipl of dimethyl sulphoxide (DMSO). This is referred to 
as the annealing reaction and was denatured by heating at 99“C for 3 minutes followed 
by snap freezing on a mix of ethanol and dry-ice. During dénaturation Ipl of DTT 
(Dithiolthreitol) was mixed with 2pl of labelling mix (Sequenase labelling mix diluted 1 
in 5 with distilled and deionised water), 0.5pl a^^S dATP (1415 Ci mmol’ )̂ and 2pl 
Sequenase Version 2 enzyme (diluted 1 in 4 with Sequenase enzyme dilution buffer). 
Referred to as the labelling mix, this was in turn added to the annealing mix and the two 
briefly centrifuged to mix the two and to thaw the frozen annealing mix. Reactions 
were allowed to proceed at room temperature for up to 5 minutes after which time the 
enzyme-catalysed polymerisation was terminated by mixing quarter volumes of reaction 
mix with ddG, ddA, ddT and ddC termination mixes respectively. Reactions were 
terminated by incubating at 42“C for 5 minutes and the reaction stopped by the addition 
of 4pl formamide stop solution (appendix 4.). Sequencing reaction mixes were stored 
for up to one week at -20“C.

2.2.7(c). Electrophoresis of sequenced DNA products using PAGE.

Polyacrylamide gels for sequence electrophoresis were prepared using either a 21 x 
50cm or 21 X 40cm sequencing apparatus supplied by Bio-rad. Acrylamide gel mix 
was prepared as a 1 litre stock stored at 4°C for up to eight weeks and consisted of the 
following components: 7M urea, 6 % acrylamide, 1 x TBE. Prior to gel preparation 
sequencing plates were cleaned, firstly with deionised and distilled water, and then with 
absolute ethanol (99.7-100%). Once dry the upper plate was treated with a small 
volume (approximately 3ml) of Gel-Slick™ (AT Biochem) to prevent gels from 
adhering to the outer plate. Finally both glass plates were cleaned with sterile water and 
dried before assembly of the sequencing apparatus. To 50ml of gel mix was added 
60pl of TEMED (NNN'N'tetramethylenediamide) and 60pl of freshly prepared 25% 
w/v ammonium persulphate. Gels were prepared to a thickness of 0.4mm and allowed 
one hour at room temperature to polymerise.

Prior to loading of sequencing reactions, gels were pre-run for between 30 and 60 
minutes in 1 x TBE running buffer at 45 watts to allow the gel to reach an optimal 
running temperature of 50°C. Samples were first denatured by heating to 80°C for 3 
minutes and then loaded into wells formed by either a 24-well or a 48-well sharks-tooth 
comb. Samples were run for the desired length of time determined by the relative 
positions of bromophenol blue and xylene cyanol dyes incorporated into the formamide 
stop solution. A buffer gradient was achieved by the addition of 150ml 3M sodium
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acetate into the 500ml of 1 x TBE running buffer in the base of the sequencing 
apparatus.

2.2.7(d). Fixing and drying of polyacrylamide gels and radioactive 
signal detection.

Once electrophoresis was complete, the apparatus was disassembled with the 
polyacrylamide gel remaining on the inner glass plate. The gel was fixed by applying 
1 0 % acetic acid to the uppermost surface for 1 0  minutes followed by brief washing 
with distilled and deionised water. The gel was then transferred to 3mm filter paper 
(Whatman) prior to drying at 80“C for between 1 and 2 hours using a Bio-rad gel 
dryer. Autoradiography was performed at room temperature with p-max hyperfilm 
(Amersham) for 12-72 hours.
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Appendix

Appendix 2A.1: Source of DNA probes.

Probe Source Reference

FB9A (APC) B. Vogelstein Kinzler et.al (1991b)

FB70B (APC) B. Vogelstein Kinzler et.al (1991b)

FB54D (APC) B. Vogelstein Kinzler et.al (1991b)

SW15 (MCC) B. Vogelstein Kinzler gr.aZ. (1991a)

EF5.44 Y. Nakamura Dunlop et.al (1990)

FB9A, FB70B and FB54D are all cDNA probes representing nucleotides -22 to 2705, 
2877 to 6452 and 6640 to 8954 respectively of the APC gene.
SW15 is a cDNA probe representing nucleotides 1634-3969 of the MCC gene.

Appendix 2A.2: Cancer cell lines.

Cell line Origin Reference

JW2 Colorectal adenocarcinoma 
from an FAP Patient

Paraskeva et.al (1984)

LIM1899 Colorectal adenocarcinoma Whitehead et.al (1985)

LIM1215 Omentum metastasis of 
Lynch syndrome patient

Whitehead et.al (1985)
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Appendix 2A.3. Cell culture and media.

GPS. For 100ml: 200mM L- 
Glutamine (ICN labs); 600mg 
Penicillin (U.C.H.
Pharmacy); Ig Streptomycin 
(Sigma). Diluted to a 
working concentration of 1% 
^/v and stored at -20°C.

HANKS balanced salts solution (stock): 32.0g NaCl; 1.6g 
KCl; 0.36g
Na2HPO4 .1 2 H2 0 ; 0.24g 
KH2PO4 ; 4.0g glucose; 0.08g 
phenol red. 300ml stock 
solution made with deionised 
and distilled water, sterilised 
and stored at 4°C. Diluted 1 
in 1 2  with sterile water and to 
a pH 7.0-7.2 with NaCOg for 
working strength.

MEM medium: For 100ml: 74ml sterile 
distilled water; 9ml Dulbeco's 
MEM; 10ml fetal calf serum; 
7.5ml 5% ^ /v  sodium 
bicarbonate; 1ml GPS; 1- 
1.5ml NaOH.

RPMI medium: For l(X)ml: 76ml sterile 
distilled water; 9ml 10 x 
RPMI; 10ml fetal calf serum; 
1ml gps; 1ml non-essential 
amino acids; 3ml 5.3% w/v 
(NaHCOs); 0.5-1.5ml 
NaOH.

Versene: 5mM EDTA in Hanks 
balanced salt solution (above).
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Appendix 2A.4. General solutions and buffers.

AKE Ivsis solution: 155mM Ammonium 
Chloride; lOmM potassium 
hydrogen carbonate; lOmM 
EDTA

Church and Gibert wash solutions:

i l l: 40mM phosphate buffer 
(0.5M NaH2? 0 4 , pH7.4 with 
phosphoric acid); 1% SDS.

m : As wash solution (1) but with 
0.1% SDS.

Dénaturation solution: 1.5M NaCl, 0.5M NaOH

Electrophoresis buffers: 
(DTAE: 40mM Tris-acetate, pH8 ; 

40mM sodium acetate; ImM 
EDTA- made up as a lOX 
concentrate.

TBE: 90mM Tris-HCl, pH8 ; 90mM 
boric acid; 2mM EDTA- made 
up as a lOX concentrate.

ESP Ivsis buffer: 0.5M EDTA pH8 ; 2mg/ml 
proteinase K; 2% ^ /v  sodium 
lauroyl sarcosinate

Formamide stop solution: 98% deionised formamide; 
lOmM EDTA, pH 8.0; 
0.025%^/v bromophenol 
blue; 0.025% xylene sulphate.
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Hybridisation buffers:
(D Prehybridisation buffer 

(Genescreen Plus):
IMNaCl; 10% ^/v  dextran 
sulphate; 1% ^ /v  SDS.

(ID Church and Gilbert (1984) 
(Hybond N-t-):

0.5 M phosphate buffer 
(0.5M NaH2P0 4 ; pH7.4 with 
phosphoric acid); 7.0% ^ /v  
SDS; ImM EDTA

LCL lysis buffer: O.IM Tris-HCl; 5mM EDTA; 
0.2% w/v SDS; 0.2M NaCl. 
In deionised and distilled 
water and sterilsed. Prior to 
use proteinase K is added to a 
final concentration of 
lOmg/ml.

Loading buffer for agarose gels (lOX): 10% ^ /v  sucrose; 0.025% 
bromophenol blue; 

0.025% ^ /v  xylene cyanol.

Neutralisation solution: 1.5M NaCl; lOmM Tris-base; 
400mM Tris-HCl.

PCR buffer (HT Biochemicals): 5(X)mM Tris-HCl, pH 9.0; 
500mM KCl; 70mM MgClz; 
160mM (NH4 ) 2 SO4 .

SS£i 150mM NaCl; 15mM sodium 
citrate, pH7.0 (adjusted with 
NaOH)- made up as a 20 x 
concentrate

lOOmM NaCl; 10 mM Tris- 
HCl pH 8.0; lOmM EDTA- 
sterilised by autoclaving.
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TE: lOmM Tris-HCl, pH8.0; 
O.lmM EDTApHS.O- 
sterilised by autoclaving.

Appendix 2A.5. Yeast media.

S.D. medium 7g/l Bacto yeast nitrogen base 
(without amino acids);2 0 g/l 
glucose; 55mg/l adenine and 
tyrosine; this was sterilised by 
autoclaving. Before use 
56ml/l 20% w/v filter 
sterilised casamino acids was 
added and stored at 4“C until 
used.

S.D. agar lOb/1 bacto-agar added to 
S.D. medium and autoclaved 
and stored at 4°C until used

YLB (Yeast lysis buffer): lOOmM EDTA; lOmM Tris- 
HCl, pH 7.5; 1% w/v lithium 
dodecyl sulphate.

YRB (Yeast Resuspension Buffer) 1.2M sorbital; lOmM Tris- 
HCl, pH7.5; 20mM EDTA- 
sterilised by autoclaving. 
Immediatly prior to use 14 
mM p-mercaptoethanol was 
added.
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Appendix 2A.6. Fluorescence in situ hybridisation solutions and 
buffers.

Anti-fade medium: 

0 ) 0.15pg/ml 1 ,4-diaza-bicyclo- 
(2,2,2)-octane (DABCO); 0.2 
M Tris-HCl, pH7.5,
0.02% ^ /v  NaN3; 0.5pg/ml 
4,6-diamidino phenylindole 
(DAPI). Stored at -20“c and 
protected from light.

m As above with the addition of 
Ipg/ml propidium iodide

Hybridisation mix: 50% ^/v deionised 
formamide; 2 0 % ^/v  dextran 
sulphate; 2 x SSC; O.lmM 
EDTA, pH8 ; 0.2mM Tris- 
HCl, pH7.6.

Magnesium Chloride (MgCl%) buffer; 1 X PBS; 1% w/v MgCl2 .

Paraformaldehyde buffer: 1% Paraformaldehyde 
(Fluka); 1% ^ /v  MgCl2 .

Proteinase K buffer: 20mM Tris-HCl, pH 7.5; 
2mM calcium chloride 

(CaCl2 ).

Sorensen's buffer: lOmM potasium phosphate 
monobasic (KH2PO4 ); 
ImM sodium phosphate 
dibasic (Na2HP0 4 ).

SSCM. 4 X SSC with 5% ^ /v  
Marvel™ non-fat dried milk.
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SSCT. 4 X SSC with 0.05% ^ / \
Tween 20.

TN: O.lmM Tris-HCl, pH7.5;
0.15M NaCl.

TNE: 0.2M NaCl; lOmM Tris-HCl,
pH8.0; ImM EDTA.

TNT: As TN but with the addition
of 0.1% Tween 20

TNB: As TN but with the addition
of 0.5% v/v blocking, 
incubated for three hours at 
60“C, filtered through 1mm 
filter paper (Whatman) and 
stored at -20“C.
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Appendix 2A.7: Oligonucleotide prim ers.

APC gene primer sequences from Groden e ta l  (1991)

Primer Primer sequence Annealing
Temperature

Exon 15 A (F) GTTACTGCATACACATTGTGAC* 
G Cm TTG nrCCTA A CA TG A A G  (R)

52“c

Exon15 B (F) AGTACAAGGATGCCAATATTATG 
ACTTCTATCTTTTTCAGAACGAG (R)

52“c

Exon 15 C (F) ATTTGAATACTACAGTGTTACCC 
dTGTAITCTAATrrGGCATAAGG (R)

49“c

Exon 15 D (F) CTGCCCATACACATTCAAACAC 
TGTTTGGGTCTTGCCCATCTT (R)

52°c

Exon 15 E (F) AGTCTTAAATATTCAGATGAGCAG 
GTTTCTCTTCATTATAITTIATGCTA (R)

48“c

Exon 15 F (F) AAGCCTACCAATTATAGTGAACG 
AGCTGATGATGACAAAGATGATAATG (R)

52“c

Exon 15 G (F) AAGAAACAATACAGACTTATTGTG 
ATGAGTGGGGTCTCCTGAAC (R)

53“c

Exon 15 H (F) ATCTCCCTCCAAAAGTCTCGTGC 
TCCATCTGAAGTACTTTCTGTG (R)

62“c

Exon 15 I (F) AGTAAATGCTGCAGTTCAGAGG 
CCGTGGCATATCATCCCCC (R)

58“c

All primers are read in the 5' to 3'direction and are located with exon 15 except * which 
lies in intronic sequence 5' of exon 15. The (F) primer in each pair is the forward 
primer and lies 5' of the DNA fragment to be amplified; the (R) primer is the reverse 
primer and lies 3' of the DNA fragment to be amplified.
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Appendix 2A.8: Silver staining method optimised for native-PAGE with 
PhastGel Homogenous 20 media.

Step Solution Time Temp Remarks
N o . (min) (°c)

1 20% w/v TCA 5 2 0 Fixing solution
2 50% ^/v ethanol, ^/v 10% HAc 2 50 Wash solution
3 10% v/v ethanol, 5% v/v HAc 2 50 Wash solution
4 10% v/v ethanol, v/v 5% HAc 4 50 Wash solution
5 5% v/v gluteraldehyde 6 50 Protein sensitisation
6 10% v/v ethanol, 5% v/v HAc 3 50 Wash solution
7 10% v/v ethanol, 5% v/v HAc 5 50 Wash solution
8 Distilled & deionised water 2 50 Wash solution
9 Distilled & deionised water 2 50 Wash solution
1 0 0.4% w/v silver nitrate 1 0 40 Staining solution
11 Distilled & deionised water 0.5 30 Wash solution
1 2 Distilled & deionised water 0.5 30 Wash solution
13 2.5% 'V/v sodium carbonate 

0 .0 2 % v/v formaldehyde
1 30 Developing solution

14 2.5% 'V/v sodium carbonate 
0 .0 2 % v/v formaldehyde

1 0 30 Developing solution

15 3.7% 'V/v Tris-HCl, 2.5 % 
'V/v sodium thiosulphate

2 30 Background reducing 
solution

16 5.0% v/v glycerol 5 50 Stop solution

Abbreviations used: TCA- trichloroacetic acid; HAc- glacial acetic acid. Ethanol used 
for steps 2,3,4,6  and 7, was AnalR grade absolute (99.7-100%) ethanol (BDH). All 
solutions were prepared using distilled and deionised water.
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Chapter 3.

Results

3.1. Physical mapping around the APC locus.

3.1.1. Introduction

Pulsed field gel electrophoresis has found widespread application in the physical 
mapping of disease gene regions, bridging the gap between genetic mapping by linkage 
analysis and the size limitation of conventional gel electrophoresis. The use of routine 
Southern blot analysis following cleavage of DNA using rare cutting enzymes and 
electrophoresis under conditions suitable for the resolution of fragments between 50kb 
and 2 0 0 0 kb, enables the construction of long range physical maps and the precise 
localisation, ordering and linking of DNA markers. Additionally, electrophoresis based 
on generating a pulsed field gradient has been successfully applied to patient analysis in 
the detection of large structural rearrangements (den Dunnen et.al.y 1987; Joslyn et.aly 
1991). In Duchenne muscular dystrophy (DMD) for example, the causative gene is 
particularly large exceeding 2000kb, and den Dunnen et.aL, (1987) were able 
demonstrate that more than half of DMD mutations resulted from rearrangement and in 
particular large deletion, using field inversion gel electrophoresis.

The APC  gene was precisely localised following analysis by pulsed field gel 
electrophoresis of 40 APC patients, and which demonstrated deletions of 100 and 
260kb respectively in two individuals thus suggesting a precise location for the APC  
gene and a limited region within which the gene was located (Joslyn et.aly 1991). The 
study of Joslyn et.al (1991) indicated APC was situated between a previously isolated 
candidate gene MCC (mutated in colorectal cancer; Kinzler et.aly 1991a) and a tightly 
linked cosmid marker EF5.44. In the present investigation pulsed field gel 
electrophoresis was used to construct a detailed physical map around the APC  gene 
locus. Long range physical mapping was performed around MCC, EF5.44 and APC 
to identify linking DNA fragments, and the subsequent mapping data for individual 
probes was combined to form a complete map of the region. The information 
subsequently generated from the long range physical mapping was used for 
comparative analysis of DNA derived from a panel of APC patients and in addition 
from other individuals for whom previous cytogenetic analysis had demonstrated large 
rearrangements on the long arm of chromosome 5.
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3.1.2. Physical mapping around the MCC  gene.

MCC is a gene located at 5q21-22, which was isolated prior to discovery of the APC 
gene by Kinzler et.al (1991a). It was initially considered to be a candidate for APC 
due to the presence of intragenic somatic mutation detected in colorectal tumours 
(Kinzler et.al, 1991a; Nishisho et.al, 1991). In this study long-range physical map 
was constructed around the MCC gene using Southern blot hybridisation analysis with 
the cDNA probe SW15, which represents nucleotides 133 to 1918 of MCC, and blood 
lymphocyte digested DNA derived from 8 normal, randomly selected individuals. 
DNA fragments were resolved through agarose by pulsed field gel electrophoresis (see 
section 2.2.2.), after restriction enzyme cleavage with seven rare cutting enzymes 
(Mlul, Notl, Pvul, Sail, Nrul, EagI and SstI) individually and in combinations of 
double digests. The fragment sizes obtained as a result of this analysis are presented in 
Table 3.1.

Table 3.1. Restriction enzyme fragment sizes obtained from pulsed field 
Southern blot hybridisation analysis using the cDNA probe SW15 which 
recognises the 5' half of the MCC  gene.

SstI EagI N rul Sail P vul N otl M lul

MIuI

N otl

Pvul

Sail

N rul

330kb 750kb 270kb 

570kb

620kb

nSOkb

llSOkb

620kb

llSOkb

800kb

EagI 330kb̂ *̂** 33(»kb535kh

SstI SlOkb
535kb

For digests where more than one fragment size is presented the figure in bold 
represents a complete digestion product while the figure in italics represents the 
product of partial digestion. Where no fragment size is presented for digests 
singularly or in combination, ( JÇ////X  ) indicates digestion was not performed and 
( ) indicates fragment size could not be confidently estimated.
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Central features of this data are the Mlul fragment, estimated at 800kb, and the Notl 
fragment of 1150kb, both of which were consistently detected in genomic DNA from 
all eight normal individuals analysed with the probe SW15. Consequently Mlul and 
Notl restriction sites were used as landmarks in determining the sizes of DNA 
fragments generated by other restriction enzymes, and the relative positions of 
restriction enzyme sites following digestion in combination with Mlul. SW15 further 
hybridises to a Notl digested Mlul fragment of 620kb suggesting one Mlul site lies 
approximately centrally within the 1150kb Notl fragment. Examples of 
autoradiographs exhibiting SW15 hybridisation to Mlul and Notl digested DNA, in 
single and double digests, are presented in figures 3.1, 3.2 and 3.3.

Analysis of DNA digested by the restriction enzyme Pvul with SW15 demonstrated a 
fragment size similar to that generated by Notl digestion (figure 3.3) suggesting that 
perhaps the sites of cleavage by Pvul and Notl were in close proximity. This was 
further demonstrated by digestion of Pvul cleaved DNA with Notl and Mlul enzymes 
to produce fragment sizes 1150kb and 620kb (figure 3.1). The smallest size fragment 
to which MCC was localised was a 270kb fragment generated by digestion of DNA 
with Mlul and Sail together. Sail alone produces a fragment of 3(X)kb to which SW15 
hybridises, suggesting that the Mlul site responsible for the Mlul-Sall fragment of 
270kb is situated internally to a Sail site (see figure 3.2).

Hybridisation of SW15 to Nrul digested DNA produces a fragment of 1300kb, as 
exhibited in figure 3.3. Dual digestion with Notl and Nrul often revealed two 
fragments of 570 and 660kb indicating that perhaps two Nrul sites are located internal 
to the two Notl cut sites (figure 3.1). Digestion with Mlul and Nrul however exhibited 
a single fragment of 750kb which indicates the two Nrul sites within the Notl fragment 
are positioned either side of and in close proximity to an Mlul site (figure 3.3). The 
occasions where two fragment sizes are observed in Notl and Nrul in combination 
digests are perhaps due to partial digestion of the 1150kb Notl fragment by Nrul or 
may alternatively be because SW15 traverses an Nrul restriction enzyme site with 
subsequent partial hybridisation of SW15 to two fragments.

The framework provided by Mlul and Notl digestions meant further restriction 
enzyme sites could be confidently positioned after performing only a few digestions. 
Digestion of Mlul cut DNA with EagI produced a fragment of 330kb on hybridisation 
with SW15. Similarly, EagI alone generated a 330kb fragment placing Mlul and EagI 
cut sites within close proximity (Figure 3.3). Finally SW15 also hybridises to two 
SstI fragments of 510 and 535kb, possibly the result of partial digestion, and three 
Eagl-SstI fragments of 330, 510 and 535kb indicating that one SstI site is clustered
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with EagI and Mlul. The localisation of EagI and SstI restriction site relative to an Mlul 
site obviated the need for further analysis of these two enzymes in combination with 
other rare cutters.

Interpretation of all the mapping data obtained using SW15 (tableS.I) is presented in 
the form of a long range physical map of restriction enzyme sites (figure 3.4.). The 
map spans nearly ISOOkb and also shows representation of the restriction fragment 
lengths, including partial fragments, obtained using pulsed field gel electrophoresis and 
Southern blot hybridisation analysis. The position of MCC represented by the cDNA 
probe SW15, and the minimal region within which it maps is displayed with respect to 
the restriction enzyme cleavage sites.
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Figure 3.1. Hybridisation of MCC to blood lymphocyte digested DNA size
fractionated by pulsed field gel electrophoresis.
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Normal blood lymphocyte DNA cleaved with rare cutting restriction enzymes in 
single and double digest combinations, electrophoresed through 1% agarose for 40hrs 
with alternating pulses of 17()v for 90 seconds, followed by Southern blotting and 
hybridisation with the MCC cDNA probe SW15; (a) rare cutting restriction enzymes, 
primarily Not I and also Mlu I, Pvu I and Nru I, singularly and in combination, to 
produce fragment sizes of: Mlu I-8(K)kb; Not I-Pvu I-l 150kb; Not I-Nru I-660kb and 
570kb partial; Not I-l 150kb; Not I-Mlu I-620kb. (b) rare cutting restriction enzymes, 
primarily Mlu I and also Not I and Pvu I, singularly and in combination, to produce 
fragment sizes of: Mlu I-Pvu I-620kb; Mlu I-8(K)kb; Mlu I-Not I-620kb.
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Figure 3.2. H ybridisation o f V/CC to blood lym phocyte digested DNA size
fractionated by pulsed field gel electrophoresis.
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Normal blood lymphocyte DNA cleaved with rare cutting restriction enzymes in 
single and double digest combinations, electrophoresed through 0.8% agarose for 
40hrs with alternating pulses of 17()v for 90 seconds, followed by Southern blotting 
and hybridisation with the M C C  cDNA probe SW 15. Rare cutting restriction 
enzymes Not I, Mlu I, Nru I and Sal I, used singularly and in combination, to produce 
fragment sizes of: Mlu I-Sal I- 270kb; Sal I-300kb; Not I-Nru I- 1150kb and 570 kb 
partial digestion product; Not I-l 150kb; Mlu I-Nru I-750kb; Mlu I-8(X)kb.
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Figure 3.3. Hybridisation of MCC to blood lymphocyte digested DNA size
fractionated by pulsed field gel electrophoresis.
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Normal blood lymphocyte DNA cleaved with rare cutting restriction enzymes in 
single and double digest combinations, size fractionated using pulsed field gel 
electrophoresis followed by Southern blotting and hybridisation with the MCC cDNA 
probe SW15; (a) electrophoresis conditions used were a 1.2% agarose gel matrix, 
32hrs with alternating pulses of 17()v for 50 seconds; rare cutting restriction enzymes 
Bag I and Sst I were used singularly and in combination, to produce fragment sizes 
of: Eag I-330kb; Eag I-Sst I-535kb and partial fragments of 510 and 330kb; Sst 
I-535kb and a partial fragment of 510kb. (b) electrophoresis conditions used were 
0.8%, agarose gel matrix, 40hrs with alternating pulses of 170v for 90 seconds; rare 
cutting restriction enzymes Mlu I, Nru I and Pvu I were used singularly and in 
combination, to produce fragment sizes: Nru I-13(X)kb; Pvu I-l 150kb; Mlu I-Nru 
I-8 (K)kb and a partial fragment of 750kb; Mlu I-8 (K)kb.
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Figure 3.4. Long range physical map around the MCC gene
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Long range physical map of seven restriction enzyme sites constructed using pulsed field gel electrophoresis and subsequent 
Southern blot hybridisation analysis with cDNA probe SW15 which encompasses part of the MCC gene. Sizes of fragments within 
which MCC maps are shown as bold lines. Broken lines which also indicate the length of specific fragments, represent partial 
digestion products.



3.1.3. Physical mapping around EF5.44.

EF5.44 is a cosmid marker which has been shown by genetic mapping to be tightly 
linked to the APC gene (Dunlop et.al, 1990; Olschwang et.al, 1991). A single copy 
probe isolated from EF5.44 was used for Southern blot hybridisation analysis on 
digested DNA derived from blood lymphocytes of eight normal, randomly selected 
individuals. The DNA was cleaved with six rare cutting restriction enzymes, Mlul, 
Notl, Nrul, Pvul, EagI and Sail in single and double digest combinations and size 
fractionated by pulsed field gel electrophoresis. The fragment sizes obtained as a result 
of this analysis are presented in Table 3.2.

Table 3.2. Restriction enzyme fragment sizes obtained from pulsed field 
Southern blot hybridisation analysis with cosmid marker EF5.44.

Sail Nrul EagI Pvul Notl Mlul

Mlul 280kb 580kb
760kb 360kb 28()kb 280kb 800kb

Notl 360kb nookb 28()kb 530kb

Pvul 280kb 530kb

EagI
W i

360kb

Nrul ISOOkb

Sail 360kb
For digests where more than one fragment size is presented the figure in 
bold represents a complete digestion product while the figure in italics 
represents the product of partial digestion. Where no fragment size is 
presented for digests singularly or in combination, indicates
digestion was not performed and (KSSSSS )̂ indicates fragment size could 
not be confidently estimated.
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Central to mapping around EF5.44 is an Mlul fragment which appears identical in size 
to the Mlul fragment generated by physical mapping around the MCC gene. The 
similarity in size between these two Mlul fragments suggested initially that the two 
probes may be localised within the same fragment. However combinations of single 
and double digests have subsequently failed to reveal any further fragments common to 
both probes or double digestion products which would be consistent with a positioning 
of MCC and EF5.44 within the same Mlul fragment.

Digestion of DNA with Mlul in combination with Notl, Pvul and Sail produces a 
single sized fragment of 280kb to which EF5.44 hybridises (figures 3.5 and 3.6). 
Hybridisation of EF5.44 to DNA digested with Notl alone consistently failed to 
identify a fragment, although a strong hybridisation signal was frequently observed in 
the zone of non-resolution or compression zone (figure 3.5a). This would indicate that 
EF5.44 does not map within the same 1150kb fragment that SW15 hybridises to, but 
instead to a fragment which is too large to be resolved using the pulsed field conditions 
utilised in the present study. Such a fragment is likely to be greater in size than the 
largest Saccharomyces cerevisae marker chromosome of approximately 2(XX)kb which 
was occasionally resolvable under the conditions used in this study. EF5.44 was 
additionally contained within Pvul and Sail fragments of 530kb and 360kb 
respectively and within Pvul-Notl and Sall-Notl fragments again of 530kb and 360kb. 
The results of Mlul-Notl, Pvul-Notl and Sall-Notl digestions with subsequent 
hybridisation to EF5.44 suggest Pvul, Notl and Sail restriction enzyme sites are 
clustered within a small region, possibly the same cluster region which characterises the 
1150kb Notl/Pvul fragment of MCC.

EF5.44 maps within an Nrul digested fragment of approximately 1500kb although 
this can only be an estimate because, as figure 3.5b demonstrates, due to the nature of 
pulsed field conditions utilised in this study this fragment appears to be just emerging 
from the compression zone of unresolved DNA fragments and its mobility may be 
impaired. Two fragments are generated in double digestion with Nrul and Mlul, the 
larger fragment of 760kb possibly being a partial digestion product with the smaller 
fragment of 580kb a complete digestion product (figure 3.5a). By their close proximity 
to each other the larger Nrul cut site and Mlul site possibly represent the equally closely 
related Nrul and Mlul observed in the mapping of MCC. Furthermore, the Nrul-Notl 
generated fragment of llOOkb for EF5.44 is consistent with the positioning of Notl, 
Nrul, Mlul and Pvul sites in this respect relative to MCC.

EagI restriction enzyme sites have also been localised with respect to EF5.44 by 
digestion singularly and in combination with Mlul (figure 3.5 and 3.6). EagI alone and
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EagI with Mlul both generate 360kb EF5.44 fragments indicating that Mlul and EagI 
restriction sites within close proximity while the second EagI site lies internal to the 
second Mlul site. In addition, a second MluI-EagI cleavage site relating to a fragment 
size of 800kb, again possibly the result of partial digestion, is frequently observed with 
EF5.44. The results of digestion with EagI for EF5.44 are also consistent with the 
position of restriction enzyme sites relative to previous mapping data for the SW15.

Interpretation of all the mapping data obtained using EF5.44 (table 3.2) is presented in 
the form of a long range physical map of restriction enzyme sites (figure 3.7.). The 
map spans nearly ISOOkb and also shows representation of the restriction fragment 
lengths, including partial fragments, obtained using pulsed field gel electrophoresis and 
Southern blot hybridisation analysis. The position of EF5.44 and the minimal region 
within which it maps is displayed with respect to the restriction enzyme cleavage sites.
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Figure 3.5. Hybridisation of EF5.44 to blood lymphocyte digested DNA
size fractionated by pulsed field gel electrophoresis.
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Normal blood lymphocyte DNA cleaved with rare cutting restriction enzymes in 
single and double digest combinations, electrophoresed through 0.9% agarose for 
40hrs with alternating pulses of 17()v for 90 seconds, followed by Southern blotting 
and hybridisation with the cosmid probe EF5.44; (a) rare cutting restriction enzymes 
Mlu I, Sail, Nrul, EagI and Not 1 used singularly and in combination to produce 
fragment sizes of: Mlu I-EagI-8(K)kb and a partial fragment of 360kb; Mlu I-Nru 
I-750kb; Mlu I-Sal I-280kb; Mlu I-Not I-280kb. (b) rare cutting restriction enzymes 
Mlu I, Nru I and Pvu I used singularly and in combination to produce fragment sizes: 
Nru I-1500kb approx.; Mlu 1-Nru l-750kb and a partial fragment of 560kb; Mlu 
l-8(K)kb; Mlu 1-Pvu l-280kb.
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Figure 3.6. Hybridisation of EF5.44 to blood lymphocyte digested DNA
size fractionated by pulsed field gel electrophoresis.
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Normal blood lym phocyte DNA cleaved with rare cutting restriction enzym es in 
single and double digest com binations, electrophoresed through 1% agarose for 40hrs 
with alternating pulses of 17()v for 90 seconds, followed by Southern blotting and 
hybridisation with the cosmid m arker EF5.44; (a) rare cutting restriction enzym es 
Not I, Mlu I and Pvu I used singularly and in combination, to produce fragment sizes 
of: Pvu I-560kb; Pvu I-Mlu I-28()kb; Mlu I-8()0kb; Mlu I-Not I-28()kb. (b) rare 
cutting restriction enzym es, prim arily Mlu I and also Not I, Eag I and Sal I used 
singularly and in com bination to produce fragment sizes: Mlu I 8(X)kb; Mlu I-Not 
I-28()kb; Mlu 1-Eag I-360kb; Eag I-360kb; Mlu I-Sal I-28()kb.
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Figure 3.7. Long range physical map around the cosmid marker EF5.44.
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Long range physical map of six restriction enzyme sites constructed using pulsed field gel electrophoresis and subsequent Southern 
blot hybridisation analysis with cosmid marker EF5.44. Sizes of fragments within which EF5.44 maps are shown as bold lines. 
Broken lines which also indicate the length of specific fragments, represent partial digestion products



3.1.4. Physical mapping around the APC  gene.

Characterisation of the APC  gene has demonstrated that it is a large gene with a coding 

sequence of about 8,500 nucleotides and a genomic coverage of over 300kb (Kinzler 

e t . a l y  1991b; Groden e t .a ly  1991). However over three quarters of the coding region 

are contained within a single exon of approximately 8.5kb (Kinzler e t . a l y  1991b; 

Groden e t . a l y  1991). Three cDNA probes, FB9A, FB70B and FB54D, which 

encompass the A PC  gene were used for Southern blot hybridisation analysis of 

digested DNA derived from blood lymphocytes of ten normal, randomly selected 

individuals. Prior to hybridisation DNA had been cleaved and size fractionated by 
pulsed field gel electrophoresis, with seven rare cutting restriction enzymes, Mlul, 
Notl, Nrul, Pvul, Sail, EagI and SstI in single and double digest combinations. The 

fragment sizes obtained as a result of this analysis are presented in Table 3.3.

Table 3.3. Restriction enzyme fragm ent sizes obtained from  pulsed field 
S o u th e rn  b lo t h y b rid isa tio n  analysis  using  th re e  cDNA p ro b es  
encom passing the A P C  gene.

SstI EagI N rul Sail P vul N otl M lul

M lul s m b
180kb 430kb

SOOkb 520kb S20kb 800kb

N otl 180kb 430kb llSOkb llSOkb

Pvul WW 180kb 430kb
SOOkb

llSOkb

Sail 180kb 430kb
SOOkb

N rul 180kb

EagI 430kb 430kb

SstI 430kb
SOOkb

For digests where more than one fragment size is presented the figure in bold 
represents a complete digestion product while the figure in italics represents the 
product of partial digestion. Where no fragment size is presented for digests 
singularly or in combination ( V/XXX ) indicates digestion was not performed.
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Similar to long range physical mapping around the MCC gene, the main features of 
mapping around the APC gene were fragment sizes of SOOkb and 1150kb on restriction 
enzyme digestion with Mlul and Notl respectively. In addition a Pvul fragment of 
llSOkb suggested that APC  and M CC  may be located on the same fragment 
characterised by Notl and Pvul used in combination (figure 3.8). However, as APC  is 
associated with an SOOkb Mlul fragment, it APC could be localised to either the same 
SOOkb fragment as M CC  or the same SOOkb fragment as EPS.44. Subsequent 
digestion of Notl cleaved DNA with Mlul revealed APC to map to a 520kb Notl-Mlul 
fragment (figure 3.9) whereas MCC mapped within a 620kb Notl-Mlul fragment. This 
suggests APC  and MCC are localised to different Mlul fragments. cDNA probes of 
APC  also hybridised to 520kb Mlul-Pvul digestion products (figure 3.S and 3.9). 
Furthermore the sum of the sizes of APC and MCC hybridisation fragments from Notl- 
Mlul digestions equal the size of the 1150kb Notl fragment within which both genes 
map, while similar addition of EF5.44 and APC  Notl-Mlul fragment sizes equal the 
size of their respective SOOkb Mlul fragments. In conclusion the data suggest that APC 
is linked to MCC  via a 1150kb Notl fragment and to EF5.44 via an SOOkb Mlul 
fragment while all three markers map within separate Notl-Mlul fragments.

Another interesting feature of the pulsed field data obtained for APC are the fragment 
sizes obtained for Nrul digestions both individually and in combination. As table 3.3 
demonstrates APC maps within an Nrul restriction fragment of ISOkb with an identical 
fragment size obtained in double digestion of Nrul with Mlul, Notl, Pvul and Sail 
(figure 3.S). This suggests that both Nrul cut sites are located within all other single 
and double digestion products obtained. Due to the lack of informative data from 
double digests involving Nrul, these sites can only be placed with respect to other 
closely related restriction enzyme sites by previous mapping information obtained for 
EF5.44. This suggests placement of one Nrul cut site within 50kb of an Mlul cut sit 
(figure 3.7).

As with MCCy once the framework of relevant fragment sizes was established, fewer 
digestion products were subsequently required to accurately place other restriction 
enzyme sites. EagI digestion yields a 430kb fragment similar to that of Eagl-Mlul 
double digestion products which indicates closely situated restriction sites are present 
for both enzymes and the second EagI cut site can thus be placed accordingly. 
Likewise the complete and partial fragment sizes for APC  of 430kb and 500kb, 
produced on digestion of SstI alone and SstI with both Mlul and EagI (figure 3.9), 
would suggest that cleavage sites for all three enzymes are in close proximity. This 
again allows the position of these sites to be inferred.
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Additional data from Sail digests, both individually and in combination with other rare 
cutting enzymes, and subsequent hybridisation with APC  cDNA probes (table 3.3) 
indicates that there is clustering of restriction enzyme sites around the APC  gene. 
Interpretation of all the mapping data obtained using APC (table 3.3) is presented in the 
form of a long range physical map of restriction enzyme sites (figure 3.10.). The map 
spans approximately 1400kb and shows representation of the restriction fragment 
lengths obtained using pulsed field gel electrophoresis and Southern blot hybridisation 
analysis. The position of APC and the minimal region within which it maps, a ISOkb 
Nrul fragment, is displayed with respect to other restriction enzyme cleavage sites.

All the data from pulsed field Southern blot hybridisation analysis around MCC, 
EF5.44 and APC  can be combined into a single map of the APC  locus at 5q21-22 
(figure 3.11). Although the complete map extends for greater than 3500kb, restriction 
enzyme sites for the central region encompassing approximately 2000kb are present. 
Particular fragment lengths critical for the mapping of the three markers, and minimal 
fragment sizes within which MCC, APC and EF5.44 map are also shown. It is clear 
from this map that some enzymes, for example Mlul, Notl, and Pvul, cleave 
lymphocyte DNA less frequently within this region than others such as SstI, Sail and 
EagI. In addition there appear to be regions of undermethylated CpG dinucleotides 
characterised by a clustering of many restriction enzyme sites which contain such 
sequences. Blood lymphocyte DNA from a total of 15 normal randomly selected 
individuals was used in combined analysis of MCC, EF5.44 and APC. No evidence of 
novel fragment sizes, which would possibly suggest the existance polymorphic 
restriction sites, were observed in any of these individuals. Finally, although the order 
of EF5.44, APC  and MCC could be determined from these studies the orientation with 
respect to the centromere and telomere of chromosome 5 could not. The complete map 
of this region as illustrated in figure 3.11 does however show such an orientation as 
derived from recent mapping information and which suggests a gene order of 
centromere-EF5.44-APC-MCC-telomere (Ward et.al, 1993). This will be discussed at 
greater length in section 4.1.
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Figure 3.8. Hybridisation of APC to blood lymphocyte digested DNA size
fractionated by pulsed field gel electrophoresis.
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(a)

Normal blood lymphocyte DNA cleaved with rare cutting restriction enzymes in 
single and double digest combinations, electrophoresed through 1% agarose for 40hrs 
with alternating pulses of 170v for 90 seconds, followed by Southern blotting and 
hybridisation with three cDNA probes encompassing the ARC gene; (a) rare cutting 
restriction enzymes, Sal I, Mlu I and Nru I used singularly and in combination to 
produce fragment sizes of: Nru I- 180kb; Sal I-500kb; Nru I-Sal I-180kb; Mlu 
I-Nru I-180kb; Mlu I-8(X)kb. (b) rare cutting restriction enzymes, primarily Pvu I and 
also Mlu I and Sal I used singularly and in combination to produce fragment sizes: 
Mlu I-800kb; Pvu I-Mlu I-520kb; Pvu l-1150kb; Pvu I-Sal I-430kband a partial 
fragment of'500k b
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Figure 3.9. Hybridisation of APC to blood lymphocyte digested DNA size
fractionated by pulsed field gel electrophoresis.
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Normal blood lymphocyte DNA cleaved with rare cutting restriction enzymes in 
single and double digest combinations, size fractionated using pulsed field gel 
electrophoresis followed by Southern blotting and hybridisation with three APC 
cDNA probes; (a) electrophoresis conditions used were 1% agarose gel matrix, 40hrs 
with alternating pulses of 170v for 90 seconds; rare cutting restriction enzymes Mlu I, 
Nru I and Pvu I were used singularly and in combination, to produce fragment sizes 
of: Mlu I-8(K)kb; Mlu I-Not I-52()kb; Mlu I-Sal I- 800kb and a partial fragment of 
500kb; Mlu I-Pvu I-520kb. (b) electrophoresis conditions used were 1.2% agarose gel 
matrix, 32hrs with alternating pulses of 170v for 50 seconds; rare cutting restriction 
enzymesEag I and Sst I were used singularly and in combination, to produce 
fragment sizes of: Eag I-430kb; Eag I-Sst I-500kb and a partial fragment of SlOkb; 
Sst I-500kb and a partial fragment of 430kb.
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Figure 3.10. Long range physical map around the AFC gene
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Long range physical map of seven restriction enzyme sites constructed using pulsed field gel electrophoresis and subsequent 
Southern blot hybridisation analysis with three cDNA probes (FB9A, FB54D, and FB70D) encompassing the APC gene. Sizes of 
fragments within which APC maps are shown as bold lines.



Figure 3.11. Long range physical map of restriction enzyme sites around APC, MCC  and EF5.44
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A combination of mapping data generated around APC, MCC and EF5.44 to produce a long range restriction map of the APC gene region. 
Critical fragment sizes which form the framework of the map, and the minimal regions into which APC, MCC and EF5.44 map are also 
highlighted. Orientation with respect to the centomere and telomere of chromosome 5 is additionally presented.



3.1.5. Pulsed field gel electrophoresis analysis in APC patients.

Having generated a long range physical map around the APC locus using pulsed field 
Southern blot hybridisation analysis, it was possible for comparative analysis of DNA 
derived from a series of APC patients, colorectal cancer cell lines and other individuals 
of particular interest, encompassing a sample size of 17. DNA from 9 unrelated APC 
cases was prepared for analysis of which 4 were confirmed new mutation cases, 
parental DNA additionally being available for 3 of these. A further 6 individuals from 5 
unrelated families were APC cases where a family history of the disease had been 
established. The remaining six cases consisted of three colorectal cancer cell lines, an 
atypical APC patient, one APC patient for whom tissue from a single large colorectal 
adenoma was available and two individuals from a family with a history of breast 
cancer and other malignancies who displayed a large rearrangement on the long arm of 
chromosome 5. As high molecular weight DNA for pulsed field gel electrophoresis 
was more reliably isolated from fresh samples, lymphoblastoid cell lines established 
from the various patients were used in most cases. Similar cell lines derived from 
unaffected parents of new mutation patients were used as controls to ensure that any 
restriction pattern changes were not due to variation in DNA méthylation between fresh 
lymphocytes and lymphoblastoid cell line DNA.

The most consistent DNA fragments derived from normal long range restriction 
enzyme mapping around APC, MCC and EF5.44, are an SOOkb Mlul fragment to 
which APC  and EF5.44 hybridise, and an adjacent, similarly sized yet distinct Mlul 
fragment to which an MCC cDNA probe hybridises. These two fragments are of an 
ideal size for comparative analysis of patient material to search for aberrant sized 
fragments, being small enough for good resolution on pulsed field agarose gels while 
spanning a relatively large region (1600kb) around the APC  gene locus. Thus high 
molecular weight DNA from all of the patients was cleaved with Mlul and analysed 
with the probes representing APC, MCC and EF5.44. The resulting fragment sizes 
generated from this analysis are presented in table 3.4.

In addition to the normal sized Mlul fragment, an| aberrantly sized fragment of 950kb 
was detected with the probes APC , M CC  and EF5.44 in DNA from patient 
FC5383II7. This suggested that APC, MCC and EF5.44 were all located on the same 
950kb Mlul fragment, in addition to their normal localisation to two separate SOOkb 
Mlul fragments. To confirm that APC  and MCC did indeed map to the same 950kb 
Mlul fragment, cDNA probes representing both genes were sequentially hybridised to 
the same Mlul-Notl partial digest (figure 3.12) which demonstrated each to map 
normally within separate Mlul-Notl fragments of 520kb and 620kb respectively thereby
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Table 3.4. Mlul fragment sizes obtained for APC, MCC, and EF5.44 primarily 
in a panel of APC patients and colorectal cell lines.

Individual and 
source of DNA

APC MCC EF5.44

Mlul Mlul Mlul

*FC5383 117 950 & 800kb 950 & 800kb 950 & 800kb
*FC5383 III9 950 & 800kb 950 & 800kb 950 & 800kb
tFC5619 8(K)kb 800kb 800kb
tFC5998 IV4 800kb 800kb 800kb
#FC5454 III 800kb 800kb 800kb
$FPC164 SOOkb SOOkb SOOkb
tNMC567 I 800kb 800kb 800kb
tNMC567 II 800kb 800kb 800kb
tNMC567 III 800kb 800kb 800kb
tNMC564 I 800kb 800kb 800kb
tNMC564 II 800kb 800kb 800kb
tNMC564 IV 800kb 800kb 800kb
tNMC551 I 800kb 800kb 800kb
tNMC551 II 800kb 800kb 800kb
tNMCSSl III 800kb 800kb 800kb
tNMC6303 800kb 800kb 800kb
*Q286RA 850 & 800kb 800kb 850 & 800kb
*Q287SA 850 & 800kb 800kb 850 & 800kb
^565 IV 2
#ACJI 800kb 800kb 800kb
§JW2 800kb 800kb 800kb
§LIM1899 800kb 800kb 800kb
§LIM1215 800kb 800kb 800kb

Pulsed field Southern blot hybridisation analysis performed on DNA derived 
from: * lymphoblastoid cell lines and blood lymphocytes; t  lymphoblastoid cell 
lines; # blood lymphocytes; § colorectal cancer cell lines; % colorectal adenoma; 
t  fibroblasts and cell fusion hybrid-the fragment sizes are displayed in italics as 
fragment sizes were obtained with fibroblast DNA only. indicates no
fragment sizes were obtained.
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excluding the possibility that the aberrant hybridisation pattern resulted from detection 
of residual radio-isotope from the same hybridisation. Likewise partial Mlul-Notl 
digestion of patient and normal DNA hybridised with EF5.44 demonstrated fragments 
of expected size in the control DNA and a single aberrant 950kb Mlul fragment in the 
patient (figure 3.12). Similar investigation of a second affected individual from this 
family, patient FC5383III9, demonstrated the same altered Mlul fragment was present 
indicating that the alteration causing this observed abnormality segregates with the 
disease phenotype (figure 3.13).

The fact that all three markers exhibit the same hybridisation pattern to Mlul cleaved 
patient DNA, suggests the central site of the three Mlul cut sites which create the 
separate SOOkb Mlul fragments (figure 3.11), is altered in some way. The possibility 
that the observed alteration could result from a single base pair polymorphism 
abolishing the central Mlul site appears unlikely as as this would generate an Mlul 
fragment of 1600kb as opposed to the actual observed size of 950kb. Alternatively, the 
aberrant fragment could arise as a result of gross alteration around the central Mlul site. 
One explanation could be that a large deletion of approximately 650kb removes the 
central Mlul site thus creating a smaller 950kb Mlul fragment to which APC, MCC and 
EF5.44 all map. However, mapping data obtained in other investigations suggests that 
APC  and MCC are separated by between 60 and 150 kb (Groden et.al., 1991 and 
1993) and therefore such a large deletion would, on removing the Mlul site, also be 
expected to remove either APC or MCC or both. Figure 3.14 illustrates an alternative 
explanation based on an inversion of 150kb involving the central Mlul site and MCC. 
Such an inversion, with breakpoints at the 5' end of the MCC gene and the 3' end of 
the APC gene according to their respective transcriptional orientations (Kinzler et.al, 
1991b; Groden et.al, 1991), would reposition the central Mlul restriction enzyme site 
and bring APC and MCC genes closer together. This would explain why in patients 
FC5383II7 and III9 APC, MCC, EF5.44 hybridise to the same 950kb Mlul fragment.

To further characterise the rearrangement detected by pulsed field analysis in 
individuals FC5383 117 and III9, and to determine whether breakpoints of the large 
alteration observed interrupted either MCC or APC genes, conventional Southern 
analysis was employed. DNA from both individuals analysed previously by pulsed 
field gel electrophoresis, and from a third affected member family FC5383 (119), was 
cleaved with five frequently cutting enzymes (EcoRI, Hindlll, PstI, BamHI and PvuII) 
in combinations of single and double digests, prior to conventional gel electrophoresis 
through 1% agarose overnight at 25V. DNA from three randomly selected normal 
individuals was similaiiy analysed in parallel to serve as controls. The Southern blotted 
DNA was hybridised with the three cDNA probes encompassing the APC gene
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Figure 3.12 Analysis of APC patient FC5383II7 using pulsed field gel 
electrophoresis and subsequent Southern blot hybridisation with APC, 
MCC and EF5.44.
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Aberrant hybridisation pattern detected in APC patient FC5383II7 after pulsed field 
gel electrophoresis and Southern blot analysis with probes for APC, MCC and 
EF5.44. Patient (P) and control (C) DNA has been digested to completion with the 
restriction enzyme Mlu I and partially with Not I. Patient DNA demonstrates a 
larger fragment of 950kb on hybridisation with all three probes in comparrison to 
the normal sized Mlu I fragment of 8(K)kb present in patient and control DNA. Mlu 
I and Not I partial double digestion products serve as normal marker fragments 
characteristic of each probe.
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F igure 3.13. Transmission of a germline rearrangem ent with the disease phenotype 
in APC family FC5383.
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Transmission of the germline rearrangement with the disease phenotype in APC family 
FC5383, demonstrated by pulsed field gel electrophoresis. The rearrangement manifests 
itself as a 950kb Mlul fragment in patients FC5383III9 and 117 on hybridisation with 
APC, MCC  and EF5.44 in addition to the normal Mlul fragment of 80()kb which is 
present in both patients and two unaffected, unrelated control individuals (C).
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Figure 3.14. Theoretical interpretation of an inversion at the APC  locus 
predicted from pulsed field gel electrophoresis analysis in APC family 
FC5383.
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Theoretical model illustrating a 150kb inversion in family FC5383 which would 
relocate M CC on the same 960kb fragment as both APC  and EF5.44 thus bringing 
APC  and MCC genes closer in proximity to each other, and altering the transcriptional 
orien tation  of M C C (as determ ined  by K inzler et al. ,  1991a) from  
telomeric-centromeric to centromeric-telomeric.
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followed by similar hybridisation analysis with the cDNA probe SW15 representing 
MCC. No aberrant sized DNA fragments were observed in patient DNA compared 
with normal DNA which would indicate either APC  or MCC  genes were directly 
involved in the breakpoints of the rearrangement around this region in family FC5383.

It was also apparent from analysis of Mlul digested DNA that an additional, aberrantly 
sized fragment was present in individual Q287SA and her son Q286RA on hybridiation 
with APC  and EF5.44. Although not related to the APC syndrome, members of this 
family have a history of breast cancer and other malignancies, Q287SA being 
diagnosed with breast cancer at the age of 44. Of particular interest in both individuals 
is a germline rearrangement on the long arm of chromosome 5 characterised as an 
inversion (ql4.2q31.1) and illustrated in figure 3.15. The predicted breakpoints of this 
inversion lie outside the APC  gene region studied in the present investigation. 
However, hybridisation with probes corresponding to APC  and EF5.44 highlight two 
Mlul fragments of 900kb and 800kb whereas similar analysis with a cDNA probe for 
MCC demonstrated only the normal Mlul fragment of 800kb as observed in analysis of 
normal lymphocyte DNA (figure 3.16). This would suggest that the most proximal of 
the three Mlul cleavage sites which identify the APC locus is affected. One possibility 
is that a single base pair polymorphism abolishes this Mlul site and that APC  and 
EF5.44 subsequently hybridise to a larger Mlul fragment as a result. The normal 
physical map of 5q21-22 generated in this investigation did not extend to the adjacent, 
more centromeric Mlul fragment although recent mapping data suggests this fragment 
exceeds 1400kb which is inconsistent with the hypothesis that a polymorphism 
removes the Mlul site in question. Alternatively it may be that the breakpoints 
characterising the paracentric inversion on the long arm of chromosome 5 in individuals 
Q287SA and Q286RA have been inaccurately identified and that in fact the most 
centromeric breakpoint removes the Mlul site involved in the 800kb Mlul fragment of 
APC and EF5.44 thereby creating a larger Mlul fragment of 900kb.

Two APC patients, FC164 and FPC5619, were of particular interest because of 
previous cytogenetic analysis in these individuals had demonstrated interstitial deletions 
on the long arm of chromosome 5 involving the APC  gene region (Cross et al., 1992; 
Barber et al., 1994). It is likely therefore, that if the breakpoints associated with either 
of these deletions were within the 1600kb region around APC characterised by the two 
800kb Mlul fragments, then aberrant bands would be observed on hybridisation with 
either EF5.44, APC  or MCC. Patient FPC164, who was diagnosed with APC  at the 
age of 25 years, harboured an inherited deletion (5) (q22q23.2) (Cross et.a l, 1992) 
illustrated in figure 3.15, which predicts loss of the APC  gene region. Pulsed field 
Southern blot hybridisation analysis of DNA derived from skin fibroblasts from this
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patient, revealed normal SOOkb fragments exhibited by APC, MCC and EF5.44 probes. 
However, analysis of a somatic cell hybrid, P2C, generated in this laboratory from 
fusion of FPC164 fibroblasts to a rhodent cell line (S. SenGupta, 1993), and shown to 
contain the deleted chromosome 5 only, failed to reveal any hybridisation fragments 
with EF5.44, APC  or MCC suggesting that all three had been lost as a result of the 
cytogenetically visible interstitial deletion. The normal fragment sizes observed in skin 
fibroblasts of this patient presumably represent hybridisation to the normal wild-type 
copy of chromosome 5. The results presented for patient FPC164 here are consistent 
with other molecular studies reported for the same individual (Cross et.a l, 1992; 
SenGupta, 1993). Previous cytogenetic analysis had also characterised an interstitial 
deletion (5) (ql5q22.3) in patient FC5619. Similarly this deletion was predicted to 
result in loss of the entire APC gene region including both SOOkb Mlul fragments. In 
agreement with this prediction only the normal hybridisation pattern was observed with 
the APC, MCC and EF5.44 probes. Unfortunately somatic cell hybrids were not 
available from this patient and so the deletion could not be characterised as it was for 
FPC164. No aberrant sized fragments which would possibly suggest a breakpoint was 
localised within the APC  gene region were observed in this patient, the normal 
hybridisation pattern presumably resulted from EF5.44, APC and MCC hybridising to 
the normal chromosome 5.
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Figure 3.15. Characterisation of three unrelated rearrangements on the long 
arm of chromosome 5.
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Figure 3.16. Pulsed field gel electrophoresis and Southern blot 
hybridisation analysis of patient Q286RA using probes APC, MCC and 
EF5.44.
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Analysis of DNA from patient Q286RA and from an unaffected control 
individual using pulsed field gel electrophoresis and Southern blot 
hybridisation with probes APC, MCC and EF5.44. In addition to normal SOOkb 
Mlu I fragments observed with all three probes in control DNA (C) and patient 
DNA (P), a larger 900kb Mlu I fragment is present in the patient DNA on 
hybridisation with APC and EF5.44, although is not observed on hybridisation 
with MCC.
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3.2. Fluorescence in situ hybridisation around the A P C  gene 
region.

3.2.1. Introduction

Having established the existence of fragment length aberrations in individuals from 
two families by pulsed field Southern blot hybridisation analysis with a combination of 
probes representing APC, MCC and EF5.44, these observations were supported using 
fluorescence in situ hybridisation (FISH). In the case of APC  family FC5383, FISH 
analysis was used to further investigate the theoretical inversion of 150kb predicted 
from the pulsed field data, and for individuals Q286RA and Q287SA FISH was used to 
confirm whether the breakpoints of the large paracentric inversion on chromosome 5q 
interrupted the APC gene region. The hybridisation tools used in both these analyses 
were a series of Y AGs which form a contig spanning the APC  gene region and which 
were used by Kinzler et.al. (1991b) in isolation of the APC  gene itself. The clones 
used in this study represent contig 3 described by Kinzler et.al. (1991) and consists of 
nine YACs with a genomic coverage of over 2000kb (figure 3.17). The relative 
positions of each Y AC are illustrated with respect to critical landmarks in this region, 
although the orientation of the whole contig is reversed from that presented by Kinzler 
et.al. (1991b) as recent long range physical mapping information has confirmed a gene 
order centromere-APC-MCC-telomere (Ward et.al., 1993). APC  and MCC genes are 
both contained within three independent YACs with both genes additionally mapping 
almost completely within individual, well separated YACs, 37HG4 and 19AA9 
respectively. Furthermore EF5.44 and APC  lie on a single large YAC 39GG3, of 
about 660kb in size (Kinzler et.al., 1991b).

All nine YACs were initially prepared by suspending in low melting point agarose 
plugs for pulsed field gel electrophoresis. To confirm the presence of a YAC insert, 
agarose plugs representing all nine YACs were subsequently electrophoresed through 
1% agarose with alternating pulses of 170V for 70 seconds for 36hours. After 
ethidium bromide staining of the gel, yeast chromosomes of Saccharomyses cerevisae 
can be seen to be well resolved up to a size of about 700kb (figure 3.18). YACs are 
identified as additional bands, usually differing in size to other chromosomes of the 
Saccharomyses cerevisae strain. YACs observed in this manner can be seen in seven 
of the nine YACs from the APC contig (YACs 9HA11, 26GC3, 19AA9,24ED6, 
37HG4, 14HF12 and 39GG3). That YAC bands are not observed in either of the two 
remaining YACs, 24BF3 and 14HF1, suggests that the YAC itself is either unstable 
and therefore lost in preparation, or is of similar size to other yeast chromosome bands
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Figure 3.17, Yeast artificial chromosome contig spanning the AFC locus.
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Contig of yeast artificial chromosomes spanning the APC gene region. The contig consists of nine overlapping YACs 
with APC and MCC genes contained within two distinct YACs, 37HG4 and 19AA9 respectively.



Figure 3.1S. Klectrophoret ic  separa t ion of YAC s f rom a cont ig  s pa nn ing  
the APC locus at 5(|21-22.
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S i / C  fraclionalion of yeast artificial chromosomes from a contig spanning the 
A P C  gene, through a 1% agarose gel matrix using pulsed field gel 
electrophoresis. YACs containing human genomic inserts appear as novel 
bands in addition to the other yeast chromosomal hands which are common to 
the strain {)[' Saccharoniyces cerevisae used in generating the YACs. A second 
Saccharamyces cerevisae strain and a 50kb Lam bda ladder have been 
similarly electrophoresed for the purpose of si/e  estimation. Fragment sizes 
represent the yeast chromsome si/es of the Saccharoniyces cerevisae ladder.
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hence masking the presence of the insert, or is of a size too large to be resolved with the 
conditions used for pulsed field gel electrophoresis (i.e. greater than 700kb).

3.2.2. Single FISH on normal metaphase chromosomes.

The seven YACs which were shown to contain stable insert by pulsed field gel 
electrophoresis were subsequently prepared for single FISH analysis on normal 
metaphase chromosome spreads to confirm their localisation to 5q21-22. Examples of 
single FISH analysis involving four YACs, 37HG4, 19AA9, 9HA11 and 39GG3 are 
presented in figure 3.19. Localisation to 5q21-22 was confirmed in all seven YACs 
following analysis of approximately 20 metaphase spreads for each. Furthermore none 
of the seven YACs appeared to be chimeric and thus hybridise to other loci.

3.2.3. FISH analysis In APC case FC5383.

Having confirmed the localisation of the YACs to chromosome 5q21-22 and excluded 
the possibility of chimerism, a dual FISH analysis was undertaken on normal and 
patient nuclei, in an attempt to confirm the rearrangement determined from pulsed field 
Southern blot hybridisation analysis. Previous investigations have suggested that the 
proximity of DNA sequences in interphase cell nuclei is correlated with genomic 
distance and that the observed relationship is such that genomic distances within 40 kb 
of each other can be predicted from the interphase distance (Trask et.al. ̂  1989). In the 
present study a dual FISH investigation was performed on normal interphase nuclei 
using various combinations of YACs from the contig spanning the APC  locus, to 
determine the maximum resolution of paired signals in interphase. Information derived 
from this pilot study was subsequently used for similar analysis of interphase nuclei 
derived from APC patient FC5383III7 to search, either for changes in the genomic 
distances observed in interphase nuclei of particular pairs of YACs, or for split 
hybridisation signals which would indicate a rearrangement breakpoint was present in 
an individual YAC.

3.2.3(a). Dual FISH on normal interphase nuclei.

Interphase nuclei were prepared from normal lymphoblastoid cell line cultures starved 
for fourteen days to arrest the cells in the G1 phase of the cell cycle. Cells which have 
proceeded to G2, and hence after DNA replication has occurred, would be expected to 
exhibit two hybridisation signals for each probe, one on either chromosome copy, 
therefore complicating interpretation of the results. Individual YACs were 
independently labelled with either biotin or digoxigenin prior to simultaneous

Page-142-



Figure 3.19. Selected single FISH results of YACs from 5q21-22 hybridised to normal 
metaphase chromosome spreads.

37HG4 19AA9

9HA1I 39GG3

Biotin labelled YACs from a contig spanning the APC gene region at 5q21-22 hybridised to 
normal metaphase chromosome spreads and indirectly detected via avidin; signals are 
highlighted by white arrows. YAC 37HG4 encompasses the APC gene while YAC 19AA9 
spans MCC; YAC 9HA11 represents the most distal YAC of the contig and YAC 39GG3 the 
most proximal encompassing part of the APC gene and stretching to cosmid marker EF5.44 
(Kinzler et al., 1991b).
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hybridisation to interphase cell nuclei. The five paired combinations of YACs used in 

this analysis and the relevant reporter molecule with which each YAC was labelled, are 

presented in figure 3.20. YAC combinations were selected according to three criteria: 

(1) only YACs with confirmed localisation to 5q21-22 by single FISH were used; (2) 

pairs of YACs were chosen with varied genomic separations to provide maximum 
information on the resolution potential across the contig (3) pairs of YACs were 

selected which would be informative for the hypothesised rearrangement deduced from 
pulsed field analysis in family FC5383.

Table 3.5. Separation of YACs from A P C  contig 3 determined by dual 
fluorescence in situ hybridisation on normal interphase nuclei.

YAC combination ^Physical ‘llTotal *% t% ^Res. ^Unres.
Separation 

of YACs 
(kb)

signals Res.

Signals
Unres

Signals

Mean
Separ'n
(microns)

Mean
Separ'n

(microns)

9HA11 and

19AA9

50kb 44 50% 50% 0.418 0.214

9HA11 and

24ED6

18()kb 39 72% 28% 0.562 0.404

19AA9 and 
37HG4

3(M)kb 42 80%; 20% 0.736 0. 596

9HA11 and 
37HG4

530kb 38 92% 8% 0.844 0.778

9HA11 and 

39GG3

630kb 35 86% 14% 0.893 0.766

^Estimated physical separation of each combination of YACs (Kinzler et.al, 1991a). 

iTotal number of paired signals scored. * Percentage of signal pairs resolvable as two 

separate signals, tPercentage of signal pairs unresolvable as two separate signals. 

^Average separation of signals where resolvable as two separate signals. ^Average 

separation of signals inclusive of unresolvable signals scored as zero.

The results of dual FISH analysis on interphase cell nuclei are presented in table 3.5 

Measurements of signal separation were performed on the laser scanning confocal 

microscope using MRC 5()0/6(X) software (Bio-Rad). The average signal separation 

has been calculated for each of the five pairs of YACs and demonstrates two 

particularly striking features. Firstly, as the estimated genomic distance between YACs

Page -144-



increases, so the calculated mean separation in interphase nuclei also increases. This 
observation is consistent with previous investigations which have demonstrated a 
strong linear correlation between genomic distance and physical distance up to lOOOkb 
(Trask et.al, 1991; Lawrence et.al, 1992). This relationship is illustrated graphically 
in figure 3.21. Secondly, the mean separation of signals in interphase has been 
additionally calculated with the inclusion of unresolved signals which were scored as 
zero. As one would predict the frequency with which the hybridisation site could not 
be resolved increased with a similarly decreasing genomic distance separating pairs of 
YACs. However, this relationship is not linear which again can be illustrated 
graphically (figure 3.21), exclusion of overlapping signal data from the mean 
separation value resulting in a decrease in the slope of the graph. Examples of dual 
FISH analysis on interphase nuclei for four different YAC combinations are presented 
in figure 3.22 and illustrates the relationship between observed signal separation and 
genomic separation of YAC pairs.

3.2.3(b). Dual FISH on patient interphase nuclei.

Four paired YAC combinations selected for the pilot dual FISH investigation were 
potentially considered the most informative for similar analysis in APC patient 
FC5383III7. Subsequently the dual FISH study was repeated on interphase cell nuclei 
derived from lymphoblastoid cell line cultures of this patient, accompanied by parallel 
analysis on normal interphase nuclei. The effects of preparation of cell nuclei, in 
particular hypotonic swelling, acetic acid-methanol fixation, flattening of nuclei on the 
slide and form amide dénaturation, on the nature of chromatin or nuclear organisation 
are unknown. It was not possible therefore, to predict whether inconsistencies would 
arise in the FISH analysis even if the identical procedure was performed at different 
times. For this reason patient and normal nuclei were prepared simultaneously, and 
likewise dual FISH analyses themselves performed concurrently.

Presuming a rearrangement around the APC  locus was present as predicted in patient 
FC5383II7, it would be necessary to compare the average separation calculated for all 
signal pairs scored, ensuring also that both sets of signals were visible in all nuclei 
examined. As patient nuclei would consist of a normal copy of chromosome 5 and a 
copy harbouring the rearrangement, 50% of distances calculated for patient nuclei 
would represent a normal separation similar to that observed in control nuclei while the 
remaining 50% would reflect separation in the mutant chromosome. The hypothetical 
rearrangement deduced following pulsed field Southern blot hybridisation analysis in 
affected individuals from family FC5383 predicts the APC and MCC genes would be 
brought closer together as a result of a 150kb inversion. Translated into dual FISH
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Figure 3.20. Combinations of YACs used in dual fluorescence in situ hybridisation experiments performed on interphase 
cell nuclei.
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Paired combinations of biotin and digoxigenin labelled yeast artificial chromosomes from a contig spanning the APC  gene 
region, used in dual FISH analysis of interphase nuclei derived from normal lymphoblastoid cell line cultures and similarly 
prepared cell cultures from APC patient FC5383II7.



Figure 3.21. Graphie illustration of the linear correlation observed between 
the genomic separation of YAC pairs and the signal separation in 
interphase nuclei.
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Figure 3.22. Dual FISH analysis of normal interphase nuclei

EFf.44 A p e  MÇC  ,

YACs 19AA9 and 9HA11

EF^44 AP,C M(^C ,

YACs 37HG4 and 19AA9

EF5.44 APC MCC
J . _L X

ESSS9

YACs 24ED6 and 9 H ^

EF5.44 APC MCC 
-J  __L _ I  L-

YACs 3 ^ ^ 4  and 9HA11

Dual FISH analysis of normal interphase nuclei with YACs from a contig encompassing the 
APC gene region. YACs were labelled with either biotin (^db) or digoxigenin ( e m )  with 
subsequent indirect detection via avidin or antibody reaction. The relative position of YACs 
within the contig and critical reference markers are also presented to provide an indication of 
the relationship between each pair of YACs.
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analysis, one would therefore predict that the mean separation of YACs 37HG4 and 
19AA9, which almost completely encompass the A P C  gene and M CC  gene 
respectively, would be smaller in interphase nuclei from patient FC5383II7 than in 
control nuclei.

Table 3.6. Parallel FISH analysis of YAC combinations on interphase 
nuclei of patient FC5383II7 and normal control nuclei.

YAC combination ^Physical ÎTotal *% t% ^Res. ^Unres.
Separation signals Res. Unres. Mean Mean
of YACs Signals Signals Separ'n Separ'n

(kb) (microns) (microns)

Control nuclei
9HA11 and 180kb 56 86% 13% 0.53 0.45

24ED6
19AA9 and 300kb 42 83% 17% 0.66 0.55

37HG4
9HA11 and 530kb 50 88% 12% 0.75 0.66

37HG4
9HA11 and 630kb 58 97% 3% 0.71 0.69

39GG3

Patient nuclei.
9HA11 and 180kb 40 75% 25% 0.59 0.44

24ED6
19AA9 and 300kb 48 60% 40% 0.73 0.44

37HG4
9HA11 and 530kb 44 91% 9% 0.84 0.76

37HG4
9HA11 and 630kb 66 94% 6% 0.84 0.78

39GG3
^Estimated physical separation of each combination of YACs (Kinzler et.al.y 1991a). 
ÎTotal number of paired signals scored. * Percentage of signal pairs resolvable as two 
separate signals. tPercentage of signal pairs unresolvable as two separate signals. 
^Average separation of signals where resolvable as two separate signals. ^Average 
separation of signals inclusive of unresolvable signals scored as zero.
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The results of FISH analysis in patient and control nuclei are presented in table 3.6. It 
is interesting to note that the mean signal separation calculated for each Y AC 
combination in control nuclei varies from the comparative analysis of normal cell nuclei 
performed previously in the pilot study, although the linear relationship between 
genomic distances and signal separation is consistent. It is likely that preparation of the 
nuclei or critical aspects of the FISH procedure (for example, form amide dénaturation 
and probe hybridisation conditions) are responsible in each case for these 
discrepancies. Data for three of the four Y AC combinations are generally comparable 
between both control and patient nuclei sets, with respect to the proportion of 
unresolved signals observed and the mean signal separation, inclusive and exclusive of 
overlapping signals.

By contrast data from the Y AC combination 19AA9 and 37HG4 differs markedly in 
patient nuclei compared to control nuclei and normal nuclei from the pilot study. The 
most significant difference is in the number of overlapping and hence unresolvable sites 
of hybridisation observed in the patient nuclei, where 40% of signals were scored as 
zero compared to an average of 18.5% of signals similarly unresolvable in normal 
nuclei. This is represented by the mean separation of these two YACs inclusive of 
overlapping signals calculated as 0.44 microns in patient nuclei and 0.58 microns in 
normal nuclei. Statistical analysis using a standard T-test (see appendix 3.1 for 
formulae) demonstrated YACs 19AA9 and 37HG4 were significantly closer together in 
patient nuclei than in normal nuclei (P< 0.01). It is all the more significant considering 
that 50% of signals in patient nuclei are expected to exhibit a normal pattern of 
separation as demonstrated by separation distances observed for this YAC combination 
in the patient, exclusive of unresolved signals, which is comparable to the separation 
observed in normal nuclei. This was confirmed by general observations in which it 
was apparent that during analysis in patient FC5383II7, nuclei which had been 
hybridised with 37HG4 and 19AA9 exhibited one pair of well separated signals similar 
to control nuclei and a second pair of poorly resolved, often overlapping signals. 
Furthermore, two pairs of well separated signals were never observed in patient nuclei. 
Pulsed field Southern blot analysis around the APC gene locus in two individuals from 
family FC5383 suggests an inversion of 150kb altered the position of MCC bringing it 
closer to APC. The result of dual FISH analysis presented here in one of these patients 
provides clear support for this hypothesised inversion. In addition, the fact that patient 
nuclei shows no deviation from the normal separation observed in control nuclei when 
hybridised with a YAC distal to MCC (9HA11) and with the APC  containing YAC 
(37HG4), indicates that the abnormal separation observed on hybridisation of 19AA9 
and 37HG4 to patient nuclei results from movement of YAC 19AA9 and therefore
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Figure 3.23. Dual FISH analysis of interpliase nuclei from APC patient FC5383II7.

Dual FISH analysis on interphase nuclei prepared from lymphoblastoid cell line cultures of APC 
patient FC5383H7. Nuclei hybridised with the digoxigenin labelled YAC 9HA11 and biotin 
labelled YAC 37HG4 are presented in (a) and (b) and demonstrate a separation similar to that 
observed on hybridisation of the same two YACs to normal interphase nuclei. Nuclei of patient 
FC5383II7 hybridised with digoxigenin labelled YAC 19AA9 and biotin labelled YAC 37HG4 
are presented in (c) and (d). Both demonstrate one pair of signals with a separation similar to 
that observed in normal interphase nuclei and a second pair of signals appearing to overlap and 
generally in much closer proximity to each other.
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MCC. Examples of dual FISH analysis on patient nuclei involving hybridisation of 
YACs 9HA11 with 37HG4 and 19AA9 with 37HG4 are presented in figure 3.23.

3.2.3. FISH analysis in individuals Q287SA and Q286RA.

Pulsed field Southern blot hybridisation analysis in individuals Q287SA and Q286RA 
has demonstrated both to harbour an aberrant 900kb Mlul fragment when probed with 
APC  and EF5.44. Additional analysis failed to determine the precise cause of this 
altered fragment, although this may result from a large paracentric inversion on 
chromosome 5 previously characterised by cytogenetic investigation in this family 
J.D.A. Delhanty, personal communication). The suggested breakpoints of the 
inversion are 5 ql4.2 and q31.2 and the APC gene region would therefore lie within 
the inverted fragment and thus be unaffected. To further characterise the rearrangement 
in Q287SA and Q286RA FISH analysis was performed on metaphase chromosome 
spreads prepared from lymphoblastoid cell line cultures of these two individuals. Five 
YACs (9HA11, 19AA9, 24ED6, 37HG4 and 39GG3) which collectively span the 
entire APC YAC contig were simultaneously biotin labelled and hybridised to extended 
chromosome preparations derived from lymphoblastoid cell line cultures both patients. 
Primarily this was intended to determine whether a split hybridisation signal could be 
observed which would identify a breakpoint within the region represented by the 
YACs. Examples of this analysis are presented in figure 3.24 and although these 
results demonstrate no division of the hybridisation signal they clearly show a 
repositioning of the APC region distal to its original position at 5q21-22 on one copy of 
chromosome 5. This change was consistently observed in both individuals with the 
inversion (5) (ql4q31.2) and presumably occurs on the inverted copy of chromosome 
5.

Further to this analysis two anonymous DNA markers were also hybridised to 
metaphase chromosome spreads of patients Q287SA and Q286RA. The marker YAC 
78 which had previously been localised to 5ql4 (C.GeeSee, personal communication) 
gave a normal hybridisation pattern on patient metaphase chromosomes (FISH analysis 
performed by D.Wells). However, GM2, a phage lambda human genomic clone which 
normally maps to 5q32 (M.Fox, personal communication) demonstrated normal 
localisation to q32 on one copy of chromosome 5 while on the second copy, 
presumably the inverted copy, GM2 was relocated proximal to q32 consistent with a 
large inversion in this family (FISH analysis performed by D.Wells; figure 3.25). 
Although not quantified by measurement it appears that GM2 is relocated further 
proximal to its normal location at 5q32 than the APC gene region contig is removed
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distal to its localisation at 5q21-22 indicating GM2 maps within closer proximity to an 
inversion breakpoint than APC.

To clarify the abnormal hybridisation pattern observed in individuals Q287SA and 
Q286RA using the APC  YAC contig and GM2, a dual FISH analysis was performed 
on patient metaphase chromosomes with GM2 biotin labelled and APC  YACs 
digoxigenein labelled. Examples of this analysis are presented in figure 3.26 and 
confirm the previous deduction that both GM2 and the APC Y  AC contig map within the 
inverted segment on chromosome 5 as the normal order of centromere-APC-GM2- 
telomere is reversed on the inverted chromosome becoming centromere-GM2-APC- 
telomere. The dual FISH analysis also clearly demonstrates GM2 to be relocated more 
proximal from its normal localisation than APC  is relocated distal to its original 
position. In conclusion FISH analysis in individuals Q287SA and Q286RA suggests 
that neither APC  or GM2 are involved in the breakpoints of the inversion (5) 
(ql4.2q31.3) but are located within the inverted chromosome segment. Prior to FISH 
analysis GM2 was predicted to lie distal to the inversion at 5q32 and APC central to the 
inverted section. However, the demonstration that both a relocated as a result of the 
inversion while YAC 78 mapping to 5ql4 is not, indicates the distal breakpoint can be 
redefined as distal to 5q32.
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Figure 3.24. Metaphase chromosome FISH analysis of multiple YACs from
5q21-22 in patient Q287SA.

Hybridisation of biotin labelled YACs 39GG3, 37HG4, 24ED6, 19AA9 and 
9HA11, all from a contig spanning the APC gene region, to metaphase 
chromosome spreads prepared from patient Q287SA. Following indirect 
detection via avidin one signal localises to chomosome 5q21-22, also 
previously demonstrated on hybridisation of YACs individually to normal 
metaphase chromosome spreads. The second signal, however, appears to shift 
telomeric to this position on chromosome 5, presumably as a result of a large 
paracentric inversion on chromosome 5 characterised in this patient. There is 
no indication that either breakpoints of this inversion involve the APC YAC 
contig as no split signal can be seen.
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Figure 3.25. Localisation of GM2 by FISH analysis on normal metaphase 
chromosome spreads and similar analysis in patient Q287SA.

Localisation of Lambda clone GM2 to chromosome 5q32 by FISH analysis (a) 
involving hybridisation of biotin labelled GM2 insert to normal metaphase 
chromosomes and subsequent avidin detection, (b) demonstrates similar 
hybridisation of GM2 to metaphase chromosome spreads derived fom 
lymphoblastoid cell line cultures of patient Q287SA. GM2 maps within a 
paracentric inversion on chromosome 5 in patient Q287SA and this is 
demonstrated by movement of GM2 on one copy of chromosome 5 proximal 
to its localisation at 5q32 observed on the second copy. The GM2 insert probe 
was provided by Margaret Fox; FISH analysis was performed by Dagan Wells 
and reproduced by kind permission.
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Figure 3.26. Dual FISH analysis on metaphase chromosome spreads
derived from patient Q287SA.

Dual FISH analysis on patient Q287SA involving hybridisation of a bio tin 
labelled Lambda clone GM2 and digoxigenin labelled YACs 39GG3, 
37HG4, 24ED6, 19AA9 and 9HA11, all from a contig spanning the APC 
gene region, to metaphase chromosomes derived from lymphoblastoid cell 
line cultures. Confirming previous results which suggested a paracentric 
inversion in patient Q287SA resulted in relocation of GM2 and the APC 
YAC contig, one copy of chromosome 5 demonstrates opposite orientation 
of these two probes in comparison to their normal localisation observed on 
the second copy.
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3.3. Screening for mutations in the A P C  gene by SSCP and
heteroduplex mismatch analysis.

Mutational analysis of the APC gene by a variety of techniques has led to the 
characterisation of germline mutations in approximately two thirds of APC patients as 
previously discussed (see 1.10). In addition a similar proportion of somatic mutations 
in APC have been detected in colorectal tumours from both APC patients and sporadic 
colorectal cancer patients. Approximately 70% of mutations were located in the 5' half 
of exon 15 with the distribution of germline and somatic mutations being similar to each 
other although not identical. For the purpose of mutation analysis Groden et.al (1991) 
designed oligonucleotide primers to amplify this region of the gene by the polymerase 
chain reaction (PCR), in nine overlapping sections each between 300 and 400bp long. 
This was followed by single-strand conformation polymorphism (SSCP) analysis to 
search for possible disease related variants. In the current study it was decided to 
analyse the 5' half of exon 15 of the APC gene using a PCR based assay with 
oligonucleotide primer sequences identical to those published by Groden et.al. (1991), 
in DNA derived from a series of APC patients and related tumour material to search for 
germline and somatic mutations. As the majority of disease causing alterations 
previously characterised in this region were frameshift mutations consisting of small 
deletions and insertions (Nagase et.al., 1993), the mutation detection technique selected 
for this purpose was a non-radioactive SSCP analysis combined with a sensitive 
heteroduplex mismatch assay using the Pharmacia PhastSystem™ (see 2.2.7.).

A total of 21 APC patients with varying phenotypes were selected for mutational 
analysis of the 5' half of exon 15, a 3,300 bp stretch between codons 654 and 1583 of 
APC, using SSCP and heteroduplex mismatch analysis. Details of all APC cases 
studied by SSCP and heteroduplex mismatch analysis including affected and unaffected 
relatives are presented in the following text in the form of pedigrees. A key to the 
information provided by each pedigree is illustrated in figure 3.27. The severity of the 
disease in all 22 patients was assessed according to the age at diagnosis or of cancer 
development, and the number of colonic polyps present where such information was 
available. In 10 cases APC had arisen as a result of fresh mutation and where DNA 
samples were available from the parents of these new mutation cases, they too were 
analysed for the presence of disease variants. Where possible the paternity of each 
fresh mutation case had been previously examined by Dr. Michele Rees, Luiza Bowles 
and Katia Tsioupra using a series of hypervariable probes. If electrophoretic variants 
were observed, corresponding DNA samples were sequenced to characterise the
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sequence alteration resulting in the change, and these alterations were in turn evaluated 
for their potential as disease causing. If similar electrophoretic variants were observed 
in unrelated individuals, corresponding DNA samples were sequenced to determine 
whether they were the result of the same sequence change.

Figure 3.27. A key to the information provided by pedigrees of APC cases

Deceased 
\

. /  . ---------- APC
DNA of individual unaffected male 

unavailable for analysis

FC4829

I APC family number

Generation number

APC clinical and gene 
status unknown

'  \
DNA of individual

available for analysis

APC affected female 

III

12 APC cases were classed as familial with vertical transmission of the APC 
phenotype having been demonstrated from at least one generation. In these APC 
families, when variants were detected using the SSCP and heteroduplex mismatch 
analysis, related affected and unaffected individuals were also examined where DNA 
samples were available, to test whether electrophoretic variants were transmitted with 
the disease phenotype. In total 47 individuals from the 12 familial APC cases were 
analysed for mutations in the 5' half of exon 15 of APC. Where novel electrophoretic 
variants were detected, DNA from that particular individual was sequenced to 
characterised the causative change. When similar electrophoretic variants were 
observed in family members, DNA from a second individual was also sequenced to 
ensure that the two variants resulted from the same sequence variant. If this were the 
case then similar variants in other related individuals were presumed to result from the 
same sequence variant and were not sequenced. Likewise if similar variants were 
observed in unrelated individuals, then both variants were sequenced to ensure that 
both resulted from the same sequence alteration.
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Corresponding tumour material from both familial and new mutation cases were also 
analysed for mutations where material was available. In total, DNA from 30 adenomas 
and 1 carcinoma derived from 6 patients were screened for mutations in the 5' half of 
exon 15. DNA derived from normal colonic mucosa or constitutional blood 
lymphocyte DNA was available for parallel analysis in all 6 of these individuals. 
Finally, a panel of 50 DNA samples derived from normal, unrelated individuals from a 
variety of geographical and ethnic origins, were available to serve as controls and to 
estimate the frequencies of any non-disease causing variants detected.

3.3.1. Analysis of APC new mutation cases.

Results of SSCP and heteroduplex analysis of 10 new mutation APC cases are 
presented in table 3.7. Paternity had previously been confirmed in 6 of the 10 patients 
as the table and corresponding legend indicates. Paternity had not been tested in the 
remaining four cases. Parental DNA was available for parallel analysis in 6 cases and 
disease causing mutations were detected in 5 of these 6 patients. The absence of 
mutation in parental DNA confirmed they were genotypically negative for the disease. 
Of the remaining 4 affected individuals, the parents of 2 were negative on clinical 
examination, one parent was similarly negative on clinical examination in the third case 
and parents of the fourth had not been tested.

Figure 3.28 shows SSCP and heteroduplex analysis of amplicon 15G of APC for 
patient NMC535IV compared with similar analysis of both parents. The single-strand 
pattern demonstrates an electrophoretic variant in addition to the normal pattern 
displayed by both parents. The largest change however manifests itself as two well 
separated bands, distinct from the single-strand DNA pattern. These bands represent 
double stranded heteroduplex DNA resulting from the formation of mismatched DNA 
hybrids between mutant and wild-type DNA on reannealing after dénaturation. 
Sequence analysis of DNA from this patient reveals the electrophoretic variation and 
heteroduplex formation to be the result of a 5bp deletion at codon 1309 (figure 3.29). 
Such an alteration would lead to a shift in the reading frame and the creation of a stop 
codon immediately downstream predicted to produce a truncated protein product. 
Similar SSCP and heteroduplex mismatch variants were also observed in new mutation 
cases NMC426 and NMCPeGa, and sequence analysis subsequently demonstrated 
these changes to result from an identical 5bp deletion at codon 1309.

Patient NMC551III also exhibited a large heteroduplex change in amplicon E of exon 
15, illustrated in figure 3.30. The alteration is present in addition to the normal single
strand DNA pattern observed in the patient and both parents, and on sequencing was
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shown to be the result of a 5bp deletion at codon 1061 (figure 3.32). This mutation 
also alters the reading frame leading to the creation of a stop codon immediately 
downstream and would be predicted to result in a truncated protein product.

Table 3.7. Results of SSCP and heteroduplex analysis in the A P C  
gene for 10 cases of APC resulting from fresh mutation, including 
relevant clinical information.

Patient Paternity! Parents^ Phenotype^ Mutation
Onset Polyp No.

NMC535 Confirmed! Negative Severe- Ca. 
A&B. 23yr

>2000 AAAAGA 
codon 1309

NMC551 Confirmed! Negative Average- 
Pres 30yr

Not Known AACAAA 
codon 1061

NMC540 Confirmed! Negative Severe- Ca. 
C2. 29yr 
and death

>2000 AQA
codon 1464

NMC567 Confirmed! Negative Average- 
Ca.A. 43yr

1200 None Found

NMC564 Confirmed! Negative Severe- Met. 
Ca. 19yr

>2000 A insertion 
codon 1323

NMC426 Not tested Negative* Severe- 
Pres. 15 yr

>2000 AAAAGA 
codon 1309

NMC5424 Not tested Negative Severe- 
Pres. 15 yr

Not known C to T stop 
codon 1368

NMC
G7601

Not tested Mother
negative

Average- 
Ca. 38yr

Not known None found

NMC6303 Not tested Not tested Late onset- 
Pres. 54yr 
Ca.

40 None found

NMCPeGa. Confirmed! Negative* Severe- 
Pres. 7yr

Not Known AAGAAA 
codon 1309

1. Î  Paternity previously confirmed using Southern blot analysis by L.Bowles, 
K.Tsioupra and M.Rees; 2. * Parents negative on clinical examination. 3. Age at 
presentation with symptoms and/or cancer [Ca. A, B etc-cancer with corresponding 
Dukes staging (Dukes, 1952); Met-metastatic] and number of polyps at age of 
presentation.
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Figure 3.28. SSCP and heterodiiplex analysis of amplicon 15G APC in new 
mutation case NMC535.
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DNA analysis of new mulaiion case NMC 535 and both parents. Variation in the 
single-strand DNA pattern (SS) is observed in the alTected individual but is absent 
from parental DNA. A large heteroduplex shift {HeD)  can additionally be seen in 
the patient as two well separated bands. Homoduplex DNA is not retained on the 
gel. Electrophoretic variants similar to those illustrated here were also seen in APC 
cases NMCPeGa and NMC426.
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Figure 3.29 Sequence analysis of amplicon 15G in new mutation case NMC535IV and a 
control individual demonstrates the SSCP and heteroduplex variation observed in this 
patient to result from a 5bp deletion (AAAAGA) at codon 1309. An identical sequence 
alteration was also characterised in new mutation cases NMC426 and NMCPeGa and in 
familial cases FC5998 and FC560.



Figure 3.29. Sequence analysis of amplicon 15G of APC in new mutation 
case NMC 535, and parallel analysis of normal DNA.
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Figure 3.30. SSCP and heteroduplex analysis of amplicon 15E of 
APC  in new mutation case NMC551

N M C  551

III i
O"
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HeD [

Although no variation is seen in the single strand pattern (SS) of the 
affected individual (III) compared with both parents, a large heteroduplex 
variant {HeD)  unique to the patient is observed.
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The SSCP pattern observed in patient NMC564III for amplicon 15G displays a 
number of variant bands not seen in the normal SSCP pattern which is displayed by the 
patients mother, NMC564II (figure 3.31). Furthermore, a variant SSCP pattern 
consisting of two extra bands distinct from that of the normal pattern, is observed in 
both the father (NMC564I) and the sister (NMC564IV) of the patient. No 
heteroduplex variation was observed in addition to the SSCP changes. Sequence 
analysis of all four members of this family demonstrated the three individuals with 
SSCP variants to have a single base pair substitution at codon 1317. As this change is 
observed in two unaffected individuals it is likely that it is not disease causing and will 
be discussed at greater length in section 3.3.3. Patient NMC564III has an additional 
sequence alteration at codon 1323, a single base pair insertion (figure 3.32) which 
results in frameshift and a predicted truncation of the protein product.

Figure 3.33 shows heteroduplex analysis of amplicon 15H for patient NMC540III 
again compared with the unaffected parents. The double stranded heteroduplex DNA 
forms mismatched hybrids with retarded mobility compared with double stranded 
homoduplexes which are retained on the polyacrylamide gel. The alteration observed in 
this patient is due to a 2bp deletion at codon 1464 and once again creates a premature 
stop codon.

Analysis of patient NMC5424III shows a slight alteration in the SSCP pattern in 
amplicon G of APC compared with parallel analysis of DNA from both parents. This 
same amplicon also demonstrates heteroduplex variation manifest as a single band with 
greater mobility than the double stranded homoduplex DNA (figure 3.34). Sequence 
analysis show these changes to result from a single base pair substitution at codon 
1368. The substitution of a C with a T creates a stop codon and would lead to a 
truncated protein product.

Table 3.7 also presents available phenotypic details of new mutation cases which have 
been assessed for their severity according to age at diagnosis or of cancer development, 
and polyp number where known. According to these criteria 6 of the 10 cases have a 
severe phenotype. Variants were detected in all of these severely affected individuals 
by SSCP and heteroduplex mismatch analysis and subsequently characterised by 
sequencing. These six mutations were located between codons 1309 and 1464 of 
APC. By contrast in the four new mutation cases described as phenotypically average 
or late onset, the disease causing mutation was detected in only one, this being a 5bp 
deletion located at codon 1061. Pedigrees of the three new mutation cases where no 
disease causing mutations were detected and related individuals also analysed are 
displayed in figure 3.35.
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Figure 3.31. SSCP and heteroduplex analysis o f  amplicon 15G o f  APC  in new 
mutation case NMC564.

N M C 564

1 11
é
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IV

Three members of this family exhibit variation in the normal single-strand DNA 
pattern (VS) exhibited by individual 11 The additional variation in the SS  pattern 
in the al lee ted individual (111) results irom the disease causing mutation in this 
patient. Double stranded DNA has not been retained on the gel.
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Figure 3.32. Top: comparative analysis of normal DNA sequence for amplicon 15E 
with sequence derived from patient NMC551III, demonstrates a 5bp deletion 
(AACAAA) in the patient DNA at codon 1061 of the APC gene which is predicted to 
lead to a truncated APC protein product. Bottom: sequence analysis of amplicon 15G 
in APC patient NMC564III reveals a single base pair insertion (Ins. A) at codon 1322 
which is clearly distinguishable from sequence of the same region in an unaffected 
individual.



Figure 3.32. Sequence analysis of amplicons 15E and 15G of APC  in new mutation cases 
NMC551 and NMC564 respectively, and parallel analysis of normal DNA.
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Figure 3.33. Heteroduplex analysis only of amplicon 15H APC  in new 
mutation case NMC54II.
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itself as two additional bands with a retarded mobility distinct from homoduplex 
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Figure 3.34. SSCP and heteroduplex analysis of amplicon 15G oï APC in new 
mutation case NMC5424.
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Analysis of new mutation case NMC 5424 and parents. A slight change is 
observed in the single-strand DNA pattern (SS) and in addition a heteroduplex 
shift {HeD) can be seen in the patient as a single band with greater mobility than 
homoduplex DNA {HoD).
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Figure 3.35 New mutation cases for whom no disease causing alterations were 
detected after SSCP/heteroduplex analysis in the APC gene.
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3.3.2. Analysis of familial APC cases.

Results of SSCP and heteroduplex analysis of APC patients with a family history of 
the disease are presented in table 3.9. Phenotypic details where available, assess the 
severity of the disease in families according to the age of onset in at-risk patients 
undergoing regular screening, and the number of colonic polyps. In addition the 
clinical status with regard to congenital hypertrophy of the retinal pigment epithelium 
(CHRPE) is presented, once again where the information is available. For 5 of the 11 
familial cases more than one affected relation was available for analysis. Where this is 
the case the phenotypic description of the individual listed in the family table is 
representative of the disease phenotype of other affected related individuals.

Figure 3.36 shows the result of SSCP/heteroduplex mismatch analysis of nine related 
individuals from familial case FC152 using oligonucleotide primers for amplicon E of 
exon 15. A summary of the family information and data, including a phenotypic 
description of the family based on individual FC152III10 and the results obtained from 
the analysis is summarised in table 3.8. The normal SSCP pattern consisting of four

Table 3.8. Phenotypic details and mutational analysis data of family 
FC 152.

Family
member

SSCP
variant
detected

Amplicon 
of exon 

15

CHRPE
status

Phenotypic 
description 
of family

FC152H5 No -

FC152 III  7 Yes E

FC152 III 8 Yes E No CHRPE

FC152 III 10 Yes E Information Average
FC152 III 11 No - available
FC152 III 12 No -

FC152 IV 2 Yes E

FC152 IV 3 No -

FC152 IV 4 Yes E

bands with distinct electrophoretic mobility's (as observed in, for example, individual 
FC1521X6), is present in all individuals analysed and shows no variation between 
affected and unaffected individuals. However, affected individuals from this family
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Table 3.9. Results of SSCP and heteroduplex analysis of the A P C  gene 
and relevant clinical information in 12 APC familial cases.

Patient Phenotype CHRPE St. Mutation
Onset Polyp No.

FC 162 Average Not Known Positive None detected

FC3880 Average Not Known Not known None detected

FC152 Average <500 Positive AACAAA 
codon 1061

FClOO Average <500 Positive a tc a a

codon 1068

FC4883 Average Not Known Not Known None detected

FC5998 Severe- Ca. A 17 yr >2000 Positive AAGAAA 
codon 1039

FC5383 Severe- Ca. B. 21yr 
died 22 yr 2"(* Ca.

>2000 Positive T insertion 
codon 746

FC5454 Average <500 Positive T insertion 
codon 746

FC282 Severe- died 27 yr. 
Desmoid tumour

Not known Not known AAÜ
codon 1537

FC5622 Late onset- 
Colectomy 46yr

Many small flat 
polyps

Negative None detected

FC552 Late onset Not Known Negative None detected

FC560 Severe- Pres. 
19yr

Not Known Not Known AAGAAA 
codon 1309

Severity of phenotype relates to the age at presentation with symptoms and/or cancer 
[Ca A, B, etc-cancer with corresponding Dukes staging (Dukes, 1952)].
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also exhibit heteroduplex mismatch variants which manifest themselves as two 
additional bands distinct from the single-strand pattern and from the double stranded 
homoduplexes which are not retained on the gel (figure 3.36). Furthermore, patient 
PC I521V4, for whom previous haplotype data to determine whether this individual 
was likely to inherit the disease had been inconclusive, exhibits the same heteroduplex 
variant observed in all affected individuals analysed from this family and can thus be 
presymptomatically diagnosed as affected. The heteroduplex change observed in 
affected individuals of family PCI52 is similar to the change previously described for 
new mutation case NMC551III (figure 3.30) detected on analysis of the same region of 
exon 15. Sequence analysis of two affected individuals from family PC 152 (III 10 and 
IV2) characterised the mutation causing this variation as an identical 5bp deletion at 
codon 1061 of APC previously characterised in individual NMC551ÏII (figure 3.32).

The results of SSCP and heteroduplex analysis in familial case PC 100, also of 
amplicon 15E, and a phenotypic description of this family based on individual 
PC 1001X12 are summarised in table 3.10. Affected individuals of family PC 100 
exhibit a large heteroduplex shift although no altered single-strand pattern is evident 
when compared with unaffected individuals (figure 3.36).

Table 3.10. Phenotypic details and mutational analysis data of family 
FCIOO.

Family
Member

SSCP
variant
detected

Amplicon 
of exon 

15

CHRPE
status

Phenotypic 
description 
of family

pcioon 1 Yes E NK

Average

PCioon2 No - NK

PCioon3 Yes E NK

PCioon4 No - NK

PC 100 III 1 Yes E 4-ve

PC 100 III 2 Yes E 4-ve

PC100III3 No - -ve

PC 100 III 4 No - NK

The mobility's of the two double stranded heteroduplex bands differ from those 
observed in the same region of the gene in patients from family PC 152 (figure 3.37), 
and sequence analysis of two affected individuals from family PC 100 (113 and III2) 
reveal the electrophoretic variation in these patients to be the result of a 4bp deletion at
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Figure 3.36. No variation is observed in the single-strand DNA pattern (SS) between 
affected and unaffected individuals. However, affected individuals demonstrate two 
additional bands as a result of heteroduplex formation (HeD), well separated from the 
single-strand DNA pattern. Furthermore, the disease causing variant in this family has been 
inherited by IV 4 for whom previous genetic testing with linked markers had been 

inconclusive.



Figure 3.36. SSCP and heteroduplex analysis of amplicon 15E of APC in 11
individuals from APC family FC152.
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Figure 3.37. No variation is observed in the single-strand DNA pattern (SS)  between 
affected and unaffected individuals. However, affected individuals demonstrate two 
additional bands as a result of heteroduplex formation (HeD), well separated from the 
single-strand DNA pattern.



Figure 3.37. SSCP and heteroduplex analysis in amplicon 15E of APC in 8 individuals
from family FCIOO.
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Figure 3.38. Sequence analysis of amplicon 15E in affected individuals from family FCIOO 
and a control individual demonstrates the SSCP and heteroduplex variation observed in this 
family to result from a 4bp deletion (ATCAA) at codon 1068.



Figure 3.38. Sequence analysis of amplicon 15E of A P C  in an affected
individual family FCKMI and parallel analysis of normal DNA.
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codon 1068 (figure 3.38). Once again this is a frameshift mutation which would create 
a terminating codon immediately downstream and would be predicted to produce a 
tnmcated protein product.

Related idividuals analysed from family FC5998 and a phenotypic description based 
on individual FC5998V2 are presented in table 3.11. Figure 3.39 demonstrates 
SSCP/heteroduplex analysis in this family for amplicon G of exon 15 of APC. 
Affected individuals demonstrate a slight change in the single-strand pattern when 
compared to control individuals, and an additional large alteration as a result of 
heteroduplex formation which appears as two well separated bands distinct from the 
single-strand DNA pattern. These electrophoretic variants are similar to those observed 
in new mutation cases NMC535, NMC426 and NMCPeGa detected in the same region 
of the gene, and sequence analysis of two individuals from family 5998 (VI and IV4) 
demonstrate the same causative sequence alteration, a 5bp deletion at codon 1309, is 
responsible (fig 3.29). Homoduplex DNA is also retained on the gel although it is only 
visible in affected individuals. This clearly demons tartes that the 5bp difference in size 
between the 377bp mutant homoduplex and 382bp wild-type homoduplexes can be 
clearly resolved on the polyacrylamide gel.

Table 3.11. Phenotypic details and m utational analysis d a ta  of family 
F C 5 9 9 8 .

Fam ily
M ember

S S C P
v arian t
detected

A m plicon 
of exon 

15

CH RPE
sta tu s

Phenotypic 
description 
of family

FC5998 III 6 Yes* G NK

Severe- cancer Dukes stage 

A at 17yrs of age based on 

the youngest member of 

this family V 2.

FC5998 IV 1 Yes G 4-ve

FC5998 IV 2 No - -ve
FC5998 IV 4 Yes G 4-ve

FC5998 IV 6 Yes G 4-ve

FC5998 IV 7 Yes* G -ve

FC5998 V 1 Yes G 4-ve
FC5998 V 2 No - Int.

^Variant detected differs from that seen in affected individuals from this family and is 
not associated with the disease phenotype

Two unaffected individuals from family FC5998 also exhibit a large variation in the 
single-strand pattern not observed in any of the affected or other unaffected individuals
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Figure 3.39. Affected individuals of family FC5998 demonstrate large heteroduplex 
variants {HoD) and slight single-strand variation (SS) in amplicon 15G compared to normal, 
unaffected family members. These alterations are similar to those observed for new 
mutation cases NMC535, NMC426 and NMCPeGa and familial case FC560 and have 
subsequently been characterised as resulting from the same sequence alteration. In addition 
two unaffected individuals (III6 and IV7) demonstrate single-strand variants characterised 
as a non disease causing single base pair substitution in this region of the gene.



Figure 3.39 SSCP and heteroduplex analysis of amplicon 15G of A P C  in 8
individuals from APC family FC5998.
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Figure 3.40. Analysis of a single affected individual from family FC560 reveals a large 
heteroduplex shift {HeD) similar to that observed in affected individuals from family 
FC5998, although no single strand variation (SS) can been seen. Subsequently this variant 
has been characterised as a 5bp deletion identical to that observed in affected individuals 
from family FC5998.



Figure 3.40. SSCP and heteroduplex analysis of amplicon 15G of A P C  in a
single individual from family F( 560.
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in this family, or in a normal unrelated control (figure 3.39). Sequencing demonstrates 
this to be a non-disease causing alteration which will be discussed further in section 
3.3.3. The SSCP and heteroduplex variation observed in affected individuals from 
family FC5998 is similarly seen in analysis of affected individual IV 1 from family 
FC560 (figure 3.40) and sequencing demonstrated this change to also result from the 
5bp deletion at codon 1309.

Family FC5383 was of particular interest because of the 150kb inversion detected in 
two affected members using pulsed field Southern blot hybridisation analysis and 
fluorescence in situ hybridisation (see sections 3.1.5 and 3.2.3). Phenotypic details 
based on patient FC5383XI7 and data from the individuals analysed in this family are 
presented in table 3.12. SSCP and heteroduplex analysis of amplicon B of exon 15 
revealed no changes in the single-strand DNA pattern in affected individuals. 
However, a heteroduplex change consisting of two bands with a mobility slightly 
retarded from that of homoduplexes was observed in all affected individuals analysed 
from this family (figure 3.41). Sequencing this region of the APC  gene in individuals 
FC5383II7 and FC5383III9 characterised this change as a single base pair insertion at 
codon 746 which is predicted to be inactivating by creating a stop codon immediately 
downstream (figure 3.43).

Table 3.12. Phenotypic details and mutational analysis data of family 
F C 5383.

Fam ily
Member

SSC P
variant
detected

Amplicon 
of exon 

15

CHRPE
status

Phenotypic 
description 
of family

FC5383 n  7 Yes B 4-ve
Severe- cancer Dukes B at 
21yrs and death at 22yrs 
with second cancer. Based 

on individual III 5.

FC5383 n  9 Yes B 4-ve
FC5383 III  5 Yes B 4-ve
FC5383 m  6 No - -ve

FC5383 III  8 No - -ve
FC5383 III 9 Yes B 4-ve

Heteroduplex variants similar to those observed in patients from family FC5383 were 
also observed in the same region of exon 15 in two affected individuals studied from 
family FC5454 (figure 3.42). Sequence analysis of patient FC5454III2 from this
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Figure 3.41. In affected individuals from family FC5383, heteroduplexes {HeD) distinct 
from homoduplex DNA {HoD) can be seen. No variation in the single-strand DNA pattern 
(55) is observed. The electrophoretic pattern seen in this family is similar to that observed 
in affected individuals from family FC5454, with both subsequently characterised as 

resulting from the same sequence change.
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Figure 3.42. Heteroduplex analysis of amplicon 15H of A P C  in 2
individuals from APC faniiliy FC5454.
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family subsequently demonstrated this change to result from the same single base 
insertion at codon 746 (Figure 3.43).

Analysis of familial case FC282II3 in region I of exon 15 revealed a small variation in 
the single-strand pattern compared to control DNA, and a large heteroduplex shift 
consisting of three additional bands with a retarded mobility distinct from homoduplex 
DNA (figure 3.44). Sequencing this region of the gene in patient FC282II3 identified 
a 2bp deletion at codon 1537 as the disease causing mutation in this family. These 
same changes were not observed in either of the patients offspring for whom no clinical 
information or haplotype data was available, and therefore these two individuals have 
not inherited the disease mutation from their mother and can therefore be considered to 
be at low risk for developing the APC phenotype (figure 3.44).

Disease causing mutations were detected in seven of the twelve familial APC cases. 
In four of the remaining five families no novel variants were found on analysis of the 5’ 
half of exon 15 and pedigrees of these families displaying the individuals analysed and 
demonstrating vertical transmission of the disease phenotype are presented in figure 
3.45. A non-disease causing variant was detected in family FC552 which will be 
discussed in greater detail in section 3.3.3.

As with new mutation APC cases, phenotypic details assessing the severity of the 
disease phenotype provide an opportunity to draw genotypic correlation with respect to 
the location of the disease mutation. Four of the families described here are classed as 
severe, six as phenotypically average and the remaining two are described as late onset 
or of an attenuated phenotype. Mutations have been detected in all four severe APC 
families. Two of these mutations are identical consisting of a 5bp deletion located at 
codon 1309 (FC5998 and FC560), a third is a 2bp deletion at codon 1537 (FC282) 
while the fourth is a single base pair insertion at codon 746 in family FC5383, affected 
individuals of which have previously shown to harbour a germline rearrangement 
around the APC locus. The three remaining mutations detected were all in families with 
an average phenotype and consisted of a 4bp deletion at codon 1068 (in family FCIOO), 
a 5bp deletion at codon 1061 (family FC152) and a single base pair insertion at codon 
746 in family FC5454 identical to the mutation described in affected individuals from 
family FC5383. No disease causing mutations were detected in patients from either of 
the families described as having an attenuated phenotype.

Two features in particular are apparent from the regional analysis of the APC  gene 
performed in this study in both new mutation and familial APC cases. Firstly 7 of the 
14 mutations (50%) detected were the result of two small deletions of 5bp at codons
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Figure 3.43. Sequence analysis o. amplicons 15B and 151 repectively APC  in 
affected individuals from families FC5383 and FC282 and parallel analysis ofco"', >1 
DNA.
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Top: sequence analysis of amplicon 15B of APC in individual FC5383II7(P) demonstrates a 
single base pair insertion of a T residue at codon 764 which leads to frameshift and a 
premature stop codon. This change is not seen in a similar control analysis of DNA from an 
unaffected individual (N). The same alteration was seen in other affected individuals from this 
family and also in affected individuals of family FC5454. Bottom: sequence analysis of 
amplicon 151 of APC in individual FC2821I3 reveals a 2bp pair deletion of G A at codon 1537 
which leads to frameshift and a premature stop codon. This change is not seen in a similar 
control analysis of DNA from an unaffected individual.
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Figure 3.44. SSCP/heteroduplex anaylsis of amplicon 151 oï APC in three
individuals from family FC282.
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Figure 3.45. Four APC families demonstrating transmission of the disease, for 
whom SSCP and heteroduplex analysis of the 5' half of exon 15 of APC  revealed 
no disease associated variants.
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1309 and 1061. Secondly, mutations were more | frequently detected in APC patients 
classified as severely affected, with all except one of the mutations in these cases 
additionally appearing to be clustered between codons 1309 and 1537. By contrast 
mutations detected in less severely affected APC patients were located exclusively 
outside this region. To ensure these observations were genuine and not the result of 
selective bias towards the patients analysed in this study, data derived from similar 
analysis of a series of APC patients from the same laboratory (analysis performed by 
D. Wells) was combined with the data presented here to increase the sample size. The 
results from analysis of the 5' half of APC  exon 15 in 45 affected but unrelated APC 
individuals are displayed in table 3.13. The table categorises patients for whom 
mutations have been detected into those with a severe phenotype and those classified as 
average or late onset.

Of the 45 APC patients analysed in this combined study, 17 were classed as severe 
with the remaining 28 being of an average phenotype or of an attenuated phenotype 
characterised by late onset. Interestingly severe forms of APC appear to occur more 
commonly in cases arising as a result of fresh mutation with 11 of 18 new mutation 
patients classified as severely affected compared with 6 of 27 familial cases [significant 
at the 0.5% level, test]. Furthermore of the 19 mutations detected, 9 were 
characterised as resulting from the same 5bp deletion at codon 1309 and in all cases 
were associated with a severe phenotype (table 3.13). The fact that all APC cases with 
this AAAAGA alteration are severely affected suggests that this mutation in particular is 
associated with a severe form of the disease.

14 of 19 mutations were detected in individuals with a severe phenotype which 
accounts for 82% of severe cases studied, whereas mutations were deteceted in only 
18% of the 28 individuals classed as average or late onset, thus further implicating a 
specific region of exon 15 with relation to the phenotype. In only one APC case with 
mutation prior to codon 1309 was the associated phenotype classed as severe. In 
affected patients from family FC5383 the characterised germline mutation is a single 
base pair insertion at codon 764 detected in amplicon 15B. An identical change was 
observed in affected individuals from family FC5454 which is classified as 
phenotypically average. However, affected individuals from family FC5383 have been 
shown in the current investigation to additionally harbour a genomic rearrangement 
involving about 150kb of DNA around the APC  gene locus, and it may be that this 
rearrangement contributes to the severity of the phenotype in this family.
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Table 3.13. Correlation between severity of the APC phenotype and 
location of the germline APC  mutation detected in the 5'half of exon 15.

Patient Mutation Phenotype Patient Mutation Phenotype

APC patients with severe phenotype tFC429 AAAAGA Severe-Ca A
codon 1309 17yrs

FC5998 AAAAGA Severe-Ca. A fFC Que AAAAGA Severe-
codon 1309 17yr codon 1309 Surgery 12yr

FC5383 Tins Severe-Ca.B fNMC Bar AAAAGA Severe-Pres
codon 764 21 died 22 

2nd Ca.
codon 1309 19yr

FC282 AAG codon Severe- died tNMC Kal AAAAGA Severe- Pres
1537 27-desmoid codon 1309 19yr

FC560 AAAAGA Severe- APC patients classified as
codon 1309 Pres. 9yr average or late onset

NMC535 AAAAGA Severe-Ca. FC152 AACAAA Average
codon 1309 A&B. 23yr codon 1061 <500 polyps

NMC540 AGA Severe- FCIOO ATCAA Average
codon 1464 Cancer C2-29 codon 1068 <500polyps

NMC564 A ins Severe- FC5454 Tins Average
codon 1323 Met, Ca 19yr codon 764 <500 polyps

NMC5424 C to T stop Severe- NMC551 AACAAA Average-
codon 1368 Pres. 15yr codon 1061 Pres 30yr

NMC426 AAAAGA Severe- tFC391 AACAAA Average
codon 1309 Pres.l5 yr codon 1061 <500 polyps

NMCPeGa AAAAGA 
codon 1309

Severe- 
Pres. 7yr

fSSCP and heteroduplex analysis performed by Dagan Wells. Phenotype based on age 
at presentation with symptoms and/of cancer. For familial cases (FC) the phenotype of 
the youngest affected family member is presented. Ca A & B etc: cancer with relevant 
Dukes stage; Met: metastatic. NMC: new mutation case.
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3.3.3. Analysis of APC intrageneic non-disease varian ts.

During the course of the SSCP and heteroduplex analysis of the 5' half of exon 15 of 
theAPC gene performed in the present study, several electrophoretic variants 
subsequently characterised as non disease causing alterations were identified. 
Investigation of APC new mutation and familial cases involved analysis of a total of 73 
individuals comprising affected and unaffected individuals of which 30 were classified 
as unrelated. A further 50 normal, randomly selected individuals of varying 
geographical and ethnic origins were available for parallel analysis to assess the 
frequency of any non disease variants detected. As table 3.14 illustrates, four 
alterations not related to the APC disease phenotype were detected as single strand 
variants in three different amplicons of the gene. Three of these can be described as 
rare, non disease associated sequence changes, being detected on only one occasion in 
two of the cases and in two unrelated individuals in the other. The fourth change is a 
common polymorphism which has previously been described in mutation analysis of 
the APC gene by other groups (Powell et.aly 1992; Nagase et.al, 1992).

SSCP analysis of amplicon 151 of the APC gene in APC new mutation and familial 
cases appeared to reveal a common variant in the single strand DNA pattern consisting 
of two alleles with distinct mobilities. Initially this analysis was performed at 15“C at 
which temperature the slow and fast migrating single strands of heterozygotes were 
poorly separated and the slow migrating homozygotes barely distinguishable from the 
fast migrating homozygotes (figure 3.46). Reducing the temperature during 
electrophoresis to 10“C however, significantly increased the resolution of slow and fast 
migrating strands so that heterozygotes and both homozygotes were easily discernible 
(figure 3.46). Further reduction in the temperature to 4“C resulted in no increase in the 
resolution potential of the variant in amplicon 151. Moreover, at 4°C single strands 
appeared more diffuse than at either 10“C or 15“C indicating that the efficiency of the 
SSCP technique used in the current investigation is extremely sensitive to relatively 
small alterations in the temperature at which analysis is performed.

Sequence analysis of Amplicon 151 of APC in unrelated homozygotes and 
heterozygotes revealed the SSCP variation to be due to a single base pair substitution of 
a G residue with an A residue at codon 1493. No amino acid change is predicted from 
this base pair alteration. Of the 80 individuals analysed in this region, 40 (50%) were 
scored as heterozygous for this sequence variant while 26 (32.5%) were slow 
migrating homozygotes and 14 (17.5%) were fast migrating homozygotes. The allele 
frequencies are therefore 0.575 and 0.425 for the slow and fast migrating alleles 
respectively. The frequencies of heterozygotes and homozygotes from the series of 22
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unrelated APC patients studied in the present investigation are similar with 10 of 22 
(45.5%) being heterozygous, 8 (36.3%) slow migrating homozygotes and 4 (18.2%) 
fast migrating homozygotes. Figure 3.47 shows typing of this common 
polymorphism in APC family FC152 and demonstrates its potential use in rapid 
genotyping of APC family members. Third generation individuals homozygous for the 
fast migrating allele are all affected indicating that the disease causing allele is also fast 
migrating. That individual IV3 is homozygous for the slow migrating allele suggests 
he has not inherited the disease mutant and is at low risk for developing APC while 
individual IV4 is homozygous for the fast migrating allele and therefore at 50% risk of 
developing the disease.

Table 3.14. Non disease causing alterations in the APC  gene detected by 
SSCP analysis in 80 unrelated individuals.

APC case Amplicon Codon/ Sequence Amino acid Allele
nucleotide change change frequency

FC552 E 1083/ GAT Glutamine >0.01
3249 to to

GAÜ Aspartine

NMC 564H E 1129/ TTG Leucine >0.01
3386 to to

TÇG Serine

NMC 564 G 1317/ GAA Glutamine 0.0125
(I, III  & IV); 3949 to to
FC5998 CAA Glycine
(III 6 & IV 7)

80 unrelated I 1493/ ACÛ Threonine Slow: 0.575
individuals 4477 to to

ACA Threonine Fast: 0.425

Initial investigation of APC patient FC552II2 by SSCP and heteroduplex analysis 
revealed a single strand DNA variant distinct from a normal SSCP pattern, in amplicon 
15E of APC(figure 3.48). As this change occurred in an affected individual from this
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F igu re  3 .46. r em p era t i ire  d ep en d en t  sep a ra t io n  o f  a lle les resu lt ing  from  
a p o lym orp li isn i  at c o d o n  1 4 9 3 o f  the APC  gene.
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# 44
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Temperature dependent separation of alleles resulting from a common polymorphic 
base pair substitution at codon 1468 of the APC  gene. At 15”c slow migrating 
homozygotes and fast migrating homozygotes, although visibly distinguishable, are 
in close proximity to each other as demonstrated by individual alleles of slow-fast 
migrating heterozygotes. At 10"c, despite slight loss of clarity, separation of the 
these same alleles is increased considerably and slow and fast migrating 
homozygotes can be more clearly detenuined.
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Figure 3.47. Genotype analysis of 9 individuals from APC family FC152 using a common 
polymorphism at codon 1493 and detected in amplicon 151 of APC, demonstrates the 
disease phenotype in this family to cosegregate with the fast migrating allele (Fs) of the 
single-strand conformation pattern (SS). This can subsequently be used to exclude slow 
migrating homozygotes (e.g. individual IV3) as at-risk for inheriting APC at a 
presymptomatic level.



Figure 3.47. SSCP analysis of amplicon 151 o{APC  in 9 individuals from family FC152.
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family, it was thought that it may be disease related. However, subsequent analysis of 
a further four individuals from the same generation as FC552II2 revealed an unaffected 
relative to also harbour the same SSCP variant. Moreover, individual FC552II2 had 
transmitted the alteration to her daughter (FC552III1) for whom previous haplotype 
analysis had suggested was at low risk of inheriting the disease. This suggests that the 
SSCP alteration does not segregate with the disease phenotype. Furthermore, previous 
haplotype analysis had been inconclusive in determining whether family member 
FC552III2 was at risk of inheriting the disease. Therefore the demonstration in this 
individual that he has not inherited the SSCP alteration from his affected mother would 
indicate that he has inherited the disease associated allele. Sequence analysis of 
amplicon 15E in affected and unaffected individuals with this alteration has revealed it 
to be caused by a single base pair substitution of a T residue for a G residue at codon 
1083 (figure 3.50, top) resulting in an amino acid change from glutamine to aspartine. 
Failure to detect this same SSCP variant on similar investigation of unrelated APC 
cases and 50 unrelated normal individuals indicated it was a rare alteration with an allele 
frequency of less than 0.01.

Two individuals available for analysis from APC family FC5998 demonstrated single
strand DNA variants in amplicon 150 of APC  (figure 3.49.). The disease causing 
APC  mutation in this family is a 5bp deletion at codon 1309 and is detected primarily as 
a large heteroduplex shift also on analysis of amplicon 150, in affected individuals. 
The fact that the SSCP variant occurs in two unaffected individuals and is independent 
of the disease related alteration, indicates the sequence change responsible is a non 
disease causing mutation. Subsequently sequence analysis demonstrates this change to 
be a single base pair substitution of a C for a O at codon 1317 (figure 3.50, bottom) 
which would also result in an amino acid change from glutamine to glycine.

An SSCP variant similar to that observed in two individuals from family FC5998, 
was seen in the same region of the gene in three related individuals of new mutation 
case NMC564 (figure 3.51). The single strand DNA pattern exhibited by patient 
NMC564III, although resembling the variants seen in her father and sister, appears to 
be further complicated by additional bands presumably as a result of an additional 
mutation previously identified in this patient on analysis in the same region of APC. 
Characterisation of the sequence alteration causing these similar variant patterns 
revealed all three to result from a single base pair substitution identical to that observed 
in individuals FC5998 III6 and IV7. This same change was not observed in similar 
analysis of 50 control individuals or in related and unrelated individuals from the 
remaining 20 APC cases indicating a gene frequency of 0.0125 for the mutant allele. 
The mother of patient NMC564IÏI presented a normal SSCP pattern for APC amplicon
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15G and was shown not to harbour the G to C substitution characterised in other 
members of this family. However, SSCP analysis of amplicon 15E in this patient 
revealed a single strand alteration not observed in either of her offspring (figure 3.51) 
and shown to result from a single base pair substitution of a T residue for a C residue at 
codon 1129 resulting in an amino acid change from leucine to serine. Again this 
alteration appears rare, not having been observed on analysis of the same region in 79 
unrelated individuals
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Figure 3.48. SSC P analysis o f  am plicon 15E of  A P C  in 7 individuals from family P C552.

FC 552 
I

I I — O i

A 1(5^] sù sô iù  A É III

111 n il 112 III 2 114 116 117

SS

Four of seven individuals from family FC552 exhibit a variant single-strand pattern (SS) 
on analysis of amplicon 15E (individuals III 1 112,114 and II 6) compared to the normal 
pattern observed in the remaining three (II 1, III 3 and II 7). This variant can be seen to 
segregate with a particular haplotype with the causative sequence alteration
characterised as a single base pair substitution in this region of the gene. The disease 
segregates with a second haplotype ( E ^ 3  ). Furthermore, that this alteration is unrelated 
to the disease phenotype would suggest that individual III 2, for whom previous haplotype 
analysis had proved inconcluive and who is shown not to carry this non disease variant, 
has inherited the disease causing APC allele.
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Figure 3.49. SSCP and heteroduplex analysis of amplicon 15G of APC  in 4
individuals from family FC5998 and a control individual.

FC 5998

11

I

III

SS

IV 4 III 6 IV 6 IV 7 C
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H eD

Analysis of individuals from APC family FC5998 in amplicon I5G reveal two unaffected 
members of this family ( I I I6  and IV 7) exhibiting a single strand variant (SS),  not 
observed in a control individual (C), which segregates with a paricular haplotype (K̂ ŝsysi) 
and is not associated with the disease phenotype. The disease causing mutation results in 
a distinct heteroduplex formation {HeD)  which segregates with a second common 
haplotype in this family (|
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Figure 3.50. Top: comparative analysis of normal DNA sequence for amplicon 15E with 
sequence derived from patient FC552II2, demonstrates a single base pair substitution (T to 
G) in the patient DNA at codon 1083 of the APC  gene which causes an amnio acid change 
from glutamine to aspartine. Bottom: sequence analysis of amplicon 150 in APC patient 
FC5998III6 reveals a single base pair substitution (G to C) distinguishable from normal 
sequence of the same region, which causes an amnio acid change from glutamine to glycine.



Figure 3.50. Sequence analysis of amplicons 15E and 15G of in patients FC552 112 
and 5998 1116 respectively to reveal non disease causing sequence variants.
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Figure 3.51. Non disease causing variants detected by SSCP and heteroduplex 
analysis in amplicons 15G and 15E of A P C  in family m em bers of new m utation 
case NMC564.

N M C 564
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Analysis of amplicon 150 of APC demonstrates a variant single strand pattern (VaSS)  
in three individuals (I, 111 and IV), in addition to the normal SSCP pattern {NoSS)  
observed in individual II Further additional variant single strands are observed in 
individual III presumably as a result of a second, disease causing alteration in the 
same region in this patient as previously described. Analysis o f  the sam e four 
inividuals in amplicon E reveals a single strand variant in individual II in addition to 
the normal SSCP pattern observed in individuals I, III and IV Both changes result 
from single base pair substitutions.
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3.3.4. Analysis of APC tum ours.

To search for somatic alterations in the 5' half of exon 15, tumour derived DNA from 
six APC patients previously analysed for germ line mutations in the same region, was 
studied by SSCP and heteroduplex mismatch analysis with the Pharmacia 
PhastSystem™. In total 30 adenomas and one carcinoma were analysed either for 
mutations or for allele loss. Of these, 29 adenomas and the one carcinoma were 
derived from three affected individuals while the remaining three adenomas were from 
independent APC patients. DNA from normal colonic mucosa was available for 
parallel analysis in only one of the six patients. In the remaining 5 individuals blood 
lymphocyte DNA was used as a control for any somatic variants detected.

Mutation analysis of the 5' half of exon 15 was performed on a total of 8 tumours 
from new mutation case NMC535, consisting of 7 adenomas and one carcinoma, to 
search for somatic APC  mutations. The histology of each tumour and results of 
subsequent analysis are presented in table 3.15. Previously an investigation of allele 
loss in the same 8 tumours had revealed four adenomas to exhibit loss of 
heterozygosity for a region of chromosome 5q extending from the MCC gene to marker 
D5S43 located at 5q35-qter (Rees et.al.y 1993). At the time of analysis the deleted 
region was assumed to encompass the APC  gene based on the perceived gene order 
centromere-MCC-APC-EF5.44-D5S43-telomere (Kinzler et.al., 1991b). However 
more recently published physical mapping data support an order of centromere-EF5.44- 
APC-AfCC-D5S43-telomere (Ward et.aly 1993) which places APC proximal to the 
examined region.

The germline mutation in patient NMC535IV, a 5bp deletion at codon 1309, is 
detected in amplicon 15G of APC  and displays itself as a large heteroduplex shift 
resulting from the foiination of the mismatched double-stranded hybrids between wild 
type and mutant DNA (figure3.28). To investigate loss of heterozygosity (LOH) in 
tumours from NMC535, a non radioactive assay based on the separation of mutant and 
wild-type homoduplex DNA amplified from tumour material of this patient was 
performed. Examples of heteroduplex mismatch and homoduplex analysis in DNA 
derived from four adenomas and normal colonic mucosa of NMC535IV is presented in 
figure 3.52a. In addition results from previous loss of heterozygosity studies (LOH) 
using Southern analysis with the same tumour material (Rees et.al.y 1993) are 
presented for comparative purposes (figure 3.52b). The 5bp deletion is observed as a 
characteristic heteroduplex shift in DNA derivd from normal colonic mucosa and 4 
adenomas, and also as a homoduplex variant in the normal colonic mucosal DNA. In 
normal colonic mucosa the 382bp wild-type homoduplex and 377bp mutant
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Table 3.15. Results of SSCP and heteroduplex analysis and homoduplex 
loss of heterozygosity studies in tumours from APC case NMC535.

Genetic alteration

Patient Tumour H istology Germ-line Somatic
Mutation Mutation Allele

Loss

NMC535 TP 5 5mm tubular adenoma AAAAGA AGAGC None
IV with mild displasia. codon

1309
codon
1320

detected

TP 6 6mm tubular adenoma 
with mild displasia

AAAAGA
codon
1309

AT codon 
1388

None
detected

TP 7.5 7.5 mm tubular 
adenoma with mild 
displasia

AAAAGA
codon
1309

None
detected

Loss of 
normal allele

DP 6 6mm tubular adenoma 
with mild displasia

AAAAGA
codon
1309

AT codon 
1388

None
detected

DP 9 9mm tubular adenoma 
with mild displasia

AAAAGA
codon
1309

None
detected

Loss of 
normal allele

DP 10 10mm tubular adenoma 
with mild displasia

AAAAGA
codon
1309

None
detected

Loss of 
normal allele

DP 15 15mm tubular adenoma 
with moderate displasia

AAAAGA
codon
1309

None
detected

Loss of 
normal allele

C a l 5cm rectal cancer-
Dukes
stage C

AAAAGA
codon
1309

G  ins. 
codon 690

Loss of 
mutant allele
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homoduplex are clearly resolvable. Adenomas DP9, DPIO and TP 7.5 were previously 
shown to have partial or complete loss of heterozygosity for markers between the MCC 
gene and 5q35-qter (figure 3.52b), and this can be observed as comparable loss of the 
larger normal allele in the homoduplex DNA of the same three tumours (figure 3.52a). 
These tumour samples contain a high proportion of contaminating normal colonic 
mucosal tissue which may be expected to mask the detection of any allele loss. 
However, it is probable that this normal tissue contributes considerably to the formation 
of the heteroduplex variants observed thus allowing LOH to be detected. Adenoma 
TP5 which had previously been shown to exhibit no LOH (figure 3.52b), has an 
additional heteroduplex variant which suggests the normal allele has undergone a 
second mutational event in the same region of the gene (figure 3.52a). Prior to 
sequence analysis it was postulated that this second mutation was also a small deletion 
as the normal homoduplex band appeared smaller than expected and barely resolvable 
from the mutant homoduplex band. Sequencing has subsequently demonstrated this 
additional heteroduplex variant to be the result of a 4bp deletion at codon 1320.

Adenomas DP6 and TP6 from NMC535IV also exhibit no apparent loss of 
heterozygosity by similar analysis. However, SSCP and heteroduplex analysis in the 
remaining regions of exon 15 revealed heteroduplex variants in both tumours in 
amplicon 15H (figure 3.53c). Subsequently these two change were characterised as 
identical single base pair deletion mutations at codon 1388. Finally, analysis of a single 
carcinoma from NMC535 revealed an SSCP variant in amplicon 15A of APC  (figure 
3.53b) subsequently shown to be the result of a single base pair insertion at codon 690 
(figure 3.54, top). In addition the homoduplex based allele loss study for this 
carcinoma appears to demonstrate partial loss of the smaller mutant allele (figure 
3.53a).

Figure 3.55 shows the pedigree and typing for patient NMC535, her parents and the 
adenomas that showed LOH (performed by M.Rees) with the probe pMS8. It was 
clear that the type 2 allele inherited from her father is the one which is lost in the 
adenoma formation. Since the homoduplex analysis in APC shows that it is the normal 
allele that is lost, it follows that the retained mutant allele (type 4) was inherited from 
the mother in her DNA. As the mother herself is unaffected and has been shown by 
heteroduplex analysis not to carry the mutation in her DNA (figure 3.28) it follows that 
the germline 5bp deletion in the patient must have occurred either during maternal 
gametogenesis or very early in embryogenesis.
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Figure 3.52. (a) homoduplex and heteroduplex analysis of amplified DNA from exon 15G 
of the APC  gene in four adenomas and normal colonic mucosa of patient NMC535. LOH is 
detected in adenomas DP9, DPIO and TP7.5 as loss of the 382bp normal homoduplex 
(NoHoD) which is distinguishable from the 377bp mutant homoduplex (MuHoD) which 
results from a 5bp deletion at codon 1309 in the germline of patient NMC535. In addition, 
heteroduplex variants (HeD) in all 4 adenomas and normal colonic mucosa demonstrate 
further alteration in adenoma TP5 indicative of a second mutation in this region of the gene, 
(b) comparative LOH analysis of DNA from the same tumour material and normal colonic 
mucosa using Southern blot analysis (Rees et al. , 1993)



Figure  3.52. H etero  and  hom oduplex  anaylsis of adenom as from  APC 
patien t NM C535 and  com parison  with previous Sou thern  blot allele loss 
studies.
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Figure 3.53. Double-s trand and single-strand DNA variants detected in 
adenomas and a carcinoma from APC patient NMC535.

Ca 1 NoMu Ca 1 NoMu NoMu TP2/DP2

4 ^

t < H oD

Hot)

SS

(C)

Electrophoretic variants detected in the double-strand and single-strand DNA pattern in 
adenomas and a carcinoma from APC patient NMC535 compared with normal colonic 
mucosa DNA from the same individual: (a) apparant loss of the mutant allele in 
carcinoma Cal detected as reduction of intensity of the mutant homoduplex (MutHoD) 
in amplicon 15G of the APC  gene compared to the wild-type homoduplex (WtHoD).  
The heteroduplex variation observed in both normal and tumour DNA results from a 
germline 5bp deletion in the same amplicon in patient NMC535 (b) electrophoretic 
variant in the single-strand DNA pattern (SS) of carcinoma Ca 1 compared to normal 
colonic mucosal DNA, detected in the PCR amplicon 15A of the A P C  gene and 
characterised as a single base pair insertion at codon 695; (c) similar heteroduplex 
variants {HeD) detected in adenomas TP2 and DPI in amplicon 15H of APC.  This 
change has been characterised as a single base pair deletion at codon 1388 in both 
tumours.
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Figure 3.54. Top: comparative analysis of normal DNA sequence for amplicon 15A with 

sequence derived from carcinoma C al of patient NMC535 demonstrates a single base pair 

insertion in the tumour at codon 690 of the APC  gene which causes frameshift and creates a 

stop codon immediately downstream. Bottom: sequence analysis o f  adenom a Ad3 in 

amplicon 15H from APC patient FC5454III2 reveals a 5bp insertion (TAAAAins.) at codon 

1439 distinguishable from normal sequence of the same region.



F ig u re  3.54. S equence  analysis  o f  am p lico n  15A o f  A P C  in DNA d er iv ed  f ro m  
c a rc in o m a  C a l  of p a t ie n t  N M C 535 , an d  of am p licon  15H in DNA d erived  from  
adenom a 3 of patient FC5454III2.
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Figure 3.55. Pedigree relating to APC case NM C535 to show  
inheritance of alleles at the locus D5S43, detected by the DNA probe 
pMS8 .
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A total of 9 adenomas from APC familial case FC5454III2 were available for 
investigation using the SSCP and heteroduplex assay throughout the 5’ half of exon 
15. Initially all 9 were analysed for the presence of the germline mutation characterised 
in this patient as a single base pair insertion at codon 764 detected in amplicon 15B of 
APC. Having verified this alteration in all 9 tumours without detecting additional 
variants in this region of the gene, the remaining amplicons were screened. The results 
of this analysis are presented in table 3.16. Variants were only detected in amplicon 
15H in tumours derived from patient FC5454III2. All were distinct from the normal 
electrophoretic pattern manifest in parallel analysis of blood lymphocyte DNA from the 
same patient, indicating they were the result of somatic alteration. A large heteroduplex 
variant was present in the electrophoretic pattern of adenoma Ad3 (figure 3.55) in 
addition to a slight change observed in the single-strand pattern. The causative 
sequence alteration was characterised as a 5bp insertion at codon 1439 leading to the 
eventual creation of a truncating codon downstream (figure 3.54, bottom).

A distinct heteroduplex variant was also observed on analysis of amplicon 15H in 
adenoma Ad9 although no additional variants in the single strand pattern were 
exhibited by this tumour compared with normal and constitutional DNA analysis. This 
change was characterised as an insertion mutation of 2bp at codon 1489, leading to the 
creation of a stop codon immediately downstream. A further two adenomas, Ad2 and 
AdS revealed novel electrophoretic variants on analysis of amplicon 15H of APC. 
Changes in both were observed as additions to the normal single strand DNA pattern 
seen in normal and constitutional DNA, although no heteroduplex variants were
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Table 3.16. Results of SSCP and heteroduplex analysis in 9 adenomas
from APC patient FC5454 III2.

Genetic alteration
Patient Tumour H istology Germ-line Somatic

Mutation Mutation A llele
L oss

FC5454 A d i 8mm tubulovillous X  insertion None None
III 2 adenoma with mild 

dysplasia
codon 746 detected detected

Ad 2 12mm tubulovillous 
adenoma with moderate 
dysplasia

T insertion 
codon 746

Amplicon
15H
variant

None
detected

Ad 3 10mm tubulovillous 
adenoma with mild 
dysplasia

X  insertion 
codon 746

TAAAA 
ins. codon 
1439

None
detected

Ad 4 10mm tubulovillous 
adenoma with 
mild/moderate 
dysplasia

T insertion 
codon 746

None
detected

None
detected

Ad 5 15mm tubulovillous 
adenoma with moderate 
dysplasia

T insertion 
codon 746

None
detected

Loss of 
151 slow 
allele

Ad 6 6mm tubulovillous 
adenoma with moderate 
dysplasia

T insertion 
codon 746

None
detected

None
detected

Ad 7 10mm tubulovillous 
adenoma with moderate 
dysplasia

T insertion 
codon 746

None
detected

None
detected

Ad 8 15mm tubulovillous 
adenoma with moderate 
dysplasia

X  insertion 
codon 746

Amplicon
15H
variant

None
detected

Ad 9 10mm tubulovillous 
adenoma with mild 
dysplasia

T insertion 
codon 746

lA  ins.
codon
1489

None
detected

Page-205-



Figure 3.56. SSCP and heteroduplex analysis of DNA derived
from adenomas of APC patient FC5454III2.

Ad2 Ad3 Const.

SS

HeD

SSCP and heteroduplex analysis of amplicon 15H of the APC  gene in 
two adenomas, (Ad2 and Ad3) from APC patient FC5454III2, blood 
lymphocyte DNA from the same individual and DNA from an 
unaffected control individual. Ad2 demonstrates a variant SSCP pattern 
(55) compared to constitutional (Const.) and control (C) DNAs while 
Ad3 exhibits a small single-strand change and an additional large 
heteroduplex mismatch variant (HoD), again not observed in either 
costitutional or control DNA.
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Figure 3.57. SSCP and heteroduplex analysis of DNA derived from
adenomas of APC patient FC5454III2.

Ad5 Const. AdS Const. Const. Ad9

* < H oD

< SS

C H e D

<JioD

SSCP and heteroduplex analysis of amplicon 151 of the APC  gene in one adenoma 
(AdS) and of amplicon 15H in a further two adenomas (AdS and Ad9) all from 
APC patient FC5454III2.(a) Patient FC5454III2 is heterozygous for a common 
polymorphic base pair substitution at codon 1493. Compared to constituional DNA 
(Const.), tumour DNA from adenoma 5 (AdS) of this patient demonstrates an 
apparent reduction in intensity of the slow migrating allele (SI) compared to the 
faster migrating allele (Fs). (b) Comparison of tumour DNA (A dS) with 
constituional DNA shows an SSCP variant pattern (VaSS), detected in amplicon 
15H in addition to the normal SSCP pattern observed in both Const., AdS and 
blood lymphocyte DNA from an unaffected control individual, (c) Comparable 
analysis of tumour DNA (Ad9) with Constitutional DNA (Const.) in 15H of APC 
shows a varaiant heteroduplex pattern {HeD) in the tumour clearly distinguishable 
from the homoduplex pattern (HoD) of constitutional and tumour DNA.
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observed (figures 3.56 and 3.57 respectively). This suggests that the sequence 
alterations in these two tumours are more subtle than the gross deletion and insertion 
mutations which often result in distinctive heteroduplex mismatch changes. Despite 
several attempts to identify the sequence alterations responsible for these variant single 
strand conformers, the precise nature of the change remains elusive. This may be 
because the variants observed are artifactual, although all previously described changes 
have subsequently been related to specific sequence alterations, or alternatively may be 
due to deficiencies in the direct sequencing method employed in this investigation. 
Finally individual FC5454III2 had previously been shown to be heterozygous for a 
common intragenic polymorphism located at codon 1493 and detected on analysis of 
amplicon 151 of APC. This provided a potential means for detecting loss of 
heterozygosity in tumours by observing loss or reduction in intensity of either of the 
prominent single-strand DNA bands which characterise this polymorphism. 
Subsequently analysis of amplicon 151 of APC  in all 9 tumours from FC5454III2 
revealed one adenoma (Ad5) to exhibit apparent reduction in intensity of the slow 
migrating allele indicating loss in this tumour (figure 3.57a).

SSCP and heteroduplex analysis was performed on DNA derived from 11 adenomas 
from APC individual FC5383III9 with blood lymphocyte DNA again used a control 
for comparative analysis to confirm potential somatic variants detected in tumour DNA. 
The germhne alteration in this family is the identical sequence change characterised in 
individuals from familial APC case FC5454, a single base pair insertion at codon 764. 
Adenomas from patient FC5383III9 were initially examined for the germline variant 
which manifests itself as a distinct heteroduplex shift detected in amplicon 15B. All 9 
adenomas demonstrated the same aberrant electrophoretic pattern as constitutional DNA 
from this patient. The results of mutation analysis in this and the remaining regions of 
APC in all 11 tumours are presented in table 3.17.

Analysis of adenomas Ad 10 and A d ll in amplicon 15A of APC  revealed similar 
single-strand variants in addition to the normal conformational pattern displayed by 
constitutional DNA from this patient (figure 3.58). Sequence analysis of this region in 
both tumours revealed these variant single strand conformers to result from identical 
sequence alterations, a single base pair substitution of a G residue with a T residue at 
codon 696 creating a stop codon from a glutamine recognition codon. Analysis of 
amplicon 151 in constitutional DNA demonstrated patient FC5383III9 to be 
heterozygous for the common polymorphism at codon 1493. The potential for 
detecting allele loss using the slow and fast migrating single strands had been
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Table 3.17. Results of mutation analysis in 11 adenomas from APC 
patient FC5383 III9.

Genetic alteration
Patient Tumour H istology Germ-line Somatic

Mutation Mutation A llele
L oss

FC5383 A d i Large (10mm) tubular X insertion None None
III 9 adenoma with mild 

dysplasia
codon 746 detected detected

Ad 2 Large tubular adenoma 
with mild dysplasia

T insertion 
codon 746

None
detected

None
detected

Ad 3 Large tubular adenoma 
with mild dysplasia

T insertion 
codon 746

None
detected

None
detected

Ad 4 Large tubular adenoma 
with mild dysplasia

T insertion 
codon 746

None
detected

None
detected

Ad 5 Large predominantly 
metaplastic polyp

T insertion 
codon 746

None
detected

None
detected

Ad 6 Large tubular adenoma 
with mild dysplasia

T insertion 
codon 746

None
detected

None d 
etected

Ad 7 Large tubular adenoma 
with mild dysplasia

T insertion 
codon 746

None
detected

None
detected

Ad 8 Large tubular adenoma 
with mild dysplasia

I  insertion 
codon 746

None
detected

None
detected

Ad 9 Large tubular adenoma 
with mild/moderate 
dysplasia

T insertion 
codon 746

None
detected

None
detected

Ad 10 3cm tubulo-villous 
polyp; mild/moderate 
dysplasia

T insertion 
codon 746

QAAto 
Î  AA stop 
codon 696

None
detected

Ad 11 3cm tubulo-villous 
polyp; mild/moderate 
dysplasia

T insertion 
codon 746

QAAto 
TAA stop 
codon 696

None
detected

Page -209-



Figure 3.58. SSCP and heteroduplex analysis of DNA derived
from adenomas of APC patient FC5383I1I9.

Const. Ad 10 A dll

<VaSS
< S S

<HoD

DNA from two adenonmas of patient 5383III9, Ad 10 and A d ll, 
exhibit similar SSCP variant patterns {VaSS) on analysis of amplicon 
15A of APC aswell as the normal SSCP pattern (SS) observed in both 
tumours and constitutional DNA (Const.) from the same patient. 
Homoduplex DNE {HoD) is also retained on the gel.
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demonstrated when detecting loss in a single tumour from patient FC5454III2. 
However, similar analysis of amplicon 151 in the 11 adenomas studied from patient 
FC5383III9 failed to demonstrate loss or reduction in intensity of either allele.

A single adenoma was present for analysis in a further three APC patients who had 
previously been screened for mutations in the 5' half of APC  exon 15. Two were 
familial APC cases for whom no germline mutation had been detected (FC552II2 and 
FC162) and the third was a new mutation cases, NMC540, with a germline 2bp 
deletion located at codon 1464. Table 3.18 presents the results of mutation analysis in 
these three adenomas.

Table 3.18. Results of SSCP and heteroduplex analysis of the 5 ’ half of 
APC  exon 15 in three adenomas from independent APC patients.

Patient Tumour H isto logy
Genetic alteration
G erm -line Somatic
Mutation Mutation Allele Loss

FC552 II 2 Ad 1 lOmm tubular 
adenoma with 
moderate dysplasia

None
detected

None
detected

Loss of slow 
allele in 151

FC162 II 1 Ad 1 7mm adenoma. None
detected

TCAto 
TAA-stop 
codon 1281

None
detected

NMC540 III Ad 1 5cm adenoma with 
mild dysplasia

AAG codon 
1464

None
detected

Loss of wild- 
type in 15H

APC patient FC552II2 is heterozygous for the common polymorphism at codon 1493 
of AP C  detected on analysis of amplicon 151. As figure 3.59a demonstrates, 
comparative analysis of tumour DNA and constitutional DNA from this individual in 
amplicon 151, demonstrates an apparent reduction in intensity of the slow migrating 
allele in adenoma derived DNA indicating a loss of heterozygosity in this tumour.
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Figure 3.59. SSCP and heteroduplex analysis of adenoma derived DNA
from three unrelated APC patients.

Ad 1 Const. Const. Ad 1 Ad 1 Const. C

-<SS

HeD

^<HoD

Analysis of DNA derived from three adenomas from APC patients PCI62, FC552II2 
and NMC540 respectively with comparable analysis of constitutional blood 
lymphocyte DNA: (a) Patient FC552II2 is heterozygous for a common polymorphic 
base pair substitution at codon 1493 located in amplicon 151 of the APC  gene. 
Compared to constituional DNA(Const.), tumour DNA from a single adenoma of 
this patient (A d i) demonstrates an apparent reduction in intensity of the slow 
migrating allele (SI) compared to the faster migrating allele (Fs). (b) Comparison of 
tumour DNA (A di) and constituional DNA from APC patient FC 162 shows an 
SSCP variant pattern (VaSS), detected in amplicon 15G of APC, in addition to the 
normal SSCP pattern observed in both Const, and Adi. (c) The germline mutation in 
patient NMC540 is a 2bp deletion located in amplicon 15H. Comparable analysis of 
this region in tumour DNA from a single adenoma from this patient (Adi) shows the 
same heteroduplex pattern (HeD) indicative of the germline mutation, and in 
addition complete absence of homoduplex DNA (HoD) present in both const, and 
control DNA.

Page  -2 12-



This was the only somatic variant highlighted in the entire analysis of the 5' half of 
APC exon 15 both in tumour DNA from this patient.

Although no electrophoretic variants were observed in constitutional DNA from 
patient FC162, parallel analysis with adenoma derived DNA from this patient in 
amplicon 15G highlighted a single strand conformational change in the tumour (figure 
3.59b), Sequencing has demonstrated this SSCP variant to result from a single base 
pair substitution at codon 1281 leading to an amino acid change from serine (TCA) to 
create a stop codon (TAA). Finally, parallel analysis of amplicon 15H of APC  in 
adenoma and blood lymphocyte DNA from new mutation case NMC540, demonstrates 
both to exhibit a distinct heteroduplex variant compared with control analysis of the 
same amphcon (figure 3.59c). This change results from a germline deletion mutation in 
patient NMC540 (AGA at codon 1464). Additionally there appears an apparent loss of 
wild-type homoduplex in the adenoma compared to both control and constitutional 
DNA analysis, suggesting somatic loss of heterozygosity is responsible for inactivation 
of the second copy of APC in this tumour.

Page-213-



Chapter 4. 

Discussion

Page -214-



Chapter 4

Discussion

The APC gene was isolated using a series of classical genetic approaches referred to 
collectively as positional cloning. Firstly APC  was localised to the long arm of 
chromosome 5 and more precisely to 5q21-22 by cytogenetic studies and genetic 
mapping using linked polymorphic markers in APC families (Herrera et.al., 1986; 
Bodmer et.al, 1987; Leppert e ta l,  1987; Meera Khan e ta l,  1988). As further DNA 
markers mapping within the region of interest were isolated so the region into which 
APC  was localised became more specifically refined (Nakamura etal., 1988; Dunlop 
et.al, 1990). Once the limits of genetic linkage studies had been reached long range 
physical mapping around the APC  locus and coverage of the candidate region with 
yeast artificial chromosome clones enabled aspirant APC  genes to be isolated and 
analysed for their involvement in the disease leading to the eventual isolation and 
characterisation of the APC  gene itself (Joslyn et.al, 1991; Kinzler et.al, 1991b; 
Groden et.al, 1991; Nishisho et.al, 1991). In addition somatic involvement of the 
AP C  gene in colorectal tumourigenesis detected as loss of heterozygosity for 
polymorphic markers from chromosome 5q in colorectal tumours (Solomon et.al, 
1987; Vogelstein et.al, 1988), indicated that its normal role was that of a tumour 
suppressor gene according to the model proposed by Knudson (1971).

The ultimate aim of such a positional cloning strategy is to identify the deleterious 
mutations responsible for causing the disease. In the case of the APC  gene, not only 
was the aim to identify the spectrum of germline mutations leading to expression of the 
APC phenotype, but also to determine the role of this gene in progression towards 
colorectal carcinogenesis in both APC and sporadic colorectal cancer. The nature of the 
mutation affecting a gene of interest determines the most appropriate approach for 
mutation analysis. For example, the Duchenne muscular dystrophy (DMD) gene is 
particularly large exceeding 2000kb and is commonly affected by large deletion, and as 
such a preferred technique for mutation detection was field inversion gel electrophoresis 
with Southern blot hybridisation analysis to highlight aberrant DNA fragments (den 
Dunnen et.a l, 1987). The most recently isolated tumour suppressor type gene, 
tuberous sclerosis 2 on chromosome 16, was identified by similarly characterising large 
deletions in affected individuals (The European Chromosome 16 Tuberous Sclerosis 
Consortium). More subtle intragenic alterations, particularly point mutations and 
micro-deletions and insertions, as characterised for example in the p53 gene (see 
Tominaga et.a l, 1992, for review), require mutation detection systems suitably
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equipped for detecting such small changes. These include denaturing gradient gel 
electrophoresis (Myers et.aL, 1985a and b) and single strand conformation 
polymorphism (SSCP) analysis (Orita et.al., 1989a and b).

In the current study the APC  gene has been analysed, primarily in a series of APC 
patients and related tumour material for disease causing alterations, using two 
approaches. Firstly, pulsed field gel electrophoresis with Southern blot hybridisation 
analysis around the APC  locus and fluorescence in situ hybridisation, were used to 
search for large rearrangements possibly involving the APC gene. Secondly, to screen 
for more subtle intragenic mutations, SSCP and heteroduplex mismatch analysis was 
performed over a large region of the APC gene coding sequence where the majority of 
mutations thus far characterised by other groups are located.

4.1. Pulsed field Southern blot hybridisation and fluorescence 
in situ hybridisation analysis around the APC locus.

Prior to patient analysis using pulsed field gel electrophoresis and Southern blot 
hybridisation analysis, a long range restriction map was generated around the APC  
locus at 5q21-22 using hybridisation probes corresponding to APC  and MCC genes 
and to the cosmid marker EF5.44. In total the map encompasses a region of 
approximately 3,500kb although mapping information is concentrated in a 1600kb 
stretch of DNA defined by two adjacent, similarly sized Mlul fragments. The estimates 
of DNA fragment sizes and the positions of restriction enzyme sites with respect to the 
three markers are generally in concordance with previous published mapping data of the 
same region (Joslyn et.al., 1991; Ward et.al., 1993). The map presented in the current 
investigation contains a higher density of restriction enzyme sites than either of the two 
previously published maps, primarily because more rare cutting enzymes were used in 
its construction. The map does not however, cover as large a region as that described 
by Ward et.al. (1993) which details the relative positions of 35 DNA makers extending 
over a region of 10,000kb.

A notable feature of the physical map around the APC locus as presented here and the 
two maps published previously (Joslyn et.al., 1991; Ward et.al., 1993) is the high 
proportion of potential CpG islands suggesting the region is relatively undermethylated 
(Bird, 1986). During the process of cloning the APC gene a number of other genes 
were also identified and this is consistant with evidence suggesting that regions rich in 
genes are associated with hypomethylation (Bird, 1986). Ward et al (1993) indicate 
that a partially methylated Notl cleavage site is located approximately centrally within 
the 1150kb Notl fragment which links APC and MCC, and adjacent to the central Mlul
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site which defines the two 800kb Mlul fragments. No evidence of an additional Notl 
restriction enzyme site was observed in the present investigation and the size of DNA 
fragments which would be generated by such a site would be unlikely to present any 
problems with resolution on pulsed field gels. The primary source of DNA used to 
construct the physical map in this study was from blood lymphocytes whereas Ward 
et.al. (1993) have used DNA derived from a lymphoblastoid cell line which had 
previously been characterised as relatively undermethylated (Bucan e ta l, 1990). This 
may offer an explanation therefore, as to why this partial Notl cleavage site was not 
observed in the present study.

The recently published long range physical mapping data around the APC gene locus 
(Ward et.al, 1993) has disputed the order of the three markers used for analysis of the 
same region in this investigation, as published by the two groups responsible for 
cloning of the APC gene (Kinzler et.al, 1991b; Joslyn e ta l,  1991). The gene order 
centromere-EF5.44-APC-MCC-telomere documented by Ward e ta l  (1993) differs 
from unpublished cited data of Kinzler etal. (1991b) and published data Joslyn et.al. 
(1991) who proposed a gene order of centromere-MCC-APC-EF5.44-telomere. 
Evidence for the former of these two orders has been provided by Olschwang et.al, 
(1991) who report a single recombination event which places EF5.44 proximal to APC. 
Ward et.al. (1993) have confirmed this order using three colour fluorescence in situ 
hybridisation (FISH) analysis.

Long range physical mapping data generated using pulsed field Southern blot 
hybridisation analysis and presented in the current investigation did not extend 
sufficiently beyond the region of interest to determine the orientation of the segment 
incorporating MCC, APC and EF5.44. The order presented in this study with respect 
to these three markers is completely consistant with previously published data (Kinzler 
et.al, 199Ih; Joslyn et.al, 1991; Ward et.al, 1993). Consequently the orientation of 
the physical maps illustrated in this thesis relate to the gene order centromere-EF5.44- 
APC-MCC-telomere as documented by Ward et.al (1993).

Comparative pulsed field Southern blot hybridisation analysis with probes for APC, 
MCC  and EF5.44 was performed on patient material derived from 11 APC cases, 
consisting of 4 new mutation patients and 7 familial cases, three colorectal cancer cell 
lines, and two individuals from a breast cancer susceptibility family but with a 
paracentric inversion on chromosome 5q. In undertaking such an analysis it is 
important to consider the possible incidental and perhaps misleading variation which 
occurs as a result of méthylation differences between cell types, and restriction enzyme 
site polymorphisms (e.g. Vincent e ta l ,  1991; Julier and White, 1988). Although

Page -217-



DNA méthylation throughout the genome is believed to be highly specific according to 
cell type, it has been demonstrated that the pattern of such méthylation for randomly 
selected sequences is indistinguishable and therefore constant among different 
individuals (Ben-Krappa, et.al, 1991). The source of DNA material in this study was 
varied, primarily being derived from lymphoblastoid cell lines but also from blood 
lymphocytes, fibroblasts, somatic cell hybrids, colorectal cancer cell lines and in one 
instance a large adenoma from an APC patient. Only in DNA derived directly from the 
resected tumour of patient 5651V2 was pulsed field analysis unable to demonstrate a 
quality of digestion suitable for hybridisation following Southern blotting and probe 
hybridisation. Even though DNA was derived from a variety of sources no variation 
was observed which was consistent méthylation differences or with polymorphic 
restriction sites. In 12 of the 14 samples Mlul fragments of expected size were 
observed indicating no large alterations around the APC gene locus were present.

Two APC patients analysed by pulsed field Southern blot hybridisation analysis had 
interstitial deletions on the long arm of chromosome 5 previously characterised by 
cytogenetic analysis. Both deletions were predicted to remove the APC  gene and 
surrounding regions of 5q21-22, and consequently the deletion breakpoints in both 
were shown not to include the region of interest characterised in the present 
investigation. This was confinned in the first case by analysis of a somatic cell hybrid 
generated in our laboratory by S.SenGupta (1993), and containing a single copy of the 
deleted chromosome 5 from patient FPC164, which failed to demonstrate hybridisation 
to APC,  M C C  or EF5.44. The deletion breakpoints in FPC164 have been 
characterised as 5(q22q23.3) and the phenotype of this individual consisted of multiple 
polyposis of the colon, upper gastrointestinal adenomata, epidermoid cysts, bilateral 
congenital hypertrophy of the retinal pigment epithelium (CHRPE), multiple 
mandibular osteomata and mild mental handicap. In APC patient FC5619, the deletion 
breakpoints have been characterised as 5(ql5q22.3). The individual was severely 
mentally retarded requiring institutional care since childhood, and presented with 
symptoms of diarrhoea becoming blood stained in the early forties which, on 
colonoscopy was shown to result from multiple adenomatous polyposis and rectal 
carcinoma.

The precise nature of the deletion breakpoints in these two patients remains of interest 
as both presented with symptoms in addition to those which represent the classical APC 
syndrome. It would thus be useful to know if other important genes are localised 
within the deleted region which may contribute to the phenotype. Recently a mouse 
lineage analogous to APC referred to as Min (for multiple intestinal neoplasia) and with 
an inactivating mutation in the mouse homologue of the APC  gene (Su et.al, 1992),
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has been shown to exhibit a variable phenotype as a result of an unlinked modifying 
gene {Mom-\) as yet uncloned (Dietrich et.aL, 1993). Such modifying genes affecting 
the expression of the APC phenotype may be present within the deleted regions of the 
two patients described and are perhaps responsible for the expression of the 
extracolonic manifestations observed. Extension of the long range physical map would 
involve utilising DNA makers proximal and distal to the APC  gene region, perhaps 
making use of partial digestion products or variation in méthylation of different cell 
lines to span large regions and to link hybridisation probes.

Affected individuals from familial APC case FC5383 demonstrated aberrant sized DNA 
fragments on pulsed field analysis in addition to the normal sized restriction fragments 
observed in unaffected individuals. It appeared that in patient DNA, APC  and MCC 
genes and the cosmid EF5.44 were all linked by the same 950kb Mlul fragment. This 
was in contrast to the normal location of these markers which constituted an 800kb 
Mlul fragment to which APC  and EF5.44 mapped, and a similarly sized but distinct 
Mlul fragment to which MCC mapped. The most satisfactory interpretation of these 
results involved inversion of approximately 150kb around the APC  locus resulting in 
relocation of an Mlul site and of MCC bringing it closer to the APC gene. To visibly 
confirm this interpretation yeast artificial chromosomes (YACs) from a contig which 
spans the region of interest (Kinzler et.al, 1991b) were used as hybridisation probes in 
a comprehensive FISH analysis on patient material from affected individuals of family 
FC5383.

The disparity observed in the study by Ward et al (1993) with respect to orientation of 
the DNA segment incorporating EF5.44, APC  and MCC, also affects the published 
order of the Y AC contig, relative to centromere and telomere, used in this investigation 
for FISH analysis. As previously mentioned however, gene order within this segment 
is completely consistent between different studies (Kinzler at al., 1991b; Joslyn et.al, 
1991; Ward et.al, 1993) and as such the order of individual YACs from Contig 3 are 
also the same with respect to each other, but of reversed orientation with respect to the 
centromere and telomere.

Pairs of YACs from the contig spanning the APC locus which were initially used in 
two colour FISH analysis on normal interphase nuclei, are physically separated by 
between 50 and 630kb (Kinzler et.al, 1991b). The results of the current study have 
demonstrated that the separation of DNA sequences observed in interphase cell nuclei 
correlate in a linear fashion with the pre-determined genomic distance separating pairs 
of YACs. A previous study by Trask e t.a l (1989) similarly observed a linear 
correlation between DNA sequences in interphase and molecular distance, over a range
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from 25kb to 250kb. Likewise a study by Lawrence et.al. (1990) concluded that 
sequences separated by lOOOkb or less were unresolvable on metaphase chromosomes 
but that sequences up to 750kb apart were clearly resolvable on interphase and that 
signal separation increased relative to genomic separation.

The lower limit of resolution on interphase will be primarily determined by the degree 
of chromatin packing and its variation from cell to cell. While sequences separated by 
up to lOOOkb will perhaps yield equivalent estimates of genomic distances, the linearity 
of the relationship will deteriorate at greater distances (Trask et.al., 1989; Lawrence 
et.al., 1990). Indeed Trask et.al. (1989) demonstrated the slope of the relationship 
between interphase and genomic distance to be relatively low for a separation range of 
50Mb to 90Mb. The true relationship may not even be universal over shorter ranges of 
genomic distances, possibly with regional variation throughout the genome as a result 
of transcriptional activation or méthylation having a significant affect on the properties 
of chromatin packaging.

Previous studies have utilised this two-colour FISH strategy for ordering DNA 
sequencing thus bridging the gap between genetic mapping and physical mapping by 
pulsed field gel electrophoresis (e.g. Trask et.al., 1991 and 1992). Trask et.al. (1989) 
have further proposed that genomic distances between DNA sequences can be 
accurately determined from measurement of their separation on interphase. However, 
the experiences of the current investigation suggest this may be impractical as repetition 
of the same two-colour FISH analysis on normal interphase cell nuclei, while 
demonstrating a similar relationship between signal separation and genomic separation, 
also demonstrated mean values for signal separation which differed significantly from 
those of the pilot study. These differences may have resulted from subtle variations in 
the preparation and procedures followed during the experiment. For example, target 
cells may have been subjected to slight variation in their preparation including the 
degree of hypertonic swelling, acid-ethanol fixation, flattening of nuclei on the slides 
and the temperature and length of time form amide dénaturation of nuclei and probes 
was performed.

In the present study two colour FISH was used to confirm a genomic rearrangement 
in an APC family involving approximately 150kb of DNA around the APC  locus, 
determined by pulsed field Southern blot hybridisation analysis. Physical mapping data 
indicated that the MCC gene, represented in part by the cDNA probe SW15 for the 
hybridisation analysis, was relocated proximal to its original position and closer to the 
APC  gene represented entirely by three cDNA probes. Two colour FISH analysis 
utilising YACs from the contig spanning the APC gene region as hybridisation probes.
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was performed on interphase nuclei derived from patient FC5383II7, previously 
shown to harbour the suspected rearrangement. Two distinct, well separated YACs 
which, individually contain either MCC or APC, demonstrated an average separation 
on interphase significantly less than that observed in comparable analysis of normal 
interphase cell nuclei. That the rearrangement in the patient occurred on one copy of 
chromosome 5 as expected, was demonstrated by the fact that patient nuclei generally 
consisted of one pair of well separated signals with resolution similar to that observed 
in normal nuclei, and a second pair of poorly resolved, often overlapping signals 
presumably representing the rearranged copy. Furthermore, two colour FISH analysis 
of patient nuclei using a Y AC from the contig located distal to MCC demonstrated no 
difference in signal separation compared with normal nuclei indicating movement of the 
MCC containing Y AC had resulted in the aberrant separation pattern observed in patient 
nuclei.

In the course of screening a large region the APC  gene for intragenic mutations in 
APC patients, as discussed in a later section, a second germline alteration in individuals 
from APC case FC5383 was additionally characterised and shown to segregate with the 
disease and the 150kb inversion. The mutation, a single base pair insertion at codon 
764 causing frameshift and predicted to produce a truncated protein product, occurs in a 
region of the gene which was correlated in the current investigation with an average 
APC phenotype, distinct from another region in which germline mutations in all 
severely affected APC patients were located. This is exemplified by two individuals 
from family FC5454 who have an identical mutation at codon 764 of APC  and are 
described as phenotypically average according to the age at presentation of symptoms 
and the number of adenomatous polyps. Significantly, pulsed field Southern blot 
hybridisation analysis of a single individual from family FC5454 demonstrated the 
expected sized restriction fragments for APC, EF5.44 and MCC indicating this family 
did not additionally harbour the genomic rearrangement characterised in family 
FC5383. By contrast affected individuals from family FC5383 characteristically 
exhibit a severe phenotype consisting of profuse polyposis of the colon (i,e. many 
thousands of adenomatous polyps), an early onset of cancer and a tendency to develop 
second primary cancer of the upper gastrointestinal tract and pancreas. Of nine APC 
cases classed as severe in this study and for whom the germline mutation was 
characterised, only affected individuals from family FC5383 revealed mutation prior to 
codon 1309. This suggests the additional germline rearrangement in this family is 
responsible for the severity of the phenotype.

In view of the disparate phenotypic correlation observed with respect to the germline 
mutation in affected individuals from APC family FC5383, and the indication that the
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large genomic rearrangement detected in this family results in a more severe form of the 
disease, it is of particular interest to know the precise nature of the breakpoints of the 
inversion. Further to this investigation it will be necessary to determine which 
individual YACs harbour the 5' and 3' breakpoints thus enabling detailed physical 
mapping around each breakpoint to be performed using conventional Southern blot 
hybridisation analysis. Following this, fragments from relevant YACs can be sub
cloned and used as hybridisation probes to further delimit a critical region into which 
the breakpoints map. It would also be useful to generate somatic cell hybrids 
containing patient only chromosome 5 fragments which can then be used for 
comparative physical mapping with Y AC sub-clones leading to the eventual cloning of 
the inversion breakpoints themselves.

Although a germline intragenic APC  mutation has been observed in affected 
individuals from APC family FC5383, predicted to result in a truncated APC protein 
product, it will be interesting to determine whether the inversion affects APC in other 
ways, or even other genes in the region, thereby contributing to the severity of the 
phenotype. This could involve, for example, the characterisation of normal and mutant 
proteins from individuals with the inversion by Western blot analysis using monoclonal 
antibodies specific to APC as described by Smith et.al (1993). Similar analysis could 
also be performed for MCC proteins. Several different mRNA transcripts from APC  
have been described and of particular interest is an alternatively spliced form involving 
exon 14 of APC  and either exon 15 of APC  or the 19kDa protein of the signal 
recognition particle (SRP19) gene located adjacent to APC (Horii et.al, 1993). APC- 
APC and APC-SRP transcripts appear to be expressed equally in the majority of tissues 
although APC-SRP was shown to be unique to oesophagus, ileum and lung (Horii 
et.al, 1993). It is possible that the inversion described in the current investigation 
affects SRP19 and hence the APC-SRP transcript and that this accounts for the 
phenotypic differences observed in patients from families FC5383 and FC5454. The 
identification of an identical APC  germline mutation in family FC5454 without the 
inversion will enable comparative analysis to be performed as a control for potential 
inversion related alterations.

It has been postulated that APC  and MCC  may interact in the same biochemical 
pathway, as both genes have been shown to contain heptad repeat motifs within their 
coding sequences which are thought to be capable of facilitating protein-protein 
interactions (Groden et.a l, 1991 ; Kinzler et.a l, 1991b; Bourne, 1991a). The 
inversion in APC family FC5383 as hypothesised from pulsed field Southern blot 
hybridisation analysis is predicetd to result in relocation of the MCC gene closer to the 
APC gene reversing its transcriptional orientation, and this was confirmed using two
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colour FISH analysis. Although conventional Southern blot analysis with a cDNA 
probe encompassing a large part of MCC demonstrated no abberent bands which would 
indicate the breakpoint of the inversion interrupted MCC sequences, it is possible that 
the 5' untranslated region of MCC is affected by the breakpoint and this in turn affects 
gene transcription. If MCC and APC do interact in the same biochemical pathway then 
alteration of MCC aswell as APC may be responsible for the more severe than expected 
phenotype observed in affected members of this family.

The precise role of MCC in colorectal tumourigenesis remains to be elucidated. Loss 
of heterozygosity on chromosome 5q has been observed in a variety of tumour types 
including lung cancer (Ashton-Rickardt et.al, 1991; D Amico et.al, 1992; Tsuchiya 
e ta l, 1992), cancerous ulcerative colitis (Greenwald e ta l,  1992), oesophageal cancer 
(Huang e ta l ,  1992), and renal cell carcinoma (Morita et.al, 1991a and b). These 
studies have demonstrated the loss to occur around the APC gene locus suggesting a 
tumour suppressor gene in this region may be involved in the aetiology of such 
malignancies, although partial analysis of the APC  gene for mutations has failed to 
implicate APC  itself (Horii et.al, 1992). In the majority of cases allele loss involves 
APC  and MCC together, with independent loss of either gene appearing to be rare, 
isolated events (Greenwald et.al, 1992; D'Amico et.al, 1992). It is possible that the 
MCC  gene represents the critical region for loss of heterozygosity (LOH) in these 
tumours. If MCC were the target of allele loss one would expect to observe mutation in 
the second copy of MCC in tumours exhibiting LOH, according to Knudson's two hit 
hypothesis (Knudson, 1971). Although mutations in MCC have been reported in a 
small number of colorectal carcinomas (Nishisho et.al, 1991) a recent study of 80 
sporadic colorectal carcinomas failed to detect intragenic MCC mutations in 21 tumours 
which demonstrated LOH for APC and MCC, indicating MCC does not function as a 
tumour suppressor gene (Curtis et.al, 1994).

Pulsed field Southern blot hybridisation analysis of two individuals, Q286RA and 
Q287SA, from a family with an apparent predisposition to breast cancer, demonstrated 
an aberrant sized DNA fragment suggestive of alteration in the APC and EF5.44 Mlul 
linking fragment. This family was of interest because of a large paracentric inversion 
on the long arm of chromosome 5 with cytogenetically characterised breakpoints at 
5(ql4q31.3), and from the pulsed field analysis it was hypothesised that an inversion 
breakpoint may infact alter the APC gene region. However, subsequent single and two 
colour FISH analysis performed in this investigation and by D.Wells suggests this is 
not the case although the distal breakpoint 5(q31.3) does appear to be located distal to 
its original localisation and between 5q32-qter. The additional pulsed field fragment 
observed may simply be artifactual of the result of a second rearrangement on
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chromosome 5q, perhaps interstitial deletion, duplication or inversion. A susceptibility 
locus for breast cancer, referred to as BRCA, has been mapped to chromosome 17ql2- 
21 by genetic linkage studies (Hall et.al, 1990). Predisposition to breast cancer at 
BRCAl is only responsible for about 45% of families with multiple cases of this 
malignancy (Easton e ta l, 1993) indicating that other BRCAl loci exist. Either of the 
chromosome 5 breakpoints in patients Q286RA and Q287SA could interrupt a second 
BRCA gene resulting in the apparent predisposition to breast cancer in this family. It 
will be of great interest therefore, to accurately define the breakpoints, perhaps by 
utilising DNA markers in the approximate breakpoint regions for further single and two 
colour FISH analysis.

4.2. Screening for intragenic A P C  mutations.

4.2.1. Germ line m utations of the AP C  gene

Analysis of the APC gene for germline mutations in APC patients has been performed 
by a number of groups using a variety of mutation detection systems. Due to the size 
of APC(over 8500 nucleotides of coding region) and because a large number of 
different mutations which have been identified are distributed over much of the gene, 
screening for mutations in the entire coding sequence has been performed by only a few 
laboratories (Miyoshi et.a l, 1992a; Nagase et.a l, 1992b; Groden et.a l, 1993; 
Olschwang et.al, 1993b; Veresco et.al, 1993). Mutations in the region analysed in 
the present study represent between 70 and 75% all germline mutations so far reported, 
and the disease causing mutation in over 45% of APC patients (Miyoshi et.al, 1992a; 
Nagase et.al, 1992b). This region encompasses the 5' half of exon 15, by far the 
largest coding exon of APC, and includes approximately 3000 nucleotides which 
represents about one third the APC gene coding sequence.

A number or features of the 5' half of exon 15 are of particular interest in light of 
previous mutational analyses. Mutations resulting from deletion (1 to 14bp) and 
insertion (1 to 2bp) and thereby leading to frameshift, account for over 80% the total 
mutations detected in this region and approximately 60% of all APC  mutations 
(Miyoshi e ta l,  1992a; Nagase et.al, 1992b). Many of the deletions observed occur 
either at repeated bases or at positions containing several copies of a direct repeat 
sequence. Indeed deletion of a 5bp repeat at codon 1309 is the most frequently 
characterised alteration observed accounting for 15 to 20% of all mutations detected in 
APC, while a second 5bp repeat at codon 1061 accounts for between 7 and 9% of APC 
mutations (Miyoshi et.al, 1992a; Nagase et.al, 1992b; Groden et.al, 1993; Veresco 
et.a l, 1993). Together these two alterations represent more than a quarter of all
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germline APC  mutations characterised thus far, and more than 40% of mutations 
detected in the 5' half of exon 15 (Miyoshi e ta l, 1992a; Nagase et.al, 1992b; Groden 
et.al, 1993; Veresco et.al, 1993).

It has been postulated that sequences consisting of repeated bases or palindromic 
repeats have the potential to form complex secondary structures which may facilitate 
intra-strand misalignment of these repeats during replication, and as a consequence lead 
to deletion, insertion of duplication mutations (Glickman and Ripley, 1984). In regions 
of palindromic symmetry, misalignment may involve formation of a hairpin, or other 
secondary structure, in the DNA between direct repeats leading to a specific deletion 
event (Glickman and Ripley, 1984; Trinh and Sinden, 1991). Such mechanisms may 
help to explain why frameshift mutations, resulting from deletion or insertion at 
repeated bases and direct repeats, are such common events in mutagenesis of the APC 
gene (Miyoshi et.al, 1992a; Nagase et.al, 1992b; Nagase and Nakamura, 1993).

In the current study of 22 unrelated APC patients the common 5bp deletions at codons 
1309 and 1061 were detected in 5 and 2 APC cases respectively out of 14 mutations 
detected in total. Thus 50% of the alterations characterised in this study are due to two 
alterations, very much in accord with results of other studies (Miyoshi et.al, 1992a; 
Nagase et.a l, 1992b; Groden et.a l, 1993; Veresco et.a l, 1993). All mutations 
detected in this region, excepting one, were frameshift mutations resulting from 
deletions of between 2 and 5bp or single base pair insertions. Other than the two 
common deletions, these frameshift mutations consisted of a single base pair insertion 
at codon 764 in two unrelated individuals, a 4bp deletion at codon 1068, 2bp deletions 
at codons 1464 and 1567 respectively and a single base pair insertion at codon 1323.

Only one nonsense mutation, resulting from transition of a cytosine to a tyrosine 
residue creating a premature stop at codon 1368, was detected, in patient NMC5424. 
The majority of point mutations in the APC  gene have been detected in the first 14 
coding exons which were not analysed in the present study, with less than 20% being 
observed in the 5' half of exon 15 (Miyoshi et.a l, 1992a; Nagase et.a l, 1992b; 
Nagase and Nakamura, 1993). Single base pair substitutions constitute approximately 
40% of all APC mutations detected with the great majority of these predicted to lead to 
truncated protein products, either through directly creating stop codons or by mutations 
affecting splice donor or splice acceptor sites (Miyoshi et.al, 1992a; Nagase et.al, 
1992b; Nagase and Nakamura, 1993). Over 80% of point mutations reported in APC 
are the result of transition from a cytosine residue to another nucleotide most commonly 
tyrosine (Miyoshi et.al, 1992a; Nagase et.al, 1992b). It has been suggested that 
spontaneous deamination of 5-methylcytosine at CpG dinucleotides may be a common
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mechanism for base substitutions (Coulondre et.al., 1978). Transitions at CpG 
dinucleotides in the p53 gene are frequently observed in many cancers (Hollstein et.al., 
1991) although this seems not to be such a common mechanism in the APC gene where 
approximately one third of point mutations are C to T transitions occurring at CpG 
sites (Miyoshi et.al., 1992a; Nagase et.al., 1992b; Nagase and Nakamura, 1993).

One significant feature apparent from mutation analysis of the entire APC  coding 
region is that the deleterious mutation causing the APC phenotype have only been 
detected in approximately two thirds of all unrelated APC patients studied (Miyoshi 
et.al., 1992a; Nagase et.al., 1992b; Groden et.al., 1993; Olschwang et.al., 1993b). 
Although it is possible that the relative efficiencies of the techniques used for these 
analyses may account for a significant proportion of unidentified mutations, it seems 
unlikely in view of the fact that very similar efficiencies were reported using RNase 
protection and denaturing gradient gel electrophoresis (Miyoshi et.al., 1992a; Nagase 
et.al., 1992b; Olschwang et.al, 1993b). The efficiency of various mutation detection 
systems in relation to the present study will be discussed in greater detail in section 
4.2.5., suffice it to say that in one particular study, analysis of part of a section of exon 
15 of APC by direct sequencing identified only one mutation in 28 APC patients for 
whom no mutation had been detected using RNase protection and single-strand 
conformation polymorphism (SSCP) analysis (Mori et.al., 1993). By using sequence 
analysis which would be expected to detect 100% of sequence alterations, Morii et al 
(1993) have verified the high efficiency of the RNase protection analysis used.

Another possibility is that mutations occur in the 5' control or 5' noncoding regions of 
APC. Horii et.al. (1993a) have characterised two distinct non-translating exons from 
which 4 types of 5' noncoding sequence were generated by alternative splicing 
mechanisms. Reverse transcriptase PCR demonstrated all four alternatively spliced 
forms to be expressed at differing levels in a wide variety of tissues, except for lung, 
and in addition detected a fifth type of transcript specific to cerebrum and cerebellum 
(Hori et.al., 1993). Although Horii et.al. (1993a) further demonstrated one or another 
of the four transcripts to be absent in two colorectal cancer cell lines suggesting 
mutation had occurred in a relevant region, examination of the 5' noncoding region in 
28 unrelated APC individuals for whom no disease causing mutation had been found, 
failed to detect any alterations in this region (Mori etal., 1993).

Mutation analysis of the APC gene has so far been limited to exonic sequence only 
and has not included analysis of introns. Two deletions of 100 and 260 kb which were 
instrumental in localisation and eventual isolation of the APC gene, result in loss exons 
2 through to 15 and exons 10 through to 15 respectively (Joslyn et.al, 1991; Groden
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et.aly 1991). Combined with other mapping data, this suggests that the APC gene 
spans a genomic distance of over 300kb (Joslyn et.al, 1991; Groden et.al, 1991; 
Kinzler et.al, 1991b). Although it is possible that mutations in introns may have 
significant effects on gene expression, screening for mutations within intronic 
sequences is impractical. It is also possible that a significant proportion of APC 
patients harbour deletions similar to those described by Joslyn et.al (1991) which 
remove complete exons and therefore render them ineffective for PCR amplification 
strategies. Recently a gene responsible for tuberous sclerosis, TSC2 located on 
chromosome 16, has been isolated and shown to be deleted or rearranged in a number 
of TS patients using pulsed field and conventional Southern blot analysis (The 
European Chromosome 16 Tuberous Sclerosis Consortium, 1993). Such an approach 
may reveal a similar spectrum of alterations are responsible in a proportion of APC 
cases, although Southern blot analysis of 40 APC patients using three cDNA probes 
encompassing the APC  gene highlighted no such alterations (Cottrell, et.al, 1992). 
Alternatively Western blot analysis using APC specific antibodies could also be used to 
look for the presence of truncated APC proteins as a result of deletion removing exonic 
sequences from APC (Smith et.al, 1993).

Finally it is possible that the remaining one third of APC patients for whom no 
deleterious APC alteration has been found, are the result of mutation in a second APC 
gene. This seems unlikely however as linkage studies have never indicated any genetic 
heterogeneity in APC (Bodmer et.al, 1987; Leppert et.al, 1987). The involvement of 
a second gene in APC would require tight linkage to the APC gene on 5q21-22. As 
previously mentioned the gene MCC (mutated in colorectal cancer) is a candidate 
tumour suppressor which resides between 30 and 150kb distal to APC  (Joslyn et.al, 
1991; Groden et.al, 1993) and has previously been associated with sporadic colorectal 
tumourigenesis (Kinzler et.al, 1991a). Analysis of MCC for germline mutations in 
APC patients has however, failed to uncover any significant alterations (Nishisho 
et.al, 1991; Groden et.al, 1993)

4.2.2. Correlation between position of germline mutations and a severe 
phenotype.

Adenomatous polyposis coli is an inherited disease in which affected individuals 
characteristically develop multiple adenomatous polyps of the colon and rectum 
(Bussey, 1975; Bulow, 1986). Although the classical APC phenotype is defined as the 
development of over 100 polyps (Bussey, 1975), this number is extremely variable 
among unrelated APC patients and is often greater than 5000. Furthermore an 
attenuated form of APC (AAPC) has also been described in which affected individuals
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develop fewer polyps (ranging from 1 or 2 to over 100) and in which colorectal cancer 
occurs at a later age than in classical APC patients and earlier than in sporadic colorectal 
cancer (Leppert et.al., 1990; Lynch et.al., 1992). Linkage analysis in AAPC families 
suggested that the APC gene or a gene tightly linked to APC was responsible for this 
attenuated phenotype (Leppert et.al., 1990; Spirio et.al., 1992).

Nagase et.al. (1992a) conducted a study of adenomatous polyp profusion in APC 
patients to search for possible correlation between the number of polyps present 
throughout the colon and rectum of affected individuals and the position of the germline 
APC mutation. Using this as a phenotypic basis, APC patients were clinically divided 
into profuse types where over 5(KX) colorectal polyps develop, and sparse types where 
patients develop less than 2000 polyps (Utsunomiya, 1989 and 1990). In addition 
patients with a profuse polyp number develop cancer at a younger age than patients 
with a sparse number, thus further characterising the severity of the phenotype 
(Utsunomiya, 1990). Analysis of the entire APC coding region in 22 unrelated patients 
with variable colorectal polyp number revealed a region of APC between codons 1250 
and 1464, where germline mutations in all patients with a profuse phenotype were 
located (Nagase etal., 1992a). Mutations occurring prior to codon 1250 or proceeding 
codon 1464 resulted in the less severe, sparse phenotype. Furthermore one patient 
with a nonsense mutation at codon 1248 had only 425 colorectal polyps possibly 
defining a fine border between profuse and sparse types (Nagase et.al., 1992a). 
Interestingly the majority of somatic APC mutations detected in colorectal tumours are 
clustered between codons 1250 and 1550 (Myoshi etal., 1992a; Powell et.al., 1992) 
suggesting that perhaps mutations in this region result in a more aggressive phenotype.

The results presented in the current study are generally in support of those of Nagase 
et.al. (1992a), similarly defining a region in exon 15 of the APC gene where truncating 
mutations due either to nonsense mutation or frameshift mutation, are associated with 
adenomatous polyp profusion. Although a lack of detailed clinical information prevents 
accurate quantification of this association by determining precisely how many polyps 
constitute a profuse number, all patients where polyp numbers are known and with 
mutations of, or after, codon 1309 have thousands of polyps while those with 
mutations before this juncture have fewer polyps (i.e. IOC's). Nagase et.al. (1992a) 
were able to define a precise border at codons 1249 to 1250 which represented a 
transition from sparse polyposis to profuse polyposis, yet were unable to similarly 
define an exact border for transition back to sparse polyposis. A mutation in one 
patient with a sparse phenotype occurred at codon 1465 while the mutation immediately 
prior to that at codon 1330 was in a patient with a profuse phenotype (Nagase et.al., 
1992a). One patient analysed in the present study, patient NMC540, revealed a
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frameshift mutation due to a 2bp deletion at codon 1464. Clinical examination of this 
individual, who was a new mutation case, suggests that the patient had a profuse 
phenotype as colorectal polyps numbered greater than 2000. If this is indeed the case 
then a discrete border at codons 1464 to 1465 possibly defines the transitionaiy border 
from profuse to sparse polyposis. However, it should also be noted that patient FC262 
has a frameshift mutation at codon 1537, and although the number of colorectal polyps 
is not known this individual is classified as severely affected having died at the age of 
27 from desmoid disease. The germline APC  mutation in this patient is located in a 
region associated with sparse polyposis but, as previously mentioned, the sparse 
phenotype is also associated with a less aggressive form of APC characterised by a later 
onset of cancer development than in the profuse phenotype (Utsonumiya et.al., 1990). 
Such an association indicates that this individual could possibly have developed a 
profuse number of polyps throughout the colorectum.

APC patients analysed in this study and in similar studies from our laboratory have 
been additionally assessed for the severity of their APC phenotype according the age at 
diagnosis or of cancer development (see Table 3.16). Included within this series of 
APC patients were a subset of cases resulting from fresh mutation and therefore 
without a family history of the disease. Overall these results suggest a strong 
correlation between the location of mutations within the 5' half of exon 15 and the 
severity of the phenotype. In the series of 45 unrelated cases, a severe phenotype was 
evident in 9 patients manifesting the common AAA AG A at codon 1309. Furthermore 

all 7 patients with mutations downstream from this point, were also classed as severely 
affected. In addition there was a disproportionate representation of codon 1309 
AAAAGA in fresh mutation cases, 5 of 18 compared with 4 of 27 familial cases. 
Combining this with data for mutations downstream of this point reveals 8 of 18 new 
mutation individuals for whom the germline alteration was detected were severely 
affected. By comparison germline mutations were detected in only 6 severely affected 
individuals with a family history of the disease out of 27. Coupled with a further 3 
severe new mutation cases for whom germline mutations were not detected indicates 11 
of 18 (61%) new I mutation patients compared with 6 of 27 (21%) familial APC cases 
are phenotypically severe (significant at the 0.5% level, Chi squared test). This 
association may help to explain the paradox of an apparently high mutation rate [20- 
30%; (Bulow, 1987)] in a condition which is normally lethal at a post reproduction age 
(Bussey, 1975).

Whereas mutations occurring at or after codon 1309 of APC  were associated with a 
severe phenotype, mutations occumng prior to codon 1309 almost exclusively resulted 
in a less aggressive form of the disease. For 5 of the 6 mutations detected between
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codons 764 and 1068 of APC, patients were classified as phenotypically average. 
Polyp numbers in these individuals when known were always less than 500 which 
once again compares favourably with the classification by Nagase et.al. (1992a) of 
sparse polyp profusion prior to codon 1250. Of 18 new mutation cases classified only 
7 cases were of an average phenotype with the germline APC  mutation in only one 
individual (NMC551). By contrast 21 of the 27 familial APC cases studied were 
classified as either phenotypically average or late onset (possibly attenuated APC cases) 
with the deleterious APC mutation detected in 4 families. By exception familial case 
FC5383 has a severe phenotype characterised by early cancer development and profuse 
polyposis, even though the germline alteration, a frameshift mutation located at codon 
764, is the same mutation as described for the phenotypically average familial case 
FC5454. However affected individuals from FC5383 have been shown to harbour a 
second germline alteration (discussed in detail in section 4.1), detected by pulsed field 
gel electrophoresis and fluorescence in situ hybridisation, which also segregates with 
the disease and may contribute to the severe phenotype.

In view of the relationship between polyp profusion and the position of the germline 
APC mutation one might expect a similar correlation to be observed in attenuated APC 
phenotypes where colorectal polyp numbers are usually less than 1(X). Spirio et.al. 
(1993) have recently screened the APC gene for mutations in seven unrelated AAPC 
families and characterised four different alterations, one alteration being common to 
four of the families. All four mutations occur at the 5' end of APC and are terminating, 
predicted to generate truncated peptides of 83, 97, 145 and 156 amino acids 
respectively (Spirio et.al., 1993). Linkage analysis of the four unrelated AAPC 
families with the same disease causing mutation, a 2bp deletion at codon 142, revealed 
an identical disease haplotype in all affected individuals from these families (Spirio 
et.al., 1993). Previously the most 5' mutations detected were a nonsense mutation at 
codon 168 (Olschwang et.al., 1993a) and a 4bp deletion at codon 169 in two unrelated 
APC patients (Fodde et.al., 1992). Both of these mutations occurred in patients with a 
classical APC phenotype and suggest that the 10 amino acids between the most 3' 
AAPC mutation at codon 157 and the most 5' APC  mutation at codon 168 form a 
functional boundary which determines the phenotypic differences between the two 
(Spirio et.al., 1993). Two APC families for whom no germline mutation was 
characterised in the current investigation (FC5622 and FC552), are possibly of an 
attenuated phenotype as both are described as late onset. As such mutations in both 
families may be expected to reside in the region between codons 82 and 157 
characterised by 7 APC families with an attenuated phenotype (Spirio et.al., 1993). 
The phenotypic status of a third APC case (new mutation case NMC6303) possibly 
considered an AAPC individual due to late onset of the disease and who was screened
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for mutation in the 5' half of exon 15 of APC, has since been questioned and this 
individual is now not believed to be APC affected.

The APC phenotype is also associated with a number of extracolonic manifestations 
including epidermoid cysts, osteomas, desmoid tumours, upper gastrointestinal polyps 
and brain tumours (Gardner and Richards, 1953; Turcot, 1959). The expression of 
such manifestations varies considerably both in unrelated APC cases and intrafamilialy 
within APC pedigrees (Bussey, 1975; Kropilak e ta l,  1989; Utsunomiya et.al, 1990). 
Congenital hypertrophy of the retinal pigment epithelium (CHRPE) is a significant 
manifestation observed in APC patients, as such lesions appear early in development of 
the syndrome and are therefore diagnostically important (Traboulsi, et.al, 1987; 
Chapman e ta l, 1990). Although CHRPE lesions are a highly penetrant manifestation 
in APC, they also exhibit variability of expression both in number and in their 
occurrence among unrelated APC individuals (Traboulsi, et.al, 1987; Chapman e ta l,
1990).

Several studies documenting germline mutations of the APC gene have also attempted 
to draw correlation between the molecular alteration in APC  and the severity of 
extracolonic manifestations (particularly epidermoid cysts, osteomas, desmoid tumours 
and upper gastrointestinal polyps). A study by Nagase et.a l (1992b) of 29 APC 
patients for whom such clinical information was available in detail, revealed 17 patients 
with at least one extracolonic manifestation (i.e. epidermoid cysts, osteomas and 
desmoid tumours) as described in Gardners syndrome (Gardner and Richards, 1953) 
and 12 with upper gastrointestinal polyps. Analysis of the entire APC  coding region 
revealed no correlation between position of the germline mutations detected and the 
severity of these manifestations (Nagase et.al, 1992b). Furthermore, three individuals 
with the same alteration, a nonsense mutation at codon 302, all had different clinical 
phenotypes (Nagase e ta l,  1992b). The observation of identical mutations resulting in 
different APC phenotypes and the apparent absence of correlation between extracolonic 
manifestations and position of the APC mutation as observed by Nagase et.al (1992b), 
has similarly been observed by others (Nishisho et.al, 1991; Groden e ta l,  1991 and 
1993; Veresco et.a l, 1993; Paul et.a l, 1993). Unfortunately detailed clinical 
information of a similar nature was unavailable for many of the patients studied in our 
laboratory and we were therefore unable to assess our data with respect to the 
extracolonic manifestations described above.

A recent investigation has attempted to determine whether a molecular basis exists to 
account for the variability in expression of congenital hypertrophy of the retinal pigment 
epithelium (CHRPE) observed in APC patients. Whereas many of the extracolonic
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manifestations thus far discussed vary in their expression within pedigrees, CHRPE 
expression, as with adenomatous polyp profusion in the colorectum, remains relatively 
consistent within families (Olschwang et.al, 1993b). Olschwang et.al (1993b) have 
identified germline mutations in 42 unrelated APC families assessed for the expression 
of CHRPE. APC individuals were each assigned a CHRPE coefficient which 
represented the extent of their CHRPE lesions. The average coefficient among 
members of the same pedigree provided a familial score. Mutations in families with a 
positive CHRPE score (i.e. greater then 5 lesions) were positioned exclusively after 
exon 9 of APC while all mutations detected in families classified as CHRPE negative 
(i.e. 2 lesions or less) occurred prior to exon 9 (Olschwang e t.a l,  1993b). 
Furthermore two families which were classified as CHRPE intermediate (i.e. between 2 
and 5 lesions) harboured mutations within exon 9 itself (Olschwang et.al, 1993). It 
appears therefore that CHRPE expression in APC patients is critically determined by 
the position of the APC mutation with exon 9 providing a specific boundary.

The apparent correlation between CHRPE status and the location of the mutation 
within APC is consistent with the data obtained from the present study, although it was 
not possible to demonstrate a precise relationship as details of the CHRPE phenotype 
were only available for a small number of APC families. In addition the region 
screened for mutations in these families represented a region expected to be associated 
with CHRPE positive APC cases only, as determined by Olschwang e ta l  (1993b). 
Details of CHRPE status were available for 8 APC families, 6 of which were classified 
as CHRPE positive with the remaining two described as CHRPE negative. Screening 
of the 5’ half of exon 15 of APC revealed germline mutations in 5 of these families, all 
5 having been classed as CHRPE positive. Perhaps more significantly, deleterious 
mutations were not detected in the two APC families described as CHRPE negative 
who, according to Olschwang et.al (1993b), would be expected to harbour mutation 
prior to exon 9 of APC.

Identifying the precise mutations responsible for APC contributes significantly to an 
understanding of the underlying molecular mechanisms involved in phenotypic 
expression of the disease and of the various associated manifestations. Cumulative 
data, including the present study, suggests that the site of the deleterious mutation 
within APC is critically important in determining the degree of adenomatous polyp 
profusion, the expression of an attenuated, less aggressive form of APC, and of the 
occurence of congenital hypertrophy of the retinal pigment epithelium (Nagase et.al, 
1992a; Spirio et.al, 1993; Olschwang et.al, 1993b). An intriguing hypothesis to 
account for the observed correlations with APC  is that the boundaries representing 
variation in these three phenotypic stigma represent functionally important domains
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within the APC  gene, particularly as the borders separating sparse and profuse 
polyposis and attenuated and classical APC phenotypes appear so precisely defined 
(Nagase et.al., 1992a; Spirio et.al, \992i). Interestingly the exon 9 boundary which 
represents an intermediary between CHRPE positive and CHRPE negative expression 
is the only APC  coding exon shown to be alternatively spliced in a number of 
differentiated tissues (Groden et.al, 1991) although the significance of this fact is not 
known.

Analysis of the structure of the predicted protein product of APC identified a number 
of regions containing heptad repeat motifs believed to be capable of facilitating protein- 
protein interactions (Cohen and Parry, 1986; Kinzler et.a l, 1991b; Groden et.a l, 
1991). These peptide repeats are located entirely in the 5' half of APC  where the 
majority of mutations are clustered, and with one such repeat being located in the 
central portion of the gene (Kinzler et.al, 1991b). The fact that almost all APC  
mutations are terminating has led to the hypothesis that APC proteins truncated around 
codon 1300 retains the ability to mediate homo-and hetero-oligomerization (Nagase 
et.al, 1992). By binding to wild-type APC or other proteins involved in a functional 
complex, tmncated APC protein may produce dominant negative interactions with little 
or no supressive ability.

To see whether truncated APC protein could associate with wild-type protein in vivo, 
Su et.al (1993a) performed immunoprécipitation assays on lymphoblastoid cell lines 
from two APC patients with terminating mutations of the APC gene at codons 1211 and 
1309 respectively. Using antibodies specific for the carboxyl terminus of APC  and 
recognising epitopes between codons 2537 and 2843, one would expect to only 
immunoprecipitate wild-type APC protein from the two cell lines described. However 
immunoprecipitates derived from these two cell lines demonstrated wild-type and 
truncated APC proteins to be present at approximately equal concentrations, even when 
truncated APC was apparently more abundant in cell lysates (Su et.al, 1993a). These 
results strongly suggest that, in vivo, tmncated APC protein was able to associate with 
wild-type AP C  and that without this association truncated AP C  could not be 
immunoprecipitated (Su et.al, 1993a).

Dominant negative effects may also help to explain the positive correlation observed in 
AAPC patients. Spirio et.a l (1993) suggests that mutant alleles resulting in an 
attenuated APC phenotype may be null alleles with tmncated proteins being too short to 
efficiently interact with wild-type APC, whereas conventional APC  alleles are longer 
with greater potential for dominant negative interaction. In support of this Su et.al. 
(1993a) demonstrated that in vitro, the first 171 amino acid residues of APC  were
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sufficient for APC homo-oligomerisation and that the first 45 residues were necessary. 
It has also been postulated that truncated peptides predicted by mutation in AAPC 
patients are too short to be effective competitors in forming APC  complexes because 
they are either unstable or lack essential peptide sequences (Spirio et.al, 1993). In 
support of this hypothesis, Smith et.al (1993) were unable to detect truncated APC  
proteins smaller than SOkDa by Western blot analysis (full length APC  is 311kDa), 
concluding that very premature termination of APC  mRNA translation could lead to 
decreased mRNA stability.

The similar correlation observed between expression of AAPC and CHRPE 
phenotypes and the critical borders of their APC  mutations (at exon 4 and exon 9 
respectively), suggests that modulating the expressivity of these two manifestations 
may involve similar molecular mechanisms (Spirio et.al, 1993; Olschwang et.al, 
1993b). Interestingly exon 9 is the only coding exon of APC  shown to undergo 
alternative splicing in a variety of differentiated tissues, resulting in removal of 101 
amino acids from the predicted protein sequence (Groden et.al, 1991). It is also 
intriguing that, contained within full length exon 9, are two of the heptad repeat motifs 
implicated in protein-protein interactions. The effect of alternative splicing is to 
reconnect these two heptad repeat regions in proper heptad repeat frame, deleting the 
intervening peptide sequence (Groden eta l, 1991). The significance of this alternative 
splicing is unknown, although it suggests that CHRPE expression is possibly 
influenced by APC homo-oligomerisation with dominant negative activity. However, a 
dominant negative hypothesis is inconsistent with reports of patients with large 
deletions removing APC resulting in a classical APC phenotype and expression of the 
CHRPE manifestation (Herrera et.al, 1986; Joslyn et.al, 1991; Cross et.al, 1992; 
Hodgson et.al, 1993).

The presence of extracolonic manifestations other than CHRPE which show no 
correlation with position of the germline APC mutation (Nishisho e ta l,  1991; Groden 
et.al, 1991 and 1993; Veresco et.al, 1993; Paul e ta l ,  1993), may be due to such 
manifestations being partly under hormonal control or under the influence of other 
epigenetic factors. The onset of APC around puberty (Bulow et.al, 1986) and the 
regression of adenomatous polyps on administration of the non-steroidal anti
inflammatory drug sulindac (Waddell et.al, 1983; Labayle et.a l, 1991) are two 
examples which possibly represent such phenomena. The origin of neuroepithelial 
tumours of the central nervous system in association with APC as characterised by 
Turcot (1959), is also unknown although a recent investigation of three individuals 
with Turcot syndrome have demonstrated germline mutation of the APC  gene, the 
position of which also appears not to be correlated with phenotype (Mori e ta l, 1994).
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The phenotypic heterogeneity observed in APC patients may reflect variance in other 
genes, perhaps unlinked modifiers. The potential contribution of a modifying locus has 
been suggested following studies of a mouse lineage analogous to APC  in humans 
(Moser et.al., 1990 and 1992; Su et.al, 1992). By treating mice with a powerful point 
mutagen, ethylnitrosourea (Enu), followed by screening for a defined mutant 
phenotype, Moser et.al (1990) identified a fully penetrant disease phenotype associated 
with a predisposition to multiple intestinal neoplasia (Min) and transmitted in an 
autosomal dominant fashion. Following isolation of the murine homologue of the APC 
gene {mApc), linkage analysis in Min affected mice revealed mApc to be tightly linked 
to the Min locus (Su et.al, 1992). Sequence analysis of mApc demonstrated 86 and 
90% homology to APC  at nucleotide and amino acid levels respectively, with 
conservation of all the amino acid motifs identified in APC . That mApc was 
responsible for the Min phenotype was confirmed when a germline nonsense mutation 
at nucleotide 2549 (codon 850) of the mApc gene was detected in separate Min mice 
and subsequently shown to segregate with the disease (Su e ta l,  1992).

The Min phenotype was further characterised by generating hybrids of Min mice 
crossed with other inbred strains. First generation hybrids revealed an attenuated Min 
phenotype consisting of reduced numbers of intesinal polyps and a longer life span 
(Moser et.al, 1992). The attenuated Min phenotype was fully penetrant in hybrid 
animals and indicates the presence of alleles in these strains of mice which can act to 
dominantly modify the action of Min resulting in a decreased number of tumours 
(Moser et.al, 1992). Spirio et.al (1993) postulated that the variation in polyp number 
observed in association with AAPC alleles in humans, ranging from 1 or 2 to 100 or 
more, could also be controlled by modifying genes, pointing out that the distribution of 
adenomas among carriers of AAPC alleles is similar to that observed in Min hybrids 
(Moser e ta l,  1992). Recent studies have also demonstrated an increased susceptibility 
to mammary carcinomas and focal alveolar hyperplasias in female Min affected mice, 
albeit with a greatly reduced penetrance (Moser et.al, 1993). As with the reduced 
expression of intestinal polyps in hybrid Min mice, the increased incidence of 
mammary tumours may also be the result of unlinked modifier alleles (Moser et.al, 
1993).

In confirmation of the existence of modifying alleles which can act in a dominant 
fashion to confer partial resistance to the Min phenotype, Dietrich et.al (1993) have 
found strong evidence for a major modifier locus, referred to as Mom-1 (for modifier 
of Min 1), which maps to mouse chromosome 4 with a LOD score in excess of 14. 
They point out however, that Mom-1 accounts for only about 50% of the variance
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observed in interspecific backcrosses, and that there must be other modifier loci with 
weaker effects (Dietrich et.al, 1993). Intriguingly the lOcM region to which Mom-1 
has been mapped is syntenic with human chromosome lp35-36, a region which has 
been documented as showing frequent somatic loss in colon cancer and other human 
malignancies (Leister et.al, 1990; Mathew et.aL, 1987).

4.2.3. Presymptomatic diagnosis in APC patients.

Isolation of the APC gene and characterisation of the spectrum of mutations within 
APC  is of particular significance with regard to genetic testing of at-risk family 
members for the specific causative germline mutation. Presymptomatic diagnosis 
involving genetic testing through identification of the specific gene defects in at-risk 
individuals has been effectively performed in, for example, cystic fibrosis (Lemma 
et.al, 1990; Shuber et.al, 1993) and Tay-Sachs disease (Triggs-Rein et.al, 1990). 
Prior to isolation of the APC  gene, presymptomatic testing in APC often required the 
use of linked DNA markers for predictive analysis (Burn et.al, 1991; MacDonald 
et.al, 1992). Such methods, however, are limited in that pedigree structures or 
linkage markers may be uninformative and many family members are often required for 
testing. APC is a highly penetrant autosomal dominant disease and offspring of 
affected individuals are at 50% risk of inheriting the disease. Management of such at- 
risk individuals requires annual endoscopic examination of the colon beginning at 
puberty when the condition often manifests itself. Identification of the specific APC  
mutation in APC families would therefore enable unequivocal diagnosis of those 
individuals with a 50% risk of inheriting the disease.

As previously mentioned, the APC gene consists of approximately 8500 nucleotides 
and spans over 300 kb of the genome (Joslyn e ta l, 1991; Groden et.al, 1991; Kinzler 
et.al, 1991). The majority of germline APC  mutations thus far characterised are 
located in the 5' half of the gene and, with the exception of two 5bp deletions at codons 
1309 and 1061 which represent about one quarter the total APC  mutations so far 
detected, are generally unique alterations (Nishisho et.al, 1991; Groden et.al, 1991 
and 1993; Miyoshi et.al, 1992a; Fodde et.al, 1992; Cottrell et.al, 1992; Nagase 
et.al, 1992b; Varesco et.al, 1993; Olschwang et.al, 1993 a and b). The techniques 
which have been used for mutation analysis of APC  all rely on PCR amplification of 
small regions of the gene, often less than 400bp in length, followed by analysis of each 
small section individually. Screening of the entire APC gene using such an approach is 
therefore time consuming, laborious and consequently impractical for analysing a large 
number of APC individuals.
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Two essential features of any method used for genetic testing and subsequent 
presymptomatic diagnosis, are the efficiency with which mutations can be detected and 
the speed at which screening of affected, unaffected and at-risk individuals can be 
performed. In the current study the 5' half of exon 15 of APC, in which 70 to 75% of 
reported APC  mutations are clustered (Miyoshi et.al., 1992; Nagase et.al, 1992b), 
was analysed in 9 overlapping sections. The relative merits of the system used for 
mutation detection in this study will be discussed in detail in section 4.2.5. suffice it to 
say here that the non-radioactive SSCP method utilised was both rapid, potentially 
analysing one of the nine sections of exon 15 in 24 individuals in less than three hours, 
and efficient, detecting mutations in 14 of 22 (64%) unrelated APC cases. In addition it 
has been possible to perform presymptomatic diagnosis on 4 individuals from 3 
families, even though the disease causing mutation was detected in only 2 of the 
families. Diagnosis of two individuals from family FC282 and one individual from 
family FC152, for whom there was no prior knowledge of gene status, demonstrated 
that the disease causing APC  mutation had not been inherited by either of the two 
individuals from family FC282, but that individual FC152IV4 had inherited the disease 
causing alteration from her father. The mutations detected in all APC patients studied 
will be of use in the future for presymptomatic diagnosis of at-risk individuals.

When direct genetic testing indicates that an individual within an APC kindred has not 
inherited the disease mutation and is therefore not at risk for APC, the lifetime risk of 
colorectal cancer in that individual becomes that of the general population. Petersen 
et.al. (1993) recommends, however, that such individuals should still be screened by 
flexible sigmoidoscopy at three time points, 18, 25 and 35 years, to accommodate any 
false negative results from laboratory error or infrequent phenomena such as tissue 
mosaicism or de novo mutation. Petersen et.al (1993) also highlight the importance of 
genetic testing in APC in that such testing would relieve the anxiety of those individuals 
who do not have the APC mutation, along with the discomfort of annual colorectal 
screening, while better preparing individuals who have the APC  mutation for the 
recommended colon screening program.

In view of the problems associated with large scale screening in APC families, several 
investigations have attempted to develop mutation detection systems for 
presymptomatic testing in which analysis of commonly mutated regions of APC  (i.e. 
regions which are most likely to harbour the disease causing mutation) are analysed 
first. Ando et.al (1993) have developed a rapid 12 system screening procedure which 
involves a combination of restriction enzyme digestion assays coupled with PCR based 
systems for the detection of small deletions and point mutations. Point mutations, 
deletions or insertions at 7 loci which had previously been detected in two or more
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unrelated APC patients, and which resulted in either creation or abolition of a restriction 
enzyme site, were detected by PCR amplification across the mutated region followed by 
digestion with the appropriate restriction enzyme and analysis for the presence or 
absence of the relevant cleavage site after agarose gel electrophoresis. Common 5bp 
deletions at codons 1309, 1061 and 1546 and a 4bp deletion at codon 1156, were 
detected by designing oligonucleotide primers for PCR amplification across the deleted 
region to produce fragments of between 70 and 116bp. As the products of these 
reactions were small, mutant homoduplex products could be separated from wild-type 
homoduplex products by polyacrylamide gel electrophoresis and visualised after 
ethidium bromide staining (Ando et.ai, 1993). Using this 12 step system, Ando 
et.al.{l993) were able to detect 42 % of germline mutations from a panel of 95 APC 
families for whom the mutation had been previously characterised.

One salient feature of APC germline mutations apparent from all investigations is that 
the vast majority of alterations are predicted to be terminating thus leading to the 
production of truncated mutant APC  protein (Nishisho et.al., 1991; Groden et.al., 
1991 and 1993; Miyoshi et.al., 1992a; Fodde et.aL, 1992; Cottrell et.aL, 1992; Nagase 
et.ai, 1992b; Varesco et.ai, 1993; Olschwang et.ai, 1993 a and b). This in itself 
provides an opportunity for a mutation study potentially useful at the level of 
presymptomatic diagnosis, based on the detection of truncated APC  proteins. Indeed 
Smith et.ai (1993) has demonstrated that truncated APC protein was detectable in 75% 
of colorectal tumour cell lines using Western blot analysis with a series of monoclonal 
and polyclonal antibodies specific to the APC  protein. As most mutations thus far 
characterised in APC  are in the 5' half of the gene the majority of truncated APC  
proteins should be easily distiguishable from wild-type protein product, which is about 
300kDa, although Smith et.ai (1993) were unable to detect truncated proteins smaller 
than SOkDa.

Recently a protein based mutation detection system has been described for Duchenne 
muscular dystrophy (DMD) which is also characterised by a high proportion of 
terminating mutations (Roest et.a i, 1993). The DMD gene is particularly large 
consisting of 79 exons and spanning a genomic distance of approximately 2,400 kb 
(Den Dunnen et.a i, 1989) and therefore methods such as DDGE and SSCP are 
impractical as mutation detection systems. Roest et.ai (1993) have developed a system 
whereby RNA is isolated from peripheral blood lymphocytes followed by reverse 
transcription and PCR amplification. Nested PCR amplification is then performed 
using an oligonucleotide primer modified by the addition of a T7-promoter and 
eukaryotic translation initiation sequence to produce a modified product which may be 
transcribed and translated in vitro (Roest et.ai, 1993). If mutation within the amplified
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segment creates a termination codon, then the truncated protein product will 
distinguishable from wild-type protein after polyacrlamide gel electrophoresis. Such a 
system is capable of analysing fragment sizes of 5000 bp and greater in one 
transcription/translation step and in addition detects only disease causing alterations and 
not phenotypically silent mutations (Roest et.al, 1993). The protein truncated test 
described here would be ideal for analysing alterations in the APC  gene rapidly and 
extremely efficiently. Furthermore as 70-75% of APC mutations occur in the 5’ half of 
a single exon, such analysis in this region could be performed directly from genomic 
DNA without the need for RNA isolation.

As previously mentioned analysis of the APC coding sequence in its entirety using a 
variety of mutation detection techniques have, in general, revealed deleterious germline 
mutations in about two thirds of APC patients analysed (Miyoshi et.al, 1992a; Nagase 
et.al, 1992b; Groden et.al, 1993; Veresco et.al, 1993; Olschwang et.al, 1993b). 
Screening of the 5' untranslated region of the APC  gene has failed to detect further 
mutations in individuals for whom no alterations have been characterised (Mori et.al, 
1993) while no reports of examination of APC intronic sequences for such individuals 
have been published. Thus, the disease causing mutation remains to be identified in 
approximately one third of APC cases. A proportion of these alterations are likely to 
result from interstitial deletions which remove all of part of the APC  coding sequence 
rendering them undetectable by PCR based mutation detection assays (Joslyn et.al, 
1991; Cross et.al, 1992; Hodgson et.al, 1993). The identification of non-disease 
associated alterations in APC as described, for example, in family FC552 in the present 
study, are essential tools for presymptomatic diagnosis. Although the disease causing 
mutation in this family has not been characterised, the fact that individual FC552III1 
did not inherit a rare non-disease mutation, a T to G transition at codon 1083, which 
segregates with the non disease haplotype suggests that this individual must have 
inherited the disease haplotype from his mother and is therefore likely to be affected.

For potentially affected individuals from APC families without characterised germline 
mutations it is essential that presymptomatic diagnosis continues to be performed by 
means of linkage to markers closely related to the APC  gene. In this respect the 
common polymorphism detected at codon 1493 in this investigation, as well as the 
rapidity and efficiency of the technique employed for SSCP analysis in characterising 
this change, is particularly useful for initial genotyping of a large number of 
individuals.
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4.2.4. Somatic mutations of the APC gene.

The nature of somatic mutations of APC  occurring in colorectal adenomas and 
carcinomas is similar to that of germline APC  mutations, in their frequency of 
detection, proportion of nonsense and frameshift mutations and in their distribution 
(Powell et.al., 1992; Miyoshi et.al., 1992b). The vast majority of somatic changes are 
similarly predicted to lead to truncation of the APC protein product. Although somatic 
mutations are located almost entirely in the 5' half of APC, the frequency of their 
distribution within exon 15 appears to undergo a more clearly defined clustering than 
germline mutations with the majority of mutations in this region being located in a small 
section of less than 800bp (i.e. about 10% of the APC coding sequence) and termed the 
mutation cluster region (Powell et.al., 1992; Miyoshi et.al., 1992b; Nagase and 
Nakamura, 1993). Moreover the features of somatic mutations described here are 
common to colorectal tumours from both APC patients and sporadic colorectal cancer 
patients suggesting similar molecular mechanisms are involved in the development of 
both (Powell et.al, 1992).

Investigations to date have detected somatic alterations in APC in approximately two 
thirds of tumours studied although this is likely to be an underestimate of the true 
prevalence as neither the 5' flanking region or intronic sequences of APC  have been 
studied (Powell et.al, 1992; Miyoshi et.al, 1992b; Nagase and Nakamura, 1993). In 
addition two alterations consisting either of mutation of one allele and loss of the 
second allele or mutation presumably of both alleles, have been reported in a number of 
tumours (Powell et.al, 1992; Miyoshi et.al, 1992b; Ichii et.al, 1992). Indeed Powell 
et.al. (1992) predicted there would be no normal functioning APC  protein in 34% of 
tumours analysed due to inactivation of both alleles. Ichii et.a l (1992) examined 
multiple adenomas developed in one APC patient with a constitutional 5bp deletion at 
codon 1309 of APC, and detected loss of the normal APC allele in 10 of 15 adenomas. 
Analysis of multiple adenomas from a further three APC individuals has similarly 
demonstrated a somatically derived alteration in 21 tumours and again one presumes 
mutation of the second APC allele (Ichii e t.a l,  1993). On the basis of these 
observations it would appear that a two-hit model for tumourigenesis, as proposed by 
Knudson (1971) for the retinoblastoma gene, also applies to the APC gene in the 
progression of colorectal cancer.

In the current investigation 30 adenomas and one carcinoma from 6 APC patients were 
examined for somatic alteration in the 5' half of exon 15 of the APC gene. In 4 of the 6 
individuals the germline mutation had been characterised and was subsequently shown 
to be present in tumour derived DNA from these patients. In addition alterations unique

Page-240-



to tumour DNA and consisting either of allelic loss or a second mutation were detected 
and precisely characterised in 15 of the 30 adenomas (50%) while the single carcinoma 
exhibited a second, somatically derived mutation in addition to apparent loss of the 
mutant germline allele. Moreover, two adenomas from one patient exhibited variant 
SSCP conformers not observed in constitutional DNA from the same individual, which 
although not characterised by sequence analysis, indicate two further somatic mutations 
are present. As the majority of tumours analysed here are from three APC patients, it is 
not appropriate to compare the mutation detection rate here with that of other studies 
which have analysed unrelated adenomas and carcinomas both from APC affected 
individuals and sporadic colorectal cancer patients (Powell et.al., 1992; Miyoshi et.al., 
1992b). However, the results here similarly support the two-hit model for 
tumourigenesis proposed by Knudson (1971), and suggested by other investigations of 
colorectal tumours (Powell et.al., 1992; Miyoshi et.al., 1992b).

Colorectal tumours varying in size and the degree of dysplasia have been analysed for 
APC alterations and demonstrate the frequency of mutations detected to be independent 
of size or degree of dysplasia of the tumour (Powell et.al., 1992; Miyoshi et.al., 
1992b; Ichii et.al., 1992 and 1993; Nagase and Nakamura, 1993). Powell et.al.
(1992), for example, has reported somatic mutations in 63% of colorectal adenomas 
ranging in size from 0.5cm to 3.5cm, and 60% of colorectal carcinomas of either Dukes 
stage A, B or C (Dukes et.al., 1952), all derived from sporadic colorectal cancer 
patients. This suggests that mutations of APC  are early if not initiating events in the 
development of colorectal tumours. In the current study somatic alterations were 
detected in colorectal adenomas with varying degrees of dysplasia and ranging in size 
from 5mm to 3cm. It is interesting to note that somatic changes in 5 of 9 adenomas 
from APC case FC5454III2, consisting of mutation, allele loss or unique SSCP 
variants, were in the largest tumours from this patient. Similarly of 11 adenomas 
investigated from APC patient FC5383III9, mutations were detected in two 3cm 
tubulo-villous adenomas with mild to moderate dysplasia and in none of the remaining 
9 adenomas described as large (approximately 10mm) adenomas all with mild 
dysplasia. Prior to isolation of the APC  gene, point mutation in the oncogene K-ras 
had been documented as the earliest alteration detected in colorectal tumourigenesis 
(Vogelstein et.al., 1988). However, analysis of early stage colorectal tumours with 
APC mutations demonstrated alteration in K-ras to be rare, which is consistent with the 
idea APC mutations precede those of K-ra^ (Powell et.al, 1992; Ichii et.al, 1993).

Two investigations by Ichii et.al (1992 and 1993) are particularly interesting for the 
fact that APC mutations in groups of adenomas from APC individuals demonstrate an 
apparent clustering either in their nature or distribution. Allele loss for example, was
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detected in 10 of 60 adenomas derived from 7 APC patients with all 10 adenomas 
which exhibited loss derived from one individual with a constitutional 5bp deletion at 
codon 1309 of APC (Ichii et.al, 1992 and 1993).

In light of the reports by Ichii et.al. (1992 and 1993) describing an APC patient with a 
germline 5bp deletion at codon 1309 and a high proportion of allele loss in adenomas 
from this patient, it is intriguing to note that in the present investigation 4 of 7 
adenomas from patient NMC535IV with an identical 5bp germline deletion, 
demonstrate loss of the remaining wild-type allele. This compares with loss of 
heterozygosity detected in a further 3 adenomas of 23 derived from 5 APC patients 
without the 5bp deletion at codon 1309. Ichii et.al. (1993) suggest that the inheritence 
of fragile sites on chromosome 5q may be responsible for the non-random breakage 
observed resulting in allele loss in such patients, perhaps acting as specific targets for 
mutagenic activity.

Southern blot hybridisation analysis performed in this laboratory on the same tumour 
material from APC patient NMC535IV investigated here, had previously demonstrated 
loss in the same four adenomas based on the perceived gene order centromere-MCC- 
APC-telomere (Rees et.al, 1993). However recent mapping data has suggested a 
revised gene order of centromere-APC-MCC-telomere (Ward et.al, 1993) indicating 
the APC gene was no longer located in the deleted region characterised by Rees et.al. 
(1993). The heteroduplex mismatch and homoduplex analysis performed on adenomas 
from NMC535IV in the present study extend the region of loss observed for the MCC 
gene (Rees et.al, 1993) to include APC thereby demonstrating both APC and MCC 
genes to be deleted. In a recent study investigating loss of heterozygosity in sporadic 
colorectal carcinomas, Curtis et.al, (1994) demonstrated 21 tumours exhibiting 
regional allele loss on the long arm of chromosome 5. In all 21 carcinomas loss 
involved both APC and MCC gene loci with no tumours revealing LOH of either gene 
independently (Curtis et.a l, 1994). Again this perhaps suggests the existence of 
fragile sites on chromosome 5q favouring non-random breakage outside the APC/MCC 
gene region.

Further to the investigation of Ichii et.al (1993) somatic mutations in two individuals 
were clustered within small intervals of the APC gene, with 8 of 9 mutations located in 
a 15bp span between codons 1489 and 1494 in one individual, and 4 of 9 mutations 
clustered within a 24 bp section between codons 1422 and 1429 in the other (Ichii 
et.al, 1993). The clustering of APC mutations observed in specific patients may be 
due to environmental influences and perhaps the nature of specific carcinogens which 
could target regions of the gene sensitive to mutation. With regard to this hypothesis, it
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is interesting to note the type and distribution of somatic APC  mutations in gastric 
cancer which may be influenced by different environmental effects and carcinogens. 
Analysis of 30% of the APC  coding region, including the mutation cluster region 
(MCR), in 57 sporadic gastric carcinomas revealed mutations of APC  in 12 gastric 
tumours (Nakatsura et.al., 1992). Whereas the great majority of somatic A P C  
mutations in colorectal tumours are nonsense or frameshift with approximately 70% 
located within the MCR, mutations of APC in 9 of the 12 gastric cancers were missense 
and evenly distributed across he region examined (Nakatsura e ta l,  1992).

Alternatively the constitutional alteration may influence the normal copy of APC  
directing the second hit and thereby causing the patient specific mutation clustering 
observed in APC patients. Such a hypothesis is interesting in light of the clustering of 
profuse polyposis APC phenotypes in which the germline APC  mutation of patients 
with large numbers of adenomatous polyps are located between codons 1250 and 1465 
whereas the mutations in patients with fewer polyps are located either prior to or 
proceeding these two junctures (Nagase et.al., 1992a). Results from the present study 
would perhaps argue against this hypothesis however, as somatic alterations in 
colorectal adenomas of patients FC5383III5 and FC5454III2, who both have the same 
germline insertion at codon 764, differed in both frequency of detection and 
distribution. As discussed previously this observation may be due to the second 
germline alteration detected in affected relatives of patient FC5383III5, a large germline 
rearrangement around the APC locus, possibly influencing the nature of somatic APC 
mutations in this family.

As APC  is expressed in a variety of tissues (Kinzler et.ai, 1991b; Groden et.ai, 
1991), it is of interest to know whether mutations in the APC gene are involved in the 
expression of extra colonic manifestations associated with the APC syndrome and other 
unrelated malignancies (Gardner and Richards, 1993). In addition to alterations in 
colorectal cancers, loss of heterozygosity around APC  and MCC loci on 5q21-22, has 
been observed in a variety of unrelated tumour types including small cell lung 
carcinoma (D'Amico et.a i, 1992; Ashton-Rickardt et.a i, 1991), hepatocellular 
carcinoma (Ding et.ai, 1991), oesophageal cancer (Boynton et.ai, 1992) and renal cell 
carcinoma ( Morita et.ai, 1991). Allele loss has also been observed in manifestations 
associated with APC including desmoid tumours (Okamoto et.a i, 1990) and in 
colorectal tumours from patients with the inherited cancer syndrome ulcerative colitis 
(Greenwald et.ai, 1992). As allelic loss is characteristic of the presence of a tumour 
suppressor gene (Cavenee et.ai, 1993) it is possible that the target of loss observed at 
5q21-22 in tumours other than those associated with APC  and sporadic colorectal 
cancer is the APC gene itself.
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Desmoid tumours are locally invasive benign growths which occur in APC patients 
usually after abdominal surgery, and although appear unable to progress to metastasis 
will recur after specific surgery to remove the tumour. Analysis of the APC  gene has 
demonstrated the occurrence of somatic mutations in desmoid tumours consistent with a 
two-hit theory for tumour progression (Sen Gupta et.al, 1993; Miyaki et.al, 1993). 
Somatic APC  mutations thus far described in desmoids are all inactivating and in 
concordance with the distribution of somatic alterations in the mutation cluster region 
described by Miyoshi et.al (1992b). 5 of the 9 reported changes are, however, the 
result of uncharacteristically gross intragenic sequence errors consisting of deletions 
between 8 and 107bp in 4 tumours and a repeat of 82 bp in another (Sen Gupta et.al, 
1993; Miyaki et.al, 1993). This perhaps suggests that the mechanism involved in 
somatic mutation in desmoid tumours is a variant of that involved in somatic mutation 
of APC  in colorectal tumours, and is also likely to be the result of replication error 
(Miyaki et.al, 1993).

Analysis of very well differentiated gastric adenocarcinomas and signet-ring cell 
gastric carcinomas has also demonstrated somatic mutation of APC  which is perhaps 
not surprising in view of the fact that the incidence of gastric cancer in APC patients is 
10 times that of the general population (Nakatsura et.al, 1992; Utsunomiya, 1990). As 
previously mentioned only a small part of the APC  gene was analysed in detecting 
somatic mutations in 21% of gastric tumours, and as the spectrum of mutations were 
significantly different from those detected in colorectal tumours, it is likely that the 
analysis of the APC gene in gastric adenocarcinomas and carcinomas would yield other 
somatic alterations (Nakatsura et.al, 1992). More recently it has been demonstrated 
that APC is also somatically mutated in 4 of 10 flat adenomas of the stomach which 
suggests the APC gene plays a critical role in the early development of gastric 
carcinogenesis (Nakatsura et.al, 1993).

Somatic mutations in APC have also been characterised in 4 of 10 pancreatic cancers 
following analysis of the MCR and flanking regions in exon 15 (Horii et.al, 1992). 
All four mutations were of a similar nature to other somatic mutations in this region of 
APC (i.e. small deletions leading to frameshift) and, combined with previous data 
indicating Y^-ras mutations (Almoguera et.al, 1988), p53 mutations (Barton et.al, 
1991) and loss of DCC expression (Hoehne et.al, 1992) which commonly occur in 
pancreatic tumours, suggest mechanisms involved in the progression of these 
malignancies are similar to those which occur in colorectal tumourigenesis. Somatic 
APC mutations were, however, not detected in renal cell carcinomas, hepatocellular 
carcinomas and lung cancers, even though, as previously mentioned, loss of
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heterozygosity studies had implicated the involvement of a tumour suppressor gene at 
5q21-22 in these tumour types (Morita e ta l,  1991a and b; Ding e ta l,  1991; D'Amico 
e ta l ,  1992; Ashton-Rickardt e ta l,  1991). Again the APC gene was only partially 
analysed in these studies and it is therefore possible that examination of the entire 
coding region of APC  will reveal somatic alterations of APC  in these tumours (Horii 
e t .a l ,  1992). However, it has also been postulated that a second, as yet 
uncharacterised tumour supressor gene located on the long arm of chromosome 5 also 
contributes to colorectal tumourigenesis (Ichii eta l, 1993) and it is perhaps more likely 
that a different gene on 5q is additionally involved in tumours of the lung, liver and 
kidney (Horii e ta l,  1992).

4.2.5. Efficiency of single-strand conformation polymorphism analysis.

The detection of mutations in human genetic diseases is of major importance not only 
in assessing candidate genes for their causal relationship with the phenotype of a 
particular disease, but also for identifying new alleles at known loci which are useful in 
diagnostic studies and analysis of the structure and function of genes. The detection of 
mutations in nucleic acid sequences has involved the evolution of a number of PCR 
based mutation detection systems all designed for efficient screening of genes for point 
mutations and other discrete intragenic alterations. Several features of APC mutations 
make the APC gene susceptible to efficient mutation analysis of genomic DNA derived 
from APC patients and colorectal tumours, using many of the commonly used 
techniques. By example, mutation detection systems which have been successfully 
employed in characterising mutations in the AP C  gene include single-strand 
conformation polymorphism (SSCP) analysis (Groden et.al, 1991 and 1993; Veresco 
et.al, 1993; Cottrell e ta l ,  1992), denaturing gradient gel electrophoresis (DOGE) 
(Olschwang et.al, 1993a and b), RNase protection analysis (Nishisho et.al, 1991; 
Miyoshi e ta l, 1992a and b; Nagase e ta l, 1992a and b), heteroduplex analysis (Mandl 
et.al, 1994) and direct sequencing (Powell et.al, 1992).

Almost all mutations thus far described in APC occur within exonic sequences (see 
Nagase and Nakamura, 1993) allowing analysis of mRNA and genomic DNA to be 
performed. In addition nearly three quarters of APC mutations occur in approximately 
3kb of a single exon of the APC gene, and so even if patient mRNA is unavailable the 
majority of mutation analysis can be confidently performed on one large uninterrupted 
section of genomic DNA. In view of this latter point, it is perhaps surprising that 
chemical cleavage analysis (Cotton et.al, 1988), which is reported to be extremely 
sensitive in detecting mutations in fragments over lOOObp and is capable of detecting 
mutations in fragments up to 1.7kb (Zheng e ta l ,  1991), has not been described in
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screening of the APC  gene. As previously mentioned a large proportion of APC  
mutations (greater than 60%) are frameshifts resulting from intragenic microdeletions 
and insertions (Nagase and Nakamura, 1993). The occurrence of such alterations 
enables efficient mutation analysis using many of the widely used detection techniques, 
whereas proficiency in detecting single base pair changes appears very much more 
dependent on the mutation system used. Finally, the high proportion of inactivating 
mutations in APC  which are predicted to result in the production of truncated APC  
protein (greater than 95% of mutations), enables protein analysis to be utilised for 
detecting mutations (Smith gr.aZ.,1993; Su al., 1993a).

In the present study the techniques of SSCP and heteroduplex mismatch analysis were 
combined using the Pharmacia PhastSystem to search for mutations in the APC gene in 
a series of APC patients and, where available, colorectal tumour material from the same 
patients. Single-strand conformation polymorphism (SSCP) analysis is a rapid 
mutation detection technique which relies on the principle that single-stranded DNA will 
fold into unique conformations determined by the primary sequence and which 
manifests itself as DNA fragments of varying electrophoretic mobility's during non
denaturing polyacrylamide gel electrophoresis (Orita et.al., 1989a and b). In the past 
SSCP analysis has involved the use of radioactive isotopes usually incorporated into 
PCR amplified DNA and, following dénaturation, electrophoresis through large non
denaturing polyacrylamide gels (e.g. Cawthon et.al., 1990). Consequently radio
isotopic SSCP has been considered both cumbersome and time consuming prompting 
the development of non-radioactive detection systems using silver staining (Ainsworth 
et.al., 1991). This was further modified with the use of an automated minigel 
electrophoresis and staining system, the PhastSystem (Pharmacia), for extremely rapid 
and sensitive PCR-SSCP analysis (Dockhom-Dwomiczak et.al., 1991). Heteroduplex 
formation in the PCR reaction resulting in mismatches between wild-type and mutant 
DNA has also been used as the basis for a mutation detection system (Keen et.al.,
1991). Heteroduplexes have a retarded mobility in non-denaturing gels compared to 
homoduplex DNA and additional bands may be observed particularly if the mutant 
DNA strand contains small deletions or insertions (Keen et.al., 1991).

SSCP has been reported to be less sensitive than other mutation detection systems but 
has the advantage of being rapid and simple to perform (Condie et.al., 1993). 
Radioactive SSCP appears less efficient than the non-radioisotope methods described 
(Ainsworth et.al., 1991; Dockhom-Dworniczak et.al., 1991) as autoradiography often 
results in obscure band patterns with poor resolution, while automation using the 
PhastSystem has been shown to further improve all round efficiency (Dockhom- 
Dwomiczak et.al., 1991). The high incidence of small deletions in exon 15 of APC
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has enabled efficient detection of mutations in this region based on the formation of 
heteroduplexes, either through direct analysis of electrophoretic variants in the course 
of SSCP (e.g. Groden et.al, 1991 and 1993) and DOGE (e.g. Fodde et.al, 1992), or 
by improving the sensitivity of techniques such as RNase A digestion (e.g. Miyoshi 
et.al, 1992a and b) and sequence analysis (Powell et.al, 1992). The use of SSCP in 
combination with a heteroduplex mismatch analysis using the PhastSystem, as 
performed here, has demonstrated that mutations can be detected simultaneously in both 
the single-strand pattern and the double stranded heteroduplex pattern and consequently 
the sensitivity of the SSCP technique is significantly improved. Heteroduplexes were 
targeted deliberately by allowing denatured amplification products to reanneal in the 
presence of formamide prior to electrophoresis. In this way single-stranded fragments 
were retained on polyacrylamide gels while optimising the formation and detection of 
heteroduplexes.

Of 14 germline mutations detected in the APC gene in unrelated APC patients using 
the SSCP and heteroduplex analysis described, 13 were detected as heteroduplex 
variants of which 6 were additionally detected as SSCP variants. In only one patient, 
NMC564, was the deleterious mutation detected as variance in the single-strand DNA 
alone and not as a double-strand heteroduplex change. Interestingly the single base 
substitution detected in patient NMC5424 and which generates a stop codon 1368 was 
detected as both single-strand and heteroduplex variants indicating that the mutation 
detection system used is extremely sensitive for detecting heteroduplexes. Likewise 10 
of 17 somatic APC  alterations in tumours from APC patients were detected as 
heteroduplex or homodulpex variants, and 7 as SSCP variants.

Allele loss studies in tumours from patient NMC535 indicates that separation of 
double-stranded homoduplex DNA represents a third parameter useful for detecting 
electrophoretic variants . Ichii et.al (1992 and 1993) and Ando et.al (1993) have 
reported the detection of germline APC mutations and allele loss in colorectal tumours 
by amplifying small regions (70-130bp) which span deletion mutations of 4 and 5bp, 
prior to separation of mutant and wild-type homoduplexes using polyacrylamide gel 
electrophoresis. Separation of mutant and wild-type homoduplex DNA was performed 
in patient NMC535 without preferential amplification of a small section encompassing 
the 5bp deletion at codon 1309 in this patient, but rather by separation of the 382bp 
wild-type and 377bp mutant homoduplexes in the course of SSCP and heteroduplex 
analysis. In addition it appeared that allele loss in a single tumour from patient 
NMC540 was also detectable as reduction in intensity of homoduplex DNA. Allele 
loss was further observed as reduction in intensity of one of three single-strand bands 
representing a common silent polymorphism at codon 1493. Patients FC552II2 and
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FC5454III2 were both heterozygous for this polymorphism and therefore informative, 
with loss being detected in a single tumour from each patient.

A disproportionate number of mutations in tumours and blood lymphocyte DNA from 
APC patients were detected as variation in heteroduplex DNA and further characterised 
as microdeletions or insertions, perhaps suggesting that the SSCP and heteroduplex 
method employed in this analysis is insensitive to the detection of point mutations. 
However, as previously discussed, during the course of analysis of the 5' half of exon 
15 of APC, four single base pair substitutions classified as non disease causing 
alterations (consisting of two novel base pair changes, one base pair change common to 
two unrelated families and one common polymorphism) were characterised. 
Interestingly the common polymorphism at codon 1678, could not be detected on 
examination of the same PCR generated amplicon using DGGE (SenGupta, personal 
communication), a technique which reputedly detects approximately 95% of all 
mutations (Grompe, 1993). Previously SSCP analysis of the entire APC coding region 
by two groups identified mutations in 18 of 60 (30%) and 12 of 42 (28.5%) unrelated 
APC patients respectively (Groden et.al, 1991 and 1993; Veresco et.al, 1993). In the 
first of these two studies, of 18 mutations, 14 were frameshifts due to deletions, four 
were point mutations creating premature stop codons, with 6 silent, non disease 
associated variants were also detected (Groden et.al, 1991 and 1993). In the second 
investigation all 12 APC mutations were frameshifts resulting from intragenic deletions 
with no deleterious point mutations detected or silent, single base pair alterations 
reported (Veresco et.al, 1993). In sum, the non-isotopic SSCP and heteroduplex 
analysis described in the cunent investigation and used in examination of approximately 
one third of the APC coding sequence, appears to be a more efficient technique than the 
radio-isotopic SSCP assays described by Groden e ta l  (1991 and 1993) and Veresco 
e t.a l  (1993). Furthermore, the rapidity of this method (from the beginning of 
electrophoresis to final viewing of the result takes less than three hours) suggests it is 
potentially a powerful mutational based technique for large scale diagnostic screening.

Since the initial description of SSCP analysis by Orita et.a l (1989a and b), this 
technique has become the most widely used for mutation analysis, mainly due the 
simplicity with which it can be set up and the speed with which the technique can be 
performed. However, SSCP has been much maligned in the past with regard to its 
efficiency at detecting single base pair alterations by comparison with other techniques 
such as DGGE and chemical mismatch cleavage analysis which boast near 100% 
efficiencies for detecting point mutations (see Grompe, 1993). No more clearly has 
this been demonstrated than in analysis of the APC gene where investigations using 
RNase protection analysis, DGGE and direct sequencing (Miyoshi et.al, 1992a and b;
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Nagase et.al, 1992a and b; Fodde et.al, 1992; Olschwang et.al, 1993a and b; Powell 
t al., 1992) have consistently detected a greater number of point than SSCP analysis 
(Groden et.al, 1991 and 1993; Cottrell et.al, 1992; Veresco et.al, 1993), although 
detection of small deletions and insertions appears comparable in all the techniques 
(Nagase and Nakamura et.al, 1993).

Whereas in DGGE one can predict the behaviour of a particular DNA fragment and 
optimise the experimental conditions for maximum efficiency in detecting mutations 
(Myers, et.al, 1987), no such theoretical model exists to adequately predict the three 
dimensional structure of a DNA molecule under a given set of conditions for SSCP 
analysis. Variation of a number of parameters have been implicated in affecting the 
sensitivity of SSCP and several investigations have concentrated on optimising single 
and multiple variables for which SSCP analysis appears sensitive (Sheffield et.al, 
1993; Hayashi and Yandell, 1993; Gluvac and Dean, 1993). Of critical importance it 
seems, is the length of the DNA fragment analysed. Sheffield e ta l  (1993) analysed 
point mutations in three different genes for the specific purpose of determining the 
optimal fragment size for SSCP analysis. Single-stranded variants were most 
commonly observed in fragments ranging in size from 135 to 200bp with sensitivity 
dramatically reduced in fragments considerably greater or lesser than this range 
(Sheffield et.a l, 1993). Similarly, in a review of 7 independent SSCP studies, 
Hayashi and Yandell (1993) concluded that the sensitivity of SSCP analysis is very 
much dependent on fragment length, postulating that the effect of a single base change 
on the overall conformation is less in larger fragments than in smaller fragments. This 
may help to explain why SSCP analysis was inefficient at detecting point mutation in 
the APC  gene as many of the oligonucleotide primers designed for analysis of 
overlapping sections of APC generated amplified products greater than 300bp and often 
around 400bp (Groden et.al, 1991). These primer sequences were subsequently used 
in the SSCP analyses, reported by Groden et.a l (1991 and 1993), Cottrell et.a l
(1992), Veresco et.al (1993) and the present study. It is intriguing that in the current 
SSCP and heteroduplex analysis mutations consisting of small deletions and insertions 
generated large electrophoretic shifts as a result of heteroduplex formation and yet little 
or no variation in the single strand pattern. By contrast single base pair substitutions 
subsequently characterised as silent polymorphisms created large shifts in the single
strand conformation pattern. The basis of such observations remains to be elucidated.

The composition of the non denaturing polyacrylamide gel matrix and the conditions 
under which the SSCP analysis is performed, also appear to critically determine the 
sensitivity of the technique (Hayashi and Yandell, 1993; Gluvac and Dean, 1993). 
Properties of the gel may be altered significantly by varying the percentage composition

Page-249-



of acrylamide and bisacrylamide (Gluvac and Dean, 1993). Hayashi and Yandell 
(1993) surmised that separation of complementary single-strand DNA should 
preferentially be performed in a polyacrylamide gel matrix containing a low percentage 
of crosslinking (%C) which is determined by the percentage of bis-acrylamide in total 
acrylamide monomer (%T). The investigation of Gluvac and Dean (1993) suggest the 
greatest SSCP sensitivity is achieved using a polyacrylamide gel matrix consisting of a 
high concentration of acrylamide (%T of between 8 and 10%) and a low percentage of 
crosslinking (%C of between 1.3 and 2.6%). The gels used for analysis in the study 
presented here were commercially available for use with the PhastSystem. Three gel 
types were available which varied in acrylamide concentration and percentage 
crosslinking. The gel matrix used exclusively for the SSCP and heteroduplex analysis 
were referred to as Homogenous 20 and were made up of a 13mm stacking zone 
(comprising 7.5% T and 3% C) and a 32mm separation zone (comprising 20% T and 
2% C). The composition of Homogenous 20 gels (i.e. high %T and low %C) suggests 
optimal sensitivity and resolution would be attained for SSCP analysis (Gluvac and 
Dean, 1993).

Varying the temperature at which the SSCP analysis is performed also has a 
significant effect on single-strand separation. In the majority of studies using SSCP 
analysis, non denaturing polyacrylamide gel electrophoresis is performed at either room 
temperature or 4“c and in general demonstrate greater SSCP sensitivity at the cooler 
temperature (Condie et.al, 1993; Hayashi and Yandell, 1993; Gluvac and Dean, 
1993). The PhastSystem used for SSCP analysis in this investigation, is able to 
precisely control the temperature during electrophoresis and is independent of other 
variables such as voltage which can affect the gel temperature to large extent. For each 
of the nine overlapping DNA fragments which constitute the 5' half of exon 15 of 
APC, the running temperature at which sensitivity and resolution appeared optimal was 
determined with relation to the size of each fragment. The temperature sensitivity of 
SSCP analysis appears to be more significant than has been previously suggested by 
analyses performed at either room temperature or 4“c, as each of the 9 APC fragments 
were optimal for temperatures within a range of 4 and 15°c. For example, a common 
polymorphism at codon 1493 was initially detected as a small shift in the single
stranded DNA at 15“c. At 10“c this same shift of two single-strand bands became well 
separated without loss of clarity and sharpness while at 4°c, even though the separation 
was comparable to that at 10“c, the single-strand bands appeared diffuse and less clear.

Other variables which have been studied with respect to SSCP sensitivity include the 
addition of glycerol to the gel matrix, nature of the single base pair substitution and the 
position of the mutation within the DNA fragment analysed. In general incorporating
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glycerol into the polyacrylamide gel at concentrations between 2 and 10% seems to 
improve the sensitivity of SSCP analysis at room temperature while being detrimental 
to similar analyses at 4“c (Condie et.al, 1993; Hayashi and Yandell, 1993; Gluvac and 
Dean, 1993). Gluvac and Dean (1993) demonstrated similar effects were produced by 
the addition of other neutral compounds such as glucose and sucrose, and suggest 
weak -OH group interaction and perhaps intermolecular hydrogen bond formation may 
influence single-strand mobility in this respect. The nature of the nucleotide change 
relative to the single-strand mobility suggests little correlation exists to enable prediction 
of the effect of single-base substitutions on mobility, although it has been shown that A 
to G substitutions increase the mobility of purine rich strands while G to A 
substitutions have the opposite effect (Gluvac and Dean, 1993; Sheffield e ta l,  1993). 
Finally it has been demonstrated that the position of the mutation within the test 
fragment is less important than the base composition of the sequences surrounding the 
single base substitution in affecting single-strand mobility (Gluvac and Dean, 1993).

4.3. Perspectives in APC and colorectal cancer.

The high prevalence of APC gene mutations in the germline of APC patients and in 
colorectal tumours provides strong evidence that APC alterations play a major role in 
the development of this syndrome and common colorectal cancer (e.g. Nishisho e ta l, 
1991; Groden et.al, 1991 and 1993; Miyoshi et.al, 1992a and b; Powell et.al, 1992). 
One of the major aims of tumour biology is to determine the role of cancer related genes 
in the normal cellular pathways and the inactivating steps leading to the breakdown of 
such pathways and eventual progression to a state of malignancy. For the tumour 
suppressor APC, the initial results of data base searches revealed few clues as to its 
normal function (Kinzler et.al, 1991b; Groden et.al, 1991). Of particular interest in 
this respect however was local sequence homology in the amino terminal 25% portion 
of the gene to Drosophila armadillo protein (Kinzler et.al, 1991b). Armadillo protein 
shares 70% amino acid homology to the cytoplasmic protein p-catenin which has been 
shown to interact with cell adhesion molecules called cadherins (McCrea et.al, 1991). 
This is interesting in light of the fact that cell adhesion molecules have previously been 
implicated in colorectal tumourigenesis, the neural cell adhesion molecule N-CAM 
having been associated with the tumour suppressor gene DCC (deleted in colorectal 
cancer). Furthermore Nigam et.al (1993) have recently demonstrated consistent loss 
of two separate integrin, cell adhesion subunits and reduced expression of E-cadherin 
in poorly differentiated colorectal adenocarcinomas.

The APC  protein has been shown to possess the ability to generate homo
oligomerisation interactions in vitro (Su et.al, 1993a). To identify cellular proteins
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which interact with APC in vivo and thus provide clues as to APC  function in the 
normal cellular environment, monoclonal antibodies specific for amino and carboxy 
termini of APC were used in immunoprécipitation assays to detect associated proteins 
(Su et.ai, 1993b). Immunoprecipitates were used to isolate genes encoding the 
relevant proteins and resulted in the identification of cDNA sequences identical to 
unpublished cited sequence of human p-catenin (Su et.ai, 1993b). A simultaneous 
investigation whereby polyclonal antibodies specific to different regions of APC  were 
used to identify proteins associated with APC also resulted in isolation of the p-catenin 
(Rubinfeld et.ai, 1993). That APC associates with p-catenin which has in turn been 
shown to associate with E-cadherin suggests that APC  may function to modulate the 
interaction between catenins and cadherins (Su et.ai, 1993b).

Determining the normal function of APC  is important from a clinical perspective 
because it may lead to the identification of specific targets for anti cancer drugs with 
perhaps, the ability to mimic the inhibitory affects of the APC protein thus blocking cell 
division. For now however, the most effective procedure for treating adenomatous 
polyposis coli is total colectomy and ileorectal anastomosis. This may lead to further 
complications, in particular the growth of benign desmoid tumours which generally 
cause intestinal obstruction (Bussey, 1975). Although patients are required to return 
after surgery for continued examination by sigmoidoscopy and fulguration of rectal 
polyps where necessary, it appears that following colectomy adenomas in the retained 
rectum regress significantly (Nicholls e ta i,  1988).

Until satisfactory drug therapies against cancer have be developed the emphasis 
remains on prevention. To this end the potential protective effects demonstrated by 
regular intake of non-steroidal anti-inflammatory drugs, in particular aspirin (Thun 
et.ai, 1991) and sulindac (Waddell et.ai, 1983; Labayle et.ai, 1991), and resistant 
starch (Cummings, 1993), provide an opportunity to assess the preventative influences 
of these two components on the progression of colorectal cancer in APC patients. 
Recently a concerted action polyposis prevention study (CAFF) has been devised in 
which individuals thought to be carriers of mutated copies of the APC  gene receive a 
dietary supplement consisting of a regular intake of digestible or resistant starch and 
aspirin, to assess their protective effects (Cummings, 1993). Such a study is also of 
relevance to sporadic colorectal cancer as mutations of A P C  are present in 
approximately two thirds of sporadic colorectal tumours (Fowell et.ai, 1992) and for 
the population as a whole it is useful to know which dietary components have a 
protective effect against colorectal cancer.
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The size of the APC gene and the wide distribution of mutations within it, indicate that 
a mutation based screening approach would be impractical in asymptomatic patients not 
characterised as APC affected although at risk from colorectal cancer by virtue of other 
inherited of environmental factors. Individuals with advanced stages of colorectal 
cancer have a poor prognosis whereas colorectal tumours diagnosed at an early stage 
can generally be cured by surgical removal (Rich et.al., 1983). An approach to 
screening based on the detection of gene mutations would therefore necessitate the 
detection of alterations prior to progression of carcinomas from adenomas. Mutations 
of K-ras have been shown to be common alterations primarily in late stage colorectal 
adenomas (Bos et.al, 1987; Vogelstein et.al, 1988), and as such are ideal targets for a 
mutation based screening assay. Indeed, Sidransky et.al. (1992) have recently 
developed such a system whereby mutated copies of K-ras genes shed into stools can 
be detected using a PCR amplification and Southern blot hybridisation analysis.

The development of colorectal cancer has been shown to be a multistep process 
consisting of an accumulation of genetic alterations primarily in the tumour suppressor 
type genes APC, DCC and p53 and in the oncogene K-ras (Fearon and Vogelstein, 
1990; Powell et.al, 1992). Statistical theories for the progression of cancer in general, 
have postulated that up to 7 distinct steps may be involved in the process of 
tumourigenesis (Nordling et.al, 1953; Armitage and Doll, 1954; Miller, 1980), which 
suggests that further changes in, as yet uncharacterised genes may be involved in 
colorectal cancer. Of particular interest in this regard has been the detection of 
consistent allelic loss on the short arm of chromosome 8 in colorectal carcinomas or 
colorectal cancer cell lines suggesting the presence of one and perhaps two tumour 
suppressor type genes (Vogelstein et.al, 1989; van der Bosch et.al, 1992; Fujiwara 
et.al, 1993). Moreover, Fujiwara et.al. (1993) demonstrated chromosome 8p loss to 
be associated with the advanced clinicopathological stage of colorectal cancer patients 
suggesting 8p loss may be involved in late stage colorectal tumourigenesis.

The most recent alteration characterised in colorectal tumourigenesis is the occurrence 
of insertions and deletions in a variety of simple repeat sequences, particularly 
dinucleotide or trinucleotide microsatellite repeats, in a subset of sporadic colorectal 
tumours (Ionov et.al., 1993; Thibodeau et.al., 1993; Aaltonen et.al., 1993). 
Intriguingly these replication type errors (RER) of microsatellites occurred in tumours 
notable for their absence of loss of heterozygosity commonly observed in sporadic 
colorectal cancers and by their location generally on the right side of the colon. These 
two features similarly occur in colorectal tumours from kindreds with hereditary non
polyposis colorectal cancer (HNPCC) and suggested that a genetic defect causing RER 
in microsateUites was associated with this particular form of inherited colorectal cancer
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(Ionov et.al., 1993; Aaltonen et.ai, 1993). The gene responsible for HNPCC was 
recently mapped to the short arm of chromosome 2 (Peltomaki et.ai, 1993) which, it 
has been suggested affects as many as 1 in 200 individuals in Western societies (Lynch 
et.ai, 1993). The instability in microsatellite repeats observed in HNPCC tumours and 
some sporadic colorectal cancers is also observed in bacteria and yeast which possess 
defects in genes involved in mismatch repair pathways, and suggested a possible nature 
of the gene defect responsible for HNPCC (Strand et.ai, 1993).

Two independent lines of research have recently culminated in isolation of the 
HNPCC gene on 2p. The first relied on a positional cloning approach to first narrow 
down the critical region on chromosome 2 containing the HNPCC gene, followed by 
the isolation of candidate genes from this region and finally characterisation of a gene, a 
homologue of mutS mismatch repair genes, with germline mutations in HNPCC 
affected individuals (Leach et.ai, 1993). The second approach was based on the fact 
that the HNPCC gene demonstrated characteristics of genes involved in mismatch 
repair pathways (Ionov et.ai, 1993; Aaltonen et.ai, 1993). Fischel et.a i (1993) 
identified a human homologue of the bacterial MutS and yeast MSH2 genes which were 
involved with mismatch repair pathways, and subsequently mapped this gene close to 
to the HNPCC locus on human chromosome 2p21-22. The MSH2 gene identified by 
Fischel et.a i (1993) also demonstrated germline mutation in two small HNPCC 
kindreds and was shown to be identical to the mutS gene isolated by Leach et.a i
(1993).

That mutations of the human MSH2 QiMSH2) gene occurred in the germline of 
HNPCC patients with tumours exhibiting replication errors in microsatellite repeats (so 
called RER'*" tumours) is consistent with the theory that hMSH2 is a mismatch repair 
type gene (Leach et.ai, 1993). Alterations of hMSH2 were shown to be present in 
highly conserved regions of the gene and are predicted to have a significant functional 
effect (Leach et.ai, 1993). Moreover, it has been demonstrated that the mutation rate 
of microsatellite repeats in RER+ tumours is significantly greater than in RER" 
tumours, and are indeed the result of a defect in the mismatch repair pathway (Parsons 
et.ai, 1993). hMSH2 is possibly the first of many human homologues of mismatch 
repair genes involved in HNPCC and other cancer predisposition syndromes, and 
perhaps a paradigm for a second HNPCC predisposing gene locus on chromosome 
3p21-23 (Lindblom et.ai, 1993). Infact this gene has also been isolated recently, again 
by homology to a bacterial mismatch repair protein MutL (Bronner et.ai, 1994). The 
human homologue of MutL (referred to as hMLHl) was shown to be mutated in 
affected individuals from a chromosome 3-linked HNPCC family producing a non
conserved amino acid change in a conserved region of the gene (Bronner et.ai, 1994).
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Finally, due to the high carrier frequency of defects responsible for HNPCC (estimated 
at 1 in 200 of the Western population) and because there is a good prognosis for 
colorectal cancer cases detected early enough, it may be possible to develop a 
presymptomatic screening test in the general population once the spectrum of mutations 
in hMSH2 have been characterised.
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