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Abstract

Cellular adhesion molecules in colorectal cancer

Cell adhesion molecules are transmembrane receptors on the surface of cells that mediate
interactions between cells and between cells and the extracellular matrix. They are
involved in several physiological and pathological processes, including tumour invasion
and metastasis.

The aims of this thesis were to investigate a panel of cell adhesion molecules selected
from the integrin, cadherin and immunoglobulin superfamilies in colorectal cancer.
Changes in immunohistochemical localisation and degree of expression between normal
and neoplastic colon were observed. The functional significance of altered expression in
‘vivo was subsequently evaluated in adhesion assays and differentiation in collagen gel in
vitro. Results showed that §1 and a2 integrins were consistently down-regulated in
colorectal tumours. E-cadherin was lost in neoplastic tissue, particularly in poorly
differentiated tumours. av, avp3 and B5 integrins were localised to the stroma of
tumours implying a possible role in the regulation of factors encouraging invasion and
metastasis. Functional studies revealed a2@ 1 integrin to be the key integrin involved in
the differentiation of a colorectal tumour cell line (SW1222) and therefore its loss in vivo
correlating with the dedifferentiation seen in many of these tumours.

Further studies centred on carcinoembryonic antigen (CEA), a protein related to the
immunoglobulin superfamily of adhesion molecules. A colorectal cell line was transfected
with the cDNA for CEA and NCA (nonspecific cross-reacting antigen), a member of the
CEA family. Characterisation of CEA as an adhesion molecule revealed significant
reduction in expression of f1 integrins and E-cadherin in the transfectants compared to
non-transfected cells. This was corroborated by functional data which revealed reductions
in cell-matrix and cell-cell adhesion in transfectants. Tumorigenicity studies in nude mice
revealed no alterations between parental and CEA transfectants.

These investigations revealed that CEA acts in cellular adhesion by modulating the
membrane expression of other key adhesion molecules, both phenotypically and
functionally. These have secondary effects in the induction and maintenance of
differentiation of cells and of signal transduction pathways important in the neoplastic

process.
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INTRODUCTION

1.1 ADENOCARCINOMA OF THE LARGE INTESTINE

Cancer of the colon and rectum, although distinguished separately in the International
Classification of diseases (Waterhouse etal., 1982) possess only an arbitrary distinction
anatomically. This is usually taken to be opposite the sacral promontory. The rectum is
also said to be extraperitoneal whereas infact the anterior upper third is covered by
peritoneum. A large proportion of tumours occur at the rectosigmoid junction and are
indistinguishable from cancers of the rectum or colon. Thus, the two are considered as
one under the WHO International Histological Classification of Tumours (1991) as their
histopathological characteristics are essentially the same. There are epidemiological

differences, however, and these are briefly alluded to below.

1.2 EPIDEMIOLOGY

Colorectal adenocarcinoma is one of the most common forms of malignant disease. There
are approximately 28,000 new cases per annum in the UK with over 155,000 in the
USA. The mortality rate is around 19,500 deaths per annum in the UK, second in
number only to lung cancer. The five year survival rate at around 30% has essentially

remained unchanged for the last 40 years (Stower & Hardcastle, 1985).

Geographically, there is a striking variation in the incidence of colorectal cancer. The
disease is especially common in the USA, Northern Europe and Australasia but relatively
rare in Africa, Asia and South America west of the Andes mountains (Boyle etal., 1985).
Although cancer registries are variable in their reliability they do show interesting trends.
In countries where the incidence and mortality rates were initially low such as in Japan,

substantial increases have been observed; where rates were moderately high at the outset
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of recording, small increases have been noted. In countries where the rates were very
high there has been a small decrease in the mortality rate (Boyle etal., 1985).
Furthermore, populations that migrate to countries of higher risk such as the Japanese
that migrated to Hawaii and California rapidly adopt the local incidence rate. Similarly,
colorectal cancer incidence rates among Chinese Americans are 4-7 times greater than
rates among the general population in the People's Republic of China. Rates among
Chinese American men are comparable to those among white American men whereas
those of Chinese American women are intermediate between those of American white
women and those of women in China. Environmental factors, therefore must play an
important role in the geographical variations observed apart form any intrinsic differences

that may exist between different races.

80% of all patients with colorectal carcinoma are over 55 years of age, with only 15% of
most patient populations being under the age of 40. Some studies have reported a poor
prognosis in this younger age group (Safford etal., 1981). Up to the age of 55 years
cancer of the colon is more common in women and thereafter becomes slightly more
common in males. Cancer of the rectum, in contrast, is found in equal frequency in both
sexes up to the age of 55 but then becomes more common in males (Doll, 1980). By the
age of 65 years it is nearly twice as common in males and a four-fold difference has been
recorded by the age of 80 (Bussey & Wallace, 1960). Site specificity also appears to be
changing. There has been a progressive trend toward disease of the more proximal colon
and away from disease of the rectosigmoid bowel (Nomura etal., 1979; Vobecky etal.,
1984), although this locality of rectum and lower sigmoid still provide 60% of all
colorectal carcinomas (Corman etal., 1979). The reason for this alteration in incidence of

location within the large intestine is unknown.

17



1.3 AETIOLOGY AND PATHOGENESIS

Multiple factors are involved in the aetiology of colorectal cancer. It is likely that both
environmental and constitutional factors play a role. Dietary factors that affect the enteric
milieu have often been implicated. There are great methodological difficulties in studying
the association between diet and cancer. Most of the epidemiological evidence is weak,
based mainly on correlations at a population level and a small number of case-control
studies (King's Fund Forum, 1990). However, it is known that mutagens are present in
the stools of many people who eat a Western diet. Studies with animal models of colon
cancer strongly demonstrate that dietary fats act during the promotion stage of
carcinogenesis and that both the type and quantity of fat are important determinants.
Whereas one should be cautious about generalising from animal studies, many studies in
humans have revealed that diets rich in animal fats and meat (Wynder, 1975), refined
carbohydrate (Bristol etal., 1985) or beer (McMichael etal., 1979) as well as diets poor
in fibre are associated with high levels of colorectal cancer risk. These findings have
recently been questioned (Potter, 1999) following a prospective study involving over
88,000 women over a 16 year follow-up period in which no association between dietary
fibre and colorectal cancer risk was found (Fuchs etal., 1999). It was initially Burkitt
(1971) who first suggested that the high fibre diet of the South African Bantu might
protect this population from colorectal cancer by increasing the speed of intestinal transit.
This would reduce the exposure of the gut to carcinogens. At the same time carcinogens
would be diluted by the greater bulk of the stool. Although this link between fibre, transit
time and colorectal cancer has never been substantiated, it remains, nevertheless, an
attractive hypothesis. An alternative hypothesis for the effect of fibre appears to be its
ability, together with dietary starch that has escaped digestion, to be fermented in the right
side of the colon to short chain fatty acids. These are the principal sources of energy for
colonocytes and it is conceivable that a deficiency of these nutrients might compromise

the metabolic integrity of colonocytes (Jass, 1985). Furthermore, the acidification of the
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stool has also been shown to have a protective effect against colorectal cancer from
population studies (Samelson etal., 1985). It is likely that the various dietary hypotheses
are interrelated and that a summation of factors is ultimately responsible for the provision
of a carcinogenic environment. Seventh Day Adventists and Mormons are two religious
groups who refrain from alcohol and tobacco and practise some form of dietary
moderation and both of these groups show a 20-50% reduction in colorectal cancer risk
compared to the rest of the US population (Phillips etal., 1980). Decreased risk has also
been associated with intake of cruciferous vegetables (Graham etal., 1978), vitamins A
and C and beta-carotene. However, as mentioned earlier the evidence for most of these
factors is largely anecdotal and it is not possible to distinguish associations of aetiological

significance from those that are merely coincidental.

Other aetiological hypotheses include mutagenic lipid compounds termed faecapentenes.
They are found in human faeces and thought to be produced by gut microflora. They
cause mutations in human cell lines. In selected populations in South Africa correlations
with stool faecapentenes and colorectal cancer have been noted and others have
demonstrated positive associations with colonic polyps. Intraluminal levels of these

compounds can be lowered by fibre, vitamins C and E.

3-ketosteroids, derived from metabolic products of cholesterol and pyrolysis products
such as benzopyrene derived form frying meat have both been found to be carcinogenic
in rodents and are suspected of playing a role in human tumours. Bile acids, such as
deoxycholic and cholic acids are thought to induce gut lumen proliferation. Populations
that consume more fat have more bile acid secretion and are associated with an increased
incidence of colorectal cancer. Free and not total bile acid concentrations appear to be the
most critical parameter. Cholecystectomy results in increased levels of bile acids
particularly in the right side of the colon and may be associated with greater frequency of

right sided cancer. Several studies have investigated this hypothesis but the precise
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relationship between cholecystectomy and the development of colorectal cancer remains
controversial and the data are conflicting. Increasing levels of calcium increase the
formation of insoluble bile salt complexes thus reducing free bile acid concentration. At
least one cohort study has found that individuals with colorectal cancer had a lower intake
of calcium compared to controls. Selenium, a rare trace element, reduces the incidence
and progression of cancer in animals exposed to carcinogens (Shamberger, 1970;
Soullier etal., 1981). Low blood levels of selenium have been correlated with a reduced
activity of glutathione peroxidase which is important in preventing oxidative damage to
DNA. Dietary deficiency of selenium has been linked to the increasing incidence of right-
sided colonic cancer (Nelson, 1984). Other studies have failed to reach this conclusion

(Virtamo etal., 1987).

1.4 GENETIC FACTORS

Studies have indicated that about 5-6% of all malignant tumours of the large bowel may
occur in individuals with a family history of inherited predisposition to cancer (Mecklin,
1987). These tumours can be divided into those from patients with familial adenomatous
polyposis (FAP) and its clinical variants (Bussey, 1975) and the hereditary non-
polyposis colorectal cancers (HNPCC) also referred to as Lynch syndromes (Lynch et
al., 1985). In the non-hereditary forms of colorectal cancer, the vast majority of which
are sporadic, there does appear to be a small but significant group which shows a familial
predisposition. In fact the first degree relatives of patients with colorectal cancer have a

three fold greater risk than individuals without such a family history (Lynch etal., 1980).

Familial adenomatous polyposis is an autosomally dominant inherited disease occurring
in approximately 1 in 10,000 births. It is characterised by the development of several
hundred and often thousands of adenomas throughout the gastrointestinal tract but

especially in the large bowel (Bussey, 1975). The adenomas occur early in life, and the
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progression to carcinoma is inevitable, 75% of FAP patients developing colorectal cancer
by the age of 35 years. Without surgical intervention almost all die of cancer in their
forties. These constitute 1% of all colorectal cancers. Despite the well recognised pattern
of inheritance, approximately 20% of patients present with no family history. The
condition does not appear to skip generations as was once thought. Extracolonic
manifestations are common, particularly in the variants and range from skin and soft
tissue tumours to skeletal abnormalities. Familial adenomatous polyposis, Gardner's
syndrome (Gardner, 1962), Turcot's syndrome (Turcot etal., 1959) and Oldfield's
syndrome (Oldfield, 1954) are now all thought to be variations of the same basic genetic
defect with varying degrees of expression. Indeed, it was following a report of an
interstitial deletion in the long arm of chromosome 5 in a patient with Gardner's
syndrome (Herrera etal., 1986) that the FAP gene was finally localised on the long arm
of chromosome 5(q21-22) (Bodmer etal., 1987; Leppert etal., 1987). Subsequently
between 20-40% of sporadic colorectal carcinomas have beeen found to carry a deletion

that appears to involve the same gene (Solomon ezal., 1987).

The HNPCC syndromes are also inherited in an autosomally dominant fashion and are
characterised by colorectal carcinomas occurring in young people with no history of
antecedent polyposis. Most of the cancers in the Type I syndrome occur in the right side
of the colon. The Type II syndrome is characterised by a more generalised distribution of
colorectal carcinomas together with a greater propensity to develop adenocarcinomas in
other sites including ovary, pancreas, breast, bile duct, ureter and renal pelvis,
endometrium and stomach. The increased incidence of colorectal adenocarcinoma in the
families of patients afflicted with the sporadic form of the tumour also continues to imply
that there is a subtle interplay between heredity and environmental factors in the genesis
of colorectal neoplasms. The genetics of the HNPCC syndromes has been studied
extensively. It is now known that mutations in at least four DNA mismatch repair genes

are responsible for the pathogenesis of this disease (Liu ezal., 1996). These mutations
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are found not only in the tumour cells of these patients but also in their non-neoplastic
cells implying that mismatch repair deficiency is compatible with normal human
development (Parsons etal., 1995). Replication errors associated with genetic instability
are also a characteristic finding in HNPCC families (Liu etal., 1995) and in younger
patients with colorectal cancer. This finding is not universal, however, and more recently
it has been suggested that perhaps only half of the Amsterdam criteria defined HNPCC

families exhibit replication errors (Brown etal., 1998).

The association between inflammatory bowel disease and colorectal cancer has long been
recognised. There is a well-documented increased risk (up to 30-fold) for developing this
tumour in such patients. For ulcerative colitis, the incidence of malignancy increases with
the extent of bowel involvement, age at onset, severity and duration of the disease.
Among all patients diagnosed with colorectal cancer, only about 1% have an antecedent
history of inflammatory bowel disease. Using actuarial analysis, the cumulative incidence
of cancer in patients with inflammatory bowel disease is 5% after 20 years and 12% after
25 years. Patients with pancolitis for 30 years have more than 35% chance of developing
large bowel cancer. The pathogenesis of the process is that the mucosa undergoes
dysplasia prior to undergoing carcinogenic change. Crohn's disease also shows a definite
cumulative increase in incidence of colorectal cancer (Hamilton, 1985) although this is
less than for ulcerative colitis. The cancers tend to occur at sites of gross inflammatory
and fibrotic changes and at sites of previous surgery. Again the pathogenesis appears to
be chronic inflammation leading to dysplastic change. Other clinical risk factors appear to
be the sites of ureterosigmoidostomy following urinary diversion procedures and the
fluke infection Schistosoma japonicum (Ming-Chai etal., 1980). Although the presence
of this organism in the gut is not as devastating as the presence of its relation
Schistosoma haematobium in the bladder, nevertheless, worldwide it remains a major

problem.
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1.5 HISTOPATHOLOGY

1.5.1 ADENOMA-CARCINOMA SEQUENCE

The adenoma is regarded as a benign neoplasm. It shows a disturbance of growth and
differentiation with a propensity to undergo malignant change. This change appears to
occur at the far end of a spectrum ranging from slight deviation from normal through
severe dysplasia and finally carcinoma. The adenoma may thus be defined as a
circumscribed focus of dysplastic epithelium. Histologically there are three types of
neoplastic adenoma: tubular, tubulovillous and villous (Morson & Sobin, 1976). These
show a gradient for malignant potential, villous having the highest risk and tubular the
least. The cells of these tumours show varying degrees of dysplasia, increased mitotic
figures, nuclear hyperchromasia and loss of polarity. Cellular kinetic studies of these
adenomas show that a stem cell defect is likely to be responsible for their formation.
Whereas a normal intestinal crypt demonstrates the presence of these cells at the crypt
base necessary for regeneration of cells higher up the crypt, the adenoma may have these
cells throughout the crypt and the luminal surface (Jass, 1989). Furthermore, these cells
are immortal and undifferentiated, two key characteristics necessary for neoplastic
transformation. The changes observed in the proliferative compartment of the crypt can
be demonstrated by measuring the S-phase fraction of cells in cycle as this is the DNA
synthetic phase. These are important as the initial changes in the stem cell compartment

are not necessarily accompanied by conformational changes.

The evidence for adenomas being the precursor of colorectal cancers is circumstantial but
strong. It is estimated that the process of conversion from pre-existing adenoma to cancer
takes approximately 10-15 years (Morson, 1974; Muto etal., 1975). Exactly what
proportion of carcinomas actually arise from adenomas is a point of debate. The 'de

novo' carcinomas arising in flat, dysplastic mucosa are considered by some simply to be
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small, flattened adenomas and may represent carcinomas that have destroyed a small
adenoma (Spratt & Ackerman, 1962). Adenomas tend to be far more prevalent in surgical
specimens of colorectal cancer than in matched specimens without cancer (Eide, 1986).
Metachronous carcinomas are twice as likely to arise in patients with carcinoma and
adenomas in the original specimen than in patients with carcinoma alone (Bussey etal. ,
1967). This illustrates the risk associated with the presence of multiple adenomas.
Furthermore, in patients with synchronous carcinomas additional adenomas are found in
75% of specimens (Heald & Lockhart-Mummery, 1972). Adenomas also tend to be
larger and more numerous in high risk populations for colorectal cancer (Clark etal. ,
1985). Surgical removal of these adenomas greatly reduces the incidence of cancer in the

'clean' segment (Gilbertson & Nelms, 1978).

The morphological features that appear to determine the malignant potential of an
adenoma are its size (Muto etal., 1975), degree of epithelial dysplasia and villous
histology (Morson & Dawson, 1990) although the most important risk factor for
developing colorectal cancer appears to be the number of adenomas present in the colon

(Morson & Bussey, 1985).

1.5.2 MACROSCOPIC FEATURES

The anatomical distribution of colorectal cancer shows a preponderance towards the left
side of the colon and rectosigmoid junction (Weisburger, 1988). This distribution
appears to be changing somewhat as an increase in right sided tumours has been

observed in many epidemiological studies.

Most cancers of the colon and rectum are ulcerating tumours with raised everted edges

and demonstrate an annular constricting growth pattern. They cause stenosis often with

dilatation of the proximal bowel and this sort of growth is particularly observed in the left
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and distal colon (Morson & Dawson, 1990). Polypoid types of tumour can be found
anywhere in the colon but are more common in the proximal or right colon. They present
as an intraluminal polypoid mass which rarely obstructs the lumen (Faintuch & Levin,
1988). Approximately 10% of colorectal cancers show a mucoid appearance on the cut

surface of the tumour due to the secretion of abundant mucus by tumour cells.

1.5.3 MICROSCOPIC FEATURES

In colorectal cancer as with other tumours the pathologist's role is to provide information
regarding diagnosis and prognosis for that particular patient. Classically, once the
diagnosis of adenocarcinoma is made prognostic features are assessed under the

microscope. These relate particularly to the staging and grading of the tumour.

1.5.4 STAGING

Colorectal tumours tend to spread circumferentially in the wall of the large intestine and
also directly through the wall into the serosa. The involvement of the paracolic lymph
nodes is an early event whereas blood spread to the liver and other organs occurs

relatively late (Morson & Dawson, 1990).

In 1927 Lockhart-Mummery initially noted a relationship between prognosis and
extension of rectal tumours and suggested a clinical classification which later included
pathological data. Dukes (1932) subsequently changed the criteria, developing a system
for the pathological classification of rectal carcinoma. Three stages were described: A,
growth limited to the rectal wall; B, extension of growth to extrarectal tissues but no
metastases in regional lymph nodes; and C, metastases in regional lymph nodes. Class C
was later subdivided into C1, only regional lymph nodes involved, and C2, nodal spread

to the level of the point of ligature of the blood vessels. A class 'D" has crept into popular
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usage to indicate tumours with distant metastases. The classification was soon applied to

colonic as well as to rectal tumours.

There have been modifications to the original classification. These modifications have
added little to improve prognostic staging. Under the original classification 15% of
resected specimens correspond to Dukes A. Dukes B accounts for approximately 35% of
cancers in most published series and Dukes C for 50%. S year survival rates originally
reported by Dukes and Bussey (1958) are comparable to those of most modern series:
Dukes A 81.2%, B 64% and C 27.4%. The test of time has proved Dukes' classification
to be the most powerful prognostic tool; however, its limitations are well recognised. It
does not take into account histological grade nor the number of nodes involved, both of
which are known to be related to survival. Furthermore, most pathologists and surgeons
now recognise that it is important to distinguish between curative and palliative resections
when assessing prognosis. A resection is regarded as curative when there 1s no evidence
of distant spread to other organs or diffuse peritoneal involvement and there is complete
removal of the primary growth with negative resection margins at microscopy. However,
even in this group 50% of patients undergoing 'curative' resection eventually succumb
with recurrent disease. The usual explanation is the presence of occult hepatic metastases

at the time of surgery (Finlay & McArdle, 1986).

Clinicopathological staging systems have been devised in order to try and overcome some
of the shortcomings of the Dukes classification. The tumour (T), node (N) and metastasis
(M) or TNM system is widely employed in the United States. This has been complicated
by the adoption of a number of prefixes c, s, p, r etc. designating different times of
staging such as surgical, post-surgical, retreatment staging etc. In Australia a separate
clinicopathological system has been developed. This employs the designations of A, B, C
and D but these are ascribed by combining curative or palliative operation status, clinical

information and a pathological subdivision of Dukes classes. In Spain a further system
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based on subclassifying Dukes 'D' has been developed. This problem of differing
prognostic classifications has been addressed internationally and guidelines for staging
have been proposed. However, the widespread adoption of the TNM system at a clinical
level, particularly in the UK, has not taken place but has now been redressed by the
adoption of standardised minimum datasets in the histopathological reporting of stage of

colorectal tumours (Quirke &Williams, 1998).

1.6 OTHER CLINICOPATHOLOGICAL VARIABLES

Several studies have assessed the prognostic significance of other clinical and
pathological variables. These include tumour size, lymphatic invasion, mucinous
tumours, laminin, involvement of the lateral resection margin, silver-binding nucleolar
organising regions, lymphocytic and vascular invasion in the individual Dukes' classes,
biochemical markers, blood-group antigens and tumour related antigens such as
carcinoembryonic antigen and CA 19-9. Despite suggestions that some of these variables
may be related to survival on univariate or multivariate analysis, none consistently
improves on the prognostic value of Dukes' classification in a regression analysis model.
Three clinicopathological variables, however, are often related to survival and warrant

further discussion. These are patient age, venous invasion and histological grade.

1.6.1 Patient age: the most important clinical variable appears to be the age of the
patient. However, whether older or younger patients have poorer prognosis is unclear.
Several studies have reported that increasing age is associated with a poorer prognosis.
Even when concomitant disease and increased perioperative mortality are taken into
account, this appears to be an independent risk factor. However, other studies (Irvin,
1988) have shown that prognosis is no worse in an elderly population and that this group
should not be discriminated against when considering operations for colorectal cancer

(Kashtan etal., 1991). In contrast, some authors have noted a particularly poor
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prognosis for patients under the age of 40 years at presentation. Recio and Bussey (1965)
found that 45% of patients presenting with rectal cancer before the age of 30 died in the
first year, the 5 year survival rate being under 20%. Late diagnosis may be a contributing
factor for the poor prognosis in some young patients. However, although the evidence is
somewhat conflicting, it appears that if patients are diagnosed at an early stage the

prognosis is no worse than that for older patients.

1.6.2 Venous invasion: histological examination reveals venous invasion to be a
frequent finding (Talbot etal., 1980), but prognosis is only appreciably worsened when
large extramural veins are involved (Talbot etal., 1981). The 5 year survival rates vary
from study to study when venous invasion is present, and it is difficult to compare these
as different criteria are used e.g. intramural versus extramural veins, thick-walled versus
thin-walled etc. Many claim a reduction in survival when this histological feature is
present. However, many aspects of venous invasion are unclear. It is unknown whether
blood-borne metastases emanate from a single clone of tumour cells shed into the
circulation or from larger embolic clumps that have separated from the tongue-like
processes of tumour growing within veins. Certainly, the demonstration of tumour cells
within veins is by no means a sign of coexisting metastatic disease in distant organs.
Blood-borne spread is determined by factors other than the ability to invade veins. The
liver is by far the most frequently involved organ (77%), the lungs (15%), skeleton (5%)
and brain being next in order of frequency (Russell etal., 1985). This is despite the fact
that the lungs receive 100% of the cardiac output and the liver only 30%. It is likely that a
cascade system operates, with metastases first developing in the liver, and then the lungs
before seeding in other sites. The spleen, kidneys, pancreas, adrenals, breast, thyroid
and skin have all been described as sites for metastasis of colorectal carcinoma. Ovarian
metastases may be more prevalent than is usually appreciated (Harcourt & Dennis, 1968),
and rarities such as metastasis to the penis (Matt, 1960) and the nailbed of a finger have

also been documented (Drury, 1959).
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1.6.3 Histological grade and differentiation: The traditional parameters used by
the pathologist in defining tumour differentiation relate largely to morphological
appearances i.e. structure and architecture of the cells within the tissue. The degree of
cellular differentiation in rectal carcinomas was first considered in terms of overall
mortality in 1928 (Rankin & Broders, 1928). The mortality rate for grade I tumours (at
least 75% of cells differentiated) was 44%, compared with 86% for grade IV tumours
(less than 25% of cells differentiated), indicating a relationship between differentiation
and survival in colorectal cancer. Grading was later simplified by Grinnell (1939) into
three categories: well, moderately and poorly differentiated. In general terms a tumour is
described as well differentiated when the tumour cells have a morphological appearance
similar to the adult cells of the tissue of origin, in their organisation in relation to one
another and to the stroma and blood vessels and also in their functional activities. They
tend to form gland-like acini similar to normal intestinal glands although the individual
cells can be irregular in shape, size and nuclei. Because the acini are not able to drain into
the lumen, they can show varying degrees of distension with accumulation of mucous
fluid. The nuclei tend to be polarised (relationship of nuclei to basement membrane)
whereas in the moderately differentiated category this polarisation is barely discernible or
lost. The tubules also tend to be complex or slightly irregular in moderately differentiated
tumours. In contrast, poorly differentiated tumours grow as solid sheets of cells where
glandular structures are not easily recognisable. When present they tend to be irregularly
folded, elongated and distorted tubules. The nuclei are not polarised and mitotic figures

are high (Kirkland, 1988).

The term histological grading encompasses not only tubular differentiation, but also the
parameters of size and shape of cells and nuclei as well as the number of mitotic figures
(Morson & Sobin, 1976). Colorectal cancer is then classified into three categories of
grade: low, average or intermediate and high. The most important parameter used is,

however, the degree of tubular differentiation determined on the morphological criteria
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outlined above and grading has almost become synonymous with degree of
differentiation. Using these criteria approximately 20% of colorectal carcinomas are
classified as well-differentiated (low grade), 60% as moderately differentiated (average
grade) and 20% as poorly differentiated (high grade) (Dukes & Bussey, 1958). This
classification reflects the tumour behaviour and influences the survival rate (Halvorsen &
Seim, 1988). Tumours of low grade exhibit an 80% 5 year survival rate, average grade

60% and high grade 25%.

Grinnell (1939), in his initial observations had also noted that variations in differentiation
occurred in the same cancer specimen. Consequently, he concluded that several sections
should be examined from different areas and the most anaplastic taken as the grade of the
tumour as a whole. This heterogeneity within specimens of differentiation category is
now well recognised and that histological grade is consistent throughout the specimen in
only 28% of tumours (Halvorsen & Seim, 1988). This leads to potential interobserver
and intraobserver variation in grading among pathologists. Grading by the same observer
is reasonably reproducible, whereas grading of the same specimens by different
pathologists is more variable (Jass etal., 1986). There also appears to be an
unwillingness to depart from the middle ground and allocate extreme grades and this may
be reflected in the large numbers of moderately differentiated carcinomas reported. Some
have suggested that stipulating only two grades (poor and not poorly differentiated) may
circumvent this problem and ensure its role as a strong prognostic factor (Quirke &
Dixon, 1988). The presence of lymph node metastases has also been correlated with
histological grading; low and average grade tumours demonstrating a 25-50% incidence

of lymph node metastasis and high grade almost 80% incidence (Jass etal., 1986).
The amount of mucin produced by the carcinomas is also thought to influence prognosis.

Generally, the more mucinous a tumour the poorer the prognosis (Umpleby etal., 1985).

Approximately 10% of tumours are classified as mucinous adenocarcinomas. When there
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is a large accumulation of mucin inside the cells, the cytoplasm displaces the nucleus and
the individual cells adopt a signet ring appearance (Faintuch & Levin, 1988). The degree
of differentiation is often difficult to interpret in these situations. Despite the many
problems regarding histological grading, many studies employing multivariate analysis
have repeatedly highlighted its importance as an independent prognostic variable in
colorectal cancer (Jass etal., 1986; Halvorsen & Seim, 1988). The national minimum
dataset for reporting of colorectal cancers in the UK has suggested that poorly
differentiated tumours be highlighted only if this is the predominant differentiation type

seen in the resected specimen (Quirke & Williams, 1998).

The advent of multivariate survival analysis has allowed Jass and colleagues (1986) to
develop a new prognostic classification for colorectal cancer based on tumour stage and a
series of pathological variables related to histological grade. These include the degree of
peritumoral lymphocytic infiltrate, the characteristics of the invasive margin (expansive
rather than infiltrating) and the number of lymph nodes involved. Four prognostic groups
have been identified according to the above criteria. Grade I comprised 31% of the
patients with 96% 5 year survival rate. Grade II comprised a further 31% of patients with
85% S year survival. 18% of the patients were in Grade III category and had a 67%
survival at 5 years and the remaining 20% were placed in Grade IV with only a 27% 5
year survival rate. Although all of the grade related variables investigated by Jass
correlated with survival on univariate analysis only the three mentioned above remained
significant after a multivariate regression analysis. After correction for Dukes' stage only
the degree of lymphocytic infiltrate remains as the grade-related variable that is
significantly correlated with survival. The clinical relevance of this system is therefore
rather dubious. Furthermore, when the Dukes and Jass systems have been compared, the
former classification has been found to be more strongly correlated with survival on

multivariate analyses. Overall the poor reproducibility of results within the Jass
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classification and its rather subjective nature in interpretation leave it open to criticism and

a barrier to its widespread adoption as a prognostic classification.

Apart from static descriptions of colorectal tumour cell differentiation i.e morphology,
dynamic interpretations involve assessing functional parameters. In cell types other than
colonic epithelial cells, several biochemical markers of differentiation have been
described. Haemoglobin for red blood cells, myosin and myoglobin for muscle cells and
acetylcholinesterase for neural cells (Holtzer etal., 1972) have all been characterised but
specific biochemical markers of cellular or subcellular colonocyte differentiation are
lacking. Monoclonal antibodies to colonic cell determinants have been raised and these
have been found to react with highly immunogenic components of colonic tumour cells.
These include mucus associated antigens (Richman & Bodmer, 1987), carcinoembryonic
antigen (Wagener etal., 1983), blood group antigens (Hansson ezal., 1983) and the

intermediate filaments, cytokeratins (Makin etal., 1984).

Although morphological differentiation correlates with prognosis, functional
differentiation is not so closely related. Mucus associated antigens show no relationship
to histological grade and are not strongly expressed on colorectal carcinomas unless of
the mucinous variety. Thus, although the production of mucins implies adequate goblet
cell differentiation, the translation of this as a prognostic factor in colorectal carcinoma is
not evident. Carcinoembryonic antigen (CEA), is thought to be a marker of functional
differentiation, largely because of its differential distribution between embryonic and
adult colonic epithelial cells. Such differences in distribution are often observed in
colorectal carcinomas. This area is discussed later in the thesis. Blood group antigens (A,
B, H and LewisP) are normally found in the foetus in the distal colon and rectum but are
absent in the distal colon of the adult, although they are present in more proximal
segments. Inappropriate expression of these antigens is found in benign and malignant

colorectal tumours but no correlation with the histological grade is found (Cordon-Cardo
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etal., 1986). Cytokeratins, the intermediate filaments of epithelial cells, show marked
distortion in their intracellular network in colorectal cancers particularly those with poor
tubular differentiation. However, the pattern of expression in tumours appears to be
similar to that in normal colonic epithelium (Osborn, etal., 1986) and thus the use of the

cytokeratins as possible markers of functional differentiation is dubious.

Epithelial cells display a polarised organisation which determines overall morphology of
the epithelium. The plasma membrane is differentiated into two distinct domains, the
apical facing the lumen, and the basolateral facing the mucosa. The apical membrane
consists of absorptive intestinal cells as well as mucus secreting cells and is separated
from the basolateral domain by tight junctions which maintain the unique lipid and protein
composition of each domain. Markers of polarity are those which distinguish apical and
basolateral domains. Differentiation of colon tumour cells is associated with the apical
expression of peptidases (aminopeptidase, dipeptidylpeptidase IV) and disaccharidases
(sucrase-isomaltase, lactase). These enzymes which are present in mature small intestine
and foetal human colon, are usually not expressed in undifferentiated tumour cells.
Therefore, the detection of one of these enzymes on the apical membrane is indicative of a
biochemical degree of differentiation. Basolaterally, transferrin receptors and HLA class 1
antigens have been used as polarity markers. However, it should be emphasised that the

presence of a polarity marker in itself is not a criterion for differentiation.

Currently, therefore, no specific immunological markers exist that accurately reflect the

histopathological grade of colorectal tumours based on the degree of tubular

differentiation (Pignatelli, 1993).
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1.7 COLORECTAL TUMOUR BIOLOGY

E.B. Wilson (1937) wrote 'the key to every biological problem must finally be sought in
the cell'. The field of oncology is a testament to this in so far as many of the recent
research advances have come from cell based studies. The study of tumour cells and their
biology has been enhanced by technological advances that have facilitated defining the
dynamic processes in neoplasia at the molecular level. Nowhere has this been more
readily apparent than in the field of molecular genetics. Studies in this area have shed
light on the very processes that transform a normal epithelial cell into a malignant one. All
somatic cells undergo a regulated process of growth, proliferation and differentiation.
Their one vital and distinguishing feature from stem cells is that once the somatic cells
have reached the state of terminal differentiation, they are destined to die. They leave no
progeny and dedicate their existence to supporting the germ cells, which alone have a
chance of survival. As these cells are clonogenic in origin, the genome of the somatic
cells is the same as the germ cells, and thus by the self sacrifice of the somatic cells, they
are in fact helping to propagate copies of their own genes through the germ cells. A
mutation that gives rise to an altered behaviour pattern within a group of somatic cells
leading to competition or natural selection will in effect disturb the equilibrium within a
multicellular unit, i.e the tissue and lead to disordered growth and proliferation. It is now
recognised that cancers arise from a series of somatic gene mutations which result in a
subpopulation of cells escaping the normal homeostatic mechanisms within a cell, i.e the
intra and extracellular factors that control cell proliferation, growth and differentiation.
This results in a loss of cellular architecture and organisation assessed in terms of

morphology and a loss of function manifest in terms of biological behaviour.

Colorectal cancer is ultimately a disorder at the level of the gene, though the behaviour of

the malignant cell will depend also upon the mode of gene expression. The genes

involved are discussed below.
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1.7.1 Cancer genes

These are specific regions of DNA which have been found to be altered in different ways
in cancer cells. These changes at the DNA level have been correlated with altered growth
capacity, morphological appearance and biological behaviour of a number of human
cancers. There are two main categories of cancer genes:

a) dominant oncogenes, mutations of which lead to an increase in activity and
expression of the gene product which positively increases the ability of the cells to divide
b) tumour suppressor genes or anti-oncogenes, mutations of which lead to loss of

gene function and normal negative regulation of cell division.

A genetic model for colorectal tumorigenesis has been proposed (Fearon et al., 1990) in
which colorectal tumours arise as a result of the mutational activation of oncogenes
coupled with the mutational inactivation of tumour suppressor genes. Mutations in at least
four to five genes are required for the formation of a malignant tumour. Fewer changes
appear to suffice for benign tumorigenesis. Furthermore, although the genetic changes
occur according to a preferred sequence, the total accumulation of changes, rather than

the order in which they occur is responsible for the tumour's biological properties.

Mutational theories lead to the assumption that neoplasms have a monoclonal
composition, whereas aberrant differentiation processes or field effects might be
predicted to give rise to neoplasms with a polyclonal composition. Although the earliest
events in human colorectal tumour formation are not yet defined, study of the clonal
composition of human colorectal tumours has demonstrated that all tumours examined,
including very small adenomas, have a monoclonal composition (Fearon etal., 1987). In
contrast, normal colonic epithelium is polyclonal, having arisen from numerous stem
cells. Thus, adenomas arise from a single pocket of epithelial stem cells (Ponder &

Wilkinson, 1986), consistent with the idea that one or a small number of cells from
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within this pocket initiate the process of neoplasia by clonal expansion. To understand the
molecular basis of this clonal expansion, investigators have sought to identify somatic
alterations present at various stages of colorectal tumour formation. The presence of such
an alteration in all or virtually all of the neoplastic cells under study suggest that the
alteration itself provided the cell with a growth advantage, allowing it to outgrow other
neoplastic cells within the tumour to become the predominant cell type constituting the

neoplasm (clonal expansion).

1.7.2 Genetic alterations in oncogenes

Oncogenes were originally described as retroviral genes responsible for in vitro cell
transformation and the development of certain animal tumours but have subsequently
been identified in normal human cells (proto-oncogenes) and in activated form in human
tumours (c-onc or cellular oncogenes). Many have a physiological role in the regulation
of cell division and differentiation. It is not surprising, therefore, that they are a common

target for mutagenesis in neoplasia.

ras gene mutation is a common somatic alteration in colorectal tumours. When transfected
into appropriate recipient cells, mutated ras genes confer neoplastic properties. c-Ki-ras,
one of the family of ras oncogenes, encodes a 21kDa G-protein involved in the
transduction of mitogenic signals across the cell membrane (Barbacid, 1987). Point
mutations in various codons within the gene have been identified in 39 to 71% of
colorectal cancers and 42% of adenomas (Vogelstein etal., 1988). This results in the
inability of the protein to hydrolyse bound GTP to GDP, and since GTP-ras is believed
to be the active form of the protein this may deliver a continual signal to the cell to divide.
ras gene mutations may be the initiating event in a subset of colorectal tumours, and
adenomas with ras gene mutations may be more likely to progress than adenomas without

ras gene mutations. In addition to somatic activation by point mutation, oncogenes may
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be activated by amplification or rearrangement. Few cases of specific oncogene
amplification have been reported, but of those that do exist, neu, c-myc and c-myb
overexpression have been described in colorectal tumours or their derived cell lines. c-
myc encodes a nuclear phosphoprotein that is induced during cell proliferation, and is
probably necessary for DNA synthesis (Studzinski etal., 1986). Several groups have
reported raised c-myc RNA values in 60-70% of colorectal carcinomas (Finley etal. ,
1989) and similar levels have been described in adenomas. Amplification of c-myc
protein has been described in only a minority of tumours (7%) and thus correlates poorly
with RNA content (Meltzer etal., 1987). The reason for deregulated expression of the
gene has been elucidated a little further in recent years. This relates to the adenomatous
polyposis coli gene (APC) which is a tumour suppressor gene that is inactivated or
mutated in most colorectal cancers (see 1.7.3). Mutations of APC cause aberrant
accumulation of beta-catenin, which then binds to T cell factor-4 (Tcf-4) causing
increased transcriptional activation of various genes. The c-myc oncogene has been
identified as a target for this pathway. Expression of the gene is shown to be repressed
by wild-type APC and activated beta-catenin and these effects are known to be mediated
through Tcf-4 binding sites in the c-myc promoter (He etal., 1998). These recent
discoveries may explain the overexpression of c-myc in colorectal cancers. Other
oncogenes less frequently altered in large bowel tumours include c-src, raised in 62% of

cancers; c-myb deleted in 9% and c-erbB-2, amplified in 4% (Meltzer etal., 1987).

1.7.3 Allelic losses and tumour suppressor genes

Boveri (1929) was the first to propose that cancer may arise through chromosomal
aberrations or losses. A loss of specific chromosomal regions occurs frequently in
colorectal neoplasia. Usually the losses involve only one of the two parental
chromosomes present in the normal cells. These allelic losses have been interpreted as

affecting regions containing tumour suppressor genes whose products inhibit cell
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proliferation and tumorigenicity. Whereas oncogenes classically act in a transdominant
fashion - that is alteration to one allele is sufficient to cause transformation, suppressor
genes are recessive. Loss of tumour suppressor function requires inactivation of both
alleles, usually by chromosomal deletion or point mutation, or both (Knudson, 1985).
Tumour suppressor genes are very important in colorectal carcinogenesis. The hereditary
condition, familial adenomatous polyposis, which confers susceptibility to colonic
cancer, is determined by point mutations in a tumour suppressor gene, APC, inherited
through the germ line. Localised to chromosome 5q.21 (Bodmer etal., 1987; Leppert et
al., 1987), the candidate gene encodes a large 2843 amino acid protein, the function of
which is now becoming clearer. All inherited mutations identified in the APC gene thus
far appear to result in inactivation of the gene. They include gross deletions but more
often localised mutations that cause frame shifts or create stop codons or missense
mutations in the gene product. Mutations in the APC gene have been found in 67% of
FAP patients. More than two thirds of mutations were located in the 5’ half of the last
exon, and over 90% resulted in truncation of the APC gene product. Similar mutations

have been described in sporadic adenomas and carcinomas (Miyoshi etal., 1992).

While the inherited allele is mutated, the normal allele is subsequently deleted ina
somatic, mitotic event involving variable sized fragments of the long arm of chromosome
5. This acquired loss of heterozygosity or allelic loss for chromosome 5q can be detected
using restriction fragment length polymorphism (RFLP) markers which detect whether
one of the two parental alleles is lost specifically in tumour DNA. This appears to occur
in 36-60% of sporadic cancers, as well as in familial adenomatous polyposis carcinomas
(Solomon etal., 1987; Vogelstein etal., 1988). Although loss of heterozygosity of 5q
can only rarely be noted in adenomas from patients with polyposis, 5q allelic losses are
the most frequently detected genetic alteration in small, early adenomas from patients
without polyposis. The data suggest that in the majority of colorectal tumours, one or

both alleles of the APC gene may be inactivated by somatic mutation, and this inactivation
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may occur at an early stage of tumour development. However, it is unknown whether
inactivation of one APC allele is sufficient to alter the growth of colonic epithelial cells in
a subtle fashion, but studies by Lipkin (1988) have shown that this may be the case.
Moreover, the major effect of inactivation of the APC gene in colonic mucosal cells may
not be necessarily to generate a phenotype of malignancy but perhaps to increase the
proliferation rate of affected cells and thus to increase the likelihood of subsequent
transformation events by enlarging the pool of cells at risk. One of the biochemical
activities associated with the APC protein is down-regulation of transcriptional activation
mediated by beta-catenin, a protein that regulates cadherin function, and T cell factor-4,
which is a transcriptional factor found in colonic epithelium. Products of the mutant APC
gene are defective in this activity and, furthermore, tumours with intact APC genes are
found to have mutations of beta-catenin which functionally alter phosphorylation sites
(Morin etal., 1997). Thus, it appears that regulation of beta-catenin is critical to the
tumour suppressor role of APC and this can be circumvented by mutations in either APC
or beta-catenin itself. This theory has been further confirmed by mutational analysis of
this pathway (Sparks etal., 1998) and the subsequent association with c-myc oncogene
overexpression (He ez al., 1998). A murine counterpart of human familial adenomatous
polyposis, the Min trait (multiple intestinal neoplasia), exists in which mice develop small
and large bowel polyps and are susceptible to gastrointestinal cancer (Moser etal., 1990).
The trait is transmitted as an autosomal dominant, and linkage analysis has shown
cosegregation with a nonsense mutation in the murine homologue of the APC gene (Su et
al., 1992). Inactivation of the remaining APC allele has been demonstrated in colorectal

tumours derived from Min mice supporting Knudson's hypothesis (Levy etal., 1994).

The loss of a large portion of chromosome 17p, through chromosome loss or mitotic
recombination, has been observed in more than 75% of colorectal carcinomas (Vogelstein
etal., 1988), but such loss is infrequent in adenomas. In several patients the 17p allelic

losses have been associated with the progresssion of individual tumours from adenoma to
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carcinoma (Fearon etal., 1987, Vogelstein etal., 1988). Many human tumours have
since been shown to have the same localised chromosomal deficit (Hollstein etal., 1991).
This common region of loss on chromosome 17p in colorectal tumours has been
identified and contains the p53 gene (Baker etal., 1989). Furthermore, mutations
resulting in amino acid substitutions in the pS3 gene product have been observed in the
remaining pS3 alleles of several colorectal cancers that had concomitant allelic losses of
chromosome 17p (Baker ezal., 1989). Thus, point mutation of one allele of the p53 gene
coupled with loss of the remaining wild-type allele appears to occur frequently in
colorectal tumours. Evidence has now accumulated that suggests that the wild-type p53

gene functions as a tumour suppressor.

The molecular basis for the apparent selection for mutated p53 alleles in only the late
stages of colorectal tumour development is unknown. Similarly, individuals with the Li-
Fraumeni syndrome, who have germ-line p53 mutations, are not at greatly increased risk
for colorectal cancer (Malkin ezal., 1990). Both observations are consistent with the
notion that pS3 mutations are not rate-limiting for the development of early stage
colorectal tumours. In colonic mucosal cells, perhaps other genes are expressed that may
significantly modify or abrogate the effects of a mutated p53 allele; i.c., the growth
pathways regulated by p53 may have a greater redundancy in normal colorectal cells than
in some other cell types. Inactivation or mutation of these interacting or modifying genes
may be necessary before mutated p53 alleles can exert a phenotypic effect in colonic

epithelial cells (Fearon & Jones, 1992).

Another common region of allelic loss in colorectal tumours is chromosome 18q.21,
which is lost in more than 70% of carcinomas and in almost 50% of late adenomas
(Vogelstein etal., 1988). The candidate tumour suppressor gene localised to this region
was identified and termed the DCC gene (deleted in colorectal carcinoma) (Fearon etal. ,

1990). This gene encodes a protein with significant homology to the cell adhesion



molecule N-CAM (neural cell adhesion molecule), a member of the immunoglobulin
superfamily of adhesion molecules (see section 1.12). The DCC gene is expressed in
normal colonic mucosa, but its expression is greatly reduced or absent in the majority of
colorectal carcinomas. This loss of expression is only occasionally associated with
somatic mutations of the DCC gene. Thus, it was postulated that this gene might play a
role in the development of colorectal tumours, perhaps through alterations in normal cell-
cell and/or cell-extracellular matrix interactions. The DCC gene may be another example,
together with pS3, of a dominant negative gene functioning at the cellular level. Thus,
mutation of one allele may be sufficient to provide an altered cellular phenotype unlike the
recessive mutations required for tumour suppressor genes according to Knudson's
hypothesis. Thus, in the case of p5S3 not only do mutations in one of the alleles result in
loss of tumour suppressor activity but also confer the ability to transform NIH/3T3 cells
(Lane & Benchimol, 1990). Alternatively, the level of expression of some tumour
suppressor genes may be critical; reduced expression of the corresponding protein (even
in the absence of mutation) may alter aspects of growth regulation. The DCC gene,
through its cell adhesion function, was thought via the reduced cell surface receptor
expression to lead to altered adhesion to neighbouring cells or matrix and thus lead to
diminution of the growth restraining signals associated with such adhesion. A resultant
clonal expansion could occur, even if the remaining allele was not mutated and was
expressed in these cells. For similar reasons, a role for the DCC gene product was
proposed in cellular differentiation of colorectal tumour cells (Hedrick etal., 1994). The
role of DCC in colorectal tumorigenesis has, however, been questioned principally
because the lost region on chromosome 18q.21 does not coincide with a hereditary cancer
locus (Kinzler & Vogelstein, 1996) and furthermore, in sporadic tumours this minimally
lost region demonstrates genetic heterogeneity (Thiagalingam etal., 1996). Dominant
negative and dosage effects thus need to be integrated into the equations of tumour

suppressor gene function.
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The presence of other chromosomal losses in colorectal cancer suggests that more tumour
suppressor genes have yet to be identified. Regions of interest which demonstrate such
loss are from 1p, 8q, 13q and 22q (Wasylyshyn etal., 1991). Vogelstein and colleagues
in an attempt to examine the extent and variation of losses studied a large number of
colorectal cancer specimens using polymorphic markers from every nonacrocentric
autosomal arm (the acrocentric arms carry predominantly ribosomal genes). The
frequency of chromosomal losses when viewed from the perspective of individual
tumours was found to be a median of four to five chromosomal arms suffering allelic
losses per tumour. The group of patients with more than the median number of losses in
their tumour had a considerably worse prognosis than the other patients, although the size
and clinical stage of the primary tumours were very similar in the two groups (Kern et
al., 1989). The heterogeneous allelic losses, each of which occurs in a minority of
tumours have been accounted for in two alternative ways. The first hypothesis is that
some of the allelic losses might have no specific effect on the phenotype of the cell, but
may have arisen coincidentally with other genetic alterations upon which selection could
act, perhaps in a complex mitotic event that segregated numerous chromosomes
aberrantly. Alternatively, it may be that many tumour suppressor genes may be present
throughout the genome, and each of the chromosomal regions lost could contain such a
gene. The heterogeneity in allelic loss patterns of individual tumours might therefore be
responsible for the observed heterogeneity in the biological properties of colorectal
tumours from different patients. Thus, tumours with a specific subset of suppressor gene
alterations would behave differently from those with an overlapping but distinct subset

(Fearon & Vogelstein, 1990).

One possible promoter of genetic alterations is DNA hypomethylation. A significant loss
of methyl groups from DNA has been found to occur very early in colorectal
tumorigenesis. Examination of DNA from even very small adenomas has revealed that

approximately 1/3 of the DNA regions studied have lost methyl groups present in the
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DNA in normal colonic mucosa (Feinberg, 1988). Although colorectal tumours are
globally hypomethylated, a few specific regions in the genome may be hypermethylated.
The loss of DNA methylation has been shown to inhibit chromosome condensation and
might lead to mitotic nondisjunction resulting in the loss or gain of chromosomes. Thus,
an epigenetic change, like hypomethylation, could contribute to instability in the tumour

cell genome and alter the rate at which genetic alterations, such as allelic losses, occur.

Comparison of the frequency with which tumour suppressor and oncogenes are altered in
adenomas and carcinomas suggests that there is a preferred order for their occurence in
the adenoma-carcinoma sequence. For example, whereas mutations of APC and c-ras are
equally common in premalignant and malignant tumours, deletion of DCC on
chromosome 18q is present in 75% of cancers but only 11% of adenomas. p53 shows a

similar trend.

1.8 METASTATIC BEHAVIOUR

Exactly what confers the property of metastasis to a given tumour cell subpopulation is
subject to much research. Human tumour cells produce a variety of growth factors,
cytokines, chemoattractants, motility factors and proteolytic enzymes and their inhibitors.
Normal cells in the vicinity of the tumour cells such as fibroblasts, endothelial cells and
monocytes are also potential producers of most of these factors and often require specific
signals to trigger synthesis or to release the biologically active factors. Acquisition of the
invasive phenotype is the prerequisite to metastasis, and alterations in cell surface
receptors, particularly adhesion molecules play a key role in this. Secretion of enzymes
that degrade the extracellular matrix and changes in the expression of the major

histocompatability antigens are also important components in the process (Fidler, 1990).
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The interactions of many of the above factors, some produced by tumour cells themselves
and others by juxtaposed stromal fibroblasts, vascular endothelial cells and infiltrating
inflammatory and immune cells are highly complex. Experimental investigations of
interactions between various factors within the same cell type or between different cell
types have been limited. Autocrine, paracrine and endocrine pathways are likely to play
roles in the progression of the metastatic process. Many workers have expounded on

various multi-step theories of tumorigenesis and metastasis.

1.8.1 Proliferation

Uncontrolled proliferation of tumour cells results in local expansion. The growth factor
TGF-a in particular is constitutively produced for autocrine growth stimulation. TGF-a
shares extensive sequence homology with the epidermal growth factor (EGF) and both
factors bind to the same receptor (Marquardt etal., 1984). TGF-a produced by
carcinoma cells can be autostimulatory since growth of colorectal and other carcinoma

cells can be inhibited by either a monoclonal antibody to the EGF receptor (Rodeck etal. ,

1990) or a neutralising antibody to secreted TGF-a (Imanishi etal., 1989). TGF-a is
also angiogenic and stimulates endothelial cells, an activity that suggests an important

paracrine role for this growth factor.

TGF-B is produced in inactive or latent form by colorectal tumour cells (Anzano etal. ,
1989). Activation of TGF-f can be achieved by the proteolytic enzymes plasmin or
cathepsin D. With the exception of fibroblasts where it has a stimulatory role, TGF-
inhibits the growth of a wide variety of cell types of mesenchymal and myeloid origin as
well as nearly all epithelial, lymphoid and endothelial cells (Barnard etal., 1989). TGF-8
has multiple effects on cell functions apart from growth inhibition and these include

secretion of proteolytic enzymes and extracellular matrix proteins.



Many other growth factors have been studied in colorectal cancer particularly from the
EGF family. Angiogenic factors such as the heparin-binding growth factors, in
particular, basic fibroblast growth factor (bFGF), have also been shown to induce
endothelial cell proliferation, increase motility of endothelial cells and produce
collagenases and plasminogen activator. Both of these enzymes are important in the tissue

remodelling required for the capillary sprout penetration into the tumour matrix.

1.8.2 Chemoattraction

Tumour cells produce chemoattractants for inflammatory cells such as monocytes and
lymphocytes (Graves etal., 1989). Monocytes, after interacting with tumour cells,
produce growth factors, interleukins, interferons for initiation of angiogenesis and

1nvasion.

1.8.3 Tissue organisation

Production of angiogenic factors causes infiltration of endothelial cells which in turn are
activated to produce cytokines and growth factors. Tumour-derived growth factors and

fibrin formation stimulate stromal fibroblast proliferation.

1.8.4 Tissue degradation

Degradation of tissues (parenchyma, endothelia) occurs through proteolytic enzymes
such as plasminogen activators and a group of zinc containing enzymes known as the
matrix metalloproteinases (MMPs). These are broadly subclassified into three main
families, the collagenases, gelatinases and stromelysins (Matrisian, 1992). Although
many proteases can cleave extracellular matrix components the MMPs are thought to be

the main physiological mediators of matrix turnover. In disease states such as neoplasia
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an alteration in the normal balance between the enzymes and their naturally occurring
inhibitors, tissue inhibitor of metalloproteinases (TIMPs 1-4), must occur. The
expression of these enzymes is strictly regulated at the transcriptional level by growth
factors (Edwards etal., 1987), oncogenes and various hormones. Post-translational
modification is by a2 macroglobulin, plasmin and the TIMPs. Alteration in any of these
factors may break the homeostatic paracrine loops resulting in tissue invasion and tumour
dissemination. Several invasive human tumours demonstrate an increase in
metalloproteinase expression detected by immunoreactivity at the protein level and in situ
hybridisation at the mRNA level. The cellular source of these enzymes in neoplasia still
has to be identified. Recent evidence is suggestive of the host stroma rather than the
tumour epithelial cells themselves as the producer of these enzymes. Poulsom and
colleagues (1992) have demonstrated augmented signals for the mRNA of 72 kDa
gelatinase and TIMP-2 in the stroma in an in situ hybridisation study of colorectal
tumours. Confirmation of this finding has been reported in a study in which mRNA
signals for the same MMP were localised to fibroblasts surrounding the invasive edge of
colorectal tumours (Pyke etal., 1993). No hybridisation signals were noted in tumour
cells themselves. Other in vitro studies have shown that manipulation of the TIMPs
through genetic transfection experiments and antisense treatment can result in reduced

invasive behaviour and metastasis (Khokha etal., 1992).

1.8.5 Motility

Tumour cells and normal cells produce several motility factors, including autocrine
motility factor, scatter factor, and motility stimulating factor. In addition, growth factors
such as those from the insulin growth factor family as well as cytokines such as the
interleukins can induce motility. There is some evidence to suggest that fibroblasts from
tumour stroma have enhanced ability to produce motility factors than fibroblasts from

normal skin. Regulation of expression of such motility factors has yet to be elucidated.



1.8.6 Detachment

Cells detach from the site of blood or lymph vessel penetration either because endothelial
cells have produced adhesion inhibitors or in some cases because matrix proteins such as
tenascin are overproduced to which some tumour cells cannot bind (Lotz etal., 1989).
Cell adhesion molecules, as will be discussed below are also important in this step in the

invasive and metastatic processes.

1.8.7 Attachment

After tumour cells detach from the primary lesion, single cells and small cell aggregates
circulate in the blood and lymphatic vascular channels. Eventually, cells are arrested in
capillaries and attach to endothelial cells and/or vascular basement membranes. Here
again, cell adhesion molecule expression is of vital importance and relative changes in
adhesive specificities will determine whether a given tumour cell will attach or not.
Tumour cells may also increase production of ligands such as fibronectin to enhance

attachment.

1.8.8 Extravasation and proliferation

The activities at secondary metastatic sites follow similar steps to the initial metastatic

process and it has been shown that metastases can indeed themselves metastasise (Fidler

& Hart, 1982).
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1.9 CELL ADHESION MOLECULES

In 1889 Paget asked the question, "What is that decides what organs shall suffer in a case
of disseminated cancer" (Fig. 1.1). More than a century later this question remains
unanswered despite much research into the processes of tumorigenesis and metastasis.
Paget postulated that there were aspects of the 'seed' i.e the tumour, and aspects of the
'soil' i.e the target organ, which governed whether a metastasis should take root and
grow. The processes of detachment from the primary tumour to allow the 'seed' to
spread and attachment in the new location have been alluded to above. This process,
however, is not random. It is well recognised that tumours contain multiple cell
subpopulations exhibiting a wide range of biological heterogeneity in several parameters
including their ability to invade and metastasise (Fidler & Hart, 1982). As the vascular
system is generally a hostile environment to tumour cells, metastases must arise from a
cell subpopulation which is selected in terms of survival. Studies have shown that 24
hours after the intravenous inoculum of radiolabelled tumour cells, less than 0.1%
survive to proliferate into metastases (Fidler, 1990). The size of this subpopulation vanes

with time and between tumours.

Cellular adhesion, broadly speaking is one of two types:
a) cell-cell or intercellular adhesion
this is either heterotypic or homotypic in nature, depending on the cell type involved

b) cell-matrix adhesion

The concept that cellular adhesion is important in holding tumour cells together is not
new. Coman (1944) demonstrated that intercellular adhesion was decreased between
tumour cells. Invasive cells spread into the tissues surrounding the primary tumour; these
then have to attach to blood vessels and lymphatics, penetrate them and gradually spread

to distant sites. Some may become trapped at these new sites, extravasate and form new



tumours (secondary deposits). Many of these complex series of events require alterations
in adhesive specificities as well as modulation of growth characteristics, secretion of
proteolytic enzymes and other changes in cellular properties if the neoplastic process is to
continue. Research in this field has advanced dramatically after the relatively recent
identification and characterisation of families of cell surface receptors named adhesion
molecules. These mediate interactions between cells and between cells and their

surrounding extracellular matrix.

1.9.1 Extracellular matrix

Extracellular matrices are made up of an insoluble meshwork of protein and carbohydrate
that is laid down by cells and that fills most of the intercellular spaces. Matrices in
different locations in the body consist of different combinations of collagens,
proteoglycans, elastin, hyaluronic acid and various glycoproteins such as fibronectin and
laminin. These, therefore, comprise the interstitial stroma and basement membranes
which form a scaffold protecting the cells. Virtually all of the extracellular matrix proteins
interact with cells and much of the control of cellular behaviour appears to originate in
response to these interactions (Ruoslahti & Pierschbacher, 1987). Probably the most
important effect of matrices on cells is illustrated by the fact that normal cells require
attachment to a substrate for survival and growth. This anchorage dependence manifests
itself in the inability of normal cells to grow in semisolid media such as soft agar. The
most readily observable result of cell interaction with the extracellular matrix is cell
adhesion. Adhesive proteins that mediate this interaction are largely those that belong to
the integrin family. Cloning of the genes encoding for these molecules together with the
development of specific monoclonal antibodies has facilitated the localisation of these
molecules in vivo and the evaluation of their function in vitro (Nigam & Pignatelli,

1993).
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1.9.2 CLASSIFICATION

Cell adhesion molecules have been classified into four main families (Hynes & Lander,

1992). These are:

a) integrins

b) cadherins

c) immunoglobulin superfamily
d) selectins (lecams)

Other molecules known to have adhesive functions are proteoglycans, mucins and
lymphocyte homing receptors. The most important of these families in epithelial cell
interactions are the integrins, cadherins and immunoglobulin superfamily. Selectins have
an important role in endothelial cell interactions and thus play a part in inflammatory,

immune and haemostatic processes.

1.10 INTEGRINS

Integrins are heterodimers composed of distinct a and B chains which are non-covalently
bound. To date, 14a and 8 subunits have been described, most having been sequenced
at the cDNA level. Although in theory, over 100 different integrin complexes could form
with the number of subunits available, the actual diversity appears to be much more
restricted and only 20 heterodimers have been characterised. Most o subunits can
associate with only a single  subunit although there are others such as av which are
more promiscuous in their associations. Integrins appear to be the major receptors by
which cells attach to extracellular matrices. Through this function they play important
roles in development and in health and disease in the adult. Several human genetic
diseases affecting integrins demonstrate their importance in physiological and

pathological processes.
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1.10.1 Nomenclature

The integrins are grouped generally according to their f§ chain. The B 1 family are also
known as the VLA group (very late after activation), a name designated after the late
appearance (2-4 weeks) of a1p1 and a2f1 receptors on T lymphocytes after activation
with mitogen (Hemler etal., 1987). Thus VLLA-1,2,3 etc. are the same as a1f1, a2f1,
a3pB1 etc. The leucocyte-specific B2 integrins are still referred to by earlier names such as
LFA-1(alLp2), Mac-1 (aMB2) and Mo-1 or CR3 (aXf32); these are also the only
integrins for which CD (cluster differentiation) numbers are still occasionally used- thus,
2=CD18 and the associated a subunits are CD11a,b,c. The B3 subfamily are also
termed the cytoadhesins and comprise the platelet receptor allb/B3 or glycoprotein
[Ib/I11a and the vitronectin receptor avf33. Although differing nomenclature exists the af§

system is now widely recognised and accepted.

1.10.2 Structure and biochemistry

Electron microscopic images and chemical cross-linking experiments have suggested that

the amino-terminal globular domains of the o and 8 subunits form the extracellular ligand

binding regions of the integrin receptor. Both appear to be necessary for ligand binding

(Buck etal., 1986). The a subunits vary in size between 120 and 180 kDa and the 3

subunits are smaller varying between 90-110 kDa (Fig. 1.2).

The B subunits of all integrins are remarkably similar. Their amino acid sequences have a
40-48% homology (Hemler, 1990) with specific structural features being conserved over
a wide variety of species including mammals, birds and insects (Beer & Coller, 1989).

Most of the cysteine residues within the chain are organised into four repeating units. The
amino terminal is folded into a loop that is stabilised by disulphide bonds formed between

cysteines near the amino terminus and the first cysteine-rich repeat. The typical § subunit
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possesses a large extracellular domain (>75 kDa), one membrane spanning domain and a
short cytoplasmic domain found at the carboxyl terminus of the molecule. A recently

described subunit, 4, is an exception with a large cytoplasmic domain of over 1000

amino acids.

Although the a subunits exhibit more sequence heterogeneity than the [ subunits they are
similar in structure, containing similar size domains. The extracellular domain contains
calcium binding regions. Some a chains are composed of heavy and light chains in the

extracellular domain analogous to an immunoglobulin binding region. The function of
this I domain is unknown but is characteristic of a subunits that associate with the $2

chain and of a1 and a2 subunits.

The interactions of integrins with the cytoskeleton appears to be through cytoskeletal actin

filaments. This is via an indirect linkage involving talin, vinculin and a-actinin (Burridge

etal., 1988). Biochemical and molecular biological studies have demonstrated that
integrin binding to the cytoskeleton requires the cytoplasmic domain of the § subunit. A
tyrosine phosphorylation site exists in the cytoplasmic sequences suggesting a potential
site for integrin regulation. However, alteration of this site by targeted mutagenesis does

not seem to affect the function of the 1 subunit (Hayashi etal., 1990). Indeed, truncated

forms of integrins lacking transmembrane and cytoplasmic domains can be expressed and

do form functional o heterodimers (Dana etal., 1991), indicating that o interactions

do not rely on the transmembrane or the cytoplasmic domain.
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Ligand binding is not specific for a particular receptor. An integrin can bind to several
ligands and a particular ligand can have several integrin receptors. A further level of
complexity is introduced by the existence of alternative splicing. Several subunits of the
integrins have alternatively spliced cytoplasmic domains (Altruda etal., 1990). The
significance of this is not completely clear but it has been shown that different
cytoplasmic domains trigger different functions (collagen gel contraction or migration)
when transfected into cells (Chan etal., 1992). Most of the ligands are extracellular
matrix molecules such as the collagens, laminin, fibronectin and vitronectin. However,
some integrins recognise integral membrane proteins of the immunoglobulin superfamily
which can themselves function as adhesion molecules (counter-receptors). These ligands
are ICAM-1, ICAM-2 and VCAM-1 and largely bind those integrins involved in cell-cell

adhesion.

Divalent cations are essential for integrin receptor function. The nature of the cations can
affect both affinity and specificity for ligands and are also necessary for af} subunit
association of some integrins (Kirchofer etal., 1990). Integrins appear to recognise
specific amino acid sequences in their ligands. The most well studied is the arginine-
glycine-aspartic acid sequence (RGD) found within a number of matrix proteins including
fibronectin, fibrinogen, thrombospondin, vitronectin, laminin and type I collagen
(Ruoslahti & Pierschbacher, 1987). However, not all integrins bind to ligands via RGD
containing domains. For example, a2f1 recognises a tetrapeptide sequence DGEA (Asp-
Gly-Glu-Ala) (Staatz etal., 1991) and a4f1 receptor binds to EILDV (Glu-Ile-Leu-Asp-
Val) present in an alternatively spliced region of fibronectin (Guan & Hynes, 1990).
Although alternative splicing in the ligand-binding region of the extracellular domain of
integrins exists in the Drosophila o and 8 subunits (Brown etal., 1989), no such
splicing has been demonstrated in humans. However, it has been shown that a point
mutation at position 119 of the 33 subunit ablates ligand binding (Loftus etal., 1990) and

several mutations in the corresponding region of the 2 subunit affect a2 associations
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(Amaout etal., 1990). It is of interest that the I domains in the o chains, when present,
and the alternative splicing in the Drosophila integrin subunits all fall in the same regions
of the receptors. This is consistent with the observation that switching either the a or

chains in integrins can lead to changes in their ligand specificity.

1.10.3 Signal transduction

The interactive binding of integrins to ligand can result in much more than simple
mechanical adhesion of cells. Integrins are now seen as components of signalling
machines that translate events occurring outside the cell (ligand binding) into intracellular
messages. This process of signal transduction has attracted much research interest and is
now widely believed to involve the interaction of the cytoplasmic domain with some of
the proteins linking it to the cytoskeleton. Ligand binding has been shown to induce
protein phosphorylation, cytoplasmic alkalinisation, and fluxes in the ionised calcium
content that affect both gene expression and cell growth and differentiation. The exact
mode of activating these intracellular events is unclear but certain patterns are emerging.
The second messenger pathways that are activated include phospholipases, phospatidyl
inositol turnover and activation of protein tyrosine kinases. Tyrosine phosphorylation
events triggered by integrins have been described in NIH/3T3 fibroblasts. Adhesion and
spreading of these cells on fibronectin leads to the rapid tyrosine phosphorylation of a
protein of 115-130 kDa (Guan etal., 1991). This protein is of similar size to those that
are phosphorylated after stimulation of cells by various soluble growth factors (Pasquale
etal., 1988). If these proteins are related, it would suggest convergence of the signalling
pathways triggered by soluble growth factors, extracellular matrix adhesion receptors and
tyrosine kinase oncogene products. This has been proposed as a possible explanation for
the anchorage dependence of growth of normal cells and its loss in transformed cells
(Guan etal., 1991). Similarly, cytoplasmic alkalinisation has been shown to be triggered

by adhesion of endothelial cells, fibroblasts and lymphocytes to fibronectin and this
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correlates with the parallel stimulation of spreading and growth (Schwartz etal., 1991).
Since elevated cytoplasmic pH correlates with anchorage independence of growth in
transformed cells, it has been postulated that as for tyrosine phosphorylation, cell
adhesion signals transmitted via integrins converge with those triggered by soluble

growth factors and oncogenes.

Evidence for integrins as stimulatory receptors for T lymphocytes has also been
demonstrated. Ligand engagement has been shown to have a costimulatory effect on cell
proliferation (Burkly etal., 1991); furthermore, binding of a5B1 on T cells to its ligand,
fibronectin, has been shown to induce interleukin-2 transcription (Yamada ezal., 1991)
and avB3 integrin has been identified as an accessory stimulator of interleukin-4
production (Roberts etal., 1991). Thus, integrin-ligand interaction can lead to T cell
activation and has also been shown to be stimulatory for monocytes and neutrophils.
Adherence of monocytes to extracellular matrix molecules induces genes encoding for
inflammatory mediators (Sporn et al., 1990). Neutrophil adhesion, together with
cytokine stimulation, leads to the respiratory burst (Nathan ezal., 1989) and also induces

cell motility and calcium fluxes in the cytoplasm (Ng-Sikorski etal., 1991).

From the above results, it is evident that integrins can act as transducers of signals into
the cell. This helps explain why ligand or antibody binding of specific integrins affects
gene expression or differentiation of cell types. These include the induction of specific
metalloproteinase genes in synovial fibroblasts by an integrin receptor, a581 (Werb et
al., 1989) and inhibition of terminal differentiation in keratinocytes by fibronectin acting
probably via the same receptor, a5B1 (Adams & Watt, 1989). Thus, it is also clear that
activities of integrins and their modulation leads to cellular effects that extend far beyond

adhesion.
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1.10.4 B1 subfamily (VLA)

This group comprises the largest number of integrin receptors. Eight different
heterodimers have been identified, each with differing ligand specificities. The receptors
exhibit ubiquitous expression on cell types, being found on all epithelial cells as well as

endothelial cells and fibroblasts (Hemler, 1990).

al1p1 and 2@ 1 are widely expressed on epithelial cells, fibroblasts, endothelial cells,
smooth muscle cells and haemopoietic cells (Hemler, 1990). The ligands that they bind
are the collagens I and IV (Wayner & Carter, 1987) and laminin (Lotz etal., 1990).
Moreover, it has been shown that a231 may also bind to human tenascin (Sriramarao et
dl., 1993), an extracellular matrix protein which is restrictively and transiently expressed
in foetal tissues and the neovasculature and stroma of tumours. The a1 chain has a
molecular mass of 200 kDa and the a2 chain 150 kDa. The gene responsible for the
production of both the a1 and a2 chains has been mapped to chromosome 5 (Hemler,
1990) and cloning and sequencing of the a2 chain has shown the presence of the I
domain within its structure. The exact function of this region is unknown but due its
homology with the collagen binding domains of von Willebrand factor and various
cartilage matrix proteins (Argraves etal., 1987) it has been suggested that this domain

may be responsible for the collagen binding exhibited by the a2f1 receptor.

a3p1 (VLA-3) appears to function as a multiple receptor for type I collagen, fibronectin
and laminin (Wayner & Carter, 1987). Epiligrin, a basement membrane component of
epithelial cells may also form a ligand for the a3p1 receptor. The a3 chain has been
shown to have a molecular mass of 150 kDa and has been mapped to chromosome 17
(Retting etal., 1984). A role in cell-cell adhesion has been suggested by some workers
for this integrin as ultrastructural studies have demonstrated its presence at intercellular

contact sites of epithelial and mesenchymal cells (Kaufmann etal., 1989).
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a4 1 exhibits slightly different characteristics from other members of this family. It is
expressed largely on haemopoietic cells and only appears at low levels on most adherent
cells and cell lines (Hemler etal., 1987). Amongst its ligands is fibronectin; however, the
ligand binding site is different to the classical fibronectin receptor 5@ 1. The latter
recognises the RGD (Arg-Gly-Asp) binding site whereas a4f1 binds to the connecting
segment-1 (CS-1) region generated by alternative splicing of fibronectin mRNA
(Schwarzbauer etal., 1987). The possible role of a3f1 in cell-cell adhesion has already
been alluded to and functions of a4f1 are thought to add further credence to the notion
that the B 1 integrin family plays a major role in intercellular adhesive processes in
addition to their cell-matrix functions. This role, however, is disputed by others who
have shown in a range of cell lines that cell-cell adhesion mediated by integrin-integrin
interaction is not a widespread phenomenon (Weitzman etal., 1995). Holzmann and
colleagues (1989) identified a monoclonal antibody that blocked adhesion of circulating
murine lymphocytes to the high endothelial venules of Peyers patches in the gut. The
antigen identified by this antibody (LPAM-1), termed a lymphocyte homing receptor,
was found to be related to the 140 kDa human a4 subunit. Since this discovery the
human a4f1 integrin has been shown to mediate adhesion of human lymphocytes to
activated endothelial cells by binding to an inducible endothelial surface protein called
VCAM-1 (Elicesetal., 1990). The sites on a4f81 involved in VCAM-1 binding are
distinct from those involved in fibronectin binding. These observations together with
structural studies both in tisssue sections as well as cells in culture demonstrate this

important secondary role of 1 integrins (Larjava etal., 1990).

a5f1 is also widely expressed on haemopoietic and epithelial cells as well as fibroblasts.

It is known to have unique ligand specificity binding only to fibronectin through the RGD

sequence (Pytela etal., 1985). The a5 chain has been found to have a molecular mass of
150 kDa and the gene encoding for its production has been mapped to chromosome 12

(Sosnoski etal., 1988). The exact reason why some integrins bind to multiple ligands
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and others have unique specificity is unclear. A possible explanation may be that the
stability of adhesive structures may require cooperative interactions between multiple
integrins binding to alternative sites on the same or different matrix molecules (e.g. a4p1
and o581 on fibronectin), or that each integrin may transmit different information from
the extracellular environment that determines the morphology and physiology of the cell

(Albelda & Buck, 1990).

61 integrin also has unique ligand specificity. It forms a receptor for the E8 fragment
of laminin and was initially identified on platelets (Sonnenberg & Linders, 1990). o781
also shows similar specificity for the long arm of laminin (Kramer etal., 1991), whereas
the two other major receptors for laminin a1p1 and a2f1 bind to the cross region of this
matrix molecule. The 145 kDa a6 chain has also been found to associate with the larger
B4 subunit (Hemler, 1990) and the heterodimer also forms a laminin receptor which

functions independently of the a6f1 receptor (Lee etal., 1992).

avp1 forms a receptor for fibronectin and vitronectin, although the specificity of the
receptor has been questioned (Vogel etal., 1990). Synergy with a5@1 to mediate
spreading on fibronectin has also been described for this receptor (Marshall etal., 1995).

It also recognises the RGD sequence in its ligand.

a8 1 has been described as having an important role in kidney development. The

inductive interaction between ureteric epithelium and metanephric mesenchyme has been

found to be defective in kidney morphogenesis in a8 deficient mice (Muller ezal., 1997).

However, its known ligands fibronectin, vitronectin and tenascin are not appropriately

localised to mediate all a8 1 functions in the kidney and more recently a novel ligand,
osteopontin, has been implicated in interactions with this integrin in regulating kidney

development and other morphogenetic processes (Denda etal., 1998).
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a9B 1 expression is restricted to specialised epithelia. It is expressed in foetal and adult
small intestine aswell as colonic epithelium. Its function is unknown but may play a role
in proliferation of human intestinal cells (Desloges etal., 1998). Human bronchial
epithelium also expresses this integrin and binds in an RGD mediated fashion to tenascin
and osteopontin (Smith & Giachelli, 1998). More recently, a10f1 integrin has been
described which binds to collagen and is expressed on human chondrocytes (Camper et

al., 1998).

1.10.5 2 subfamily

The B2 subfamily of integrins, sometimes referred to as the CD18 antigens consist of
three receptors expressed exclusively on leucocytes, aX B2, aMB2 and a2 (Springer,

1990).

al B2 is expressed on most types of white blood cells where it plays a role in leucocyte-
leucocyte interactions and leucocyte endothelial cell adhesion. These interactions form the
basis of many immune reactions and this particular integrin has been implicated in T cell,
helper T cell and natural killer cell function as well as antibody-dependent cytotoxicity
(Springer, 1990). Macrophage function, in particular monocyte adherence to
endothelium, has been found to be dependent on this integrin receptor. Ligands that have
been identified for a L2 are themselves counter-receptors ICAM-1 and ICAM-2,
members of the immunoglobulin superfamily of adhesion molecules. ICAM-1 is a 76-
114 kDa glycoprotein that is either absent or present at very low levels in most cells.
However, it can be stimulated to increase its expression on endothelial as well as
epithelial cells after exposure to cytokines and endotoxin. This up-regulation of ICAM-1
allows for both cell-cell and cell-endothelium interactions to be facilitated (Wawryk etal. ,

1989).
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aM2 is found on neutrophils, monocytes and some lymphocytes. However, its ligand
repertoire is much larger than al 2. It also binds ICAM-1, but in addition it binds to
fibrinogen, factor X of the coagulation system, C3bi (a breakdown product of the third
component of complement which is inactivated) and to endotoxin. Functionally,
therefore, it is also thought to be much more diverse, partaking in complement binding
and phagocytosis in addition to cell-cell adhesion. Neutrophil binding to endothelium also
appears to be an important function of this integrin receptor (Albelda & Buck, 1990).
aX P2 is also thought to play a role in cell-cell interaction of the immune system and its

ligands are known to be C3bi and fibrinogen.
1.10.6 B3 subfamily

These are characterised by two receptors, allb/B3 and avf3. The first of these has been
studied extensively as it is a platelet glycoprotein which is the most abundantly expressed
cell surface protein of platelets. It functions primarily as a fibrinogen receptor but also
recognises fibronectin, von Willebrand's factor and thrombospondin. In all these ligands
binding is RGD mediated. In contrast to other integrin receptors, gp IIb/I1la (allb/B3) is
nonfunctional on resting platelets. Fibrinogen binding occurs only after platelet

activation.

The other 3 receptor, avB3, also displays promiscuity in its binding characteristics.
Initially thought to be the classical vitronectin receptor, it is now known to bind
fibriﬁogen, thrombospondin and von Willebrand’s factor. Again, this binding is RGD
mediated. av3 is expressed on most mesenchymal cells in culture and in situ. This
receptor may also be involved in cell-cell interactions. It has been shown that antibodies
directed against this receptor can block the ability of macrophages to phagocytose
neutrophils and lymphocytes that have undergone apoptosis (Savill etal., 1990). This

receptor is also found to be upregulated on sprouting endothelia. It has been localised to
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the vasculature of many epithelial tumours and has, therefore, been proposed as a

possible target for therapy (Max etal., 1997).

1.10.7 B4-p8 group

The B4 subunit is dissimilar to most of the other subunits. It has been cloned and fully
sequenced (Suzuki & Naitoh, 1990) and found to be unusually large at 220 kDa. It
serves as an alternative to B1 for the a6 subunit (Hemler, 1990). This association to form
the a6f4 heterodimer occurs on epithelial cells only. The large cytoplasmic component of
the B4 subunit is specifically concentrated at hemidesmosomes in the epithelial cells
(Sonnenberg & Linders, 1990) where it most likely interacts with intermediate filaments
of the cytoskeleton. One possible matrix ligand that has been proposed is epiligrin
(kalinin). Little or no B4 is found on platelets or leucocytes. It has recently been shown
that the ligand for this receptor may also be laminin (Lee etal., 1992). A role for a6p4
has also been postulated in the invasive process of colorectal carcinoma cells (Chao etal. ,

1996).

The B5 subunit (BX), 100 kDa in size, has also been fully cloned and sequenced
(Ramaswamy & Hemler, 1990). It functions as an alternative to 33 for av in epithelial
cells and in some carcinomas (Cheresh etal., 1989). This association confers a different
ligand specificity to the receptor. avf5 continues to bind to vitronectin by recognising
RGD sites in its ligand, but no longer binds to fibronectin or fibrinogen. The promiscuity
of av binding does not stop with f1, 3 and B5. It is also known to form heterodimers
with 6 and $8. avp6 forms a receptor for fibronectin (Busk etal., 1992), is expressed

on some epithelial cells and also recognises RGD in its ligand. avf8 is known to localise

to the central nervous system although its function is unknown (Nishimura etal., 1998).
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B7 forms a heterodimer with a4 (Yuan etal., 1991) and is now known to be identical to
a4pp. Its ligands include those of a4f1, namely, the alternatively spliced 38 kDa tryptic
variant of fibronectin and the vascular cell adhesion molecule, VCAM-1. Its distribution
appears to be essentially on activated T lymphocytes (Parker ezal., 1992) and endothelial
cells (Brezinschek et al., 1996) and thus plays an important role in endothelium-T cell
interactions. 7 integrins serve special roles in mucosal immunity through intercellular
binding. a4p7 mediated adhesion to mucosal addressin cell adhesion molecule- 1
(MAJCAM-1) expressed in Peyer's patch endothelial venules directs lymphocyte homing
to the gut and aEf37 expressed on nearly all T cells in mucosal epithelial sites mediates
binding of lymphocytes to E-cadherin (see section 1.11.2) on epithelial cells. The latter is
the only known interaction between integrin and cadherin. Thus, lymphocyte trafficking
and homing seems to be a key function of the f7 group of integrins (Shaw & Brenner,

1995).

B8 integrins mediate interactions with sensory neurons through binding with laminin,

collagen IV and fibronectin (Venstrom & Reichardt, 1995).

1.10.8 INTEGRINS AND CANCER

The role of adhesion molecules in the invasive and metastatic pathways of tumours has
been the subject of intensive investigation. Experimental systems have been constructed
in which activities of neoplastic cells can be studied and modulated by the addition of
monoclonal antibodies and thus blocking protein function, or by genetic transfection
experiments to modulate gene expression. Functional assays complement studies at the
genetic and protein level and there is now a wealth of data to support the role of these

molecules in the neoplastic process.



Transformed cell lines as well as tumour tissue have been studied. Differences in the
integrin repertoire are also evident when transformed cells in culture are compared to
human tumours at different stages of progression. Different cell types show different
specificities for integrin expression. Fibroblast cell lines show a decreased expression of
fibronectin receptors and alterations in their distribution (Plantefaber & Hynes, 1989)
when compared to normal fibroblast lines. In addition, tyrosine phosphorylation of some
integrins has been described in chicken fibroblasts transformed by the Rous sarcoma
virus (Horvath etal., 1990). Cells derived from aggressive melanomas tend to have an
increased expression of a2 and a4 integrin subunits. Overexpression of the a4 1
receptor may be particularly important as this has been shown to be the counter-receptor
for the endothelial cell adhesion molecule, VCAM-1, which mediates melanoma-
endothelial cell interactions and thus may play an important role in melanoma metastasis
(Rice & Bevilacqua, 1989). Studies on malignant melanoma tissue have also shown an
increase in expression of a4f31in 40% of invasive and metastatic melanomas (Albelda et
al., 1990) whereas it is not expressed on normal melanocytes. Upregulation of the 3
subunit has also been observed and correlated with melanoma progression (McGregor et
al., 1989; Albelda etal., 1990). This subunit is associated with av to form the vitronectin
receptor (avB3) and several groups have now confirmed its role in the invasive and
metastatic behaviour of malignant melanoma (Felding-Habermann etal., 1992; Seftor et
al., 1992). Increased levels of both the secreted and the mRNA for the proteolytic
enzyme, 72 kDa gelatinase, have also been observed concomitant with the rise in av@3
integrin expression (Seftor etal., 1992). Unlike the consistent upregulation of the
vitronectin receptor, Natali and colleagues (1991) have reported a down-regulation of the

a6 subunit during melanoma progression.

The integrin expression on normal epithelium and epithelial malignancies has been
determined on carcinomas of the lung (Damjanovich etal., 1992), breast ( Zutter etal.,

1990, 1993; Koukoulis etal., 1991; Pignatelli etal., 1991, 1992b;), pancreas (Hall et
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al., 1991; Weinel etal., 1992), prostate (Bonkhoff ezal., 1993), stomach, kidney
(Korhonen etal., 1992), skin (Peltonen etal., 1989; Stamp & Pignatelli, 1991) and
colon (Pignatelli etal., 1990; Koretz etal., 1991; Nigam etal., 1993; Koukoulis etal. ,
1993). The general finding from most of these studies is that each tissue and its cancer
appears to have a specific integrin repertoire which to a greater or lesser extent is reduced
in malignant tissue. Expression is heterogeneous but down-regulation appears to be
consistently related to a decreasing level of differentiation. A relationship between the
integrity of the basement membrane and integrin expression has been observed in some
studies. Those tumours that were more invasive and lacked intact basement membranes
tended not to express basement membrane protein binding integrins, such as a6
(D'Ardenne etal., 1991). Whether this alteration in expression is a cause or an effect of
the changes in the interaction of tumour cells with their surrounding extracellular matrix

remains to be determined.

A number of studies have shown that alterations of integrin function at the time of
intravenous tumour injection into mice can influence the number of metastases formed.
One such study employed a synthetic peptide containing the RGD sequence recognised
by many integrins in their ligands and coinjected it with a melanoma tumour cell load into
mice. A marked reduction in the number of lung metastases formed was noted at two
weeks in the group that had the peptide injection when compared to those that had just the
tumour cell load (Humphries ezal., 1986). It was postulated that the peptide had
interfered with the initial binding of the tumour cells during the attachment phase or
interfered with cell migration during invasion. This finding has been confirmed in vitro
using an invasion assay in which RGD containing peptides blocked tumour cell invasion
through artificial basement membranes (Gehlsen etal., 1988). It has also been reported
that cyclic peptides containing the sequence are even more effective (Kumagai etal.
1991). Albolabrin, a protein isolated from the venom of the snake Trimeresurus

albolabris, also contains the RGD sequence and is now part of a family of such peptides



known as the disintegrins. These include echistatin, flavoridin and bitistatin and are all
obtained from the venom of vipers and have been shown to be potent inhibitors of platelet
aggregation and cell-substratum adhesion. Albolabrin has been shown to inhibit murine
melanoma cell adhesion and leads to a reduction in experimental metastasis (Soszka etal. ,

1991).

Overexpression of the a2 integrin subunit in human rhabdomyosarcoma cells has been
shown to increase metastasis in vivo. This study employed genetic transfection
techniques to overexpress the a2f 1 receptor and then measured its function in vitro and
in vivo. Not only was adhesion increased but experimental metastasis was also increased
when compared to non-transfected cells. However, no differences in growth rate or
tumorigenicity were noted (Chan etal., 1991). An inverse correlation has been noted
with overexpression of the a5@1 receptor and the transformed phenotype. Chinese
hamster ovary cells transfected with the a5 and 1 cDNAs have been selected for
overexpression of the fibronectin receptor. It was found that the overexpressors laid
down more fibronectin in their extracellular matrix and migrated less than controls. They
also demonstrated reduced tumorigenicity in soft agar and in vivo when injected into nude
mice (Giancotti & Ruoslahti, 1990). Similarly, selection of Chinese hamster ovary cells
that naturally express low levels of this receptor were selected and compared with those
that express increased amounts. Tumours produced by subcutaneous injection of the
underexpressing clones were larger than those produced by injection of wild-type cells.
However, the clones that were overexpressing grew more slowly suggesting an inverse
correlation between level of expression of the fibronectin receptor and tumour growth
(Schreiner etal., 1991). Both of these studies indicated that this integrin played a role in
controlling cell proliferation and also suggested that loss of this receptor may be
responsible for acquisition of the malignant phenotype in vivo and of anchorage

independence of transformed cells in vitro.
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1.11 CADHERINS

Cell to cell adhesion molecules that act as both receptor and ligand i.e. demonstrate
homotypic binding have been extensively studied (Takeichi, 1991). Intercellular adhesion
molecules that interact with other molecules on target cells are said to function
heterotypically and largely involve leucocyte-leucocyte interaction and leucocyte-
endothelial cell interaction. Cell-cell adhesion molecules are subdivided on the basis of
their structure and their functional requirements for extracellular calcium (Edelman &

Crossin, 1991). Both systems are thought to interact in the mediation of cell adhesion.

Cadherins are transmembrane glycoproteins that mediate cell adhesion only in the
presence of calcium. In most tissues they provide a major contribution towards cell to cell
adhesion. The cDNA sequencing of four cadherins has shown that they constitute a
family of structurally similar molecules that are 723-748 amino acids in length which
share common sequences, similarity in the sequences between subclasses being in the
range of 50-60% when compared within a single animal species (Takeichi, 1991).
Initially, three main subclasses of human cadherins were described, E-cadherin
(epithelial), N-cadherin (neural) and P-cadherin (placental). There are now known to be
over 12 different cadherins in different species, some showing similarity or identity with
their human counterparts (Rougon etal., 1992). Cadherin-like proteins have also been

identified in Drosophila (Takeichi, 1991).

1.11.1 Structure and biochemistry

Cadherins are transmembrane receptors that possess a large extracellular domain which

contains internal repeats. Analysis has shown that there are at least two major repeats.

These repeated sequences are well conserved among the different types of cadherins. The

mature cadherins are generated from precursor polypeptides by intracellular proteolytic
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cleavage of an N-terminal sequence. The correct cleavage of this pre-region is important
for cadherin mediated adhesive function. The N-terminal-located extracellular repeat
(EC1) contains the cell-binding domain. The proximal region of the extracellular domain
close to the transmembrane domain has four cysteines, whose positions are also
conserved across the cadherin subclasses. Putative N-linked glycosylation sites are also
detectable throughout the extracellular domain, but these positions are not consistently
observed across the cadherins (Takeichi, 1990). The extracellular domain is also thought
to contain the calcium binding sites for these molecules, as this particular domain can be
cleaved by trypsin from the rest of the receptor and be shown to bind calcium. The most
highly conserved region, however, is the cytoplasmic domain implying that it has a vital
function. It interacts with a group of proteins termed catenins (Ozawa etal., 1989) (see
section 1.11.6) which provide linkage of the molecule to the cytoskeleton. It has been
shown that cadherins whose catenin binding sites were deleted cannot function as cell-cell
adhesion molecules, although such deleted cadherins can be expressed on cell surfaces
(Nagafuchi & Takeichi, 1988; Ozawa etal., 1990). One of the cadherin subclasses,
however, T-cadherin, does not possess the cytoplasmic fragment to its structure and is
anchored to the membrane via a glycosyl phosphatidylinositol linkage. It is known to be

selectively expressed in caudal halves of somites during phases of neural crest migration.
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The ability of dissociated cells to assemble and segregate was first described in spongi
(Wilson, 1907) and it was in this system that the cell sorting phenomenon was first
elucidated. It was noted that when sponge cells of different species were mixed
artificially, they tended to segregate themselves into their common species. In the
vertebrate system, Townes & Holtfreter (1955) proposed a hypothesis for the self-
assembly of cells. They discovered that dissociated embryonic cells can reaggregate and
reconstitute tissue-like structures. The basic process underlying such a phenomenon was
that cells of the same type sought each other and established stable cellular adhesion
resulting in segregation of the different cell types. Similar phenomena have been reported
in several species. This cell-sorting is now attributed to cadherin molecules. Transfection
experiments using cDNA sequences of E-cadherin or P-cadherin into L cells which do
not express cadherin proteins resulted in selective cell aggregation according to the new
type of cadherin expressed (Nose etal., 1988). No heterotypic aggregation was

observed.

A further function of cadherin molecules has been in the induction of cell surface polarity.
The generation of epithelial cell polarity is a fundamental process in the ontogeny of a
variety of tissues and organs (Rodriguez-Boulan & Nelson, 1989). Previous studies have
shown that several mechanisms contribute to the establishment and maintenance of cell
surface polarity. Proteins destined for the apical and basolateral membrane domains are
separated from one another in a variety of polarised epithelial cells. Sorting may occur
intracellularly (Fuller etal., 1985) and/or at the plasma membrane (Matter etal., 1990),
depending on the cell type. In addition, polarised epithelial cells have specialised
structures that may restrict the diffusion of membrane proteins. The tight junction, which
is localised at the boundary of the apical and basolateral membrane domains, may actas a
physical barrier to block the diffusion of proteins between membrane domains. In kidney
development polarised epithelia arise from the conversion of mesenchymal cells

surrounding the ureteric bud by inductive cell-cell interactions (Grobstein, 1956). This
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process requires the expression of distinct adhesion proteins that induce cell-cell and cell-
substratum contacts. The induced aggregation of the mesenchymal cells is followed by
the development of cell surface polarity and vectorial transport functions (Ekblom, 1989).
McNeill and colleagues (1990) demonstrated that the expression of E-cadherin in
fibroblasts resulted in the redistribution of an endogenous enzyme, Nat,K+-ATPase,
from an unrestricted distribution over the entire cell surface to a restricted distribution at
sites of E-cadherin mediated cell-cell contacts. The latter distribution corresponded with
that of Nat, K+-ATPase in polarised epithelial cells. A truncated E-cadherin protein
lacking the cytoplasmic domain was unable to cause such redistribution and reducing the
extracellular calcium concentration in the growth medium of the fibroblasts also
neutralised the ability of E-cadherin to induce the polarised distribution of Nat,K+-

ATPase.

1.11.2 E-CADHERIN

Epithelial cadherin or E-cadherin is the best characterised of all the cadherins. It
occasionally goes by a plethora of names, L-CAM, uvomorulin, Arc-1, cell CAM 120/80
and rrl antigen. It is known to appear very early in development, when it is involved in
the compaction of the eight cell embryo and cell polarisation (Damsky ezal., 1983). In
adult epithelia it is present on the lateral cell surfaces but is concentrated in intercellular
junctions known as the zonulae adherens, which ring the cells in the apicolateral region.
The zonula adherens is characterised by a cortical ring of cytoskeleton, the major

component of which is actin.

E-cadherin is a 120 kDa molecule, the extracellular domain of which interacts with
another E-cadherin molecule (homophilic) on a neighbouring epithelial cell (homotypic).

The only heterophilic extracellular ligand described for E-cadherin is aEf§7 integrin

expressed on T lymphocytes and is thought to play a role in lymphocyte homing and
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retention. The gene controlling E-cadherin expression has been localised to chromosome

16 (Natt etal., 1989) (see section 1.11.5).

1.11.3 N, P & M-CADHERINS

N-cadherin is found in adult neural tissues (Takeichi, 1991) and in cardiac and skeletal
muscle where it plays a role in maintaining the discs between adjacent muscle cells (Volk
& Geiger, 1986). It has also been known as A-CAM or N-Cal-CAM. The gene has been
mapped to chromosome 18 (Walsh etal., 1990). Retinal optic axons migrate through the
optic stalk to the tectum in order to establish synaptic connections. In this pathway, the
growth cones of the axons attach to and migrate on the surface of neuroepithelial cells.
Both the optic axons and the neuroepithelial cells express N-cadherin and it has been
postulated that this molecule is important for this development. Transfection of N-
cadherin cDNA into non-expressive neural cells has shown remarkable neurite outgrowth
from explanted chicken embryonic retina when the two have been incubated together.
Parental cells demonstrate no such attachment nor induce neurite growth. These early
experiments demonstrated the importance of N-cadherin in neuronal interactions and
blocking experiments using antibodies to N-cadherin have shown that migration of
neurites on astrocytes of myotubules is inhibited when these antibodies are employed

(Bixby etal., 1987).
P-cadherins are found primarily in placenta and epithelial cells, but are transiently
expressed in other tissues during development. They tend to be distributed mainly in the

basal layers of epithelia.

M-cadherin is expressed in skeletal muscle cells and its pattern of expression suggests

that it is important in skeletal muscle development. It complexes with the catenins similar
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to E-cadherin and this complex then interacts with microtubules in the cytoskeleton to

facilitate the fusion of myoblasts into myotubes (Kaufmann etal., 1998).

1.11.4 DESMOSOMAL CADHERINS

The results of cDNA cloning and sequencing have established that the major
glycoproteins of the desmosome type of cell-cell junctions are members of the cadherin
family of cell adhesion molecules (Koch etal., 1992). Their extracellular domains are
homologous to those of cadherins but their cytoplasmic domains differ, being specialised
to form desmosomal plaques and, thereby, attach to the keratin intermediate filaments of
the cytoskeleton rather than to actin.

Two types of desmosomal cadherin have been described, the desmocollins and the
desmogleins. The desmocollins display a higher degree of homology with the classical
cadherins, whereas the desmogleins are distinguished in having an extra carboxy-terminal
domain containing a number of repeats not present in the other cadherins. The

desmosomal cadherins appear to be confined to the desmosome type of cell junction.

1.11.5 CADHERINS AND CANCER

Expression of cadherins in tissues is developmentally regulated (Takeichi, 1991) and in
the adult almost all epithelia express both E-cadherin and P-cadherin (Eidelman et al.,
1989; Shimoyama et al., 1989). The presence of cadherins is important for the
maintenance of epithelial and endothelial structures (Gumbiner & Simons, 1986) and
alterations in their expression may thus be expected to be associated with loss of normal
cell-cell integrity. This loss of normal cellular interaction is now known to occur in a
variety of disease processes including neoplasia. The disorganisation and invasive
properties of tumours suggests the important role of cadherins in the dissemination of

cancer. It has been shown that the normally non-invasive Madin-Darby canine kidney
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(MDCK) epithelial cells, when subjected to antibodies against E-cadherin acquire
invasive properties by penetrating through collagen gels and embryonal chick heart

tissue. Furthermore, upon transformation with sarcoma viruses, these cells become
invasive and do not express E-cadherin on their surface (Behrens etal., 1989). An
inverse relationship between the amount of E-cadherin proteins produced on seven mouse
epidermal keratinocyte lines representative of different stages of carcinogenesis and the
tumorigenicity of the cell lines has also been reported (Navarro etal., 1991). A direct role
for E-cadherin was confirmed when transfection of E-cadherin into the highly malignant
cell line with low endogenous E-cadherin expression suppressed its tumorigenicity. A
similar transfection into a mouse fibroblast line (L cells) demonstrated inhibition of
migration of these cells and of invasive behaviour (Chen & Obrink, 1991). Further
evidence implicating E-cadherin as the key element in the alterations seen in cellular
properties came from Vleminckx and colleagues (1991). They showed that transfection
with the cDNA for E-cadherin into mouse mammary tumours not only suppressed
invasive activity which was reversible with anti-E-cadherin antibodies but also led to
partly differentiated tumours in vivo instead of completely undifferentiated tumours.
Furthermore, a plasmid encoding E-cadherin specific antisense RNA, when introduced
into noninvasive ras-transformed cells with high endogenous E-cadherin expression,
rendered those cells invasive owing to the down-regulation of E-cadherin protein. Even
in Drosophila a gene has been identified, the fat locus, which encodes a novel member of
the cadherin family and which functions as a tumour suppressor gene. Mutation of this
gene results in hyperplastic tumour-like overgrowth of larval discs, defects in tissue
differentiation and morphogenesis and eventually death (Mahoney etal., 1991). In
humans, the E-cadherin gene has been localised to chromosome 16q.22 (Mansouri etal. ,
1988) and some tumours demonstrate allelic losses in this region. Studies in breast cancer
(Sato etal., 1990), hepatocellular carcinoma (Tsuda etal., 1990), Wilm's tumour (Maw
etal., 1992) and prostate cancer (Carter etal., 1990) have all demonstrated loss of

heterozygosity for this region. The above data has given credence to the notion that E-
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cadherin functions as an invasion suppressor molecule and possibly even as a tumour

SUpPressor.

Differences in expression of E-cadherin have been observed in a variety of tumours when
compared to normal epithelium. Immunohistochemical studies have shown certain
patterns emerging in neoplastic tissues. Expression of E-cadherin has now been
determined in carcinomas of the head and neck (Schipper etal., 1991; Mattijssen etal. ,
1993), lung (Shimoyama etal., 1989), oesophagus (Shiozaki etal., 1991), stomach
(Shiozaki etal., 1991; Shimoyama & Hirohashi, 1991; Oka etal., 1992; Matsuura etal. ,
1992), breast (Shiozaki etal., 1991), colon (van der Wurff etal., 1992; Nigam etal. ,
1993; Dorudi etal., 1993), bladder (Bringuier etal., 1993), prostate (Umbas etal.,
1992), cervix, ovary and endometrium (Inoue etal., 1992). A clear correlation with
histological grade and degree of cell differentiation is seen with many of these studies.
Thus, the well differentiated tumours show preserved E-cadherin expression whereas
decreasing levels of differentiation show E-cadherin loss although this is rarely complete.
Eidelman and colleagues (1989) examined 60 tumours of varying origins for expression
of E-cadherin and could not find a single epithelial malignancy which showed a complete
loss of E-cadherin, although they did demonstrate a down-regulation of expression in
undifferentiated tumours. Examination of metastases has shown preservation of

expression (Shimoyama & Hirohashi, 1991).

Although good experimental evidence exists to support the hypothesis that loss of
cadherin expression or function is associated with an increased propensity of transformed
cells to invade and metastasise, this is not always correlated with investigations in human
tumours. A relationship to morphological differentiation is consistently seen and this has
also been shown to be a function of E-cadherin in vitro (Pignatelli ezal., 1992a).
However, a clear relationship to tumour stage and metastatic status is lacking, at least,

with the current immunohistochemical studies. This may be a reflection of the cellular
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heterogeneity that exists in tumour tissue compared to the clonal population in

experimental systems.

1.11.6 CATENINS

Catenins have been classified into o, 8, and y on the basis of their electrophoretic
mobilities (Ozawa etal., 1989). p120, a 120kDa protein, is also thought to function as a
catenin (Staddon etal., 1995). More recently §-catenin has been described as a
mammalian brain protein with sequence similarity to p120 and colocalising with
cadherins (Lu etal., 1999). The molecular structure of these particular proteins has also
been characterised; a.-catenin was found to be homologous to vinculin, a cytoskeletal
protein important in linking integrins to the cytoskeleton (Nagafuchi ezal., 1991;
Herrenknecht etal., 1991) and B-catenin homologous to the Drosophilaarmadillo
product (McCrea etal., 1991). y-catenin is homologous to plakoglobin. These catenin
proteins have been shown to have a vital regulatory effect on cadherin function both in

terms of adhesion and on the organisation of multicellular structures (Hirano etal. ,

1992).

In more recent studies the controlling role of catenins in cadherin function in tumours has
been further investigated. The associated loss of these catenins (a, 8,y and p120) with the
loss of E-cadherin in colorectal tumours has been described (Skoudy etal., 1996; Hiscox
& Jiang, 1997; van der Wurff et al., 1997) and this has been correlated with
dedifferentiation and higher invasive potential (Raftopoulos etal., 1998; Takayama etal. ,
1998). The catenin loss is not observed in colonic polyps (Valizadeh etal., 1997),
although a gradual reduction in expression of the cadherin/catenin complex is seen in the
transition from colorectal adenoma to carcinoma (Hao etal., 1997). Furthermore,
mutations in the gene controlling beta-catenin have also been described in colorectal cell

lines implicating altered beta-catenin function and hence defective intercellular adhesion
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(Ilyas et al., 1997). Parallel findings are seen in breast tumours, and other epithelial

cancers.

The expression and cellular localisation of catenins does not always correlate with
cadherin expression as the catenins interact with other signalling molecules such as EGF
(epidermal growth factor) receptor and the APC gene product. B-catenin, in particular,
has a strong affinity for binding to the cytoskeletal complex containing the APC gene
product; a-catenin does not bind directly to APC but binds to f3-catenin and y-catenin
binds to the B-catenin/APC complex aswell as APC alone (Rubinfeld etal., 1995). The
importance of the catenins, therefore, lies in their regulatory role over the cadherins and
inactivation of the E-cadherin system. Thus, apart from genetic and epigenetic events
controlling E-cadherin itself, mutations in its undercoat proteins, in particular,  and y
catenins are important contributory mechanisms in governing the biological properties of

human cancers (Hirohashi, 1998).

The interactions of E-cadherin-catenin complexes and catenin-APC complexes influence
several signal transduction pathways including tyrosine kinases, oncogene products c-
erbB2 and c-myc proteins (see section 1.7.3). Factors regulating complex formation
include Wnt-1 proto-oncogene which induces the accumulation of beta catenin and APC
tumour suppressor gene. It also stabilises complex formation with cadherins and APC
(Papkoff et al., 1996). Intestinal trefoil factor, a small molecule from a family of peptides
expressed in various epithelial tissues, also controls the expression of APC-catenin and
the E-cadherin-catenin complexes in human colon carcinoma cells (Efstathiou et al.
1998). The importance of these complexes lies in their ability to influence tissue
morphogenesis and tumorigenesis through their cell adhesive role and their impact upon

other cellular signalling pathways.
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1.12 IMMUNOGLOBULIN SUPERFAMILY

This is a heterogeneous family of adhesion molecules whose common structural feature is
that they share the immunoglobulin domain, composed of 90 amino acids arranged in a
sandwich of two sheets of parallel strands, which is usually stabilised by a disulphide
group bound at its centre. The immunoglobulins and T cell receptors, CD3, CD4 and
CD8, which are specialised for antigen recognition are the only known members of this
family with variable regions that undergo somatic diversification. The comparison of the
overall structural features of the members of the immunoglobulin superfamily allows
them to be provisionally classified into those that express both the immunoglobulin and
fibronectin type-III like domains or those that express immunoglobulin-related repeats
alone. Examples of the former are cell-cell adhesion molecules of the nervous system
NCAM (neural cell adhesion molecule), Ng-CAM, TAG1 and L1, all of which are
involved in neuronal guidance and fasciculation. Those that contain the immunoglobulin
domains alone are Thy1, PO, LFA-3, ICAM-1 and ICAM-2, VCAM-1 and CEA
(carcinoembryonic antigen). These molecules are largely thought to function as cell-cell
adhesion receptors in the immune and haemopoietic systems aswell as in the nervous
system. Some, such as L1 (Moos etal., 1988) and NCAM are thought to be homophilic
and others, notably those expressed on activated endothelial cells, ICAM-1, ICAM-2,
and VCAM-1 function in an heterophilic fashion and bind to integrin receptors on
adjacent cells. They are also not dependent on calcium for their function. NCAM exists in
three related molecular forms that have different cytoplasmic domains arising as a result
of alternative splicing (Edelman, 1988). All three forms are unusual in that they contain
polysialic acid residues. These carbohydrate residues are often found associated with
NCAM in embryonic and differentiating cells but are absent from adult tissues (Rougon

etal., 1986). They also appear to influence the binding strength of NCAM.
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Some molecules in this category have a transmembrane domain, others are linked to the
cell membrane via a glycosyl phosphatidylinositol tail and several, like NCAM and LFA -
3 occur in both forms and with varying cytoplasmic domains derived from alternative
RNA splicing. CD2, also known as LFA-2 (lymphocyte function-related antigen), is a 40
kDa glycoprotein member of the immunoglobulin superfamily expressed almost
universally on T lymphocytes (Springer, 1990). It appears to be a vital component for the
proper function of T cells as antibodies directed against CD2 inhibit such function. The
ligand for this receptor is a counter-receptor and also a member of the immunoglobulin
superfamily called LFA-3. The latter is found on haemopoietic and non-haemopoietic
tissues including red blood cells. It appears that CD2 / LFA-3 interactions are important

in antigen independent T cell adhesion (Patarroyo & Makgoba, 1989).

1.12.1 IMMUNOGLOBULIN SUPERFAMILY AND CANCER

A role in tumour invasion and metastasis has been postulated for this group of adhesion
molecules because of their cell-cell interactions. However, because of the divergent
nature of the individual members, no clear patterns emerge. N-CAM has been shown to
have homology with the gene product encoded by the DCC gene on chromosome 18q
(Fearon etal., 1990) and it is proposed that loss of this gene, which is a frequent finding
in colorectal tumours, could lead to an abnormality of cell-cell adhesion predisposing to
the malignant phenotype. Evidence for a possible mechanism of action of the N-CAM
molecule was suggested by a report which showed that N-CAM was involved in the
contact-dependent inhibition of growth of a line of mouse fibroblasts (Aoki etal., 1991).
Viral transformation of this cell line resulted in a complete loss of N-CAM from the cell
surface and a loss of contact inhibition. It was proposed that cross-linking of N-CAM
molecule to N-CAM molecule resulted in intracellular signals that modulated cell growth.
Loss of these signals could conceivably contribute to unchecked neoplastic growth. N-

CAM also shows homology with MUC-18, a melanoma associated antigen whose
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expression correlates with tumour progression and metastasis (Lehmann ezal., 1989).
However, the exact role of this molecule is unknown and its possible function in

adhesion and tumour progression are, at present, speculative.

N-CAM expression has been evaluated immunohistochemically on many neural and
neuroendocrine tumours including Wilm's tumour, pituitary adenomas,
phaechromocytomas and small cell carcinomas of the lung (Edelman & Crossin, 1991;
Carbone etal., 1991; Jin etal., 1991). In a large study of 450 human tumours of varying
origins, N-CAM immunoreactivity was found to be negligible in tumours of epithelial
origin (carcinomas) but expressed to varying degrees in tumours of neural and

mesenchymal origin (Garin-Chesa etal., 1991).

VCAM-1 (vascular cell adhesion molecule) may also play a part in tumour cell
interactions. Certain tumour lines show an increased rate of adherence to cytokine
stimulated endothelial cells than to resting cells (Rice ezal., 1988). VCAM-1 is a
cytokine-inducible cell adhesion molecule found primarily on vascular endothelial cells
and serves as a counter-receptor for the a4 1 integrin receptor. The latter is found largely
on leucocytes, but has been shown to be expressed on malignant melanomas, both in
vitro and in tumour tissue (Albelda etal., 1990). It is conceivable, therefore, that VCAM-
1 serves as a tumour adhesion receptor for those melanomas that express a4 1 and

malignancies of the myeloid line that also express this receptor.

Increased expression of intercellular adhesion molecule-1 (ICAM-1) has also been shown
to be correlated with melanoma progression and an increased propensity to metastasis
(Johnson etal., 1989). Similar correlation with progressive colorectal cancer has also
been demonstrated (Maurer etal., 1998). Elevated circulating levels of this molecule in
the serum also appear to correlate with shortened survival in melanoma. Other

malignancies have shown a differential expression of ICAM-1 between primary tumours
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and metastases and also differences in serum evaluations for this molecule (Tsujisaki et

d., 1991).

Carcinoembryonic antigen probably provides the best example of a member of the
immunoglobulin superfamily that is associated with tumours. Its role is discussed later in

the thesis.

1.13 SELECTINS

These molecules are also known as LECAMs. This latter name is derived from their
common structure which is composed of a lectin like domain, an EGF (epidermal growth
factor) like repeat and a complement binding protein motif. These three components form
the extracellular domain of what is a transmembrane receptor. The lectin like domains at
the amino terminal of the molecule are important in binding carbohydrate moieties, which
is atypical of most adhesion molecules as they tend to involve protein-protein interaction
in most cases. The complement binding consensus repeats vary from two to nine and are
thought to serve as positioning markers for the N-terminal lectin sites at varying distances

from the plasma membrane.

Selectins are found to be expressed on various blood cells and endothelial cells. They
mediate interactions between these cells and during lymphocyte homing and neutrophil
emigration to inflammatory sites. Three selectins have been identified to date. E-selectin
(ELAM-1) is a 115 kDa glycoprotein which is thought to be synthesised by endothelial
cells after stimulation by endotoxin, interleukin-1 or tumour necrosis factor (Bevilacqua
etal., 1989) but is found only at very low levels on resting endothelium. It is thought to
be one of the proteins that mediate neutrophil adhesion to activated endothelial cells and is
found to be increased in areas of inflammation. Defining the carbohydrate ligands for E-

selectin has proved difficult although the characteristics of the binding sites are known.
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Sialyl-LewisX antigen and related oligosaccharides are, at present, the best candidates.
Another member of this family is a 140 kDa glycoprotein initially called GMP-140 or
PADGEM but now known as P-selectin. This is found to be expressed on leucocytes,
within the a granules of platelets and the Weibel-Palade bodies of endothelial cells. After
platelet or endothelial cell stimulation P-selectin is brought to the surface of the cell where
it functions as an adhesion molecule. It appears to bind activated platelets to neutrophils
and monocytes and neutrophils to activated endothelial cells (Geng etal., 1990). The
third recognised selectin is L-selectin (gp90/Mel-14), a 90 kDa glycoprotein thought to be
involved in lymphocyte homing. It was first noted that carbohydrates might be mediators
of leucocyte adhesion in the early 1980s, when it was reported that simple sugars of
mannose and fructose inhibited the binding of lymphocytes to the high endothelial
venules of peripheral lymph nodes. It was subsequently shown that an antibody that
recognised L-selectin also specifically blocked the binding of lymphocytes to peripheral
lymph node venules but not those in mucosal lymph nodes such as Peyer's patches in the
gut. This adhesive component became known as a 'homing receptor'. Thus, it appears
that L-selectin mediates the specific adhesion of lymphocytes to endothelium in peripheral
lymph nodes. It is also involved in the adhesion of neutrophils to endothelium during the
inflammatory response. However, it is only expressed transiently, and once the
leucocytes are activated, it is shed from the cell surface (Butcher, 1990). Thus, selectins
function in a wide range of cell interactions in the blood and lymphatic vasculature,

particularly in binding to the endothelium before transendothelial migration.

1.13.1 SELECTINS AND CANCER

The role of carbohydrates in tumour metastasis has been known for some time (Lotan &
Raz, 1988), but it has only been after the characterisation and structural analysis of the
selectins, that they have been proposed as candidate receptor-counter receptor pairs for

such interactions. It is well-known that carbohydrate profiles change upon malignant
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transformation (Nicolson, 1984) and that lectins (sugar-binding proteins) have been used
to select for tumour cells with varying metastatic capacities. Furthermore, the removal of
cell-surface carbohydrates alters the binding abilities of metastatic cells to extracellular
matrix components (Stanford ezal., 1986). These facts provide evidence for the
carbohydrate and endogenous lectin interactions in metastasis and the part played by

selectins is the subject of intensive investigation.

Both P and E-selectin are present on activated endothelial cells and provide the potential
receptors for tumour cells bearing the appropriate carbohydrate ligands. P-selectin, in
particular, has been shown to bind to cells derived from lung, breast and colonic tumours
and is thought to play a role in the invasiveness of tumours (Aruffo etal., 1992). The
sialylated LewisX antigen is expressed on a large number of colorectal carcinoma cells
and their metastases and is also a ligand for E-selectin. Adhesion of such cells to cytokine
activated endothelial cells has been shown to be inhibited by E-selectin antibodies in
seven colorectal cell lines (Lauri etal., 1991). The expression of the appropriate ligand
on the colorectal tumour cells would appear to explain why E-selectin antibodies were
specific to blocking only their adhesion and not of melanoma, osteosarcoma, lung, cervix
or kidney cell lines to interleukin activated endothelial cells (Lauri etal., 1991). Further
definition of the ligands for the selectins has shown that - and P-selectins interact
primarily with mucin-type ligands on colon cancers, whereas E-selectin recognises both

mucin and non-mucin ligands (Mannori etal., 1995).

1.14 OTHER CELL ADHESION MOLECULES

Other cell-substratum receptors include an 85 kDa integral membrane protein that binds
hyaluronic acid (Underhill ezal., 1985) and a family of 67-69 kDa proteins that bind
laminin, elastin and collagen (Meacham etal., 1989). The latter form an intriguing group

although their characterisation is far from complete and even a full picture of their



molecular structure is lacking. However, the receptor is found on many cell types and
binds with high affinity to the B1 chain of laminin containing a specific non-RGlS
sequence. This particular sequence, like the RGD, also inhibits experimental metastasis
when coinjected with a tumour cell 1oad into mice (Iwamoto etal., 1987). The binding of
this receptor to laminin is regulated by carbohydrates and it is postulated that owing to
this receptor's peripheral location on the cell surface, it is likely to interact with another

transmembrane receptor which then links to the cytoskeleton.
1.14.1 Proteoglycans

Proteoglycans are proteins that contain one or more glycosaminoglycan side chains and
are known, in some cases, to function as cell adhesion molecules (Ruoslahti, 1989). At
points of contact between cells and the extracellular matrix, heparan sulphate, a
proteoglycan, is involved in binding as well as the integrins (LeBaron ezal., 1988).
Syndecan, a proteoglycan with heparan sulphate side chains, is found on the basolateral
aspect of many epithelial tissues and is thought to interact with the cytoskeleton similar to
many cell adhesion molecules. Thus, it is postulated to play a role in cellular
morphological differentiation as well as adhesion. It binds to collagen and fibronectin and
may influence cell behaviour by modifying the extracellular matrix and by acting as

reservoirs for growth factors and cytokines (Ruoslahti, 1989).
1.14.2 CD44

CD44 is a transmembrane glycoprotein that is widely distributed on many epithelial,
mesenchymal and lymphoid tissues. It is also known as the Hermes antigen, H-CAM and
pgp-1 antigen (murine). Itis a highly glycosylated molecule that may also function as a
proteoglycan when linked to chondroitin sulphate residues. It exists in a variety of forms

which are structurally similar but differ in properties such as size, glycosylation and
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possibly function. The different isoforms arise as a result of alternative splicing, a
mechanism whereby the DNA from the single gene is transcribed into mRNA in different
combinations, each transcript variant giving rise to a distinct protein. Two of the
commonest proteins produced by this process consist of a 90 kDa form, the haemopoietic
variant, primarily expressed on circulating leucocytes (Picker etal., 1989) and a larger
150-180 kDa form. The latter is the epithelial variant and is detectable on several epithelial
cell types (Stamenkovic etal., 1991). The 90 kDa product is thought to function in
lymphocyte homing, enabling circulating lymphocytes to recognise and attach to regional
lymph nodes by modulating adhesion to specialised lymph-node endothelium (Arch et
d., 1992). However, the interest in this molecule has arisen because of the expression of
the gene products in carcinomas. Breast and colonic carcinomas and their metastases
showed amplified expression of at least nine alternatively spliced products of the CD44
gene in contrast to non-neoplastic tissues (Matsumura & Tarin, 1992). The ratio of the
epithelial to the haemopoietic variant has also been studied in colorectal cancers, and
although both are overexpressed, greater amplification is seen in the epithelial variant and
may therefore facilitate metastasis (Tanabe et al., 1993). This is following an in vitro
study in which fibrosarcomas transfected to overexpress the CD44 epithelial variant
spontaneously metastasised more frequently than did those transfected with the
haemopoietic variant. The role of CD44 in metastasis has been further elaborated by the
isolation of cell lines that overexpress CD44. Melanoma cells which were high
expressors of the product were found to give rise to more lung metastases in nude mice
than low expressors (Birch etal., 1991). Isolation of an antibody to a spliced variant of
CD44 from a metastatic rat pancreatic carcinoma cell line has been shown to confer
metastatic potential into a non-metastasising cell line after transfection with the cDNA
product (Gunthert etal., 1991). A second variant, smaller in size, has also recently been
identified, this also conferring metastatic behaviour on previously sessile cells (Rudy ez
al., 1993). A human homologue of this metastasis-associated variant has been found to

be expressed on all invasive colorectal carcinomas and their metastases. However, focal
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expression was also observed in adenomatous polyps, this being related to areas of
dysplasia. This may represent a selective metastatic advantage to those cells in the polyps
expressing the CD44 variant. A link between ras oncogene and the CD44 protein has
been demonstrated. Activation of the oncogene induces surface expression of CD44 both
by increasing promoter activity and by affecting splice control mechanisms. Thus,
metastatic variants are also overexpressed in cells transfected with ras constructs

(Hofmann etal., 1993).

The exact mechanism by which certain CD44 variants appear to promote metastasis is
subject to speculation. It has been proposed that the expression of CD44 products on
tumour cells enables them to enter lymph node endothelial venules and adhere more
readily than they might otherwise. This is because they adopt a 'molecular disguise' by
looking and acting as lymphocytes within the lymph node and thus the normal 'homing'

function of CD44 is abused.

1.15 CARCINOEMBRYONIC ANTIGEN

Carcinoembryonic antigen (CEA) was first described in 1965 in carcinoma of the colon
and the foetal digestive tract (Gold & Freedman, 1965). Its absence from the normal
colon led the researchers to believe that this may be a true tumour marker for cancer of the
colon. Their initial clinical studies showed that plasma CEA levels fell in patients who
had their cancers of the colon resected (Thomson etal., 1969). It has subsequently been
shown that CEA can be found in normal colon at much lower levels (Fritsche & Mach,
1977), other normal tissues and secretions including pancreas (Khoo etal., 1973), lung
(Pusztaszeri & Mach, 1973), spleen (Burtin etal., 1973), bile (Svenberg, 1976), saliva
(Martin & Devant, 1973) and gastric juice (Vuento etal., 1976) aswell as benign

conditions such as inflammatory disease of the bowel, cirrhosis of the liver, hepatitis and
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bile duct obstruction (Loewenstein & Zamcheck, 1977; Khoo et al., 1973). Furthermore,
it does not appear to be specific for colorectal malignancy and elevated levels are also
found in gastric cancers (Denk etal., 1974), ovarian carcinoma (Hill etal., 1981), breast
cancer (Denk etal., 1972), bladder cancer (Martin etal., 1976), small cell carcinoma of
the lung (Goslin etal., 1981a) and medullary carcinoma of the thyroid (Shively & Beatty,
1985).

Further studies have suggested that in non-gastrointestinal tumours, other members of the
CEA-gene family are being measured rather than CEA itself (v.i.). However, despite this
cross-reactivity CEA remains one of the gold standards amongst tumour markers and is
used clinically particularly for monitoring disease after colonic tumour resection rather

than primary diagnosis (Fantini & DeCosse, 1990).

1.15.1 Structure and biochemistry

CEA 1is a 180kDa glycoprotein expressed on the surface of cell membranes. It is a highly
glycosylated molecule consisting of approximately 60% carbohydrate and the remainder a
polypeptide backbone (Figure 1.4a). The protein portion consists of a single polypeptide
chain of 668 amino acid residues. The conformation is held together by six disulfide
bonds. This structure was arrived at independently by four groups (Oikawa etal., 1987,
Kamarck etal., 1987; Beauchemin etal., 1987, Zimmermann etal., 1987). The
heterogeneity of CEA is attributed to the variations in the structure of the carbohydrate
chains. This was initially thought to be due to variations in the sialic acid content of the
chain but studies carried out after removing the sialic acid still did not reveal a
homogeneous glycoprotein. The sugar content of CEA comprises largely of glucosamine,
mannose, galactose, fucose and sialic acid. These are linked to the polypeptide chain by

glucosamine asparagine linkages (Chandrasekaran et al., 1983).



The chromosomal localisation for the CEA genes is clustered on chromosome 19q in the
region of 19q13.1-13.3. (Zimmermann etal., 1988). Once these genes had been
identified as well as splice variants of individual genes it became clear that the CEA
family consisted of two main subgroups, the CEA subgroup and the pregnancy-specific
glycoprotein subgroup (PSG). Within a subgroup there is a high sequence homology
(80-95%) whereas between subgroups it is significantly lower (50-65%). The CEA
subgroup consists of gene products such as non-specific crossreacting antigen (NCA)
(von Kleist etal., 1972; Mach & Pusztaszeri, 1972) and biliary glycoprotein 1 (BGP1)
(Svenberg, 1976). The PSG subgroup contains genes encoding for the pregnancy-
specific glycoproteins (Tatarinov & Masyukevich, 1970). At least 22 different CEA
related genes have been described with 9 belonging to the CEA subgroup and 13 to the

PSG group.

The main backbone of all CEA related molecules is made up of a variable number of
immunoglobulin-like domains, hence their inclusion in the immunoglobulin superfamily
of molecules (Paxton etal., 1987) (Figure 1.4 & 1.5). Most are membrane bound
although some may be integral membrane proteins such as BGPa, b, ¢, d (Bamett etal.,
1989).

CEA has a broad spectrum of expression, but NCA is found not only in all the tissues
that CEA is expressed in, but also in leucocytes, macrophages and monocytes (Bordes et
al., 1975). BGP1 in contrast is only found in the epithelium of bile canaliculi and normal
gallbladder (Hinoda etal., 1988). Most of the PSG group are directly secreted from cells
(Khan etal., 1989). They are expressed in increasing amounts by the placenta during
pregnancy from where they are secreted into the maternal bloodstream, and constitute the

major placental protein at term.
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1.15.2 Clinical aspects of CEA

The majority of antibodies raised against CEA are directed towards the specific peptide
sequences rather than the carbohydrate structure. Great efforts have been expended on
producing antibodies to CEA in the hope that greater specificity for colonic tumours will
be achieved. Current CEA assays are very sensitive and can measure CEA levels below
0.5ng/ml of serum. Modern assay systems use mouse monoclonal antibody technology
to both target and detect CEA. CEA has also been used as a target for
radioimmunolocalisation of primary cancers and their metastases (Goldenberg, 1987). In
some studies this is reported to be a superior modality for predicting the resectability of a
recurrent tumour when compared to conventional computed tomography (Hughes etal. ,
1997). This has also been taken a stage further in radioimmunoguided surgery
particularly in second-look laparotomies for suspected recurrent disease (Dawson etal. ,
1991; Schneebaum et al., 1997). Mouse-human chiameric antibodies have been produced

to overcome the problem of mouse sensitisation in humans (Hardman etal., 1992).

Many workers report the importance of preoperative serum CEA levels even in node-
negative patients as an important independent prognostic variable. Elevated CEA levels in
the presence of negative lymph nodes is said to define a poor prognosis subset of patients
who may benefit from postoperative chemotherapy (Harrison etal., 1997). Rising levels
of serum CEA indicate recurrence or metastasis often before clinical or radiological signs
are apparent (Rocklin ez al., 1991). Better definition of the role of CEA in clinical practice
is clearly required but currently its greatest benefit appears to be in monitoring patients

following colonic resection.

Serum CEA is also reported as the best tumour marker for monitoring disease after

treatment with chemotherapy for advanced colorectal cancer (Ward etal., 1993).

Furthermore, the CEA nadir in the serum following treatment is reported to be a strong
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prognostic variable with respect to time to disease progression (Grem et al., 1998). CEA
levels are also an independent prognostic factor in survival of patients with liver

metastases treated with surgery (Ballantyne & Quin, 1993).

The pattern of CEA staining has been used to indicate prognosis (Wiggers etal., 1986).
Patients whose tumours have a pattern of staining in which CEA is confined to the apical
cytoplasm, as seen in the adult colon (Ahnen etal., 1982), had a better outcome than
those where CEA was distributed over the entire membrane, a pattern seen in the 8-9

week foetal colon.

Anti-CEA antibodies coupled to cytotoxic agents in rodent models has also been reported
with successful anti-tumour activity (Sharkey etzal., 1991); however, as yet this effect

has not been seen in humans.

1.15.3 Biological properties

The regulation of CEA levels in the circulation is complex. The input rate into the
circulation depends on the presence of tumour, its size, localisation, degree of
invasiveness and access to blood supply, and state of differentiation. The more well
differentiated a tumour the greater the likelihood of it producing large amounts of CEA
(Thomas & Zamcheck, 1983). This observation would explain why some poorly
differentiated tumours exhibit only mildly elevated levels of CEA in the serum (Goslin et
al., 1981b). Expression of carcinoembryonic antigen in normal colonocytes is a marker

of differentiation (Ahnen et al., 1987).

Clearance of CEA from the circulation is better understood. The liver plays a key role and

impaired hepatic function in diseases such as cirrhosis and extrahepatic obstruction is

thought to be a reason why mild elevations of plasma CEA are seen. Initial clearance is
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rapid and approximately 70% of the glycoprotein is cleared (Shuster ezal., 1973). This is
achieved by receptor-mediated endocytosis by the liver Kupffer cells (Toth etal., 1985).
The CEA is then modified by removal of its sialic acid content and once the CEA is inside
the parenchymal cell it is broken down to its constituent amino acids and sugars. Much
attention has been paid to the Kupffer cell receptor that mediates the endocytosis of CEA.
A specific pentapeptide sequence is recognised on the polypeptide backbone of CEA by
the Kupffer cell receptor (Gangopadhyay & Thomas, 1996) which is subsequently
induced to express a variety of cytokines including interleukin-1a and TNF-a
(Gangopadhyay etal., 1996). These activate signal transduction pathways by means of
tyrosine phosphorylation (Gangopadhyay ezal., 1997) and may explain the CEA-
induced enhancement of experimental hepatic metastasis observed by some workers

(Hostetter etal., 1990).

1.15.4 Function of CEA

The function of CEA is only just beginning to be unravelled. Its conservation down the
evolutionary chain implies that it has an important function, but in normal adult colon its
presence is a mystery. It is located on the luminal side of the cell in adult large bowel
whereas in the embryo and in colonic tumours it is located on adjacent cell membranes
(Benchimol etal., 1989). This configuration allows the epithelium to assume a
multilayered arrangement and it has been postulated that because of this effect,
overproduction of CEA could result in disruption of the normal differentiation process.
CEA, in its correct localisation, therefore, is a marker of differentiation, but, in an
abnormal location in excessive amounts may be representative of an early event in

tumorigenesis (Benchimol etal., 1989).

Owing to its homology with the immunoglobulin superfamily of adhesion molecules, a

specific adhesive role has been postulated for CEA. Benchimol (1989) has shown that
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CEA can function as an intercellular adhesion molecule by mediating homotypic
aggregation of cultured human colorectal carcinoma cells. This binding does not require
calcium (Oikawa etal., 1989). Pignatelli and colleagues (1990b) suggested that CEA may
function as an accessory adhesion molecule mediating the binding of some colorectal
cancer cells to type I collagen matrix. Evidence is therefore mounting for a possible role

in adhesion mechanisms for CEA and this is referred to further in the relevant chapter (5).
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1.16 OVERALL AIMS OF THE THESIS

This thesis has sought to describe the localisation of a panel of cell adhesion molecules in
colorectal cancer. Their geographical localisation may have functional relevance in cancer.
Therefore, changes observed between normal tissue and neoplastic tissue in vivo have
been investigated in vitro employing cell lines to determine if alterations in expression are
correlated with changes in function. Further aims were to investigate the role of
carcinoembryonic antigen (CEA) in colorectal cancer as an adhesion molecule; studies to
characterise this function by means of transfection have been carried out in order to cast

light on the mechanism of action of CEA.
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Chapter 2

IMMUNOLOCALISATION OF CELL ADHESION MOLECULES IN COLORECTAL

CANCER AND NORMAL COLONIC MUCOSA

2.1
2.2

2.3
2.4

Page
INTRODUCTION.....cooiiiiiiiiii e 98
MATERIALS AND METHODS................ 99
2.2.1 TASSUECS - . eueeeiteee e e et 99
222 Antibodies ........covviiiiiii 100
223 Immunostaining teChniques. ..o 100
2.2.4. Grading of results.........oooeiiiiiiiiiiii 103
RESULTS. ..o e 104
DISCUSSION ..o e 128

97



2.1 INTRODUCTION

Cell-cell and cell-matrix interactions play an essential role in the induction and
maintenance of a differentiated epithelial cell phenotype. Such interactions imply that
carcinogenesis may result as a disruption of normal tissue organisation and structure
whose control is both hierarchial and dynamic. Intercellular and cell-substratum
interactions mediated by adhesion molecules are likely to play a part both in the structural
morphology and functional differentiation of the tissue and therefore a loss in this control

mechanism may well facilitate the neoplastic process (Crossin, 1991).

The aim of this chapter was to investigate the immunolocalisation of a panel of eight
adhesion molecules in colorectal cancer and correlate it with Dukes' stage and
morphological differentiation. The panel was selected to include members from three
main families of cell adhesion molecules responsible for epithelial cell interactions,

integrins, cadherins and the immunoglobulin superfamily.

Specifically, f1 integrins are the largest group of epithelial integrins and have been
shown to be important in the glandular differentiation of a colorectal cancer cell line
(Pignatelli et al., 1992a). Associated o subunits studied were a2 and a6. The 83 and 5
subunits are more selective in their associations with a chains and form receptors for
multiple ligands such as vitronectin, fibrinogen and collagen. av links preferentially with
B3 but may also associate with 1, B5 or 7. However, there is some evidence to
suggest an alteration in av affinity in malignant tissue towards 5 (Korhoneneral. ,

1992). Therefore av, avp3 and B5 were included in the panel.

Cadherins are transmembrane adhesion molecules and are the prime mediators of

intercellular interaction. E-cadherin is expressed by normal epithelial cells (Shiozaki et
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al., 1991) and has also been implicated as a major determinant in the differentiation of a

colorectal carcinoma cell line (Pignatelli etal., 1992a).

The immunoglobulin superfamily of adhesion molecules consists of members such as
carcinoembryonic antigen (CEA) and the neural cell adhesion molecule (N-CAM). CEA
may function as an adhesion molecule both mediating intercellular as well as cell-matrix
interactions (Benchimol et al., 1989; Pignatelli etal., 1990b) and hence its inclusion in

the panel of molecules studied.

The possible functional interaction between the adhesion molecules in this study is also
discussed as there is evidence to support the theory that the biological behaviour of
tumour cells is the manifestation of a composite of multiple adhesion interactions (Hynes

& Lander, 1992).

2.2 MATERIALS AND METHODS

2.2.1 Tissues

Surgical resection specimens of 28 colorectal adenocarcinomas were obtained. Biopsies
from the tumour centre, the tumour-normal mucosal junction and normal colonic mucosa
10 cm distant from the tumour were taken. These were immediately mounted in gelatin
and snap-frozen in liquid nitrogen. They were stored at -20 °C until sectioning. Cryostat
sections of 6um thickness were cut, air dried and fixed in cold 50% acetone / methanol

for ten minutes prior to staining.
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2.2.2 Antibodies

The primary monoclonal antibodies are shown in Table 2.1. DH12, HAS-6 and 35 were
obtained in purified form and used at 20pg/ml concentration in phosphate buffered saline
(PBS). MP4F10, PR3B10, 13C2, 23C6 and HECD-1 were obtained as culture
supernatant and used neat. All the antibodies used were in saturating concentrations
determined from previous immunohistochemical studies (Pignatelli et al., 1992b; Stamp
& Pignatelli, 1991). 4-well Multiwell glass slides (C.A. Hendley, Ltd.) pre-treated with

0.1% poly-I-lysine solution 1:10 were used for the immunostaining.

2.2.3 Immunostaining technique

An indirect avidin-biotin immunoperoxidase technique was employed (Fig. 2.1).
Endogenous peroxidase was blocked by incubating with 2.4ml of 30% hydrogen
peroxide in 400ml methanol for 15 minutes. Non-specific binding was reduced by pre-
incubation with 20% normal rabbit serum for 15 minutes. After washing twice with
phosphate-buffered saline (PBS) (0.2M NA;HPOy, 1.3M NaCl, pH= 7.4) the primary
antibody was placed on each section for 45 minutes at room temperature. After three
washes in PBS, the secondary antibody, rabbit anti-mouse immunoglobulins labelled
with biotin in a mixture with normal human serum in a dilution of 1:300 was added for
30 minutes. After three further washes in PBS the sections were incubated with the
avidin-biotin complex (Dakopatts, High Wycombe, UK) for another 30 minutes.
Following three further washes in PBS of 5 minutes each, diaminobenzidine (Sigma, St
Louis, MO) was used to visualise the horseradish peroxidase activity being left on the
sections for 3-5 minutes. The sections were then washed in water and counterstained
with haematoxylin for 3 minutes and dehydrated in a graded alcohol series. After clearing
with xylene, the sections were mounted in DPX (British Drug Houses, Dagenham,
Essex, UK). In control sections either the second or third layer alone was used with

omission of the primary antibody and no specific staining was observed in these cases.
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MONOCLONAL ANTIGEN REFERENCE
ANTIBODY RECOGNISED
DH12 B1 integrin subunit De Strooper etal., 1988
HAS-6 a2 integrin subunit Tenchini etal., 1993
13C2 av integrin subunit Davies etal., 1989
23C6 avP3 integrin Davies etal., 1989
BS B5 integrin subunit | Ramaswamy & Hemler,
1990
MP4F10 a6 integrin subunit Pignatelli etal., 1992b
PR3B10 CEA /NCA Richman & Bodmer,
1987
HECD-1 E-cadherin Shimoyama etal., 1989

Abbreviations: CEA, carcinoembryonic antigen; NCA, non-specific cross-reacting

antigen; E-cadherin, epithelial specific cadherin.

Table 2.1 Monoclonal antibodies
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2.2.4 Grading of results

The positive controls were the corresponding normal tissue itself, thus allowing direct
comparison to be made with tissue taken from the same patient at the same time. Intensity
of staining was then assessed by two different observers (A.K.N., M.P.) on two
separate occasions using light microscopy and scored as follows: +++ (uniform and
strong), ++ (moderate), + (weak and patchy) and - (negative). These were scored as 3,
2, 1 and O for purposes of statistical evaluation. Photomicrographs were taken on an

Olympus PM10 ADS system.

The histological diagnosis, grade, recorded as well, moderate and poorly differentiated
assessed by glandular morphology and classification according to Dukes’ stage were
based on assessment of corresponding tissue removed for conventional analysis.
Adhesion molecule expression, i.e., intensity of staining was then correlated with tumour
grade and stage. The 2 test with Yates’ correction was employed for this analysis. The
numerical differences in expression between normal and tumour tissue were also ranked

and the Mann-Whitney U test applied to the data.
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2.3 RESULTS

Twenty-eight consecutive cases of colorectal carcinoma resected by one surgeon

(P.B.B.) were used in this study. Their clinicopathological characteristics were as shown
in Table 2.2a and 2.2b. There was a comparable number of metastatic and non-metastatic
cases (Dukes’ A+B=15, C=13) but there was a preponderance of cases in the moderately

differentiated category.

Normal colonic epithelium showed a similar pattern of staining with the 1, a2, and a6
antibodies (Fig. 2.2-2.4). There was strong membrane and cytoplasmic staining
observed in all cases as well as strong endothelial immunoreactivity. In addition, f1 was
present in fibroblasts and smooth muscle. E-cadherin also demonstrated a distinct and
evenly distributed expression at the intercellular borders and the apical surfaces of the
epithelial cells (Fig. 2.5). Carcinoembryonic antigen (CEA) staining was uniform with
luminal staining observed in all cases. In contrast, however, antibodies to av, avf3 and
B5 showed marked differences in their staining patterns in normal colonic epithelium.
The av was expressed strongly in endothelial tissues but weakly on the epithelium. Its
reactivity in the tissue stroma was much more predictable being present in all cases except
two. The avB3 complex was absent from the epithelium in 17/28 cases and showed only
weak immunoreactivity in the remainder. Its presence in the normal tissue stroma
essentially matched that of the av subunit. B5 was weakly and inconsistently expressed

in the stroma and the epithelium.
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PATIENT AGE | SEX SITE OF DIFFERENTIATION| DUKES' STAGE
TUMOUR
1 48 F RECTUM MODERATE C
2 57 F | DESC. COLON MODERATE C
3 72 F ASC. COLON MODERATE B
4 60 F RECTUM MODERATE C
5 61 F RECTUM MODERATE B
6 48 M SIGMOID MODERATE C
7 60 M | DESC. COLON MODERATE C
8 60 F RECTUM MODERATE B
9 79 F RECTUM POOR C
10 80 F SIGMQID MODERATE B
11 64 M | DESC. COLON MODERATE B
12 72 F | DESC. COLON MODERATE A
13 69 M RECTUM MODERATE B
14 89 M | DESC. COLON MODERATE B
Table 2.2a Clinicopathological characteristics
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PATIENT AGE | SEX SITE OF | DIFFERENTIATION| DUKES' STAGE
TUMOUR
15 75 F ASC. COLON MODERATE B
16 86 F RECTUM POOR C
17 78 F ASC. COLON MODERATE B
18 62 M CAECUM MODERATE B
19 91 M [ DESC. COLON MODERATE C
20 87 M SIGMOID MODERATE B
21 75 M | DESC. COLON POOR C
22 34 M | ASC.COLON WELL C
23 70 F RECTUM MODERATE C
24 72 M | DESC. COLON POOR C
25 68 F RECTUM MODERATE A
26 62 M SIGMOID MODERATE A
27 75 M ASC. COLON POOR C
28 68 M RECTUM WELL B
Table 2.2b Clinicopathological characteristics
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The differences in staining observed between normal and tumour tissue are shown in
Tables 2.3a & 2.3b and 2.4a &2.4b. These relate to epithelial expression of the adhesion
molecule as judged by light microscopy. Intensity of expression, as judged by this
method is prone to variation, both interobserver and intraobserver. This is a limitation of
the technique. A further point to note is that the concentration of the primary antibody
used may be critical to the intensity of expression observed. Every effort was made to use
saturating concentrations of antibodies as determined by previous studies, but it is
conceivable that excess concentrations may have been used. Antigen-antibody complex
formation may well be diminished if excess antibody is used and this must be borne in

mind when interpreting comparative immunostaining results.

Although many tumours exhibited heterogeneity of expression, some clear patterns
emerged. There was a consistent reduction in expression of the o2 and B1 subunits with
some cases showing a complete loss (Fig. 2.6 & 2.7). The percentage of tumours stained
that showed a loss of the relevant adhesion molecule when compared to normal tissue is

shown graphically in Fig. 2.8. A large proportion of tumours showed a down-regulation

of a2 (75% ) and B1 (78%).
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PATIENT beta-1 alpha-2 E-cadherin alpha-v, beta-3
N T N T N T N T
1 ++ - ++ + +++ +++ - -
2 ++ + +-++ +++ +++ +++ ++ -
3 ++ + +++ ++ +++ +++ +
4 ++ + ++ ++ +++ +++ -
5 + + +++ +++ +++ +++ - -
6 +++ + +++ ++ +++ +++ - -
7 + + +++ - +++ +++ - -
8 ++ - ++ + +++ +++ - -
9 ++ - +++ - +++ + + -
10 +++ + +++ ++ +++ +++ - -
11 ++ + +++ ++ +++ ++ ++ +
12 ++ - +++ +++ +++ +++ ++ ++
13 ++ + +++ + +++ ++ ++ ++
14 ++ - ++ ++ +++ + +++ +4++

N=normal: T=tumour

Table 2.3a

Adhesion molecule expression
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PATIENT beta-1 alpha-2 E-cadherin alpha-v, beta-3
N N N T N
15 ++ + ++ + +++ +++ ++
16 ++ - +++ - +++ + ++
17 ++ + +++ + +++ +++ -
18 +++ ++ +++ +++ +++ +++ -
19 +++ +++ +++ - +++ +++ +
20 +++ + +++ ++ +++ +++ -
21 ++ - ++ - +++ + -
22 ++ ++ +++ ++ +++ +++ -
23 +++ ++ +++ ++ +++ +++ -
24 +++ +++ ++ +++ + -
25 +++ ++ - +++ +++ -
26 ++ ++ +++ ++ +++ +++ -
27 +++ + +++ ++ +++ ++ -
28 ++ ++ ++ ++ +++ +++ -

N=normal: T=tumour

Table 2.3b

Adhesion molecule expression
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PATIENT alpha-v beta-$ alpha-6

T N T N T N T
1 + - - - ++ ++ + -
2 ++ - + - +++ +++ +++ +++
3 + + - +++ +++ ++ ++
4 ++ +++ + +++ +++ ++ ++
5 +++ - - - +++ +++ +++ +++
6 ++ + - - +++ +++ +++ +++
7 - - + + +++ +++ ++ ++
8 + - - +++ +++ ++ ++
9 - + - +++ ++ +++ ++
10 ++ + + - +++ ++ ++ ++
11 ++ - + - +++ +++ +++ +++
12 + ++ - + +++ +++ ++ ++
13 ++ ++ - ++ +++ +++ ++ ++
14 ++ - - - +++ +++ +++ +++

N=normal: T=tumour

Table 2.4a

Adhesion molecule expression
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PATIENT alpha-v beta-5 alpha-6 CEA

N T N T N T
15 ++ - + + +++ +++ ++ ++
16 + - ++ - +++ +++ ++ ++
17 ++ - + ++ +++ +++ ++ ++
18 ++ ++ + ++ +++ +++ +++ +++
19 +++ - + +++ +++ ++ ++ ++
20 - - + ++ +++ +++ +++ ++
21 - - - - ++ ++ +++ +++
22 ++ - ++ + +++ ++ +++ +++
23 + ++ + - +++ +++ +++ +++
24 ++ + + - +++ ++ +++ +++
25 ++ ++ + ++ +++ +++ +++ ++
26 + - - ++ ++ +++ +++
27 ++ + +++ ++ ++ ++
28 + ++ - +++ +++ +++ +++

N=normal: T=tumour

Table 2.4b

Adhesion molecule expression
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However, neither of these results reached statistical significance when analysed by
Dukes’ stage (X2:3.59, p=0.06 X2:0.44, p=0.50). Furthermore, after ranking the data
in terms of degree of down-regulation, again the figures failed to reach significance
(p=0.43 and p=0.45 respectively, Mann-Whitney U test). Decreased immunoreactivity
was observed only in poor and moderately differentiated tumours. However, the sample
size in the well differentiated category was small and therefore conclusions regarding a
possible progressive loss of expression with worsening differentiation can only be

speculative.

E-cadherin exhibited decreased immunoreactivity in 8/28 tumours. No correlation with
Dukes’ stage was found (x2=3.32, p=0.07) even after ranking levels of expression
(p=0.43). All the five poorly differentiated carcinomas showed a loss of expression (Fig.
2.9) whereas in 20/23 well or moderately differentiated tumours expression was

preserved.

a6 expression was essentially preserved (Fig. 2.10a-b) with a minimal reduction in
expression (+++ to ++) seen in five tumours. CEA was down-regulated minimally in
only 3/28 tumours with good luminal immunoreactivity (Fig. 2.11) but also a polarisation
to the basolateral aspect of the cell. Neither of these results corresponded with Dukes’

stage or morphological differentiation.
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