UNIVERSITY OF SOUTHAMPTON

GENETIC POLYMORPHISMS OF THE CYTOCHROME P450 2C XENOBIOTIC
METABOLISING ENZYMES SUBFAMILY AND PREDISPOSITION TO
ADENOMATOUS POLYPS OF THE COLON AND RECTUM
A thesis submitted for D.M. degree examination

to

Southampton University
October 2002

by

Thomas Cecil (FRCS gen surg)



UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF MEDICINE

DEPT OF SURGERY

D.M. degree examination

XENOBIOTIC METABOLISING ENZYMES OF THE CYTOCHROME P450 2C

SUBFAMILLY AND PREDISPOSITION TO ADENOMATOUS POLYPS OF THE

COLON AND RECTUM.

By Thomas Desmond Cecil

Aim: To study cytochrome P4502C subfamily gene polymorphisms in the polyp and
non-polyp population of the Imperial Cancer Research Fund flexible sigmoidoscopy
screening trial and establish any association with adenomatous polyps of the colon.
Background: Colorectal cancer is the second most common cause of cancer deaths in
the United Kingdom (1). In view of this the ICRF has set up a multicentre trial to assess
the impact of screening with a once-only flexible sigmoidoscopy. It is thought that
colorectal cancer and adenomatous polyps arise due to an interaction between
environmental and genetic factors (2). The vast majority of environmental compounds
are inert requiring activation to become carcinogens by xenobiotic metabolising
enzymes. Individuals exhibiting different expression patterns of these enzymes,
possibly due to genetic polymorphisms, vary in their susceptibility to the effects of
environmental factors. The CYP2C subfamily enzymes are known to be involved in the
metabolism of several commonly used drugs, notably, omeprazole, warfarin, non-
steroidal anti-inflammatories, tolbutamide & diazepam, as well as a number of

environmental mutagens such as benz[a]pyrene (3).



Methods: DNA based polymerase chain reaction and restriction fragment length
polymorphism methods were used to determine the frequency of CYP2CS8, 9, 18 and 19
polymorphisms (Table 17) in individuals attending the ICRF screening trial.

Results: For CYP2CS8 there is a reported base pair change a to ¢ at position 390. The ¢
base is the wild type (WT) and a allele is very rare and may not exist at all. For
CYP2C18 a reported t to ¢ base pair change at position 1154 did not appear to exist.
Allele frequencies in a UK population for CYP2C9, CYP2C18 and CYP2C19
polymorphisms have been established. There was no statistically significant difference
for any of the polymorphisms studied between those with adenomas and controls.
There were more heterozygotes and homozygotes combined in the adenoma group for
the polymorphism termed CYP2C9. This did not reach significance (p=0.064). There is
evidence that this polymorphism has a dominant effect and is involved in benz[alpyrene
metabolism, a smoking carcinogen. Smoking has been shown to predispose to
colorectal adenomas.

Conclusions: None of the CYP2C subfamily polymorphism studied were shown to

predispose to adenomatous polyps of the distal colon and rectum. CYP2C9 warrants

further investigation.
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Section 1

introduction, historical review and background to studies

General introduction

A tumour is a mass of tissue formed as a result of abnormal, excessive and
inappropriate proliferation of cells, the growth of which continues indefinitely and
regardless of the mechanisms which control cellular proliferation. At the hub of cellular
control is deoxyribonucleic acid (DNA). It is the molecule that stores the information
required to produce and control all higher organisms. The multi-step or multi-hit theory
of carcinogenesis states that tumour formation is due to the consequences of multiple
mutagenic events. Indeed all agents known to cause cancer have one feature in
common, they cause genetic damage. The study of familial cancers has identified a
number of important candidate genes that contribute directly to the high cancer risk in
these families. The majority of cancers though do not appear to have a strong familial
link. It is now widely accepted that the initiation and development of tumours is
determined by a delicate balance of environmental and host factors (4).

The purpose of this introduction is to address genetic susceptibility to environmental
factors with specific regard to enzymes involved in carcinogen metabolism, to examine
the pathways and aetiology in the development of colorectal adenomas and cancer and
discuss the evidence to date linking these two fields. The last two chapters provide an
overview of the CYP2C subfamily and address the issue of colorectal cancer screening

which is an important part of the methodology and patient and sample collection for this

thesis.
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Chapter 1 Overview of xenobiotic metabolising enzymes

1.1 Environmental influences in cancer

Epidemiological studies suggest that the majority of all cancers are attributable to
environmental factors (5). Human cancer can be induced by a variety of aetiological
agents such as chemicals, viruses and radiation. An example of such an agent is
tobacco smoke which is unquestionably the most important causative factor in lung
cancer, currently the most common malignancy in the world. The cellular response to
environmental challenges is pivotal for the preservation of cellular integrity and
protection from cytotoxic insults that can lead to cell damage and cancer development.
Inter-individual variation in the genes involved in these cellular defences plays a role in
determining genetic susceptibility to disease. Epidemiological evidence suggests that
both exposure profiles to environmental factors and inherited susceptibility to the action
of carcinogenic and mutagenic stimuli are important in the development of tumours.

It has been estimated that up to 80% of human tumours may be due to the action of
environmental carcinogens (6). Carcinogenesis has been demonstrated in animals in
response to single doses of chemical carcinogens, with the development of many
different types of tumours. This is often the result of administration of very large
guantities of chemicals. These models, although of use in demonstrating the
carcinogenic potential of these compounds, do not mimic human exposure to
carcinogen except perhaps in catastrophic industrial or occupational exposure. In these

situations there is probably a direct toxic effect from the carcinogen insult that
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overwhelms any body defences. Epidemiological studies suggest that human exposure
to lower levels of environmental carcinogens, particularly those originating in the diet
and from cigarette smoke, occurring on a more chronic basis may have an aetiological
role in human cancer (7).

Every day humans come into contact with a variety of environmental carcinogens and
their metabolism must play a vital role in protection against their potentially damaging
effect. Mammals have evolved a complex host of metabolic enzymes to defend
themselves against attack from these compounds.

A xenobiotic is a substance foreign to the body or to an ecological system and hence
the term xenobiotic metabolising enzymes (XMEs) has been coined to refer to enzymes
involved in cellular defence against foreign carcinogens. These defence mechanisms
have evolved primarily to combat against xenobiotics such as toxins and carcinogens in
the diet, but their importance has gained prominence because of the inter-individual
variation in the metabolism of therapeutic drugs (4). Many compounds have been
associated with cancer initiation and progression (Table 1), and exposure to a wide
variety of both naturally occurring and synthetic genotoxins happens on a daily basis
through diet. Furthermore carcinogen exposure can be greatly increased through
lifestyle exposure be it through choice i.e. smoking, or occupational exposure or

exposure to environmental pollutants, all of which can drastically alter cancer risk.
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Table 1: Compounds associated with carcinogenesis

Dietary Occupational Endogenous Lifestyle

Industrial Drugs
Aflatoxins Benz[a]pyrene Hormones Cigarette smoke
Ochratoxins Benzenes Growth factors  Alcohol
Benzidines Phenols Prostaglandins  Cyclophosphamide
Phenacetin Aromatic amines Leukotrienes
Plant toxins Nitrosamines
Gut fauna Epoxides
toxins PAHs

Anilines

Naphthylamines
Amino biphenyls
Solvents

1.2 Polymorphisms in xenobiotic metabolising enzymes

Most pharmacologically active molecules and the majority of chemicals associated with
cancer are lipophilic. After glomerular filtration in the kidney they would be reabsorbed
and remain in the organism. In order to excrete these molecules efficiently they need to
undergo conversion into polar water soluble metabolites. This process is known as
biotransformation. Metabolites of biotransformation can be less active than their parent
compound or in some case may have enhanced activity or toxic effects such as
mutagenesis or carcinogenesis (8). Biotransformation therefore has the potential to
perform both detoxification and toxification reactions. In fact the majority of carcinogens
exist in the environment in inert forms as procarcinogens and require metabolic
conversion to carcinogens which can react with cellular macro-molecules (9).

All tissues have some ability to metabolise xenobiotics but the principal organ for

biotransformation is the liver. Within hepatocytes, at a cellular level, XMEs are either
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attached to the endoplasmic reticulum (cytochrome P450 enzymes) or floating as
cytosolic enzymes (eg acetyliransferases). The majority of xenobiotics are therefore
metabolised in the liver, but the level of exposure as well as the target site of exposure
and the rate of metabolism will all alter the tumorogenic potential of procarcinogen
xenobiotics. Inter-individual variation in the expression of XMEs in the liver, or potential
target organs or tissues will therefore lead to a difference in the host defence’s ability to
protect from xenobiotic insult. This in turn may result in susceptibility to disease.

There is a continual exposure to xenobiotics some of which may be beneficial such as
pharmacological drugs or some that have the potential to cause harm such as
carcinogens. Efficient metabolism of both xenobiotics and endogenous toxins is
essential for the preservation of cellular integrity and prevention of cytotoxic insults that
can lead to cell damage and disease including cancer (4).

Through the study of drug metabolism, genetically determined enzyme deficiencies
have been identified that lead to altered drug activity (10). This has lead to the
discovery of large families of enzymes that are responsible for drug and xenobiotic
metabolism. A number of altered drug responses observed within populations have now
been shown to be due to genetic polymorphisms leading to amino acid changes within
the protein, affecting enzyme activity (11) (12).

Large families of enzymes have now been studied and the genetic sequence of many
XMEs has now been established. Many XMEs have been shown to be polymorphic in

that multiple allelic variants of the XME genetic sequence exist.
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Table 2: Reactions of xenobiotic metabolism

Phase I

Phase II

Oxidation

Reduction

Hydrolysis

Summarisation

Miscellaneous
Peroxidation
Radical scavenger

Cytochromes P450
Alcohol and aldehyde
dehydrogenase
Aromatases

P450 reductase
N-reductases
Epoxide hydrolase
Esterases

Amidases
Isomerases

Glutathione peroxidase
Superoxide dimutase

Glucuronidation
Glucosidation
Sulphation
Methylation
Conjugation

Esterification
Condensation

UDP glucronyl transferases
UDP glycosyl transferases
Sulphotransferases
O-,N-,S-methyl transferases
Glutathione-S-transferases
N-acyl transferases
N-acetyl transferases

Fatty acid transferases

Non enzymic
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Genetic polymorphism can be defined as the occurrence together in the same
population of two or more discontinuous traits at a frequency where the rarest could not
be maintained by recurrent mutation alone. In general, if 1 in 50 or more of the general
population has the rare allele then the condition is polymorphic. Genetic polymorphisms
affecting the coding region of a gene can lead to expression of an altered protein that
can affect enzyme activity. Similarly, a polymorphism in the non-coding region of a gene
may affect the gene regulation leading to altered amounts of the XME being expressed.
Thus due to genetic polymorphism individuals may express different variants of a
specific XME with altered activity, or express greater or lesser amounts of a specific
XME. This may account for inter-individual variation in xenobiotic metabolism.
Xenobiotic metabolising enzymes can be divided into two groups, phase I and phase 11
enzymes, based on their functional properties (Table 2).

Phase I enzymes, which include the cytochrome P450s, metabolise xenobiotics by the
addition of functional groups and “reactive-centres” on substrates (eg -OH,-NHz,-SH,-
COOQOH) (4). This generates xenobiotic products that are highly reactive electrophiles. In
contrast phase II enzymes catalyse the conversion of the electrophiles to inactive
conjugates which are more water soluble and therefore more readily excreted from the
cell. This process of biotransformation, whereby a lipid soluble xenobiotic is
enzymatically transformed by phase I and phase II reactions to create water soluble

metabolites that can be excreted, is simply illustrated below (Fig 1).
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Fig 1: Biotransformation

Activated metabolite ———— DNA damage

xenobiotic Phase I metabolism

Phase II metabolism

v

Water soluble product

As mentioned exposure to many diverse xenobiotics can occur and similarly there are
many different families of XMEs with many individual enzymes involved in xenobiotic
metabolism. There is crossover in substrate specificity so that several enzymes may be
involved in metabolising a xenobiotic via different pathways. Furthermore some XMEs
can be involved in both phase I and phase II metabolism. Therefore, the ultimate fate of
a xenobiotic and hence its potential for carcinogenicity will depend on the type and
activity of XMEs available for its metabolism. As previously mentioned, most
carcinogens require activation from procarcinogens to their active mutagenic form.
Thus, the initial amount and type of activated metabolite will depend on the phase I
reactions with phase II reactions becoming the rate limiting step with regard to excretion
of the activated metabolite (Fig 1). Genetic polymorphisms of XMEs by altering these
reactions can affect the degree and type of exposure to carcinogenic xenobiotics and

predispose individuals to disease.

25



The major XMEs, which have been implicated in susceptibility to disease, include
families such as the cytochrome P450s, N-acetyl transferases, glutathione-S-
transferases and epoxide hydrolases. The following discussion of the cytochrome P450
family attempts in no way to be comprehensive but is simply to provide a background to
their nomenclature and to outline the diversity of these enzymes and the diseases in

which they may be implicated.

1.3 The cytochrome P450s

The genes of the P450 superfamily code for a group of enzymes that share common

characteristics:

1. They all contain a noncovalently bound haem.

2. They are intrinsic membrane proteins firmly bound to intracellular membranes.

3. They use reducing equivalents from NADPH and an atom of oxygen derived from
atmospheric oxygen to oxygenate substrates.

A nomenclature system for the P450 was devised in 1987 to categorise the ever-

expanding field of newly discovered P450 proteins. It is based on the amino acid

sequence of the individual P450. The superfamily is divided into families, subfamilies

and individual P450s. The family is traditionally denoted by Roman numerals and the

subfamily by a capital letter. Individual P450s are represented by Arabic numbers (13).

If two cytochrome P450s have less than 40% amino acid homology they represent

members of a different family. P450s that display greater than 59% amino acid

homology are assigned to the same subfamily. Although these rules for nomenclature

are arbitrary they have proved useful as members of the same family often have almost
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identical intron/exon gene structures. Furthermore genes for members of the same
subfamily, that have been examined to date, have been found to lie within the same”
gene cluster “ (14).

The cytochrome P450s are found throughout the animal and plant kingdom. They have
evolved over million of years with the emergence of different families of cytochrome
P450 enzymes. The first cytochrome P450s thought to have emerged are those that are
now involved in steroid and fatty acid metabolism. The fatty acid metabolising CYP4
family and steroid inducible CYP3 family diverged over one billion years ago. The CYP1
and CYP2 families formed 800 million years ago and with the CYP3 family are those
primarily involved in drug and carcinogen metabolism. The CYP2 family further divided
into eight families 400 to 600 million years ago. It has been proposed that the
divergence and increase in the number of cytochrome P450 genes occurred as a result
of the emergence of mammals onto land several million years after plants were
established. Plants had therefore had time to develop a multitude of compounds that
were foreign and potentially toxic to the “ predatory animal species”. The development
of detoxifying enzymes allowed animals to survive in this hostile environment (15).

The mammalian P450s are divided into 10 families of proteins (Table 3).
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Table 3: Cytochrome P450 families

Gene family sub- substrate T requlated by T
families*
CYP1 2 Xenobiotics Substrates
CYP2 6 Xenobiotics Substrates, hormones
and cytokines

CYP3 1 Xenobiotics Substrates, hormones

CYP4 2 Fatty acids, Peroxisome
prostaglandins, proliferators, hormones,
leukotrienes fatty acids

CYP7 Cholesterol Cholic acid

CYP11 2 Cholesterol, Hormones

CYP17 Sterols Hormones

CYP19 Sterols Hormones

CYP21 Sterols Hormones

CYP27 Cholesterol, bile Hormones
acids

P450 nomenclature used according to Nebert (see above). CYP represents cytochrome
P450. 1 only general substrates and regulatory examples are given.

In humans it has been estimated that there are at least 50 different P450 genes (16). Of
these as previously mentioned CYP1, CYP2 and CYP3 families are those primarily
responsible for the metabolism of drug and carcinogen xenobiotics. A number of
cytochrome P450s from these families are known to be polymorphically expressed and
these genetic variations are thought to predispose to disease in humans.

1.3.1 CYP1 family

In humans, the CYP1 family to date consists of two subfamilies CYP1A and CYP1B.
The CYP1A subfamily consists of two highly homologous proteins CYP1A1 and
CYP1A2 both of which are involved in the activation of procarcinogens. CYP1A1 is
involved in the metabolism of polycyclic aromatic hydrocarbons (PAHS) and CYP1A2 in

nitrosamine and arylamine metabolism. Both enzymes are induced by a cytosolic
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protein complex consisting of the arylhydrocarbon or Ah (dioxin) receptor bound to an
induction agent such as a polycyclic hydrocarbon (PAH) or nitrosamine.

CYP1A1 enzyme is predominantly expressed in extra hepatic tissues including lung
(17). It is normally expressed at low levels but it has been demonstrated that it is
induced in the bronchial tree of over 80% of smokers (17). Its expression has been
shown to be polymorphic with approximately 10% of the population exhibiting a high-
inducibility phenotype (in response to inducers such as benz[a]pyrene and 3-
methlycholanthrene) (4). At the gene level an Mspidigest restriction fragment length
polymorphism (RFLP) has been identified in the 3’ non coding region of the CYP1A1
gene as a result of a thymine (t) to cytosine (c) base pair transition at position 6235, 250
base pairs down stream from the polyadenylation site (18). In a Japanese population
with lung cancer 21.2% were found to be homozygous for this mutation compared to
only 10.6% of a healthy control population (19). A further point mutation of adenine (a)
to guanine (g) at position 4889 in exon 7 of CYP1A1 has been linked to the Msp1
polymorphism. This results in a isoleucine (1) to valine (V) amino acid change within the
haem binding region of the protein and this has since been demonstrated to increase
the catalytic activity of the enzyme up to seven fold (20). This mutation has also been
linked with lung cancer groups in a Japanese population (21). This link with lung cancer
has not been demonstrated in a Caucasian population but the higher activity CYP1A1
genotype is rare in European Caucasians (1% or less) (22)

CYP1A2 is also thought to be polymorphic and exhibits a wide inter-individual variation
in CYP1A2 mediated caffeine metabolism that appears trimodal in distribution and is
inducible by cigarette smoke and other host factors (23). The genetic basis for this

polymorphism is not entirely clear. A recent report suggests that it may be due to a
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single nucleotide mutation in intron 1(24). CYP1A2 is involved in the metabolism of
dietary heterocyclic amines (25), a potent group of procarcinogens. Variation in
CYP1A2 metabolism may be involved in predisposition to bladder, liver and colon
cancer (23). The link with colon cancer will be examined later in chapter 3.

CYP1B1 human cytochrome is located on Chromosome 2 at 2p23-22 and contains
three exons and two introns (26). CYP1B1 is the predominant CYP1 family member
expressed in normal breast tissue and breast cancer. An association with
polymorphisms in exon 3 and steroid receptor expression in breast cancer has been
reported although no association between exon 3 polymorphism and breast cancer was
found (27).

1.3.2 CYP2 family

The CYP2 family is the largest cytochrome P450 family with at least six subfamilies
identified in humans. Again many of the CYP2 family genes have been shown to be
polymorphic leading to inter-individual variation in metabolism mediated by CYP2C
enzymes.

CYP2A6 and CYP2A7 are located on Chromosome 19. CYP2A6 is the main
metaboliser of nicotine. Two variants have been reported CYP2A6v1 and CYP2A6VZ.
The CYP2A6v1 variant encodes an enzyme with a leucine (L) ' to histidine (H) '®°
amino acid substitution resulting in an inactive enzyme (28). This defective gene has
been linked with a decreased risk of becoming a smoker and a reduction in number of
cigarettes consumed in those who smoke. Furthermore those with an inactive CYP26
allele may be also less efficient at activating procarcinogens to carcinogens. These

three factors could suggest why there may be a reduced risk of tobacco related disease
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in those with an inactive CYP2AG6 allele (29). CYP2A7 appears to code for an inactive
protein (30).

In humans, two CYP2B subfamily genes have been described to date, CYP2B6 and a
pseudogene CYP2B7P. CYP2B6 has been implicated in the metabolism of
cyclophosphamide and aflatoxin Bi. No genetic polymorphisms have been identified as
yet in CYP2B6 but there is 100 fold inter-individual variation in expression within the
liver (31).

The CYP2C subfamily consists of at least five different genes in humans located on
Chromosome 10. Polymorphisms exist within the CYP2C subfamily, the best
characterised is illustrated by differences in the 4-hydroxylation of S-mephenytoin by
CYP2C19. A g — a mutation at position 681 in exon 5 of CYP2C19 leads to a 40base

pair deletion of the CYP2C19 mRNA leading to a truncated inactive protein. This occurs
in approximately 5% of Caucasians and results in poor metabolisers (PM) of
mephenytoin. Those homozygous for the normal allele or with heterozygous genotypes
are extensive metabolisers (EM) of S-mephenytoin. The CYP2C subfamily will be
discussed in greater detail in chapter 4.

The CYP2D subfamily genes are located on Chromosome 22 in humans (32). There
are three genes at the CYP2D6 locus CYP2D6, CYP2D7 and CYP2D8. CYP2D7 is an
inactive gene and CYP2D8 is a pseudogene (4). CYP2D6 has a functional
polymorphism of debrisoquine 4-hydroxylase activity in humans (33). As with the
CYP2C subfamily humans are split into those with normal enzyme activity that can
metabolise debrisoquine, the extensive metabolisers, and those with mutant allele who

are poor metabolisers. There are at least 5 mutations that result in no CYP2D6 enzyme

31



or reduced enzyme activity (4). Between 5-10% of Caucasians are poor metabolisers.
In studies using pharmacokinetic assays to determine debrisoquine hydroxylation
phenotype the extensive metaboliser phenotype has been linked to the incidence of
bladder (34), breast cancer (35) and lung cancer. These findings however have not
been as clear cut in studies determining genotype by DNA based assays. A large study
looking at many different cancers including lung, breast and bladder cancer as well as
overall cancer risk found that the CYP2D6 polymorphism, which gives rise to the PM
phenotype, was not associated with reduced cancer risk. In fact they found that PMs
had a statistically significantly increased risk of leukaemia (36). In a recent meta-
analysis of 18 papers looking at CYP2D6 and lung cancer the authors conclude that
“poor metabolisers with respect to CYP2D6 show a small decrease in susceptibility to
lung cancer compared with extensive metabolisers and it is hard to justify further
studies. The relationship between the CYP2D6 polymorphism and lung cancer, as a
determinant of individual susceptibility, is not appreciable (OR = 0.69) compared with
that between smoking and lung cancer (OR > 11). Nevertheless, the epidemiological
impact on the number of poor metabolisers who are protected from lung cancer may be
considerable” (37).

CYP2E1 is the only known member to date of the CYP2E subfamily. The CYP2E1
enzyme is involved in the metabolism of nitrosamines in tobacco smoke. A
polymorphism of CYP2E1 detectable by the restriction enzyme Rsa | may be
functionally important because it is located in a putative binding site for the transcription
factor HNF-1 and has been associated with higher levels of CYP2E1 transcription. It is
conceivable that this CYP2E1 Rsa | polymorphism might contribute to differences in

susceptibility to cancer. Studies looking at lung oesophageal and renal tract tumours
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have found no association with the Rsa | polymorphism (38) (37) (39). The Rsall
polymorphism has however been associated with oral and nasopharyngeal cancers (40)
(41).

1.3.3 CYP3 subfamily

In humans the CYP3 family consists of one subfamily CYP3A. Four human CYP3A
genes are located on Chromosome 7q, CYP3A3, CYP3A4, CYP3A5 and CYP3A7 (4).
They are all involved in the metabolism of aflatoxin and other carcinogens, and there is
considerable variation in the hepatic expression of these enzymes. CYP34 enzyme has
been shown to be protective against aflatoxin B4 -induced liver cancer in smokers in
China (42). No genetic basis for the inter-individual variation in hepatic expression of
the CYP3A subfamily has been established to date.

This brief overview of the CYP1, 2 and 3 families is intended to provide a background to
illustrate how genetic polymorphisms of xenobiotic metabolising enzyme genes,
including those coding for the cytochrome P450 genes may lead to predisposition and

susceptibility to a variety of environmentally induced diseases including cancer.
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Chapter 2 Colorectal adenomas and cancer

2.1 Colorectal cancer

In 1993 there were 19,000 deaths from colorectal cancer in England and Wales
representing 20% of all cancer deaths (43). It is the second most common malignancy
in developed countries (44) and overall the third most frequent cancer in the world
except for lung and stomach in men and breast and cervix in women (45). Three distinct
clinical features of colorectal cancer have led to research efforts that have improved the
understanding of its pathogenesis.

The first feature is the identification of the adenoma-carcinoma sequence as the
common pathway for the development of most colorectal cancers. It is now established
that in the majority of cases colorectal cancer does not arise de novo, but from pre-
existing adenomatous polyps (46) (47) (48). Individuals at high risk for developing
colorectal cancer, i.e. patients with adenomas, can readily be identified endoscopically.
Secondly, a greater understanding of the genetic basis of colorectal cancer has been
revealed through numerous recent breakthrough studies (49). These advances allow for
molecular diagnosis of certain high risk groups, specifically patients with familial
adenomatous polyposis (FAP) and hereditary nonpolyposis colon cancer (HNPCC) (50)
(51). Equally important, the multiple genetic alterations in these syndromes have been
noted to occur also in the sporadic colorectal cancers (52). The hope for the future is
that these laboratory discoveries will make their way into the clinical arena to improve

detection, diagnosis, treatment and eventually prevention of colorectal cancer.
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The third feature of large bowel cancer is its environmental and dietary aspects.
Epidemiological studies on migrating populations have confirmed the rapid rise in the
incidence of colorectal cancer in individuals who move from a low to high incidence
country. The risk is noted to occur within one generation suggesting environmental

factors acting at a late stage of the carcinogenesis process (53).

2.2 Adenoma-Carcinoma sequence

Evidence for the adenoma-carcinoma sequence comes from both pathological and
molecular biological observations. The familial adenomatous polyposes are a group of
inherited autosomal syndromes characterised by either the development of at least one
hundred to several thousand adenomas or the presence of extra colonic manifestation
of FAP in association with APC mutations. Most patients remain asymptomatic until
after puberty after which polyps begin to develop. Untreated the polyps increase in both
size and number with inevitable progression to adenocarcinoma in the fourth and fifth
decades. Treatment by panproctocolectomy eliminates the risk of colorectal cancer.
Although these syndromes account for less than 1% of colorectal cancer cases they

provide a dramatic example illustrating the progression of adenomas into carcinomas.

Another group in which there is an increased risk of colorectal cancer is those with

HNPCC. The following clinical features known as the “Amsterdam criteria” define the

diagnosis of HNPCC (54).

(1) Three or more relatives with histologically verified colorectal cancer, one of whom is

a first degree relative of the other two.
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(2) Colorectal cancer involving at least two generations.

(3) One or more colorectal cancer cases diagnosed before age 50.

Patients with FAP are excluded. Adenomas are more prevalent in HNPCC than in the
general population (55) (56) and the adenomas in HNPCC have a greater propensity for
malignant change. They tend to be multiple, large, dysplastic and have a greater
percentage of villous histology than their sporadic counterparts. They also tend to occur
in the proximal colon as does colorectal cancer in HNPCC (56) (57). This phenomenon
is known as the Aggressive Adenoma theory (58) and again suggests a progression

from adenoma to colorectal cancer.

A large study from St Mark’s examined 1,961 malignant tumours and found that 278
(14.2%) had evidence of contiguous benign tumour of tubular or villous histology.
Furthermore they found that the frequency with which contiguous benign tumour was
found varied with the extent of cancer spread. In tumour with extramucosal invasion
only 7% had contiguous benign tumour. However, when the tumour was confined to the
bowel wall this rose to 20% and up to 60% when the tumour invasion was limited to the
submucosa. This suggests that as the cancer spreads and becomes more invasive it
replaces the adenomatous tissue from which it arises (59). This finding is supported by
Heald and Bussey (60) who examined histology on 157 surgical specimens all
containing synchronous malignant colorectal tumours. They found that 87 (27%) of a
total of 323 cancers had benign tumour contiguous with invasive cancer and that 75%

of specimens contained associated benign tumours.
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As polyps increase in size, their potential for malignancy rises. Muto et al (46) in a large
series from St Mark’s report a malignancy rate of 1.3% for adenomas under 1cm in size,
increasing to 9.5% for adenomas between 1 and 2 cm and a risk of malignancy of 46%

for adenomatous polyps greater than 2cm in size.

Further support of the polyp-cancer sequence comes from the study of age distribution
for benign and malignant tumours. This shows that the diagnosis of polyps precedes the
diagnosis of cancers by an average of 4 years. This is probably an underestimate as
polyps are probably diagnosed at a late stage, as the majority remain asymptomatic. In
FAP, where individuals are screened from an early age, there is a latent interval of

about 12 years between the diagnosis of polyposis and the development of cancer (46).

Several studies have reported a reduction of between 60-85% in incidence of distal
colorectal cancer following removal of adenomas at sigmoidoscopy. (48) (61) (62) (63)
(64). This suggests that the polyp-cancer sequence can be interrupted by removal of
adenomas. Currently large trials are been undertaken to assess the efficacy of

secondary prevention by screening for and removing adenomas (1) (65).
These clinical and histopathological observations provide support for the morphology of
the polyp-cancer sequence. Further evidence comes from studying the genetic and

molecular biology of the “ adenoma-carcinoma” sequence.

2.3 Genetic basis of the “ adenoma-carcinoma sequence”
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In a landmark study Vogelstein examined genetic alterations in colorectal specimens at
various different stages of neoplastic development (49). They examined 172
specimens; 40 being early stage adenomas from 7 patients with FAP, 40 adenomas
from 33 non FAP patients of which 21 were associated with a focus of adenocarcinoma
and 92 carcinomas resected from 89 patients. They looked for ras-gene mutations and
allelic deletions of Chromosomes 5, 17 and 18. Ras-gene mutations occurred in 58% of
adenomas larger than 1cm and in 47% of carcinomas. They were however only present
in 9% of adenomas less than 1cm in size. Deletions of Chromosome 5 were found in
29% and 35 % of adenomas and carcinomas respectively. Chromosome 17p
sequences were lost mainly in carcinomas (75%). A specific region of Chromosome 18
was deleted in 73% of carcinomas, 47% of advanced adenomas but only occasionally
in earlier stage adenomas (13%). In this study 90% of carcinomas had two or more
genetic alterations whilst only 7% of early adenomas had more than two of the four
genetic alterations. In a further study Vogelstein studied polymorphic markers from
every nonacrocentric autosomal arm in colorectal carcinoma specimens. There was a
median of four to five chromosomal arms suffering allelic losses per tumour (66). They
concluded that: “ These results are consistent with a model of colorectal tumorogenesis
in which the steps required for the development of cancer often involve the mutational
activation of an oncogene coupled with the loss of several genes that normally suppress

tumorogenesis”, and furthermore it is the accumulation of genetic abnormalities rather

than their order which is most important.
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Recognised molecular genetic alterations involved in colonic cancer include oncogene
mutations, deletions and mutations of tumour suppressor genes and microsatellite
instability with defective mismatch repair genes.

Oncogenes are mutated forms of normal genes termed proto-oncogenes which are
involved in cellular growth and differentiation. They produce an abnormal protein with
inappropriate function or result in the over-expression of the normal protein. The K-ras
oncogene is located on the long arm of Chromosome 12 and is altered by point
mutations. It is found in large adenomas and 50% of colorectal cancers. The ras family
of proto-oncogenes encodes proteins that are related to the G proteins, these are a
class of membrane bound proteins involved in signal transduction. Excitingly, K-ras
mutations have been found in the stool of patients whose tumours contain K-ras
mutations and this is being investigated as a possible diagnostic modality. K-ras
mutations are however not confined to colorectal cancer and are found in a wide variety
of tumours. K-ras mutations have also been found in hyperplastic polyps that are
generally not regarded as having pre-malignant potential. On the basis of this and
histological reports of co-existing adenomatous and hyperplastic areas in the same

polyp, the possibility of a hyperplasia-adenoma-carcinoma sequence has been

proposed (67).

Tumour suppressor genes function to restrain cell growth and proliferation. They are
found in inherited forms of cancer and can also occur by independent mutation of both
alleles of a specific gene. Knudson (68) in his hypothesis suggests that one
chromosome is inherited with an inactive tumour suppressor gene. The remaining

normal chromosome undergoes somatic mutation that predisposes to cancer formation.
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In sporadic cancer, two independent somatic mutations of the two alleles of the tumour
suppressor gene within a cell are required for tumour progression.

The adenomatous polyposis coli gene (APC), located on the long arm of Chromosome
5, is an example of a tumour suppressor gene which is mutated in the majority of cases
of Familial Adenomatous Polyposis and also mutated in sporadic polyps and tumours. It
codes for a protein of 2843 amino acids (69) that associates with the cellular protein B
catenin. B catenin is complexed within the cytoplasm with the cell adhesion molecule E
cadherin. Cadherins are cell surface molecules involved in calcium mediated
intercellular interactions, important for morphogenesis. The E cadherin-catenin unit is
involved in the normal function of E cadherin, maintaining the adherens junction of
epithelial cells. Thus the APC protein is involved in the functional regulation of the E
cadherin-catenin unit. The vast majority of APC mutations identified in patients with FAP
(greater than 95%) and also those identified in sporadic tumours result in a truncated
APC protein (70). The mutated APC protein may disrupt the E cadherin-catenin unit
resulting in defective intercellular contact or communication with altered control of
epithelial cell growth which may predispose to colorectal tumorogenesis (71) (72).

As previously mentioned loss of heterozygosity (LOH) affecting Chromosome 18q is
seen in 70% of colorectal cancers (49). The deleted in colorectal cancer (DDC) tumour
suppressor gene has been identified on Chromosome 18g and encodes a 1447 amino
acid transmembrane protein with similarity to the neural cell adhesion molecule family of
proteins which suggest that it may function through cell-cell and/or cell-extracellular
matrix interactions. Patients whose colorectal cancers have 18q LOH have an
increased likelihood of distant metastases and death from their disease. The 5 year

survival rate in patients with Dukes B colorectal cancer was found to be only 54% in
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patients with 18q LOH but 93% in those without 18q LOH (73). Furthermore, evidence
for the aggressive nature of colorectal cancers with 18 LOH is shown by the fact that
18q loss occurs in 100% of colorectal cancer liver metastases (74). In more than 90% of
cancers with 18q allelic loss, the deleted portion of Chromosome 18 includes the DCC
locus. The remaining allele has been shown to be affected by localised somatic
mutations in only 10 to 15% of tumours. However, the DCC gene is extremely large
(>1350 kb) and only a small subset of the sequences have been examined for
mutations(75). Studies have however shown that the expression of DCC is greatly
reduced or absent in greater than 50% of primary colorectal tumours and in 100% of
colorectal hepatic metastases (75). The DCC gene is thus the likeliest candidate tumour
suppressor gene on Chromosome 18q.

Vogelstein also found frequent LOH in Chromosome 17p in colorectal cancer. The P53
tumour suppressor gene is located on Chromosome 17. It codes for a 393 amino acid
phosphoprotein that binds to specific DNA sequences leading to inhibition of cell cycle
progression (76). This is mediated by the production of a 21kD protein known as Cip1
or WAF1 that inhibits cyclin-dependant kinases. These become active when they
associate with other proteins called cyclins and are required for cells to pass through
the cell cycle (77). Chromosome 17p LOH can be detected in greater than 75% of
carcinomas but is rare in adenomas (49). Wild-type p53 alleles are thought to be
targeted by these allelic loses, as the remaining p53 allele is frequently mutated in
cases with 17p LOH (78). Relatively few colorectal tumours have a mutant p53 allele

without 17p LOH. It is thought that the rate-limiting step in p53 inactivation is a point

mutation and that once a mutation occurs, loss of the remaining wild-type allele rapidly
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follows. Both mutations and allelic losses generally occur near the transition from
benign to malignant growth, and the p53 gene may play a causal role in this
progression (79).

As mentioned above HNPCC is a syndrome characterised clinically by the Amsterdam
criteria. In 1993 however an unusual form of somatic mutation was reported that was
found to be present in 12-15% of all colorectal cancers and virtually all cases with
HNPCC (80). These mutations were termed ubiquitous somatic mutations. Others
reported similar mutations and called them replicative errors (RER) (81) and
microsatellite instability (MIN) (82). Microsatellites are intronic sequences scattered
throughout the genome. They are defined as short, tandemly repeated sequences
consisting of a core repeated motif of one to six bases. They appear to have no
physiological function. The most common di-nucleotide sequence in eukaryotes is the
(CA), repeat with between 50,000 to 100, 000 microsatellite repeats within the human
genome times (83). The number of the repeats and therefore the length of the
microsatellite sequence may vary between individuals but should be uniform for every
cell of an individual patient. It is the alteration in the length of microsatellite repeats
within an individual's cell, which is termed microsatellite instability (MIN), genomic
instability or replication error positive phenotype (RER+).

The exact mechanism underlying MIN has been found to be the result of defective mis
match repair (MMR) genes. During normal cell replication DNA polymerase corrects
most DNA replication errors. Mutations between 1-5 base pairs in length that escape
this repair system are repaired by the MMR system. As a result of studies in E. Coli and
yeasts MMR genes have been identified in humans (84). Germline mutations in four

MMR genes hPMS1, hPMS2, hMLH1and hMSH2 have been clearly linked to HNPCC
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(85). Defective mismatch repair leads to a microsatellite mutator phenotype that can
lead to accumulation of mutations in known oncogenes and tumour suppressor genes
(86). A proposed model for HNPCC development is an inherited germline mutation in
the MMR genes followed by a possibly unrelated event such as a mutation in the APC
gene. This leads to failure of cell growth regulation with inactivation of the wild-type
allele of an MMR gene causing MIN and producing a mutator phenotype (87). This
triggers off a rapid development of mutations in other genes such as k-ras, DCC and
p53 leading to colorectal cancer progression (88). It has been suggested that MIN is an
early event in the adenoma-carcinoma progression. In one study 60% of HNPCC

adenomas showed MIN compared with only 3% of sporadic adenomas(89).

2.4 Environmental factors in colorectal adenomas and cancer

Although inherited forms of colorectal cancer such as FAP and HNPCC provide good
evidence for the role of genetic pathways in colorectal cancer, they only account for less
than 5% of overall colorectal cancer cases (90). The majority of colorectal cancer cases
are sporadic with no germline mutations. As previously mentioned however genetic
mutations are found within these tumours. What factors account for these mutations?
Observations on migrants to the United States from Japan, comparing cause specific
mortality rates in 1949 to 1952, with 1959 to 1962 show that the mortality rates of
colorectal cancer amongst Japanese males have risen in one decade to almost equal
the higher risks seen in United States Caucasians (91). This trend was also observed in
Polish and Chinese immigrants to the United States (91), (92). The short time period in

which colorectal cancer rates in migrant populations change to approach that of the
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host country strongly suggest the involvement of environmental factors in colorectal
carcinogenesis. Interestingly, in Southern Europeans immigrating to Australia a less
dramatic change to the higher rate of the host country is seen. An association has been
made with this group maintaining their original cuisine to a larger extent than other
migrant populations (583). It has therefore been suggested that it is the change in diet
that is of greater importance in colorectal cancer risk rather than the change in
geographical location (53).

Epidemiological data linking colorectal cancer and diet comes from international
comparisons linking per capita consumption of dietary components with national
incidence and mortality rates of colorectal cancer, case-control studies and a few cohort
studies. In a detailed review of nutrition and colorectal cancer, Potter concludes that “
there are sufficient empirical data to establish that diets high in meat (and perhaps fat)
are associated with increased risk, as are diets low in plant foods - vegetables, fruit and
perhaps cereal. Alcohol increases risk; physical activity and lower body size reduce risk
“(2).

Various mechanisms have been proposed to link these dietary factors and colon
carcinogenesis. The bile acid hypothesis suggests that fat increases the secretion of
bile acids, which may be metabolised in the colon to steroids with chemical
configurations similar to those of known carcinogens (93). It has been shown that
people with colorectal cancer have high faecal concentrations of both bile acids and
their metabolites. (94)

The cooked-food hypothesis proposes that diets high in fat contain greater amounts of

heterocyclic amines carcinogens from meat proteins as a consequence of cooking at
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higher temperatures (95). This arises as cooking in fat generates higher temperatures
than cooking in water.

Another theory for the importance of fat in colorectal cancer carcinogenesis is that it is a
source of diacylglycerol (DAG). It has been proposed that intracellular DAG is an
important part of the cascade that leads from ras activation via a G protein or from
growth factors via receptors to protein C activation, protein phosphorylation and cell
turnover. Thus the interaction of fat, bile acids and bacteria may produce excess
intraluminal DAG which could mimic and amplify these cell replication signals (2).
Burkitt hypothesised that the low rates of colorectal cancer in Africa are due to the fibre-
rich diet consumed there (96). It has been suggested that fibre binds bile acids, reduces
transit time, increases stool bulk and ferments to volatile fatty acids which may be
directly anti-carcinogenic (97) and which by reducing pH may reduce the conversion of
primary to secondary bile acids.

Vegetables may act in a similar way to fibre binding bile acids and increasing stool bulk
and transit time. They also contain a large number of substances, both micronutrients
such as carotenoids and ascorbate, and other bioactive compounds such as phenols,
flavenoids, isothiocynates and indoles with a wide variety of potent anti-carcinogenic
effects (98).

Calcium has been proposed to act at two levels. Firstly it lowers risk by binding bile
acids and fatty acids (99). Secondly it has been suggested that calcium may be
involved in the control of cell proliferation (100).

High alcohol intake and deficient intakes of folate has been linked to increased risk of
colonic adenomatous polyps (101). This has been linked to methylation of DNA which

may have a role in the regulation of gene expression and depends on dietary folate and
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methionine. Because aberrant DNA methylation may contribute to the initiation or
progression of colon cancer it has been proposed that deficient intakes of folate or
methionine and high consumption of alcohol, an antagonist of methyl-group
metabolism, increases the risk of colonic neoplasia (102).

These different hypotheses are in no way exclusive and in fact to the contrary
complement each other. Fat, cooked meat, vegetables, fibre, calcium and alcohol
interact in complex pathways with the balance of carcinogenic and anti carcinogenic
effects determining the “ internal milieu” to which the colonic cells will be exposed.
Colonic carcinogenesis thus depends on exposure to a variety of different xenobiotics
and also to the host’s response to the exposure. As discussed in the first chapter, at a
cellular level, there is an array of xenobiotic metabolising enzymes that are involved in
determining the fate of xenobiotics, many of which are polymorphically expressed and
therefore may alter the host’s susceptibility. What evidence is there for the involvement

of xenobiotic metabolising enzymes in colorectal cancer?
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Chapter3 Xenobiotic metabolising enzymes polymorphisms and

predisposition to colonic adenomas and cancer

As discussed above, colorectal cancer arises as a result of exposure to environmental
factors. Both phase I and phase IT XMEs are subject to altered enzyme activity as a
result of genetic polymorphism so it is therefore plausible that these genetic
polymorphisms may alter an individual’s susceptibility to environmental and lifestyle

factors and hence affect their risk of colorectal cancer (CRC).

3.1 Acetylation phenotype and NAT1 and NAT2 genotype

One of the mechanisms of CRC development discussed above involves the production
of heterocyclic aromatic amines (HAA) by pyrolysis of amino acids in meat during
cooking. This occurs particularly at high temperatures and with direct contact of meat
with the cooking surface. HAA are highly mutagenic and have been demonstrated to
induce a variety of tumours in animals (103). DNA adducts formed by PHIP (2-amino-1-
methyl-6-phenylimidazo-[4,5-b]-pyridine) and other HAA have been identified in rats and
humans (104). PHIP adducts have also been identified in colonic mucosa in humans
(105). HAA are metabolised by pathways involving N-acetylation and N-oxidation. N-
acetylation is performed by N-acetyltransferase which is produced by the N-
acetyltransferase 1 (NAT1) and N-acetyltransferase 2 (NAT2) genes and N-oxidation is

mediated by CYP1A2 (106). The activities of both CYP1A2 and NAT1 and NAT2
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enzymes have been demonstrated to show inter-individual variation that may
predispose to CRC carcinogenesis.

Initial studies looking at acetylation variability and CRC risk used sulfamethazine as a
probe drug to determine acetylation phenotype. This phenotyping procedure readily
distinguishes fast acetylator phenotypes from slow acetylator phenotypes. Several
studies have examined acetylator phenotypes in CRC and/or adenoma patients (Table
4). As can be seen a positive association between fast acetylator phenotype and risk of
CRC has been shown in some studies but not all. Two acetylation phenotype studies
(107), (108) out of five show a significantly increased risk for the fast acetylator
phenotype. A third study from Spain did not confirm this increased risk for fast
acetylator phenotype (109). The authors suggest that their finding may be due to a lack
of carcinogens in the large bowel reflecting the difference between a Spanish-
Mediterranean diet high in fibre and monounsaturated fat (olive oil) and an Anglo-Saxon
diet with a higher content of saturated fat and barbecued foods. Two further studies
assessed acetylator phenotype in conjunction with CYP1A2 phenotype and dietary
exposure (110), (95). Fast acetylator phenotype was not found to be an independent
risk factor in either of these studies for CRC. An effect was seen when combining
phenotype and dietary risk factors and this will be discussed further below.

In the Caucasian population genetic polymorphisms of the NAT2 gene have been
identified which can confer a slow acetylator polymorphism by either reducing the
stability of the enzyme or reducing transcription of the gene (111;112). Analysis of these
polymorphisms at the NAT2 gene locus, by polymerase chain reaction (PCR) and
RFLP, can identify individuals with rapid, intermediate and slow acetylator phenotypes

(113). Studies examining NAT2 genotypes, determining
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Table 4 Acetylator phenotype studies and colorectal cancer risk.

Author and year Cases No  Controls No  odds ratio Exposure

(95%Cl) fastvs  assessment
slow acetylators

Geographic location

Lang et al Male CRC cases 43  Male surgical patients 41 2.5 (1.0-6.4) None USA, Little Rock, Arkansas
1986(114) between 45 to 75. with no malignant
disease
llett et al Patients who had 49  Patients of similar 4 3.8 (1.59.7) Smoking and alcohol:  Australia, Westem
1987(115) surgery for CRC age, sex and racial not analysed with
origin who are non acetylator status
cancer sufferers.
Ladero et al 1991 Histologicaliy 109 Healthy Spanish 96 1.1(0.7-2.0) None Spain
(109) diagnosed CRC subjects on no
cases medication
Lang et al 1994 New CRC (34) and 75  Recruited byrandom 205 1.3 (0.9-2.0) Dietary and smoking ~ USA, Little Rock,
(Study also adenomas (41) digit dialling Arkansas

assessed CYP1A2
phenotype) (110)

Roberts- Adenoma cases 89  Outpatients with 110 1.1 (0.6-2.1) Dietary questionnaire  Adelaide, Australia
Thompson et al Cancer cases 110 negative Ba enema 1.8 (1.0-3.3)
1995 (95) or colonoscopy 1.9 (1.0-3.7)

* covariate adjusted odds of diseases over three levels of meat consumption for adenomas and cancers together.

49



fast, intermediate or slow acetylation, have not found an independent association with
CRC or colorectal adenomas (Table 5). In one study where genotype and exposure was
assessed a relative risk of 2.25 (95% CI 1.0-5.1) was found for colorectal adenomas in
fast acetylators who where current smokers versus slow acetylators who had never
smoked (116). Another study showed an increased risk for CRC in patients who were
NAT2 rapid acetylator genotype and NAT1 rapid acetylator genotype and consumed
greater than 1 portion of red meat per day (OR 5.82 95% CI 1.19-30.6) (117). A
Chinese study also found a significant difference in NAT2 allele frequency between
CRC cases and controls due to an increase in the NAT2*7 allele in CRC cases (118).
There was however no difference in acetylator status between the groups and the
authors did not suggest any role for the NAT2*7 allele in CRC development.

These contradictory findings between phenotype and NAT 2 genotype studies may
have arisen because phenotype evaluation was influenced by specificity of substrates
used and overlapping activity from NAT1 that now is also known to be polymorphic.
Furthermore the numbers in many of the studies are small and most failed to assess
exposure.

Several studies have looked at NAT1 genotype and CRC and colorectal adenoma risk
(Table 6). One study found an increased risk in individuals with the NAT1*10 allele
thought to confer rapid acetylator status (119). This study also examined NAT2
genotype and found that rapid acetylation genotypes where not a significant risk factor
for CRC but they did find that the risk associated with the NAT1*10 variant allele was
most apparent amongst NAT2 rapid acetylators, suggesting a possible gene-gene
interaction (119). A further large study, examining colorectal adenomas, however found

no increased risk in those with the NAT1*10 variant allele (120). Furthermore they did
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Table 5 NAT 2 genotype studies and colorectal cancer risk

Author and year

Cases

No

Controls

No

Mutations analysed

Result

Exposure assessment

Geographic location

Rodriguez et al
1993(121)

Shubuta et al, 1994
(122)

Oda et al 1994
(123)

Probst Hensh et al
1995 (116)

Bell et al 1995
(119)

Jenkins et al 1997
(124)

Hubbard et al 1997
(125)

Chen et al 1998
(117)

Lee et al 1998
(118)

Katoh et al 2000
(126)

Human colon samples
from CRC cases
Japanese CRC patients

Japanese CRC patients
undergoing surgery

Distal colorectal adenoma
found on sigmoidoscopy
aged 50-74

Colorectal cancer cases

CRC cases
Consecutive series of

operable CRC cases

Participants in physicians’
health study who
subsequently developed
CRC

CRC patients

Japanese CRC patients

44

234

36

447

202

1306

275

212

216

103

non CRC subjects

Healthy Japanese controls

Autopsy subjects without
CRC

Patients with negative
sigmoidoscopy

Non cancer patients in
same hospital

Population based controls
Healthy individuals
attending occupational
heath screening clinics

Subjects who did not
develop CRC

Normal individuals

Healthy Japanese controls

28

329

36

487

112

1533

343

221

187

122

481T, 590A & 857A

Own classification
Genotypes I-X

Genotypes I-X

191A, 341C, 481T,
590A & 857A

Nat2*4
Nat2*5A(481),
NAT2*6A (590)
NAT2*7A(857)

Not stated (abstract
only)

Nat2*4
Nat2*5A,B&C
NAT2*6B

NAT2*7A

Nat2*4
Nat2*5A(481),
NAT2*6A (590)
NAT2*7A(857)

Nat2*5A(481),
NAT2*6A (590)
NAT2*7A(857)

NS

NS

NS

NS

NS

NS

NS

NS

NS*

NS

None

None

None (Also investigated
the occurrence of K-ras
gene point mutations,
closely linked to rapid
acetylator genotype)
Smoking assessed and
food frequency
questionnaire performed.
Fast acetylator current
smoker Vs slow acetylator
never smoked = OR 2.25
(1.00-5.08)

Smoeking assessed in
cases. Fast acetylator
smoking cases relative to
non smoking cases= OR
1.3 (0.7-2.5)

None

None

Dietary assessment. Rapid
acetylators for both NAT2
and NAT1 with > 1 serving
of red meat per day vs < or
=0.5 serving per day =OR
5.82 (1.19-30.6)

None

Smoking

USA

Japan

Japan

Los Angeles County.
USA

UK

UsSa

UK

USA

China

Japan

NS = No significant difference for rapid acetylator genatype in cases vs controls. * significant difference in allele frequency between CRC and controls (NAT2*7 more frequent on CRC)
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not find any evidence of a gene-gene interaction between NAT1 and NAT2 fast
acetylators. In this study they did however find that NAT 1*10 variant allele conferred an
increased risk for incident adenomas (adenomas diagnosed in patients with a negative
sigmoidoscopy in the past). This risk was further increased if the negative
sigmoidoscopy was in the previous five years. A third study examining NAT1 and NAT2
association with colorectal cancer failed to find any overall association between fast
acetylator genotypes and colorectal cancer but concluded that such subjects may be at
increased risk with exposure to high meat intake and smoking (124). This was
examined in a study already mentioned above were an increased risk for CRC was
found in patients who were NAT2 rapid acetylator genotype and NAT1 rapid acetylator
genotype and consumed greater than 1 portion of red meat per day (OR 5.82 95% CI
1.19-30.6) (117) (see below). Another NAT1 genotype study found no association with
CRC for two further polymorphisms (NAT1*14 and NAT*15) but did not examine the
NAT1*10 polymorphism (127). A further study found no increased risk for CRC for the
NAT1*10 polymorphism in a Japanese population.

In order to address the question of phenotype and exposure a study from Australia
assessed both NAT2 acetylator phenotype and CYP1A2 phenotype in 205 controls and
75 colorectal cancer and polyp patients. They used a method involving caffeine
administration and high-pressure liquid chromatographic analysis of urinary metabolites.
They also obtained exposure data using a dietary and health habits questionnaire. They
found that the rapid CYP1A2 and rapid NAT2 phenotypes were each slightly more
prevalent in cases versus controls (57% and 52% versus 41% and 45% respectively).
The combined rapid CYP1A2 - rapid NAT2 phenotype was however found in 35% of

cases and 16% of controls (OR 2.79 p0.002). In rapid-rapid phenotype well done meat
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Table 6 NAT 1 Genotype studies and colorectal cancer risk.

Author and year

Cases

No

Controls

No

Mutations analysed

RR

Exposure assessment

Geographic location

Bell et al 1995 (128)

Probst-Hensch et al
1995 (120)

Jenkins et al 1997
(124)

Hubbard et al 1998
(127)

Chen et al 1998
(117)

Katoh et al 2000
(126)

Colorectal cancer cases

Distal colorectal adenoma
found on sigmoidoscopy
aged 50-74

CRC cases

Patients with CRC
Participants in physicians’
health study who

subsequently developed
CRC

Japanese CRC patients

202

441

146

260

212

103

Non cancer patients in
same hospital

Patients with negative
sigmoidoscopy
Population based controls
Scottish healthy controls

Subjects who did not
develop CRC

Healthy Japanese controls

112

484

183

323

221

122

NAT1*10 1088 A

NAT1*10 1088 A

Not stated (abstract
only)

Nat1*14 (999T)
Nat1*15 (1000A)
Nat1*10

Nat1*10

1.9(1.2-
3.1)
1.04
(0.79-
1.36)
1.2 (0.8-
1.8)

NS

0.93(0.6
1-1.42)

NS

Smoking assessed in
cases only
None

None
None

Dietary assessment. Rapid
acetylators for both NAT2
and NAT1 with > 1 serving
of red meat per day vs < or
=0.5 serving per day =OR
5.82 (1.19-30.6)

Smoking

UK

Los Angeles County
USA

USA

USA

Japan
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eaters the risk was increased further (OR 6.45) (129). This link between CYP1AZ2 rapid
metabolisers and NAT2 rapid acetylators has been confirmed in a further study where
they found a similar increased risk in those with a high meat intake (OR 3.6) (95). A
prospective study examining NAT2 and NAT1 genotype and red meat intake in 212

men subsequently diagnosed with colorectal cancer and 221 controls found no
independent association of NAT acetylation genotypes and colorectal cancer risk.
Among those men, however, who were rapid acetylators for NAT1 and NAT2 and
consumed greater than one portion of red meat per day there was a statistically
increased risk when compared to those eating less than half a serving of red meat per
day (130).

The results of the studies assessing acetylator status with regard to colorectal cancer
illustrate the complexity of the relationship between phenotype, genotype and exposure.
Although the original phenotype studies suggested a link this was not consistently
supported by genotype studies for either NAT1 or NAT2. It may be that other genetic
mutations than those being studied may be responsible for altering acetylation
phenotype. When combined with exposure to smoking or red meat intake fast acetylator
phenotype and genotype have however been consistently related to CRC and adenoma
risk emphasising the importance of the gene-exposure interactions with regard to

colorectal cancer risk.

3.2 Glutathione S-transferases

The cytosolic glutathione S-transferases (GSTs) catalyse the conjugation of glutathione

to a variety of electrophilic compounds including carcinogens such as the polycyclic
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aromatic hydrocarbons and cytotoxic drugs (131). In mammals they consist of a
superfamily of genes consisting of four distinct families named alpha, mu, pi and theta.
In humans, glutathione S-transferase M1 (GSTM1), a member of the mu family, has
been shown to be absent in 35-60% of individuals. This is due to a genetic
polymorphism resulting in an inherited deletion of the gene termed the null allele (132).
This is also found for glutathione S-transferase T1 (GSTT 1), a member of the theta
family where the null allele is present in between 10-65% of the human population(133).
Several studies have reported on colorectal cancer risk for those with the GSTM1 null
genotype (table 7). In one study there was a significant excess of the GSTM1 null
genotype with this risk being further increased for proximal tumours (134). Another
group looking at the GSTM1 nulil genotype in sporadic and HNPCC CRC cases,
interestingly found an increased CRC risk for the sporadic CRC cases only (135). A
study in a Japanese population found no overall increase in risk for the GSTM1 null
allele and CRC but did report a significantly increased risk for distal tumours (132).
They also assessed smoking but found no increased risk for CRC with either GSTM1 or
GSTT1 null allele in smokers. The remaining studies have not demonstrated a
significantly increased risk for CRC in those with GSTM1 null alleles (136), (137), (138),
(139), (140), (141).

Several studies also looked at the association between the GSTT1 null allele and CRC
(Table 8). Two of these studies reported a statistically significant increased risk for CRC
in those with the GSTT1 null allele (137), (138). One study found that, although the
frequency was not significantly different in CRC cases compared to control individuals,
GSTT1 null homozygotes were significantly more common in patients who were

diagnosed before the age of 70 years, than in those who were diagnosed at a later age
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(136). Early age of onset in null GSTT1 and null GSTM1 genotypes has also been
reported in studies of lung and breast cancer. (142) (143) (144). The remaining studies
showed no statistically significant difference between the frequency of the GSTT1 null
genotype in CRC cases compared to the control populations (132), (145), (146). As with
the NAT studies no definite consensus as to the role of GSTM1 and GSTT1 null
genotypes as CRC susceptibility genes arises. The evidence is strongest and most
consistent for an increased CRC risk with the GSTT1 null genotype. The studies
however are small and do not assess gene-exposure interactions. No studies to date
have looked at adenoma risk in relation to GST genotype.

One study has also looked at GSTP1 polymorphism which results in reduced enzyme

activity. They, however, found no association between this polymorphism and CRC

(Table 8) (147).

3.3 Microsomal epoxide hydrolase

Epoxides (compounds whose molecule contains an oxygen atom linked to two carbon
atoms as part of a ring) may be present in the diet or tobacco smoke and can be
generated from a number of sources including benz[alpyrene, dietary polycyclic
hydrocarbons and nitrosamines (148). Microsomal epoxide hydrolase (MEPHX) is
expressed in many tissues including the colon and liver. The activity of mEPHX has
been shown to vary more than 50 fold in Caucasians (149). Polymorphism’s of mEPHX

may alter enzyme activity and account for some of this variation. There is a mutation in
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Table 7 Studies of GSTM1 genotypes and colorectal cancer risk.

Author and year Cases No Controls No Mutations analysed RR Exposure assessment Geographic location
Zhong et al 1993 Hospital CRC cases 196 Chemical pathology lab 225 GSTM1 null 1.8(1.2- None UK
(134) patients and volunteers at genotype 2.6)
ICRF
Chenevix-Trench et CRC patients 132 100 unselected controls 200 GSTM1 null 0.9 (0.6- None Australia
al 1995 (136) 100 geriatric patients genotype 1.4)
Katoh et al (132) Consecutive CRC cases 103 Clinic attendees without G! 126 GSTM1 null 1.5(0.9- Smoking Japan
symptoms genotype 2.6)
Deakin et al (137) CRC hospital patients 252 Patients without 577 GSTM1 null 1.0(0.7- None UK
malignancy in same genotype 1.4)
hospital
Butler et al Sporadic CRC patients 219 Blood donors 200 GSTM1 null 1.0(0.7- None Australia
(138)(abstract only) genotype 1.4)
Gertig et al (145) Male CRC patients 212 Non CRC males matched 212 GSTM1 null 1.0(0.7- Smoking, alcohol and meat  USA
for DOB and smoking genotype 1.50 intake
Lee et al (146) CRC 300 Recruits from chemistry 183 GSTM1 null 0.8(0.5- None China
dept genotype 1.1)
Slattery et al (140) CRC cases 1567 Random selection from 1889 GSTM1 null 0.9(0.8- Smoking and diet USA
social security list genotype 1.1)
Lin et al (141) First time diagnosis of 446 Subjects matched for age 488 GSTM1 null 0.9 (0.7-  Smoking and diet USA
colorectal adenomas at and gender, free from genotype 1.1)
sigmoidoscopy polyps at sigmoidoscopy
Gawronska-Szklarz ~ Sporadic CRC patients 28 Healthy individuals 145 GSTM1 nult 2.5 x for None Poland
et al 1999 (135) HNPCC patients 17 genotype sporadic
Suspected HNPCC 25 CRC
Colonic adenomas 27 only
P= <0.04
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exon 3, where a T to C alteration changes a tyrosine amino acid at position 113 to a
histidine and is associated with lower enzyme activity when expressed in vitro. A
different mutation in exon 4, an A to G transition changing a Histidine residue 139 to
Arginine, in contrast results in increased enzyme activity (150).

One published study to date has investigated mEPHX genotype and CRC risk. The
frequency of the exon 3 mutation was higher in CRC patients than in controls (OR 3.89
95% CI 1.8 -8.0) suggesting that putative slow epoxide hydrolase activity may be a risk
factor for CRC. This risk was present for both right-sided and left-sided tumours but
there was increased risk for distal tumours (OR 4.1 95%CI 1.9-9.2) (150). Unpublished
data from our laboratory confirms this finding with an increased CRC risk being
associated with the slow exon 3 mutation (151).

Epoxide metabolism has been reported to be important in benz[a]pyrene DNA adduct
formation in colonic mucosa(152) with mEPHX acting to detoxify carcinogenic
benz[a]pyrene metabolites as a phase II XME. Thus those with a slow exon 3 allele
would detoxify these carcinogenic metabolites less efficiently enhancing benz[a]pyrene
DNA adduct formation.

Furthermore mEPHX is involved in de-epoxidation of reactive lipids generated by
oxygenases. This includes substrates such as linoleic acid and arachidonic acids from
which prostaglandins are synthesised (153). Prostaglandins are involved in colorectal
tumorogenesis and thus efficient removal of precursors such as linoleic acid and
arachidonic acid from synthetic pathways will lead to reduced levels of prostaglandins.
This is similar to the mechanisms by which NSAIDs and COX2 mutations attenuate

tumorogenesis. Patients with the slow exon 3 allele will detoxify the precursors for
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prostaglandin synthesis less efficiently, allowing higher levels of prostaglandin to be

synthesised favouring tumorogenesis.
These hypotheses need to be confirmed by further studies once again emphasising the

importance of assessing exposure as mEPHX may have a role in both diet and smoking

induced susceptibility to CRC.

3.4 Cytochrome P450 (CYP1A1, CYP1A2 and CYP2D6)

As discussed in chapter 1, the CYP1A1 enzyme, aryl hydrocarbon hydrolase, is a

phase I XME and activates PAHs to DNA-binding carcinogenic metabolites. One study
has examined the relationship between in situ CRC and homozygosity for the Msp 1
mutant genotype that results in a high inducibility phenotype (154). They found that
homozygosity for the Msp I mutant genotype was positively associated with in situ CRC
(p=0.008). The odds ratio for the homozygous genotype versus the heterozygous and
wild type genotypes was 6.8 (95%Cl 1.3-33.1). The numbers in this study were however
small, 43 cases and 47 controls, and over half were Japanese who have a higher
frequency of the Msp I homozygous genotype.

As previously mentioned, two studies assessed CYP1A2 rapid metabolisers using
caffeine metabolism for phenotyping and found an association with CRC for rapid
CYP1A2 metabolisers combined with NAT2 fast acetylators with high red meat diets. A
genetic mutation in intron 3 of CYP1A2 has recently been reported to account for the
different CYP1A2 phenotypes. This mutation does not appear to have been investigated

with regard to CRC or colorectal adenomas.
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Table 8. Studies of GSTT1 and GSTP1 genotypes and colorectal cancer risk

Author and year Cases No Controls No Mutations analysed RR Exposure assessment Geographic location
GSTT1
Chenevix-Trench et  CRC patients 125 Unselected subjects 94 GSTT1 null genotype  0.7(0.3- None Australia
al 1995 (136) 1.4)
Geriatric patients 54 1.5 (0.6-
4.3)
Deakin et al (137) CRC hospital patients 211 Hospital patients without 509 GSTT1 null genotype  1.9(1.3- None UK
malignancy 2.7)
Katoh et al (132) Consecutive CRC cases 103 Clinic attendees without GI 126 GSTT1 null genotype  1.2(0.7~ Smoking Japan
from two hospitals and one symptoms 2.0)
medical centre
Butler et al 1997 White adults with CRC 219 White blood donors 200 GSTT1 null genotype  3.4(2.1- None Australia
abstract 5.4)
Gertig et al 1998 CRC cases in physicians 212 Subjects without CRC in 221 GSTT1 null genotype 0.8 (0.5-  Smoking, alcohol and diet USA
(145) health study Physicians health study 1.2)
Lee et al 1998 CRC cases 300 Recruits from chemistry 183 GSTT1 null genotype  N/A None China
(139) dept
GSTP1
Katoh 1999(147) Consecutive CRC cases 103 Visitors to local medical 122 A/G at 313 1.6 (0.9-  Smoking Japan
clinics 2.9)
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A genetic polymorphism at the cytochrome P450 CYP2D6 debrisoquine hydrolase gene
locus affects 5-10% of the Caucasian population and is responsible for compromised
metabolism, the poor metaboliser (PM) phenotype. As mentioned in Chapter 1,
CYP2D6 may be involved in the activation of NNK, a carcinogenic component of
tobacco smoke and hence the reduced activity of the PM phenotype has been
associated with reduced cancer risk. One study has looked at CRC risk in relationship
to a genetic polymorphism of CYP2D6 consisting of a G—A mutation at the junction of
intron 3 and exon 4, which accounts for 80% of the PM phenotype. They in fact found
an increase in the PM genotype in CRC although this did not reach significance and

postulate that CYP2D6 may in fact have a detoxification role rather than activation role

(155).

3.5 Apolipoprotein E

As previously mentioned, diets high in fat have been associated with CRC possibly by
increasing excretion of bile acids. Alterations in plasma lipoprotein levels and bile acid
metabolism observed in patients with colorectal adenoma and carcinoma may reflect a
genetic background predisposing to altered lipid metabolism and tumours.
Apolipoprotein E (Apo E) is one of the key regulatory proteins in cholesterol
metabolism. Individuals with the €4 allele appear to absorb a greater proportion of their
luminal cholesterol and have lower faecal bile acid output than individuals with the €3 or
e2 alleles (156). One study has looked at Apo E in CRC and colorectal adenoma

patients. It found that the frequency of the &4 allele of apolipoprotein E was low (0.075
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and 0.073) in patients with proximal adenoma and carcinoma compared with the control
subjects (0.181) (P < 0.05). In patients with distal tumours, there was no alteration in 4
frequency. In all subjects with the €4 allele compared with subjects without €4, the odds
ratio for proximal adenoma was 0.36 (95% confidence interval, 0.14-0.89), and the odds
ratio for proximal carcinoma was 0.35 (95% confidence interval, 0.14-0.86). The authors
concluded ¢4 allele of APO E provides protection from the development of adenoma
and carcinoma of the proximal colon and these results support the theory that there are
common susceptibility genes modulating the susceptibility to external carcinogenic
factors.

Different XMEs’ phenotypic activity and genotype have been examined in a variety of
studies to determine any link with colorectal cancer. The ideal study would be
population based with large numbers, with an appropriate control population, would
access exposure and preferably look at genotype rather than phenotype as this can be
affected by disease status. Several genetic polymorphisms have been identified which
may predispose to colorectal cancer risk but none of the studies fulfil the above criteria

and the results of studies remain contradictory.
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Chapter 4 Cytochrome P450 2C subfamily

4.1 Introduction

The cytochrome P450 2C (CYP2C) subfamily is the most complex of the CYP
subfamilies. Six enzymes have been characterised to date. They are all >80%
homologous and their catalytic specificity overlaps. Of the six enzymes, four have been
identified in humans, CYP2C8, CYP2C9, CYP2C18 and CYP2C19 (157). The human
CYP2C subfamily has primarily been investigated for its role in drug metabolism.
CYP2Cs metabolise a number of common therapeutic drugs including the
anticonvulsant mephenytoin, the anticoagulant warfarin, the proton pump inhibitor
omeprazole, antidepressants such as citalopram and imipramine and a variety of non
steroidal anti-inflammatory drugs (3).

Two genetic polymorphisms have been identified in humans within this subfamily to
date, by phenotyping using probe drugs. One involves the metabolism of mephenytoin
that subdivides into extensive metabolisers (EM) of phenytoin and poor metabolisers of
mephenytoin (PM) (158). Family studies have shown that the polymorphism responsible
for PM phenotype is inherited as an autosomal recessive trait (158). It is present in
approximately 3-5% of the Caucasian population but is much more common in Oriental
populations with PM phenotypes in 18-23% (158).

The second genetic polymorphism is much rarer and affects the metabolism of
phenytoin and tolbutamide (159) (160). From Hardy -Weinberg calculations it has been
estimated that the PM phenotype for phenytoin and tolbutamide occurs in 1 in 500

individuals (161).
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The microsomal levels of CYP2C8 in human liver have been found to vary considerably
(162). As to whether this occurs as a result of a genetic polymorphism is at present

unclear.

4.2 Purification from human liver tissue and distribution

The first CYP2C enzyme protein to be isolated was purified in 1983 and termed P450s
and is now believed to be CYP2C9 (163). Further CYP2C?9 proteins have been
identified which differ by only a few amino acids (164) (165-167). These will be
discussed in further detail later on.

Another CYP protein purified from human liver, called HLx and P450yp.5 (162),(164)
corresponds to CYP2C8 (168). A further protein has been purified from human liver that
corresponds to CYP2C19 (169). The amount of this protein in human liver on
immunoblots has been shown to correlate with S-mephenytoin 4’-hydroxylase activity in
human liver suggesting CYP2C19 is responsible for S-mephenytoin metabolism (169)
(170).

CYP2C enzymes comprise about 18% of total cytochrome P450 enzymes in the liver.
The most abundant enzyme in this subfamily is CYP2C9. These enzymes are primarily
expressed in the liver although CYP2C9 expression has been reported in the small
intestine (171). In a further study looking specifically at human colonic tissue, no
evidence of CYP2C expression was found in normal, peritumoral or tumoral colorectal
tissue samples (172). CYP2C expression has also been reported in the kidney with

possibly CYP2C8 or CYP2C19 protein detected (173).
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4.3 ldentification of CYP2C subfamily genes and gene structure

The human CYP2C subfamily is encoded by a small family of related genes all of which
map to human Chromosome 10924.1-10924.3 (166). Southern analysis, by probing
genomic restriction patterns with long but non-overlapping 5" and 3’ end probes,
suggests that there are at least seven CYP2C subfamily genes and/or pseudogenes
(164). Four members of the CYP2C subfamily have been cloned from liver cDNA
libraries. CYP2C8 has been cloned (168) (164) and encodes the CYP protein
corresponding to HLx and P450ue.3 previously mentioned. Various cDNA for CYP2C9
which encodes the CYP2C protein originally nominated P4505 and MP-1 (174)
(164;166) (167). Further cDNA cloning has identified two more members of the CYP2C
subfamily, CYP2C18 and CYP2C19 (167). In line with the nomenclature system
devised for CYP enzymes, discussed in Chapter 1, the CYP2C subfamily have all

considerably greater than 59% amino acid homology (Table 9).

Table 9. Percentage amino acid homology for the CYP2C subfamily

2C8 2C9 2C18 2C19
2C8 - 82.8% 83.7% 82.9%
89.4% 88.7% 89.4%
2C9 82.8% - 85.6% 93.9%
89.4% 92.7% 95.7%
2C19 82.6% 93.9% 85.7% -
90.6% 95.7% 92.7%
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4.4 CYP2C8 genetic variation, substrates and catalytic activity

Okino in 1987, using the rabbit liver progersterone-21-hydroxylase P-450 1cDNA as a
probe, identified a human liver cDNA, which he called Hp1-1. The 490 amino acid
protein encoded by Hp1-1 corresponds to the protein termed Hix and P450up-3, the
CYP2CS8 protein. They also identified a variant cDNA clone termed HP1-2 that was
shorter than the Hp1-1 clone but contained an exira 39 bases. When compared to the
rat P450e gene, they noticed that the exon 7 and 8 boundaries with intron 7 in the rat
gene matched perfectly the exons surrounding the extra 39 base pairs of HP1-2. They
proposed that the extra 39 base pairs in Hp1-2 arised as a result of alternative RNA
splicing, due to the presence of two 3" acceptor sites at the end of intron 7, allowing
formation of either a functional mMRNA with complete removal of the intron or a non-
functional RNA including 39 bp of the intron (168).

Ged isolated two further cDNA clones MP-12 and MP-20 that correspond to CYP2C8
and differ by four bp (164). MP-20 differs by four bp from HP1-1 and MP-12 differs by
three bp from HP1-1. All these bp changes result in amino acid substitutions (Table 10).

Kolyada reported two further mutations for CYP2C8 but neither result in an amino acid

substitution (175).

4.5 CYP2C9 genetic variation, substrates and catalytic activity

Several allelic variants of CYP2C9 have been cloned from human liver cDNA libraries
(Table 11). MP-8 was the first to be cloned in 1987 and differs from what is now

considered the wild-type by three bp changes one of which is silent (174). Hum-2 was

66



also cloned in 1987 and corresponds to the same amino acid composition as the 2C9
wt, having only a single silent bp alteration (176). MP-4 was cloned in 1988 and has the
same amino acid change at 358 as MP-8 (164). PB-1 was also cloned in 1988 and has
three bp changes resulting in three amino acid changes including an R — C at 144. In
1991 cDNA clones 65 and 25 were identified (167). The cDNA clone 65 corresponds to
the wt CYP2C9 gene. Clone 25 varies by two bp, one change being silent the other
leading to an | — L amino acid change at 359. CYP2C9 was originally thought to be the
main S-mephenytoin 4’- hydroxylase, but cDNA expression studies have since shown
that all the allelic variants in fact have low catalytic activity towards S-mephenytoin.
They do though all have high turnover numbers for tolbutamide indicating that in fact
CYP2C9 is the major tolbutamide hydroxylase (178), (3). Substrate specificity studies
using cDNA expression systems have shown that CYP2C9 is the principal human
tolbutamide hydroxylase and phenytoin hydroxylase. Recombinant enzyme studies
have looked at the effect of the CYP2C9 allelic variants with regard to tolbutamide and
phenytoin metabolism. The | ** allelic variant has a slightly increased turnover number
for tolbutamide and phenytoin than the L*° allelic variant (179), (3). The C'** - R™
has also been shown to increase tolbutamide hydroxylase activity (179).

A study looking at tolbutamide hydroxylase activity genotyped two individuals known to
be poor metabolisers of toloutamide and found that one was homozygous for the L%
L%° and one was heterozygous for the L*°/ 1°° (180). They also determined the overall

frequency of the L**° allele in a Caucasian American population and found an allele

L359

frequency of 0.06 indicating that it is rare. Furthermore the enzyme when

expressed in yeast, had a nearly two-fold lower Vnax, and eight-fold lower intrinsic
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clearance and a five times higher K, than the predominant I1°%° allele. This data thus
suggests that the L**° variant allele may be responsible for the tolbutamide poor
metaboliser phenotype and furthermore that the allele may act in a dominant fashion.
These finding are supported by a further study in which the L%%L3*° genotype of a poor
metaboliser of tolbutamide was confirmed and the L*° allele in a COS expression
system was found to have a raised Kn, (181). They also reported that the 1°*° — L%°
transition results in disruption of a B strand in a Cho-Fasman plot model that would alter
the protein structure.

CYP2C9 is the principal enzyme involved in the metabolism of warfarin in the human
liver (3). It has been shown that heterozygotes for the R'** — C'** allelic variant require
significantly lower doses of warfarin than those with the normal wt R'*/ R'** alleles.
This is supported by in vitro expression data in HepG2 cells which have shown a 5.6
fold decrease in Vima/Knm estimate for (S)-warfarin 7-hydroxylation catalysed by the C'**
variant suggesting that individuals with this allelic variant would clear warfarin at a
slower rate (182). Studying liver RNA, there appears to be a 5-10 fold preferential
expression of the C versus R allele in heterozygous individuals suggesting that the C'**
allele may exert a dominant effect (183). Once again this amino acid change has been
postulated to affect the protein structure using the Chou-Fasman model, with the
substitution of R™*with C'** leading to disruption of the Chou-Fasman o-helix. The
reported frequency of the C*** variant allele varies between studies. Bhasker found a

22% heterozygote rate for the C"*¥/R'** frequency (183). Sullivan-Klose (180) found a
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Table 10: Identified genetic mutations for CYP2C8

Gene

Gene mutation Protein Ascension Author
change number

2C8 clon3 WT Nil J03472 Okino 1987 (168)
HP1-1 M17398
2C8 clon1 Ctccctecacaaccttgeggaatt NtoT 130 M21941a Ged 1988 (164)
MP20 .. = T J02832

aaagatcagaaatttctcaccctg N to K 194

........... L

acccagaggtgacagctaaagtcc Mtol 264

.......... o

gaccctggcecctcectttctagataa H tolL412

.......... =
2C8 clon2 HP1- | Gagctttgataacaagataatgctggetyg M17398 Okino 1987 (168)
2 cataaaacta intron 7 J03472a
2C8 clon4 gaggcaattcgccaatatcte Nil M21942a Ged 1988 (164)
MP12 Coveeee e J02382

ctccctecacaaccttgeggaatt NtoT 130

........... = I

accaaggcctcaccct EtoD 155

........ ..o

gagaaagtaagagaacaccaa Nil

.......... =

acccagaggtgacagctaaagtcc Mtol 264

.......... o
2C8clon5 HPH | catgatgacagagaatttce Nil X51535a Kolyada 1990 (175%)

.......... B i Nil

aatgctagctcatctggetgce

......... o T
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Table 11: Identified genetic mutations for CYP2C9

Gene Gene mutation Protein Ascension Author
Change number
2C9 clon2 clone | Cagagataccttgaccttctcece | to L 359 M61855 Romkes 1991
25 ... = J05326 (167)
gttgtcaatggttttgectetgtge Nil gl81301
........... Bt
2C9 clon5s Accaaccatcagaatttact Nil M21940 Ged 1988
MP-4 | | J02832 (164)
gtccagagatgcattgac Y to C 358 gl81365
.......... Bevenan
2C9 clont aaatggagaagg-—-----— acaaccaacca S46963 Ohgiva
............ AA8AaTC . v e v e e g258514 1992 (177)
2¢9 clon7 Accaaccatcagaatttact Nil M21939 Ged 1991
MP-8 | . Lo ee i oo J02832 (164)
gtccagagatgecattgac Y to C 358 gl81363
.......... Arren
gatgaaggtgacaattttaag Gtod 417
.......... ' S
2C9 PB-1 attgaggaccgtgttcaagagg RtoC 144 Meehan (166)
......... [
tccctgecaatatgatctgetec CtoY 175
.......... I
aaacgttgctcttatgaaaagttatat FtoL 239
.......... e e e e e e
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C'*allele frequency of 0.08 and a similar allele frequency of 0.107 has been reported
by Yasar (184). The L*? allele is less frequent with a reported allele frequency of 0.074
(184) and 0.06 (185). Bhasker (183) found one heterozygote in 18 patients genotyped
(5.5%).

Other reported substrates for 2C9 include non steroidal anti-inflammatory drugs,
including diclofenac, mefenamic acid, the oxicams, piroxicam and tenoxicam, ibuprofen,
indomethacin and acetylsalicylic. For all of these 2C9 is thought to be the principal
enzyme involved in their metabolism. Benz[a]pyrene, a carcinogenic polycyclic

hydrocarbon may also be a substrate for 2C9 metabolism (187).

4.6 CYP2C18 genetic variation, substrates and catalytic activity

Less is known about substrates and function for CYP2C18. Allelic variants have been
reported (Table 12). In 1991, two CYP clones were identified named 6b and 29c that
differ by a one amino acid. This results from at — ¢ bp change at 1154 resulting ina M
to T amino acid substitution (167). Two further allelic variants have been identified and
named CYP2C18 P and Q and differ by a t — ¢ bp change resulting in an F — L amino
acid substitution (186). There were two further sites where 6b and 29c¢ differed from P
and Q but further analysis and comparison with other 2C subfamily genes suggested
that these probably arose as a result of sequence misreading (186). An allelic variant
has also been reported with a polymorphic Dde 1 digestion site in the 5’ flanking region

with an allelic frequency of 21.4%(188). The genotype of this allelic variant of 2C18 was
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identical to the CYP2C19M1 mutation (see below,) suggesting that the CYP2C18 and

CYP2C19 genes are linked and closely related.

In a study looking at 17 human livers, CYP2C18 mRNA was expressed in all subjects
but at 7 to 8 fold lower levels than CYP2C8 and CYP2C9. No substrate specific to

CYP2C18 has been identified to date.

4.7 CYP2C19 genetic variation, substrates and catalytic activity

As previously mentioned CYP2C19 is responsible for S-mephenytoin metabolism and a
genetic polymorphism of CYP2C19 results in a poor metaboliser phenotype. The
metabolism of other drugs such as omeprazole, proguanil and hexobarbitol is affected
by this CYP2C19 polymorphism. Inter-subject variability in the metabolism of these
drugs segregates with the PM phenotype (3). The genetic basis for the PM phenotype
has been shown to be principally due to a single base pair change g — a in exon 5 of
the CYP2C91 gene. This mutation leads to the formation of an aberrant splice site
which results in the formation of a truncated 234 amino acid protein, which lacks the
main binding region and is therefore inactive. This mutation accounts for over 80% of
Caucasians with a PM phenotype (12). A further mutation has been identified in exon 4
consisting of a g — a base pair change at position 636 which results in a codon change
from tryptophan (W) to a stop codon. This results in a truncated 211 amino acid protein

containing only the first four exons. This mutation has only been identified in Japanese

PMs (189).
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Table 12: Identified genetic mutations for CYP2C18

Gene Gene mutation Protein Ascension Author
change number

C18clon 1 Ccaagggcatgaccataataaca Mto T 385 M61853 Romkes 1991

clone6b | ......... o B J05326 (167)

P (Furuya) gl77181

2C18clon 5 Ccaagggcacgaccataataaca T to M 385 M61856 Romkes 1991

clone29%¢ | ......... B e e J05326 (167)
9181299

Q (Furuya) ggtctgcaataatctccctgetetcat FtolL 219 Furuya 1991

(186)
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4.8 Hypothesis for CYP2C subfamily and colorectal tumourogenesis

The CYP2C subfamily is complex with a wide variety of substrates. The majority of
compounds to date whose metabolism is known to be mediated by the CYP2C
subfamily are drugs. CYP2C8 and CYP2C9 are also believed to be involved in the
metabolism of benz[a]pyrene a potent carcinogen (187). There is evidence from the
literature that smoking predisposes to colonic adenomas (190), (191). Evidence has
also been found for a link between colorectal adenomas and smoking with an OR of
2.00 (Cl 1.62, 2.46) for those smoking more than 20 cigarettes a day (Table 17).
Benz[a]pyrene is a polyaromatic hydrocarbon and is one of the many carcinogens in
cigarette smoke. It has been shown in laryngeal cancer that levels of smoking related
DNA adduct appear to be determined by the expression of CYP2C9 which varies >10
fold between individuals (192). There is also evidence of anti-benz[a]pyrene
diolepoxide-DNA adduct formation in human colon mucosa. Thus suggests that human
colon cells can be damaged by benz[a]pyrene, possibly derived from diet or tobacco
smoke. Thus benz[a]pyrene and other PAHs could play a role in the aetiology of human
colorectal cancer. Polymorphisms of the CYP2C subfamily may alter the activation of

benz[a]pyrene to its carcinogenic moieties and thus lead to susceptibility to colorectal

tumourogenesis in certain individuals.

74



Chapter 5 Screening for colorectal cancer and the “Once only flexible

sigmoidoscopy trial”

Introduction

This thesis was conceived on the background of the author’s involvement in a screening
programme for CRC. All the samples collected for analysis were obtained from
individuals invited to undergoing screening.

One of the potential uses of XME genetic polymorphisms is that they may act as
biomarkers of disease and highlight individuals at risk who may benefit from screening.
To date in CRC none of the genetic mutations studied have been found to reliably
predict CRC risk (see chapter 3). This chapter aims to outline the concepts behind
screening and explain the rationale and recruitment to the “Once only flexible

sigmoidoscopy trial” from which the thesis study population was derived.

5.1 Rationale for screening

Prevention of disease can be divided into primary, secondary and tertiary prevention.
Primary prevention is the removal of the causal agent, for instance reducing smoking to
prevent lung cancer. Secondary prevention is the identification of presymptomatic
disease before significant damage is done. Whilst tertiary prevention is the limitation of
complications and disability in patients with established disease, for example trying to
prevent diabetic complications by good diabetic control. Screening is a form of

secondary prevention and can be defined as ‘the application of sorting procedures to
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populations by doctor initiative with the aim of identifying asymptomatic disease or
people at particular risk of it”.

Wilson (193) in 1966 proposed the following criteria for a screening programme:

1) The condition must be:

(@) Common

(b) Important

(c) Diagnosable by acceptable methods

2) There must be a latent interval in which effective interventional treatment is possible.
3) Screening must be:

(a) Simple and cheap, if possible, and in any case cost-effective

(b) Continuous

(c) On a group agreed by policy to be at high risk

The disease must also be treatable and the screening test must be sensitive (few false
negatives), specific (few false positives), safe, acceptable to the patient and easy to
interpret. How does colorectal cancer fare as a candidate for screening?

Colorectal cancer fulfils the most important of the above criterion for screening in that it
is a major health problem, with 28,000 new registrations and 19,000 deaths per year in
the United Kingdom. It is the second most common cancer in England and Wales (43).
The prognosis of colorectal cancer is poor, with a 5-year survival rate under 40%.
Despite new surgical techniques, radiotherapy and adjuvant chemotherapy, there has
only been a slight increase in survival rate in England and Wales during the last
decades (194). The reason for this is the late stage at which colorectal cancer is

diagnosed, with over half of the cases having locoregional or distal metastatic cancer
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spread. In contrast in early cases where the tumour has not spread to breach the
muscularis mucosa of the bowel wall (Dukes A), the 5 year survival rate is 80-90%.

As discussed above, there is strong evidence that colonic carcinogenesis is a multi-
stage process occurring due to the accumulation of genetic abnormalities resulting in
the adenoma-carcinoma sequence and that most colorectal carcinomas arise from pre-
existing adenomas. The National Polyp Study, in which 1418 patients were followed up
for an average of 5.9 years after removal of all identifiable polyps at colonoscopy,
showed a reduction in mortality with no deaths from colorectal cancer and only five
cancers, all malignant Dukes A polyps. They calculated a 76 to 90% decrease in the
incidence of colorectal cancer (195). Thus in colorectal cancer there does exist a latent
interval which provides a window of opportunity during which effective interventional
treatment is possible.

Individuals with a family history of colorectal polyps or cancer, chronic colitis or inherited
conditions such as FAP are at high risk of colorectal cancer and are groups who merit
targeting by screening and surveillance. These groups will not be discussed further.
However over 75% of colorectal cancers occur in individuals with no known risk factors
except for age. Over 90% of cancers in this group occur after 50 and for this reason
asymptomatic people over 50 have been labelled as an average risk group and may
benefit from screening. It is in this group of individuals that environmental factors are

also thought to play an important role and in whom XME genetic polymorphisms may

increase CRC risk.
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5.2 Screening methods for average risk individuals

5.2.1 Faecal Occult Blood Testing

Guaiac-based faecal occult blood testing (FOBT) is a commonly used screening
method in the average risk population. Five controlled prospective long-term clinical
trials and two case-controlled studies have provided extensive data and reported a
decrease in colorectal cancer mortality with detection of earlier stage cancers. The
rationale for FOBT is that cancers and large polyps bleed but that the bleeding is
usually subclinical. Mean blood loss from cancer is approximately 5ml per day and is
greater for proximal lesions. Blood loss from large adenomas is less at around 2mis per
day (196). Those found to have a positive test are further evaluated with colonoscopy.
The first controlled trial to show a reduction in colorectal cancer mortality with FOBT
was the Minnesota Colon Cancer Control Study (197). In this trial 46,551 participants
between the ages of 50 and 80 were randomised to either annual FOBT, biennial FOBT
or a control arm not offered screening. The majority of FOBT slides used were
rehydrated (83%). The compliance rate for FOBT was approximately 75%. The overall
test positivity rate was initially 2.4% with non-rehydrated slides, with a sensitivity of 80%
and specificity of 98%. The test positivity rate, however, rose to 9.8% with rehydrated
slides, with an increase in sensitivity to 92% and a decrease in specificity to 90%. The
test’s positive predictive value for colorectal adenomas and cancer was 31% and during

a 13-year follow up the trial demonstrated that annual FOBT resulted in a significant

33% reduction in colorectal cancer mortality.
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Memorial Sloan-Kettering in collaboration with the Strang Clinic Preventative Medicine
Institute in New York used FOBT in conjunction with rigid sigmoidoscopy. 21,756
participants were randomised to either annual FOBT with non-rehydrated slides and
rigid sigmoidoscopy or rigid sigmoidoscopy alone. The compliance rate for stool slide
preparation was 75% at enrolment. The overall test positivity rate was 1.7% with a
sensitivity of 70% and a specificity of 98%. The test’s positive predictive value for
colorectal adenoma or cancer was 30% and after a ten year follow up period a 43%
reduction in colorectal cancer was demonstrated (198).

The Nottingham study (199) in an unselected population based randomised controlled
study of 152,850 participants demonstrated a 15% reduction in colorectal cancer
mortality with biennial non-rehydrated FOBT. The test positivity rate was 2.3% with a
sensitivity of 72% and a specificity of 98%. 59.6% of participants completed at least one
FOBT screening.

A Swedish controlled study (200) on the inhabitants of the city of Goteborg randomised
13,759 participants to the test group. In the initial screen, 50% had non-rehydrated
slides whereas in the follow up test at between 16 and 22 months all participants had
rehydrated slides. The initial compliance for stool slide preparation was 66% with a test
positivity rate of 1.9% for non-rehydrated stool slides and 5.8% for rehydrated slides.
The study showed a trend to earlier stage cancers, with 65% of cancers in the FOBT
group being A or B compared to 33% in the control group. With a median follow up of
8.75 years they have shown a reduction of colorectal cancer mortality of 12% although
at this early stage this did not reach significance.

A large Danish randomised controlled study in Funen (201) screened 30,967

participants aged 45-75 with FOBT using non-rehydrated slides. They had an initial
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compliance of 67% with a test positivity rate of 1%. They demonstrated a statistically
significant 18% reduction in colorectal cancer mortality.

Two retrospective case-controlled studies, one in Saarland in Germany (202), the other
performed by the Kaiser Permanente Medical Care Program of Northern California
(203), have suggested a reduction in mortality from colorectal cancer in those having
FOBT. The Kaiser Permanante study assessed for a history of stool testing in the 5
years before death in 485 individuals who died from colorectal cancer. They compared
these results with 727 matched controls and their results suggested a 25 to 30%
reduction in colorectal cancer mortality in those in whom FOBT was performed within a
year of diagnosis. By 3 to 4 years from screening to diagnosis the mortality benefit was
lost. In Saarland, they demonstrated a protective effect of FOBT, with a 57 % reduction
in colorectal cancer mortality but only in women and not men.

In a Cochrane meta-analysis (204) of mortality results from randomised controlled trials
of Haemoccult testing, a reduction in colorectal cancer mortality of 16% (RR 0.84, ClI:
0.77-0.93) was demonstrated for those allocated to screening. The mortality reduction
was 23% (RR 0.77, Cl: 0.57-0.89) when adjusted for those who actually attended for
screening. Overall if 10,000 people were offered a biennial Haemoccult screening and
two thirds attended for at least one Haemoccult test, there would be 8.5 deaths (CI: 3.6-
13.5) from colorectal cancer prevented over 10 years. However, they also showed that
a screening programme would result in at least 2,800 initial colonoscopies. If screening
harms from the Minnesota trial are considered there would be 3.4 colonoscopy
complications (perforation or haemorrhage). If screening harms from the Gothenburg
trial are considered there would be 1.8 colonoscopy complications (perforations or

haemorrhages). They concluded that “screening benefits include, reduction in
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colorectal cancer mortality, possible reduction in cancer incidence through detection
and removal of colorectal adenomas and that potentially, treatment of early colorectal
cancers may involve less invasive surgery. Harmful effects of screening include the
physical complications of colonoscopy, disruption to lifestyle, stress and discomfort of
testing and investigations, and the anxiety caused by falsely positive screening tests.
Although screening benefits are likely to outweigh harms for populations at increased
risk of colorectal cancer, more information is needed about the harmful effects of
screening, the community's responses to screening and screening costs for different
health care systems before widespread screening can be recommended.”

Thus, the problem with FOBT for mass screening remains the sensitivity and specificity
of the test with non-rehydrated slides having a higher specificity but a lower sensitivity
than rehydrated slides. Rehydrated slides therefore lead to a greater test positivity rate,
a higher colonoscopy rate and hence increased cost. The possibility has also been
raised that a significant amount of early cancers may be chance discoveries resulting
from the colonoscopies generated (205). The other problem with FOBT is that it detects
early cancers rather than trying to prevent cancer by the detection of precancerous
adenomas. Furthermore the late stage at which large adenomas and cancers bleed

provides a short lead time and hence there is a need for frequent testing.

5.2.3 Sigmoidoscopy

Sigmoidoscopy can be performed using the traditional rigid 25cm proctosigmoidoscope
or using the 65cm flexible sigmoidoscope that causes less discomfort and can be

passed higher into the colon. Sigmoidoscopy is more expensive and invasive than
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FOBT but is more sensitive for small adenomas. It is also therapeutic as well as
diagnostic, in that adenomas and some early cancers can be removed during the
procedure. Evidence for the efficacy of sigmoidoscopy for colorectal cancer screening
comes from several studies.

Gilbertson (206), in an uncontrolled study of more than 21,000 subjects, using annual
rigid sigmoidoscopy with removal of all lesions seen, reduced the expected cancer
incidence rate by 85%. A retrospective, case control study by the Kaiser Permanente
group (61) compared the use of screening rigid sigmoidoscopy during the 10 year
period prior to diagnosis in 261 individuals who died of rectosigmoid cancer with 868
matched controls. They showed that 8.8% of cancer patients had a sigmoidoscopy
compared to 24.2% of controls, with an adjusted odds ratio of 0.41, demonstrating a
60% reduction in rectosigmoid cancer mortality. Newcomb (64), in a smaller case
control study comparing the records of 66 individuals who died of colorectal cancer with
196 matched controls found that case patients were less likely to have had a screening
sigmoidoscopy than the controls (10% versus 30%). This study also demonstrated that
a single screening flexible sigmoidoscopy resulted in a reduction in colorectal cancer
mortality. Atkin (48), in a study of 1,618 individuals who had adenomas removed at
sigmoidoscopy up to 30 years previously, demonstrated a reduction in rectal cancer
incidence of 80% and furthermore that if all adenomas are removed at sigmoidoscopy
the risk of rectal cancer may be very low for many years thereafter. There is however no
published randomised controlled study assessing the efficacy of flexible sigmoidoscopy
for colorectal cancer screening. The National Cancer Institute has set up a multicentre,
long term, randomised controlled screening trial in the United States (PLCO trial -

prostate, lung, colorectal and ovary) (207) of 148,000 individuals including flexible
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sigmoidoscopy for colorectal cancer screening. The problem with flexible
sigmoidoscopy is that it is expensive and invasive and hence compliance may be low.
Compliance rates of 70% (208) have been reported in studies using flexible
sigmoidoscopy aithough others have reported much lower compliance rates of 20%
when offered in association with FOBT (209). Mass population screening of average

risk individuals for colorectal cancer be it using FOBT or flexible sigmoidoscopy or a

combination of both is expensive.

5.3 The “Once only flexible sigmoidoscopy trial”

The Imperial Cancer Research Fund, supported by the Medical Research Council under
the guidance of Wendy Atkin and John Northover, has established a multicentre,
randomised controlled trial in the United Kingdom assessing the use of “once only
flexible sigmoidoscopy” in asymptomatic 55 to 64 year olds. From calculations based on
the studies previously mentioned, they have predicted that this screening programme
could result in a 25% reduction in colorectal cancer mortality (table13).

The initial recruitment and screening for the trial is now complete. The study was
undertaken in 14 centres throughout the UK. A local trial coordinator who was a
gastroenterologist or a surgeon assumed responsibility for each centre and performed
the flexible sigmoidoscopies. The author of this thesis was the local trial coordinator for
the Portsmouth centre. Recruitment of participants was via General Practices. Of 354,
612 people asked about their interest in having flexible sigmoidoscopy screening 194,
836 (55%) responded positively. Attendance amongst individuals invited for screening

was 71% (40,674 / 57,259). Those screened underwent a flexible sigmoidoscopy using
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a 60cm video flexible sigmoidoscopy (Keymed UK), following self-administration of a
phosphate enema (Pharmax Ltd, Bexley, Kent). Small polyps less than 1cm were
biopsied and or removed during screening. Individuals found to have either no polyps or
“low risk polyps” (metaplastic polyps or < 3 adenomas, all of size < than 1cm with
tubular histology and mild or moderate dysplasia) were discharged with no further follow
up. Those found to have “high risk polyps” (> 3 adenomas, size = 1cm, tubulovillous
villous histology or severe dysplasia) were invited to undergo a baseline colonoscopy
followed by colonoscopic surveillance.

The rationale behind offering a “once only flexible sigmoidoscopy” is that although it
may not save as many lives as more extensive screening regimens, it provides a cost
effective strategy for reducing colorectal cancer mortality. Based on a cost of £50 per
flexible sigmoidoscopy and £150 per colonoscopy generated (5% of those screened
deemed to have high risk polyps) with a compliance of 70%, Atkin has calculated that
the cost per cancer prevented would be £5,500 and per cancer death prevented £8,500.
This compares favourably with other screening programmes such as breast screening

were the estimated cost per cancer death prevented is between £30,000- £50,000.

5.4 Conclusions
Colorectal cancer is a major cause of morbidity and mortality in developed countries.

Cuthbert Duke, over 50 years ago, demonstrated the link between pathological stage

and mortality from colorectal cancer. The perfect test for screening average risk
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Table 13 Estimated CRC prevented each year by the proposed screening regimen.

Total CRC diagnosed per year in the UK between ages 58 and 79 17,781

Potentially preventable assuming 70% compliance 12,447

Preventable distal bowel cancers

64.2% of all preventable colorectal cancers 7,991
Minus screen detected bowel cancer (1.5/1000) -622
Potentially preventable 7,369
70% of 5,240 prevented between 58 and 74 3,668
50% of 2,129 prevented between 75 and 79 1,064
Total prevented between 58 and 79 years 4,732

Preventable proximal bowel cancers

36% of all preventable colorectal cancers 4,481
25% identifiable by high risk adenomas | 1,120
80% prevented 896
Total colorectal cancers prevented 5,628

Colorectal cancer deaths prevented
In cases prevented assuming 60% case fatality rate 3,377

In screen detected cancers assuming a 20% improvement in case 122

fatality rate

Total 3,499
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individuals does not currently exist but trials have demonstrated that FOBT and
sigmoidoscopy can do better than waiting for patients to present due to their symptoms.
Screening for average risk individuals is now advocated by many bodies including the
American Cancer Society, the US Preventive Services Task Force and the World
Health Organisation who recommend that “asymptomatic men and women seeking
check-ups who have no risk factors should have a 6-window FOBT annually beginning
at age 50 and a digital rectal examination and flexible sigmoidoscopy every 3-5 years
beginning at age 50”. There is currently no national screening programme for colorectal
cancer in the United Kingdom and while the above recommendations would probably be
prohibitive in terms of cost for a national screening programme, the result of on going
trials should allow planning and implementation of a cost effective regime to reduce
colorectal cancer mortality using the methods currently available. In the mean time the
search for alternative methods of screening such as biomarkers of disease to highlight
those who are susceptible to disease and require screening and development of non

invasive methods of screening such as virtual reality colonoscopy continues.
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Section 2

Subjects, Materials and Methods

Chapter 6 Subjects and Methodology

6.1 Subject recruitment

Ethical Approval

Ethical approval was obtained from the Portsmouth Hospital NHS Trust ethical
committee to allow blood to be taken from volunteers attending the ‘once only flexible
sigmoidoscopy’ screening trial and for its use in the study of genetic polymorphisms.
Patient selection

Blood samples were obtained from volunteers attending the Imperial Cancer Research
Fund “once only flexible sigmoidoscopy screening trial” (see Chapter 5). Three centres
Portsmouth, Leeds and Cambridge/Norwich were interested in studying xenobiotic
metabolising enzyme gene polymorphisms and hence collaborated by exchanging DNA
extracted from collected blood. In Portsmouth, volunteers attended the screening
programme having self-administered a phosphate enema to clear the distal bowel. They
had a medical and smoking history taken on a trial proforma by the unit administrator
who is a state registered nurse. They then underwent flexible sigmoidoscopy using a
60cm video endoscope (Keymed Ltd, UK). Those found to have polyps were
approached and asked if they would be prepared to give a blood sample for the project.
If they agreed they were given a consent form with a brief description of the project and

asked for a written signature (appendix A). All polyps were sent for histology. For all
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attendees with adenomatous histology a corresponding blood sample was also
collected from volunteers with a normal flexible sigmoidoscopy. The controls were
matched for sex, General Practitioner and aged matched into those between the ages
of 55-59 and those between 60 and 64. Blood samples were not obtained from
volunteers with polyps if they declined or if the operator felt that they had undergone a
particularly arduous procedure or occasionally if the screening lists were running late.
All the flexible sigmoidoscopies and sample collections were done by the author.
Food frequency questionnaire

All volunteers attending the “Once only flexible sigmoidoscopy screening trial”
completed a food frequency questionnaire prior to being screened (Appendix B). They
could consult with the unit administrator if they had any problems completing the form.
Sample collection and storage

Peripheral venous blood was taken from the antecubital fossa. A total of 20mls was
normally taken and 6mls was put in a 15ml apex tube (Alpha Laboratories UK) to be
used for DNA extraction. 5mls was put into a clotted sample tube for use in a separate

study and the remainder was placed in a universal container (Bibby Sterilin Ltd). All

blood was stored at -20°C.
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6.2 Materials

General

All solutions, media and glassware were sterilised by autoclaving at 120°C for 20
minutes. For all solutions and methods dH.0 was used as standard unless stated
otherwise.

Biochemicals

The general chemicals required were purchased from Sigma, Pharmacia and BDH-
Merck. Either Promega or New England BioLabs supplied the restriction enzymes used.
The reaction buffers and Taq polythermase gold used for the polymerase chain
reactions (PCR) were bought from Biogene.

Bacterial stains and vectors

The pGEMTM-T Easy vector was obtained from Promega and contains ampicillin
resistance and -galactosidase gene as selection methods. Epicurian Coli® XL-1 blue
supercompetent cells were used with the above vector system and were purchased
from Stratagene.

Solutions

All solutions were sterilised by autoclaving and stored at room temperature unless
otherwise indicated. The TAE and TBE buffers used for gel electrophoresis were made

with dH-0 and not sterilised.
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6.3 Methods

6.3.1 Extraction procedure for the isolation of DNA from blood

DNA was extracted from 6mls of human blood using a phenol/chloroform, ethanol
precipitation method (210).

The initial step performed was complete lysis of cells. Each sample was incubated with
0.5% final concentration of N-lauryl sarcosine (Sigma) and 200ug/ml proteinase K
(Sigma). The sample was mixed vigorously (vortexed) and incubated at 55°C for 24hrs.
A repeat vortex was performed every few hours until colour change was observed and
clots and lumps were digested. If necessary, another volume of proteinase K was
added and the incubation time increased.

Contaminating proteins were then removed by the following method. An equal volume
of water-saturated phenol was added to each sample after which the sample was
vortexed thoroughly and then centrifuged at 2,500rpm for 10 minutes (Jouan CR422).
Two distinct phases were observed after centrifugation. The top phase was carefully
removed without disturbing the bottom phase and aliquoted into a fresh pre-labelled
tube. This step was then repeated so that each sample underwent two washes with
phenol.

An equal volume of chloroform was then added to the sample and the sample was
again vortexed and the centrifugation procedure repeated. The top phase was again
aliquoted to a pre-labelled tube and the process repeated with chloroform. The top
phase if clear was carefully removed into a fresh pre-labelled tube. If the phase was not

clear a further chloroform wash was performed.
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Precipitation of DNA was then performed by the addition of two volumes of -20°C 100%
ethanol/ 0.3M sodium acetate, mixed by inversion and refrigerated at -80°C for 60
minutes or overnight at -20°C.

The DNA was then pelleted by centrifugation at 2,500rpm for 30 minutes (Jouan
CR422). The supernatant was then carefully removed ensuring that the DNA pellet was
not dislodged. Each pellet was gently washed with 70% ethanol (100ul or 1ml, volume
dependent). If the pellet was dislodged the sample was briefly re-centrifuged at
2,500rpm for 5 minutes (Jouan CR422). The 70% ethanol was carefully aspirated by
pipette and the sample air-dried at 37°C until the pellet was observed to be free from
residual ethanol.

The DNA pellet was re-suspended in 3ml of T.E elution buffer (pH 8.0). All the samples
were stored at -20°C until required for PCR analysis.

Some of the samples at a later stage were sent to Genovar® where they underwent

extraction commercially using a similar protocol.

6.3.2 Polymerase Chain Reaction (PCR)

The Principles of PCR

The PCR is an invitro method of amplifying a segment of DNA that lies between two
regions of DNA for which the base pair sequence is known. Two manufactured
sequences of nucleotides (oligonucleotides) are used as primers for a series of
synthetic reactions that are catalysed by DNA polymerase. These primers typically have

different sequences and are complementary to sequences that lie on opposite strands
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of the template DNA and also between them flank the area to be amplified. The
template DNA is first denatured by heating which splits the DNA into single strands. The
reaction mixture is then cooled which allows the oligonucleotide primers to anneal to
their target sequences. The primers are normally used in pairs that are around 15-30
nucleotides in length. One is designed to anneal and amplify from the 5’ end to the 3’
end of the sequence and is identical to a 15-30 nucleotide segment upstream of the
gene fragment to be amplified. The other primer is designed to anneal and amplify from
the 3’ end to the 5’ end of the sequence and is complementary to a 15-30 nucleotide
segment downstream of the gene fragment being amplified. The primers anneal to their
complementary regions and in the presence of DNA polymerase nucleotides are added
copying the gene fragment specific to the primers. The cycle of denaturing, annealing
and DNA synthesis is then repeated many times. Because the products of one round of
amplification serve as templates for the next, each successive cycle essentially doubles
the amount of the desired DNA product. The final result in this exponential reaction is a
segment of double stranded DNA defined by the 5’ termini of the oligonucleotide primer
and whose length the distance between the primers defines.

The PCR reaction

A typical PCR reaction consists of the nucleic acid target (DNA or cDNA) and paired
oligonucleotides (primers) specific to a certain gene, which function as described above.
The specific working conditions of the primers are dependant upon concentrations of
magnesium chloride (MgCl,) buffer and dimethyl sulfoxide (DMSO) which are titrated

against each other, and an annealing temperature (Tm) generated from the following

formulae:
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Tm =2° (A+T) + 4° (G+C) -2°C

2° Cforeveryaandt

4° C foreverygandc

The four deoxynucleotide triphosphates (dATP, dCTP, dGTP and dTTP) are added to
the reaction and form the nucleotide bases a, t, g and ¢ of the sequence during the
gene synthesis. A thermostable DNA polymerase (TAQ) is added to extend the
nucleotide bases from the primers along the gene. A volume (50-100ul) of the PCR
constituents are mixed, adjusted to a final volume (50-100ul) with deionised water and
subjected to the PCR process. The PCR reactions were set up as follows.

Each PCR reaction was calculated containing the required amounts of PCR buffer
(buffer A), MgCl, buffer, nucleotides, DMSO, primers and TAQ polymerase. Deionised
Ho0 was used to make the calculated volume for each PCR reaction up to 49ul. A
master mix for all the PCR reactions to be performed was prepared by adding all the
above reagents to the master mix in their required volumes multiplied by the number of
reaction to be performed with a 10% extra allowance. This served three purposes. It
allowed for a degree of pipette and operator error, it removed the need to pipette minute
amounts of products and allowed large number of PCR reactions to be set up more
efficiently. Then 49ul of the PCR product was pipetted into pre-labelled 0.5 ml
eppendorfs including a positive control (to which a known sample of DNA is added) and
negative control (to which no DNA is added). 1ul of target DNA was then pipetted into
each of the pre-labelled ependorfs. The individual ependorfs were pulse centrifuged at
5000 rpm using a micro-centrifuge (MSE Microcentaur). The ependorfs were then

placed in a pre-programmed thermal cycler to undergo the PCR (see below).
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The PCR process

The PCR process is fully automated and performed using thermal cyclers that operate
by heating and cooling the samples dictated by the working conditions of the primers.
The usual PCR proforma consists of a denaturing stage for 3 minutes at 94°C, which
causes the hydrogen bonds between the double-strands to break. It is followed by 35
cycles of denaturation for 30 seconds at 94°C then 30 seconds at the annealing
temperature of the combined primers (50-65°C), followed by a primer extension for 30
seconds at 72°C to enable the extension of nucleotides along the sequence of interest.

The reaction ends with a final extension cycle at 72°C for 2 minutes to complete any

synthesis initiated.

6.3.3 Primer design

Primers were designed from sequences retrieved from the Internet and relevant
publications. Primers were designed to span the chosen 2C mutations and be specific
for the 2C subfamily gene without cross over to related genes. Care was taken to avoid
complementarities between the primers to avoid primer-dimer formation with
consequent low PCR yield. The g+c content of both primers should preferably be

between 40-60% with a/t and g/c residues spaced evenly along the primer sequence.
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6.3.4 Standardisation of the PCR reaction

The best condition for each set of primers was standardised. PCRs were performed
with variable amounts of MgCl. and DMSO as in table 14, initially with an annealing
temperature 2°C less than Tm and adjusted accordingly. Each set of primers was tested

at 35 PCR cycles.

Table 14 Conditions for optimisation of primers

DMSO
MgCl, (mmol) 0 2(1pul) 4(2ul)
1.0(2ul) 1 2 3
1.5(3ul) 4 5 6
2.0(4ul) 7 8 9
2.5(5pl) 10 11 12
3.0(6ul) 13 14 15

The numbers in table 14 refer to PCR tubes in which the primers are tested with a
control sample of DNA. The conditions producing the cleanest and brightest band were

chosen.
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6.3.5 Restriction and DNA methylation enzymes

Restriction enzymes bind specifically to and cleave double stranded DNA at specific
sites within or adjacent to a particular sequence known as a recognition site. Restriction
enzymes are classified into three different groups. Type I and type III carry modification
(methylation) and ATP dependent restriction (cleavage) activities in the same protein.
Type I enzymes bind to the recognition site but cleave at random sites when the DNA
loops back to the bound enzyme. Type III enzymes cut the DNA at the recognition site
and then dissociate from the substrate. Neither type I nor type III restriction enzymes
are widely used in molecular cloning.

Type 1I restriction/modification enzymes are binary systems consisting of a restriction
endonuclease that cleaves a specific sequence of nucleotides and a separate
methylase that modifies the same recognition sequence. A large number of type 1I
restriction enzymes have been isolated, many of which are routinely used in molecular
cloning. The vast majority of type II restriction enzymes recognise specific sequences
that are four, five or six nucleotides in length and display twofold symmetry. The
location of the cleavage site within the axis of symmetry differs from enzyme to enzyme.
Some cleave both strands exactly at the axis of symmetry, generating fragments of
DNA with blunt ends, others cleave each strand at similar locations on opposite sides of
the axis of symmetry, creating fragments of DNA that carry protruding single-stranded

termini.

All restriction enzymes require certain conditions for optional activity. This includes the

correct buffer for the enzyme reaction and for some enzymes the addition of BSA. Most
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enzymes also work at an optimal temperature for DNA cleavage (digestion) to occur

efficiently.
Restriction enzyme digests

All the mutations to be studied consisted of nucleotide substitutions. The relevant
segment of double stranded DNA was amplified using PCR as described above.
Restriction enzymes were chosen that would cut either the DNA segment containing the
mutation or the DNA segment containing the wild type sequence. The restriction
enzymes were all stored at the temperature recommended by the manufacturer. Digest
reactions were prepared as follows.

A master mix containing the required amount of restriction enzyme, the appropriate
amount of Buffer and BSA if required, with dH»0 to correct to the final volume was
prepared. A total volume of 10ul per digest reaction was normally used and the master
mix was prepared by calculating the total number of digests required with a 10%
allowance for pipetting error. 10ul of the master mix was added to prelabelled 0.5 ml
ependorfs and 10ul of the PCR product was then added. The individual ependorfs were
pulse centrifuged at 5000 rpm using a micro-centrifuge (MSE Microcentaur). The
restriction digests were then incubated overnight at the required temperature. The
digestion products were then analysed using PAGE (see below) using an uncut product

as a control.
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6.3.6 Polyacrylamide gel electrophoresis (PAGE)

Polyacrylamide gels are formed by the polymerisation of monomers of acryl amide into
long chains. This reaction occurs in the presence of free radicals provided by
ammonium persulfate (APS) and stabilised by N, N, N’, N’-tetramethlyethylene-diamine
(TEMED). With the addition of the bifunctional agent N, N’-methylenebisacrylamide to
the polymerisation reaction, the chains become cross-linked to form a gel whose
porosity is determined by the length of the chains and the degree of cross-linking. The
length of the chains is determined by the concentration of acrylamide in the
polymerisation reaction (normally between 3.5% and 20%). The gels are poured
between two glass plates that are held apart by glass spacers and sealed on three
sides by rubber tubing. This shields most of the acrylamide from exposure to oxygen
that inhibits polymerisation except for the top part of the gel plates that remain open.
The wells, into which the DNA to be run is placed, are created by inserting a toothed
comb into the top end of the gel plates. The gels are run in 1x TBE at a low voltage (1-
8V/cm) in a vertical position in specially designed tanks allowing current to be passed
through the gel. Most species of double siranded DNA migrate through polyacrylamide
gels at a rate that is inversely proportional to the logyo of their size. Their resolving
power is so great that they can separate molecules of DNA whose length differs by as
little as 0.2% (i.e. 1bp in 500 bp).

Preparation of polyacrylamide gels

The following solutions were prepared in the laboratory. Acrylamide and bisacrylamide
were mixed in equal quantities to prepare bisacrylamide-acrylamide 50-50 solution. The

solution was stored in dark bottles at room temperature and fresh solution was prepared
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every month. 5xTBE (1 litre) was mixed by adding 54g TRIS to a 500ml beaker and
adding 400mls dH20. This was dissolved using a magnetic stirrer and then 27.5g Boric
acid and 20mls 0.5 molar EDTA was added. This was then topped up to one litre with
dH20. 25% APS was prepared with 2.5g of ammonium persulfate added to 10mis
deionised H0.

Glass plates were prepared using spacers and rubber tubing and clamps to form a tight
seal. The plates took just under 50mis volume of acrylamide solution.

The solution was prepared in a graduated 50ml glass cylinder and 8% gels were made.
This was done using 10mls of 50/50 bisacrylamide/acrylamide solution, 10mls of 5x
TBE made up to 50mis with 30 mls dH20. 50ul of TEMED and 200 pl of 25% APS was
pipetted into the solution and gently mixed by swirling and inverting. The solution was
poured slowly, to prevent air bubbles, into the prepared glass plates which were
supported on a decontamination tray with the top end slightly raised. A 30 well, toothed
comb was immediately placed into the gap at the top between the gel plates. The gel
was allowed to set at room temperature for between 10 and 15 minutes. Once set the
clamps and rubber tubing were removed. The gel was then attached to the gel
electrophoresis tank and the buffer tank filled up to ensure that the TBE covered the top
of the comb teeth. As the comb was gently removed all the wells filled with TBE buffer.
The DNA samples to be analysed were mixed with the appropriate amount of gel
loading dye. Bromophenyl blue was used for all the PAGE analysis. Each DNA sample
to be analysed was drawn up using long fine disposable micropipette tips, which were
inserted into the individual well and the sample pipetted in. The same pipette tip was

used for all samples when loading the gel but it was washed in the TBE buffer between
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samples. A marker dye was loaded onto the gel. For all the gels a Hinf I marker was
used. The tank electrodes were connected to the power pack and the gels were run at

40mA until the bands had run the required distance for analysis.

6.3.7 Confirmation of PCR specificity by cloning and sequencing

Ligation reaction

Ligation of the PCR product into a linearised plasmid vector involves the formation of
phosphodiester bonds between adjacent 50-phosphate and 30 hydroxyl residues. This
is catalysed by T4 DNA ligase. The pGEM®-T easy vector system was used for all PCR
products.

The reactions were performed in a final volume of 10ul using the pGEM®-T easy vector
system. A mixture of 3ul of PCR DNA product, 50ng of pGEM®-T easy vector, 1x
ligation buffer and 5 units of T4 DNA ligase were prepared, centrifuged and incubated at
4-10°C for 24 hours. The ligations were then stored at -20°C until required.
Transformation of ligation products into Epicurian Coli® supercompetent cells
The required number of vials of Epicurian Coli® XL-Blue subcloning-grade competency
cells were thawed on ice. The cells were handled with great care at all times. For each
transformation reaction a 15ml Falcon 2059 polypropylene tube was prechilled on ice.

100ul of cells was gently pipetted into each tube and 2.5l B-mercaptoethanol was
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added to each tube and gently mixed by pipetting. The cells were incubated on ice for
ten minutes swirling gently every two minutes. Il of the appropriate PCR ligation
reaction was then added to the cells and gently mixed in with the pipette. As a control
1ul of the PUC18 control plasmid was added to a tube of cells. The tubes were then
incubated on ice for 30 minutes. The cells were then subjected to heat shock treatment
for precisely 45 seconds at 42°C in a water bath and then immediately placed back on
ice for 2 minutes.

Then, 250ul of SOC media (terrific broth) was added to each tube and they were
incubated at 37°C in a shaker at 225rpm.

Analysis

LB agar plates were coated in 50ug/ml of ampicillin and 25ul X-gal (20mg/ml). From
each transformation, 50ul and 200ul were gently spread to cover a plate. These were
incubated at 37°C for at least 18 hours. The plates were then placed in the fridge at 4°C
for 2-3 hours to allow for colour development. White colonies were then picked from the
plates and put into 4 mls of terrific broth containing 100 pg/ml of ampicillin in a universal
container. These were then incubated at 37°C overnight in a shaker at 225rpm.
Plasmid DNA extraction by alkali lysis (Minipreps)

The PCR fragment/vector constructs were extracted from Epicurian Coli®cells and
purified using the alkali lysis method (210).

Two sets of 1.5 ml ependorfs were labelled for each colony. 1,400 ul of broth was
added to each eppendorfs. This was centrifuged for 3 mins and the broth removed
leaving the pellet. This was resuspended in 100ul of TE pH 8. Then, 150ul of lysis

buffer (1% Laurylcyclozine in NaOH) was added and the ependorfs inverted until the
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solution went clear. Then 250ul of ammonium acetate was added and the ependorf
once again inverted and then centrifuged at 13,000 rpm for 10 minutes. The
supernatant was then pipetted off leaving the pellet in the pre-labelled ependorfs. To
this, twice the volume of -20°C 70% ethanol with sodium acetate was added and the
ependorfs inverted and left at -80°C for 60 minutes.

The ependorfs were then centrifuged for 30 minutes at 13,000 rpm. The supernatant
(ethanol) was then pipetted off and the pellet was washed in 70% ethanol to remove the
sodium acetate with great care being taken not to dislodge the pellet. If the pellet was
dislodged the sample was re-centrifuged. The sample was allowed to dry to ensure that
all the ethanol had evaporated from the sample. Once dry the pellet was resuspended
in 21ul of TE pH 8 and the samples/minipreps were stored at -20°C.

The samples were analysed by 0.8% agrose gel electrophoresis to ascertain the
efficiency of the extraction. A mix was made up containing 3ul of miniprep, 3ul of
bromophenol loading die and 4ul of TE pH 8 and run on the agrose gel for analysis.

Analysis of purified constructs by restriction enzyme digestion
In order to ascertain that a DNA fragment of the correct size had been successfully

incorporated into the plasmid, cloned and extracted, a restriction endonuclease reaction
was performed. The pGEM®-T easy vector contains an Eco R | restriction enzyme site

on either side of its ligation site therefore ,using Eco RI, the inserted fragment of DNA
can be released.
A restriction digest was prepared by adding 3ul of miniprep, 5units of Eco RI, 1x buffer

H and adjusting the final volume to 20ul with dH20 and then mixing and centrifuging in a

0.5 ml ependorf. The digests were then incubated for 24 hrs at 37°C.

102



5ul of bromophenol loading dye was added to each digest and these were loaded into
individual wells and analysed by PAGE electrophoresis. The minipreps containing the
DNA fragments of the correct size were kept and stored at —20°C for later analysis by

DNA sequencing.

DNA cycle sequencing

In order to ascertain the DNA sequence of the fragment of DNA cloned into the
pGEM®-T easy vector commercial Thermo Sequenase radiolabelled terminator cycle
sequencing kit and four Redivue™ **P [abelled terminators (Amersham Life Science)

were used. The kit was used in accordance with the instructions supplied by the

manufacturer.

All reactions were carried out on ice unless otherwise stated. For each sequence
reaction, four 0.5ml ependorf tubes were labelled A,C,G and T. To each tube 2yl of
dGTP terminator mixture (7.5 uM dATP, cCTP, dGTP and dTTP) was added and O.5l
of the appropriate **P labelled dNTP was added as shown in table 15.

Table 15: Preparation of terminator reaction mix

Tube A | Tube C | Tube G | Tube T
*P labelled ddATP (ul) 0.5 _ _ _
P labelled ddCTP (ul) _ 0.5 _ _
%P labelled ddGTP (ul) _ _ 0.5 _
®p labelled ddTTP (ul) _ _ _ 0.5
Terminator mix (ul) 2 2 2 2

The content of the tube were carefully mixed by pipetting and capped.
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The reaction mixture was prepared by combining the following: 2ul of 1 x reaction
buffer, 3ul of plasmid DNA (miniprep DNA), 3ul of T7 primer, 21l of Thermo
Sequenase™DNA polymerase and 10ul of ddH»0 to make a final volume of 20pl. The
mixture was thoroughly mixed by pipetting and briefly centrifuged. 4.5ul of this solution
was then added to each of the four tubes containing the terminator mix and once again
mixed by careful pipetting and briefly centrifuged. The reaction mixtures then underwent
a PCR reaction under the conditions outlined below:
1x 94°C 3 minutes
35x 94°C 30 seconds
56°C 30 seconds
72°C 30 seconds
1x 72°C 2 minutes.
At the end of this reaction 4pl of stop solution was added to the reaction mixture. Each
sample was heated at 94°C for 2 minutes and then placed on ice. 3ul of the sample was
then analysed by running on a 6% polyacrylamide gel containing 7M urea. The DNA
fragments were separated by electrophoresis, under careful supervision, for 2-5 hours
at a constant power of 50W. The gel was then placed in a 10% methanol/10% acetic

acid solution for 15-30 minutes to fix the DNA bands. The gel was then dried under

vacuum onto filter paper.

The DNA sequence for the sample was read after autoradiographic exposure of the gel
onto Kodak film over a 24-48 hour period. This then allowed comparison of the DNA
sequence with that expected from previously published sequences in the literature in

order to confirm the PCR specificity.
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Section 3 Results

Chapter 7

Flexiscope trial results

This chapter provides a brief outline of the yield and results of the screening for the

Portsmouth centre in the ICRF “Once only flexible sigmoidoscopy trial”. This provides a
background to the subjects from whom DNA was extracted and who were genotyped in
the main study (details for the other centres are not available but the results of the initial

findings for the whole trial are about to be published).

7.1 Recruitment in the Portsmouth centre

In total 36 General Practices in Portsmouth were recruited to the trial. All the General
Practitioners approached agreed to take part. A total of 29,588 patients were identified
as eligible from the practice lists. Of these, 555 patients were deemed unsuitable by
their General Practitioners. Initial questionnaires regarding willingness to attend
screening were therefore sent to 29,033 patients. The response rate to the
questionnaire was 73%. Of the four possible responses 12,788 (44%) said they would
definitely take part if invited, 3,855 (13%) indicated they would probably attend, 2,680
(9%) that they probably would not and 2,081 (7%) would definitely not attend the
screening programme. Those who expressed a wish to definitely attend became the

screening cohort and were randomised for screening. This was done in a ratio of 2:1 for
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non-screening versus screening. Thus 12,180 patients were randomised, 4,077 being
invited to attend screening and 8,103 being randomised to the control group. Of the

4,077 that were invited to participate in the screening program 2,958 attended a 73%

compliance rate for this group.

7.2 Outcome for flexible sigmoidoscopy procedures in the Portsmouth centre

The average duration of the flexible sigmoidoscopy examination, including a digital
rectal examination and therapeutic polypectomies if required was 8.5 minutes. This
ranged from 1 minute to one procedure lasting 69 minutes. The average length of
insertion of the 60cm flexible sigmoidoscope was 57cm, ranging from 10-60 cm. The
bowel preparation was judged by the endoscopist to be excellent in 44% of
examinations, good in 24%, average in 27% and poor in 2% requiring a repeat enema
and procedure. The reported levels of pain for the procedure on the follow up
questionnaire was none in 17%, mild pain in 52%, quite a lot of pain in 23% and severe
pain in 4%.

The number of patients with polyps detected at flexible sigmoidoscopy was 804 (27%)
and 417(14%) were adenomas. A total of 186 (6%) were classified as high risk by the
previously outlined criteria and underwent colonoscopy. Of these 186 patients 20 (9%)
were found to have more proximal polyps. There were 11(0.3%) cancers detected, 4
were removed endoscopically, 3 were Duke’s stage A, 1 Duke’s stage B and 3 Duke’s
stage C.

The following complications arose as a result of the screening trial. There was 1 bowel

perforation requiring surgery following biopsy of a proximal polyp at colonoscopy.
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Hospitalisation was required for 2 patients because of bleeding post polypectomy.
Neither of the patients required transfusion and both settled with conservative
treatment. A further 3 patients had rectal bleeding lasting more than 5 days but were not
admitted to hospital. A further patient had profuse bleeding and returned to the
endosocpy unit the next day and was rescoped and a bleeding polypectomy site was

diathermied. Following their pre-procedure phosphate enema, 5 patients fainted.

7.3 Sample collection in the Portsmouth centre

Blood was taken off 583 screening volunteers with polyps and 334 screening volunteers
with no polyps detected at flexible sigmoidoscopy. Of the 583 volunteers with polyps
338 had adenomatous histology (table 16). Of the total 417 patients with adenomas
detected at screening blood samples were taken from 338 (81%) of patients. Blood was
not obtained for several reasons. Firstly, sample collection started 4 months after the
screening had started, as ethical approval had not yet been obtained. Secondly, if the
screening sessions started to run behind time it was not always possible to collect
samples for logistical reasons. Thirdly, volunteers occasionally did not want to donate a
blood sample.

DNA that had been extracted from blood was also received and exchanged for analysis

with the screening centres in Norwich and in Leeds.
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Table 16: Histology of polyps removed on those with blood samples taken.

Histology No of volunteers
Adenoma 228

Adenoma and Metaplastic 43

Tubulovillous 45

Tubulovillous and metaplastic 11

Metaplastic 188

Carcinoma 11

Carcinoid (all had adenomas as well) 3

Normal 43
Insufficient sample 3
Mucosal prolapse 1
Fibroepithelial 1
Inflammatory 5
Lymphoid 1

7.4 Results of food frequency questionnaire
The data from the food frequency questionnaire was pooled centrally at the Imperial

Cancer Research Fund. This allowed analysis of the genotype data with data on

exposure. In all five centres that were screening used the food frequency questionnaire
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although only the three mentioned previously were doing genotype studies. A broad
summary of the food frequency questionnaire data in relation to the risk of developing
adenomas or metaplastic polyps is summarised in table 17.

Table 17 Results of food frequency questionnaire

Odds Ratio
(95 % CI)
For Adenomas.

Odds Ratio
(95 % CI) For Metaplastic

Polyps.

Gender
Females
Males

Age

Age in Years

Hospital
Newcastle
Leeds
Harrow
Norwich
Portsmouth

Smoking Status (Per day)

Never Regular
Ex-Smoker
1-9 Cigarettes
10-19 Cigarettes
20 + Cigarettes
Total Alcohol
(Portions per month)
0-2
2-10
11-27
28+
Total Red Meat
(Portions per month)

]
2.07 (1.84, 2.34)

1.05 (1.03, 1.07)

1.20 (1.06, 1.37
2.30 (1.75, 3.01
1.94 (1.58, 2.39
2.00 (1.62, 2.46

]
1.57 (1.41, 1.75)

1.03 (1.01, 1.04)

1.77 (1.57, 1.99
3.14 (2.44, 4.03
4.69 (3.93, 5.59
5.15 (4.29, 6.19

]
0.91 (0.77, 1.06)
1.20 (1.04, 1.38)
1.21 (1.05, 1.39)

0-5 Not Significant 1

6-13 1.09 (0.95, 1.27)
14-21 1.11 (0.96, 1.29)
22+ 1.23 (1.06, 1.42)
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7.5 Results of the smoking data collection

Smoking data was collected on the screening questionnaire but not initially from the
start of the trial. Data was available on 25,000 out of 40,000 people from all the centres
involved in screening. The smoking questionnaire asked about smoking habits, number
of cigarettes smoked, years smoked and for ex smokers the year in which they stopped.
Some of the results of the smoking data are summarised in table 17. It can be seen that
smoking is a risk factor for both adenomas and metaplastic polyps. The more detailed
smoking data was difficult to interpret at times, as there was inconsistency in the
answers. Furthermore with regard to the genotyping number when already dealing with
small subsets, multiple smoking categories resulted in very small numbers in the
various groups. Three categories for the analyses were therefore used, current
smokers, ex smokers and those that have never smoked. Of these 4,379, 17.61% were

current smokers. A further 9,078, 36.52% were ex smokers and 11,403, 45.87% had

never smoked.
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Chapter 8 Results of laboratory studies for CYP2C subfamily

8.1 Selection of CYP2C mutations for analysis

All the known CYP2C subfamily gene mutations identified (see Chapter 4) were aligned
(see Appendix C). Mutations were chosen on the basis of the ability to design specific
primers to a mutation, the availability of a suitable restriction digestion enzyme and the
likelihood of the base change resulting in an amino acid substitution which might affect
protein structure or function.

Of the CYP2C8 mutations (table 10), an a to ¢ base pair change at position 390
resulting in an N to T amino acid substitution was chosen and this was called CYP2C8.
Two of the CYP2C9 mutations (table 11) were selected for analysis. A c to t base pair
change at position 430 resulting in a R to C amino acid substitution and an a to ¢ base
pair change at position 1075 leading to a | to L amino acid substitution. These two
mutations were named CYP2C9 and CYP2C9 respectively.

Two of the CYP2C18 mutations (table 12) were also selected. A tto c base pair
change at position 655 resulting in a F to L amino acid substitution and a t to ¢ base pair
change at position 1154 resulting in a T to M amino acid substitution. These two
mutations are referred to as CYP2C18 and CYP2C18 respectively.

One of the CYP2C19 mutations (chapter 4) was chosen. A g to a base pair change at
position 681 leading to the formation of an aberrant splice site, which results in the
formation of a truncated 234 amino acid protein which lacks the main binding region

and is therefore inactive. This mutation was named CYP2C19.
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8.2 Primer design and optimisation

The primers were designed according to the methods outlined above and are

summarised in table 18.

Table 18 Mutations and primers for selected CYP2C subfamily polymorphisms

Gene | Mutation site | Position | Primer Sequence Tm°C

Name*

2C8 a— ¢ 390 328D |5’taggaatcatttccagcaa 3’ 48°
410U 5’ccccatcccaaaattccccaa 3

2C9 a—c 1075 |1051D |5'gtggtgcacgaggtccagatgt 3’ 50°
1138U 5'gatagtttctgaatttaatg 3’

2C9 c —1430 278D 5ragttttctggaagaggccattt 3 58°
4544 5'ggcagcgggcttectettg 37

2C18 |(t—>c 1154 i7-77D | 5’'gataaaagagattggactagg 3’ 58°
1209u 5’'gttggggaattctttgtcattgtge 37

2C18 |t—c 655 i4-13D | 5’'aaaaatctttaaggtctgcaat 3 50°
740U 5’ctctccaatacataacttttaatg 37

2C19 |G —-a681 |643D 5’atatgcaataattttcccactatc 3’ |58°
750U 5'ttcttttactttctccaaaatatc 37

* these codes in bold throughout the thesis refer to these specific mutations
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The best conditions for each set of primers were standardised with variable
amounts of MgCl, and DMSO as outlined in the methods. The results for the
optimisation of each set of primers are illustrated in figs 2-7 and the conditions
summarised in table19. The brightest band was selected and these primer
conditions chosen. When the bands were of equal brightness, for ease, similar
conditions were chosen, using no DMSO if possible and 4ul of MgCl, when
suitable.

(see table 14 for concentrations of MgCl, and DMSO for figs 2-7)

Fig 2. 2C8 primer optimisation

Hinf 1 1 2 3 4 56 7 8 9 10 1112 13 14 15

82bp

Fig 3. 2C9 primer optimisation

Hinf 1 12 3 4 56 7 8 91011 1213 14 15
100bp

82bp

Fig 4. 2C9 primer optimisation
Hinf 1 12 3 4 567 8 9 1011 12 13 14 15

311bp
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Fig 5. 2C18 primer optimisation

Hinf 1
140bp

118bp

Fig 6. 2C18 primer optimisation

Hinf 1

118bp

Fig 7. 2C19 primer optimisation

Hinf 1

118bp
100bp

12 3 4 5 6 7 8 9 10 11 12 13 14 15

Table 19 PCR Conditions.

12 3 4 5 6 7 8 9 10 11 12 13 1415

123 4 5 6 78 91011 12131415

2C8 2C9 2C9 2C18 2C18 2C19
Buffer A 5ul 5ul 5ul 5ul 5ul 5ul
Buffer B 4ul 7ul 4ul 4ul 4ul oul
ATP 1ul 1ul 1ul 1ul 1ul 1ul
CTP 1ul 1ul 1ul 1ul 1ul 1ul
GTP 1ul 1ul 1ul 1ul 1ul 1ul
TTP 1ul 1ul 1ul 1ul 1ul 1ul
DMSO 1ul oul oul 2ul Oul oul
Primer1 1ul 0.5ul 0.25ul 1ul 1ul U
Primer2 1ul 0.5ul 0.25ul 1ul 1ul 1ul
H20 33ul 31ul 35.5ul 32ul 34ul 32ul
TAQ 0.1ul 0.1ul 0.1ul 0.1ul 0.1ul 0.1ul
Temp 50°C 50°C 58°C 58°C 54°C 58°C
DNA 1ul 2ul 1ul 1ul 1ul 1ul
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8.3 Selection and optimisation of restriction endonucleases

The following restriction endonucleases were chosen and purchased from New

England Biolabs, USA.: BSAJ1, BsrG1, AVAIl, Nla lll, Tsp509I and Sma1. Their

recognition sites and digest product sizes are as in table 20.

Table 20 Restriction endonucleases.

Gene Enzyme | Recognition site Digest | Uncut | cut cuts
site

CYP2C8 BSAJ1 | 5...CLCNNGG...3" | 390 79 57+22 | Hom
3...GGNNC.!C...5

CYP2C9 BsrG1 |5...T.GTACA..3 1075 88 68+20 | Wt
3...ACATGIT...5

CYP2C9 | AVAIl 5... GLGA/TCC...3 | 430 350 321+29 | Wt
3...CCT/AGLG...5

CYP2C18 | Nialll 5...CATG!...3’ 1054 137 83+54 | Wt
3...lGTAC...5

CYP2C18 | Tsp509l | 5°... JAATT...3’ 655 112 86+26 | Wt
3...TTAAl.. 5

CYP2C19 | Smat 5... CCC{GGG...3’ | 681 108 70+38 | Wt
3...GGGlcce...5

For CYP2C8 and CYP2C9, base pair alterations were introduced in the primers

to allow the enzymes to work. For CYP2C8 a ¢ was introduced instead of a g, 4

base pairs down from the 3’end of the upstream primer. For CYP2C9 a t was

introduced instead of a g, 3 base pairs down from the 3'end of the downstream

primer and a g was introduced instead of an a, 2 base pairs down from the 3’ end

of the downstream primer.

The concentrations and conditions under which the restriction endonucleases

were used are summarised in table 21.
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Table 21 Restriction endonucleases conditions

Gene PCR | Buffer Enzyme H20 | BSA | TEMP | Mineral Oil
2C8 10 2ul, 2 2ul BSAJ1 oul 0 60°C yes
2C9 10 2ul,2 | 0.5ulBsrG1 | 5.5ul 2ul 37°C no
2C9 10 2ul, 4 | 0.5uAVA Il | 7.5ul 0 37°C no
2C18 10 2ul, 4 0.5ul Nlalll | 5.5u | 2ul 37°C no
2C18 10 2ul, 1 1ul Tsp5091 | 7.0ul 0 65°C yes
2C19 10 2ul, 4 0.5ul Smal 7.5ul 0 25°C no

8.4 Results of cloning and sequencing

Using the methods outlined in section 6.3.7 the PCR products were cloned and
sequenced. The sequences for all six pcr products corresponded to the published

sequences that were expected.

8.5 Results of PAGE analysis of DNA polymerase chain reaction

The PCR products were analysed using PAGE as described in Section 6.3.6.
Examples of PAGE for CYP2C8, CYP2C9, CYP2C9, CYP2C18, CYP2C18 and
CYP2C19 PCR products for 20 specimens are illustrated in figs 8-13.

Fig 8 CYP2C8 PCR

Hinf | 1234 56 7 8 910111213 141516171819 20 ne

118bp
100bp
82bp

66bp
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Fig 9 CYP2C9 PCR

Hinf | 123 456 7 891011121314151617181920ne
151bp
140bp
118bp
100bp
82bp
66bp

Fig 10 CYP2C9

Hinf | 1234567 8 9101112131415 1617 1819 20 neg
500bp
427bp
417bp
311bp

249bp

Fig 11 CYP2C18

Hinf | 123 456 7 8910 11 12 1314151617 1819 20 neg
200bp

151bp
140bp
118bp
100bp
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Fig 12 CYP2C18

Hinf | 123 456 7 8910 11 12 1314151617 18 19 20 neg
151bp
140bp

118bp

100bp

Fig 13 CYP2C19

Hinf | 123 456 7 8910 11 12 131415161718 1920 neg
140bp
118bp
100bp

82bp
66bp

8.6 Results of PCR restriction endonucleases digestion

The PCR products digests were analysed using PAGE as described in Section
6.3.6. Examples of PAGE for CYP2C8, CYP2C9, CYP2C9, CYP2C18, CYP2C18
and CYP2C19 PCR products digests for 20 specimens are illustrated in Fig 14-

19.
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Fig 14 CYP2C8

Hinf | 123 456 78 9101112 131415 1617 18 19 20 uncut

82bp

66bp

All Homozygotes

Fig 15 CYP2C9

Hinf | 123 45 6 78 9101112 13 1415 161718 19 20 uncut

82bp

66bp

hetwt wt wt wt wt wt wt wt wt wt wthet wt wt wt wt wt wt het

Fig 16 CYP2C9

Hinf | 123 4567 8 91011 12 131415 1617 18 19 20 uncut
417bp

311bp

het wt wt het wt wt wt wt wit wt wt wt wthom hetwt wt het wt
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Fig 17 CYP2C18

Hinf | 123 456 7 8 91011 12 131415 1617 18 19 20 uncut
151bp
140bp
118bp
100bp
82bp
66bp

hm het hm hm wt hm hm hm hm hm hm hm hm hm hm het hm hm hm hm

Fig 18 CYP2C18

Hinf | 12 34 56 7 89101112 1314 151617 18 19 20 uncut

140bp
118bp
100bp

82bp

w0y

wt wt wt wt wt wt wt wt wt wt wt wt wt wt wt wt wt wt wt wt

Fig 19 CYP2C19

Hinf | 1234 56 7 8 9 10 1112 1314 15161718 19 20 uncut

118bp
100bp
82bp

66bp

het wt wt wt het wt wt wt wt het wtwt het wt wt wtwt het hethom
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Chapter 9 Results of genotyping for CYP2C subfamily

9.1 CYP2C subfamily mutations and allelic frequencies

As previously mentioned DNA from volunteers undergoing screening was obtained from
three centres, Portsmouth, Leeds and Norwich/Cambridge. Table 22 provides a
summary of the number of people genotyped for each CYP2C mutation and the number
from each centre. The initial aim was to genotype all volunteers attending for screening
in the three centres in whom an adenoma was found and an equivalent amount of
controls. This proved locally to be too large an undertaking both logistically and

financially. Those who were genotyped were selected in chronological order from when

they were recruited.

Table 22: Number of people genotyped for each gene mutation according to centre

Mutation | Portsmouth | Leeds Norwich | Total
CYP2C8 | 198 102 0 300
CYP2C9 | 395 190 277 862
CYP2C9 | 394 188 277 859
CYP2C18 | 395 191 277 863
CYP2C18 | 194 0 0 194
CYP2C19 | 392 190 277 859
Total 1969 862 1108 3939
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The allelic frequencies for each mutation analysed, according to centre for the whole
population genotyped, including cases and controls, are summarised in tables 23 -28

below.

Table 23 CYP2C8 mutation allele frequencies

WT Hom Het Failed
Portsmouth 4 (2%) 187 (94%) 7 (4%) 0
Leeds 0 102 (100%) 0 0
Norwich 0 0 0 0
Total 4 (1%) 289 (97%) 7 (2%) 0

The CYP2C8 mutation studied was in fact found to be the wild type in that what was
thought to be the homozygote sequence was detected in 97% of cases. Because the
other allele was so rare after looking at 300 samples no further genotyping for this
mutation was performed. This will be looked at further in the discussion.

Table 24 CYP2C9 mutation allele frequencies

WT Hom Het Failed
Portsmouth 350(89%) 1 43 (11%) 1
Leeds 167 (88%) 1 22 (12%) 0
Norwich 231 (83%) 0 43 (16%) 3 (1%)
Total 748 (87%) 2 108 (13%) 4

ChiSqg = 3.074 df = 2, p = 0.216 (Excluding failed samples, homozygotes and

heterozygotes combined)
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Table 25 CYP2C9 mutation allele frequencies

WT Hom Het Failed
Portsmouth 292 (74%) 9 (2%) 85 (22%) 8 (2%)
Leeds 137 (73%) 2 (1%) 48 (26%) 1
Norwich 203 (73%) 7 (3%) 67 (23%) 0
Total 632 (74%) 18 (2%) 200 (23%) 9 (1%)
ChiSq = 2.220 df = 4, p = 0.695 (Failed column not included)
Table 26 CYP2C18 mutation allele frequencies

WT Hom Het Failed
Portsmouth 289 (73%) 12 (3%) 92 (23%) 2 (1%)
Leeds 141 (74%) 5 (3%) 45 (23%) 0
Norwich 209 (75%) 2 (1%) 66 (24%) 0
Total 639 (74%) 19 (2%) 203 (23%) 2 (1%)
ChiSq = 4.411 df = 4, p = 0.354 (Failed column not included)
Table 27 CYP2C18 mutation allele frequencies

WT Hom Het Failed
Portsmouth 193 (100%) 0 0 1
Leeds 0 0 0 0
Norwich 0 0 0 0
Total 193 (100%) 0 0 1

As with CYP2C8 the CYP2C18 allelic mutation proved to be extremely rare and was not

detected in 195 samples.
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Table 28 CYP2C19 mutation allele frequencies

WT Hom Het Failed
Portsmouth 278 (71%) 17 (4%) 97 (25%) 0
Leeds 134 (71%) 6 (3%) 50 (26%) 0
Norwich 198 (72%) 3 (1%) 76 (27%) 0
Total 610 (71%) 26 (3%) 223 (26%) 0

ChiSq = 6.171 df = 4, p = 0.188 (Failed column not included)

The allelic frequencies for the whole population were very similar, with no statistically
significant difference between the centres. Comparison to reported rates in the literature

will be made in the discussion.

9.2 CYP2C subfamily genotypes and predisposition to colorectal adenomas

In this section data, comparing the allelic frequency for cases i.e. those with adenomas,
is compared with the allelic frequency in controls. As the mutations studied for CYP2C8
and CYP2C18 were so rare they will not be considered further. Tables 29-32 show the

data for cases versus controls of the different alleles for CYP2C9, CYP2C9, CYP2C18

and CYP2C19.
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Table 29 CYP2CS9 cases vs controls

WT Hom Het Total
Cases 374 (87%) 0 57 (13%) 431
Control 374 (88%) 2 51 (12%) 427
Total 748 2 108 858
ChiSg= 2.315df=2,p=0.315
Table 30 CYP2C9 cases vs controls

WT Hom Het Total
Cases 299 (72%) 9 (2%) 110 (26%) 418
Control 333 (77%) 9 (2%) 90 (21%) 432
Total 632 18 200 850
ChiSq=3.600df=2, p=0.166
Table 31 CYP2C18 cases vs controls

WT Hom Het Total
Cases 321 (74%) 13 (8%) 97 (23%) 431
Control 318 (74%) 6 (1%) 106 (25%) 430
Total 639 19 203 861

ChiSq= 2.991 df= 2, p = 0.225
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Table 32 CYP2C19 cases vs controls

WT Hom Het Total
Cases 311 (72%) 16 (4%) 104 (24%) 431
Control 299 (70%) 10 (2%) 119 (28%) 428
Total 600 26 223 859

ChiSq=2.619df=2,p =0.270

It can be seen that there is no statistically significant difference between cases and
controls for any of the above CYP2C subfamily mutations. There is however some
biological evidence, which will be discussed below, to combine the homozygotes and
heterozygotes into one class and statistically it is sensible because of the limited
number of homozygote mutants. The following tables 33-36 summarize the data

between cases and controls for the mutations above but combining the homozygotes

and heterozygotes.

Table 33 CYP2CS9 cases vs controls for phenotype

WT Hom/Het Total
Cases 374 (87%) 57 (13%) 431
Control 374 (88%) 53 (12%) 427
Total 748 110 858

ChiSq=0.127df = 1, p = 0.722
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Table 34 CYP2C9 cases vs controls for phenotype

WT Hom/Het Total
Cases 299 (72%) 119 (28%) 418
Control 333 (77%) 99 (23%) 432
Total 632 218 850

ChiSq=3.434df =1, p = 0.064

Table 35 CYP2C18 cases vs controls for phenotype

WT Hom/ Het Total
Cases 321 (74%) 110 (26%) 431
Control 318 (74%) 112 (26%) 430
Total 639 222 861

ChiSq= 0.031df=1, p=0.860

Table 36 CYP2C19 cases vs controls for phenotype

WT Hom/Het Total
Cases 311 (72%) 120 (28%) 431
Control 299 (70%) 129 (30%) 428
Total 610 249 859

ChiSq= 0.551 df =1, p = 0.458

In this analysis the only mutation that comes close to significance is CYP2C9, which

gives a p-value of 0.064 when the homozygote mutants and heterozygotes are
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considered together. There is a plausible hypothesis to suggest that this may be a real

effect although it does not reach significance. This will be addressed in the discussion.

9.3 CYP2C subfamily genotypes, environmental exposure and predisposition to

colorectal adenomas

Comparing the genotypes of casééagnd controls, there was no difference between the
genotypes for CYP2C8, CYP2C9, CYI5201 8, CYP2C18 and CYP2C19 mutations
studied. As mentioned in the introduction, environmental factors are important in the
development of colorectal tumours. Similarly, environmental exposure will be important
in determining the impact of xenobiotic metabolising enzyme mutations. Data from the
food frequency questionnaire (Appendix B) was available for analysis with the mutations
studied. This was performed centrally at the ICRF (Dr R Edwards). There was,
however, no dietary interaction with the genetic polymorphism studied when analysed
with the food frequency questionnaire data.

Data was also collected on screening attendees’ smoking habits. In the hypothesis for
the role of the CYP2C subfamily in colorectal tumorogenesis (Chapter 4 section 4.8), a
role was postulated based on the altered metabolism of benz[a]pyrene a potent
carcinogen found in cigarette smoke. For CYP2C9 when the heterozygotes and
homozygotes were combined, this group was found to be more common amongst the
cases, those with adenomas. This did not though reach significance with a p value of
0.064 (table 1;4). Therefore the frequency of the CYP2C9 alleles in current, ex and

never smokers in cases (table 37) and controls (table 38) was examined.
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Table 37 CYP2C9 cases and smoking

Cases

CYP2C9 | Current | Ex-smoker | Never smoked | Total
Het’hom | 26 (7%) | 42 (12%) | 35 (9%) 103 (28%)
Wit 69 (19%) | 107 (30%) | 82 (23%) 258 (72%)
Total 95 (26%) | 149 (42%) | 117 (32%) 361 (100%)

Table 38 CYP2C9 controls and smoking

Controls

CYP2C9 | Current | Ex-smoker | Never smoked | Total
Het/Hom | 11 (3%) | 39 (10%) | 43 (11%) 93 (24%)
Wi 31 (8%) | 116 (29%) | 156 (39%) 303 (76%)
Total 42 (11%) | 155 (39%) | 199 (50%) 396 (100%)

Data on smoking is available on 757 individuals out of 850 of those genotyped for
CYP2C9, so the study population is smaller. It is clear from these tables that smoking
itself is a major risk factor for adenomas. From the data, 26% of cases were current
smokers and 32% had never smoked. For the controls, 11% were current smokers
versus 50% who had never smoked. This difference is highly significant statistically (p >
0.0001). Looking at the impact of CYP2C9 genotype on adenoma risk in current
smokers, 26 out of 95 (27%) of current smokers with adenomas were either het of hom
for CYP2C9. For the control population 11 out of 42 (26%) of current smokers were

either het of hom for CYP2C9. There clearly is no statistical difference between these
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two groups (p=0.886). The numbers are however small, as the overall population is
smaller and smoking is such a strong risk factor for adenomas that there are relatively
few controls who are current smokers. The adenoma-carcinoma sequence is thought to
occur over 5-10 years so being an ex smoker may be a risk factor for developing
adenomas. Looking at the above data 42% of ex smokers developed an adenoma
compared to 39% of controls. When compared to non smokers, ex smokers have a
significantly higher risk of an adenoma (p=0.03). However, CYP2C9 genotype has no
effect on the risk of adenoma development for ex smokers. Out of 149 ex smokers with
adenomas 42 (28%) were either het or hom for CYP2C9, whilst out of 155 ex smokers
in the control group, 39 (25%) were either het of hom for CYP2C9 (p=0.551). Finally
looking at the effect of CYP2C9 genotype on adenoma risk in non smokers, 35 out of
117 (30%) of non smokers with adenomas were either het or hom for CYP2C9, whilst
43 out of 199 (22%) of non smokers in the control group were either het or hom for
CYP2C9 (p=0.099). Thus in non smokers with adenomas the CYP2C9 het or hom
genotype is more common although this does not reach statistical significance. Contrary
to the proposed hypothesis, this could suggest CYP2C9 may have a role in
predisposing to adenomas via alternative pathways than those involved in smoking. The
interaction between smoking and CYP2C9 is examined in greater detail in the

discussion.
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Section4 Discussion and conclusions

Chapter 10 Flexiscope trial and sample collection

10.1 Flexiscope trial

The thesis was specifically set up because of the author’s participation in the flexiscope
screening trial. The project was designed bearing in mind that the samples from which
the DNA was obtained would by definition be from an average risk group for colorectal
cancer. We could not look at the known colorectal cancer mutations such as APC, DDC
and K-Ras as these would not be present in the somatic DNA extracted from the blood
of average risk individuals. It was therefore decided to focus on xenobiotic metabolising
enzymes whose genes are known to be polymorphic and for whom there is some
evidence that they may be involved in predisposition to colorectal cancer and
adenomas (Chapter 3).

All the samples were obtained from volunteers attending for screening, taking blood of
those with polyps and an equal number of controls. The age group, 55-64, selected for
screening were those at average risk for colorectal cancer but at an age when that
group would be expected to have a high yield of adenomas but a low pick up for cancer.
Thus genotyping was performed on individuals with colorectal adenomas, not cancers.
There is however strong evidence that the groups share similar risk factors and good

evidence for the adenoma-carcinoma sequence (Chapter 2).

There were several areas that may have introduced degrees of bias into the study

population. Firstly, the flexiscope trial used a two-tier recruitment system where
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potentially eligible participants were entered into the trial only if they expressed an
interest in screening. This strategy was used to minimise costs and to maximise the
power to provide an assessment of the benefits of screening. The group from which
DNA was acquired may therefore not necessarily have the same disease patterns and
exposure to risk factors as the general population. Individuals who present for screening
may be of higher social class, may be more health aware and less exposed to CRC risk
factors such as smoking alcohol and diets high in meat and lower in fibre. This might
dilute the effect of XME polymorphisms within the screened population.

Secondly, not all patients with adenomas had blood taken for analysis (19%). The
reasons for this have been listed above and are mainly logistical in that the screening
program started before ethical approval had been granted to take blood. Also rarely
patients did not wish to give a blood sample and occasionally time restraints did not
allow time to take samples. If however, the number of blood samples taken of those
with non adenomatous histology from the whole population screened is examined, the
following is observed. There were 245 blood samples taken from 387 patients with non
adenomatous histology of which the vast majority were metaplastic polyps. Thus, 63%
of people with a non adenomatous polyps had a sample taken. In contrast 417 patients
had histologically proven adenomas and samples were taken from 338 patients 81%.
Metaplastic polyps tend to be smaller and whiter that adenomatous polyps and
endoscopically with practice it becomes easier to decide which polyps are most likely to
be adenomas rather than metaplastic. Obviously, the interest for the purpose of the
study was in adenomas rather than metaplastic polyps. There may be a bias therefore
to larger adenomas as samples may not have been taken on polyps thought to be

metaplastic at endoscopy that were adenomatous on histology.
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Thirdly, a further minor area of contamination may have occurred in the control
population as they only underwent a flexible sigmoidoscopy and did not have the rest of
their colon examined. In fact as mentioned in chapter 5, colonoscopy was only
performed on those with adenomas defined as high risk. This was decided from data
suggesting that with a small adenoma less than 1cm in the distal colon the chance of
developing a right sided malignancy is 4% (48). This would suggest that the risk of a
proximal adenoma in those with a negative flexible sigmoidoscopy is small and unlikely
to introduce significant bias. Within the trial, a small study was conducted using a full
colonoscopy for screening those with a family history. From this, the approximate
prevalence of proximal adenomas can be estimated in the controls with no adenomas
from the family history volunteers who underwent colonoscopy. There were 342 such
individuals of whom 26 (7.6%) had a proximal adenoma and no distal high risk
adenoma. 21 (6.1%) had proximal adenomas and no distal adenomas at all. The latter
is the figure that would give the likely prevalence of proximal adenomas in the controls
although this was in a group with a family history who may be at increased risk of

proximal polyps (personnal communication Dr W Atkin).

10.2 Sample collection

Between the three centres Portsmouth, Leeds and Cambridge/Norwich blood samples
have been taken and DNA extracted blood on 1,043 patients with adenomas and an
equal number of controls. An aliquot of DNA from all patients has been stored centrally
at the ICRF. This resource is available for further work on polymorphisms. All data is

also being recorded centrally at the ICRF to allow for gene-gene interaction analysis
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and gene-exposure analysis.
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Chapter 11 Cytochrome P4502C subfamily mutations

11.1 Cytochrome P4502C8

A mutation in the cytochrome P4502C8 gene at position 390 was studied. The mutation
results from a nucleotide a to ¢ base pair change resulting in an N to T acid substitution.
The original reported sequence, which was taken to be the cytochrome P4502C8 wild
type, was described by Okino (168). The sequence was discovered using a rabbit liver
progesterone —21-hydroxylase P4501 cDNA as a probe to identify a highly homologous
liver cDNA. The cDNA was sequenced and found to be 82% homologous to s-
mephenytoin 4-hydroxylase (CYP2C9) and called HP1-1. Ged reported two further
cDNAs that differed by four base pair changes from HP1-1, MP-12 and MP-20 (164).
They both had a ¢ at position 390 and this mutation was studied. Of the genotypes
performed, 97% were the same as that described by Ged et al. The DNA product was
therefore sequenced and a c base pair was found at position 390 rather than an a.
Hence this sequence should be regarded as the wild type (Fig 20). Of the 302 samples
genotyped, 3% were homozygote or heterozygote for the a base pair mutation. The
digest was slightly unreliable, as it had to be done at 60°C under oil and also required
the primer to alter the sequence to allow a cut. Whether the a base pair mutation at 390

truly exists is not clear and none of the heterozygote or homozygote products were

sequenced.
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Fig 20: CYP2C8 sequence

Base pairs 375-394 ttictcctcacaaccttg

11.2 Cytochrome P4502C9

Two cytochrome P4502C9 mutations were studied, a ¢ to t base pair change at position
430 resulting in a R to C amino acid substitution, and an a to ¢ base pair change at
position 1075 leading to a | to L amino acid substitution.

The reported frequency of the C amino acid allele varies between studies. Bhasker
found a 22% heterozygote rate for C variant allele in 18 patients studied with no
homozygotes (183). Sullivan-Klose (180) found a C variant allele frequency of 0.08 in
100 Caucasian Americans and a similar allele frequency of 0.107 was reported by

Yasar in 430 healthy Swedish volunteers (184). Of the total population, 74% were wild
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type for the R variant, 24% were heterozygotes with an R and a C allele and 2% were
homozygote with two C alleles. This gave a C allele frequency of 0.1386 slightly higher
than that reported by Yasar and a Hardy-Weinberg P value of 0.92.

The L amino acid allele is less frequent with a reported allele frequency of 0.074 (184)
and 0.06 (185). Bhasker (183) found one heterozygote in 18 patients genotyped (5.5%).
Of the total population genotyped, 87% were wild type for the | allele variant, 12.8%
were heterozygotes with an L and an | allele and 0.22% were homozygote with two L

alleles. This gave an L allele frequency of 0.0664, similar to that reported above and a

Hardy-Weinberg P value of 0.60.

11.3 Cytochrome P4502C18

The two cytochrome P4502C18 mutations selected were a t to ¢ base pair change at
position 655 resulting in an F to L amino acid substitution and a t to ¢ base pair change
at position 1154 resulting in a T to M amino acid substitution. For the first mutation
selected only one heterozygote in 193 samples genotyped was found. This mutation
was only reported in one paper and was a clone isolated from a cDNA library (186). No
other authors reported this mutation and it may either be a rare mutation rather than a
true polymorphism, or may be the result of a sequencing error. This gene was not
sequenced.

For the second mutation, 74.1% were wild type with two T alleles, 23.7% were
heterozygote with a T and an M allele and 2.2% were homozygotes with two M alleles.
This gave an M allele frequency of 0.1404 and a Hardy-Weinberg p value of 0.89. No

reported data on the allele frequencies for this mutation was found in the literature.
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11.4 Cytochrome P4502C19

The cytochromeP4502C19 mutation studied was a g to a base pair change at position
621 leading to the formation of an aberrant splice site, which results in the formation of
a truncated 234 amino acid protein which lacks the main binding region and is therefore
inactive. Of the total population, 71% had the wild type with a g base pair on both alleles
and that 26% were heterozygotes with a g base pair allele and an a base pair allele and
3% were homozygotes with an a base pair on both alleles. This gave us an allele
frequency for the a base pair allele of 0.1621 and a Hardy-Weinberg p value of 0.75.
This is similar to that reported in the literature. Sagar reported a heterozygote rate of
22.4% and a homozygote rate of 2.8% in 143 Caucasians (211). A study of the

frequency of this mutation in different ethnic groups found an allele frequency of 0.13 for

European Americans (212).

No statistically significant differences in genotype frequencies between the populations

from the three different centres from which blood samples were received were found

(Tables 23-28).
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Chapter 12 Cytochrome P4502C subfamily mutations, predisposition to colonic

adenomas and environmental exposure

12.1 Cytochrome P4502C mutations and predisposition to colonic adenomas

There was no difference in the frequencies of CYP2C9, CYP2C18 and CYP2C19
polymorphisms studied between cases and controls. Over 400 cases and 400 controls
for each mutation were studied and therefore it is unlikely that these polymorphisms are
important in colorectal tumorogenesis.

For the CYP2C9 polymorphism the frequency of the wild type with two R amino acids
was compared to the frequency of both the heterozygotes with an R and a C allele
combined with the homozygotes with two C alleles. The rationale for combining these
groups is that there is evidence that the C amino acid allele has a dominant effect and
that the enzyme activity of heterozygotes and homozygotes may be similar. Studying
liver RNA, there appears to be a 5-10 fold preferential expression of the C allele versus
the R allele in heterozygous individuals suggesting that the C allele may exert a
dominant effect (183). CYP2C9 is the principal enzyme involved in the metabolism of
Warfarin in the human liver (3) and it has been shown that heterozygotes with an R and
a C allele require significantly lower doses of Warfarin than those with the normal wild
type with two R alleles.

There were more of the combined heterozygote/homozygote group in those with
adenomas than in the controls (table 34). This difference however did not reach
statistical significance (p=0.064). The odds ratio for the combined het/hom CYP2C9

group was 1.34 (95% ci 0.98 - 1.82). There is evidence that this polymorphism has a
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dominant effect and that it may play a role in benz[a]pyrene metabolism a known
smoking carcinogen. Smoking has been demonstrated to predispose to adenomas in
the smoking data (table 17) and others have reported similar findings. Thus, there is a
hypothesis to suggest a possible role for the CYP2C9 polymorphism and predisposition
to colorectal adenomas. The effect would however appear to be small as it has not
reached significance despite looking at 850 samples. If however this is a true effect it
may well be important as colorectal adenomas are common having been found in 14%

of 55-64 years olds screened in Portsmouth.

12.2 Cytochrome P4502C mutations, colonic adenomas and exposure

The results from the FFQ showed that alcohol was the only dietary risk factor for
adenomas (table 17). High consumption of meat (greater than 22 portions a week) was
found to be a risk factor for metaplastic polyps but not adenomas. Various dietary
factors in relation to all the CYP2C subfamilies mutations studied were examined but as
expected no interaction with any of the dietary factors was found. This analysis was
done centrally at the ICRF (Dr R Edwards).

From the smoking data collected on the screening forms it has been shown that
smoking predispose to distal colorectal adenomas. Furthermore this would appear to be
dose dependent as the risk increases with the number of cigarettes smoked (table 17).
There was a particular interest in looking at the effect of smoking on adenoma risk in
those with the CYP2C9 polymorphism. This data has been summarised in section 9.3
(tables 37&38). Smoking data on all those genotyped was not available and therefore

this reduced the size of the study population from 850 to 757. Furthermore with small
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subgroups, the population was divided into three fairly crude categories, smokers, ex
smokers and non smokers. There was no statistically significant difference between non
smokers and current smokers and no difference between ex smokers and non smokers
with regard to CYP2C9 genotype and predisposition to distal colorectal adenomas. Due
to the small numbers in the three smoking categories the smoker and ex smoker groups
were combined and this gave an odds ratio of developing an adenoma in a smoker or
ex smoker who is a heterozygote or homozygote for the CYP2C9 polymorphism of 1.39
(ci 0.89-2.15 p=0.14). Thus there is no statistically significant difference for adenoma
risk when smoking exposure and CYP2C9 genotype are combined. In table 39 the
percentage of heterozygotes and homozygotes for CYP2CS9 in relation to smoking
status for cases and controls are shown. None of the differences reach significance but
it can be seen that there is a trend to more of the het/hom group in all three smoking
categories for cases and the lowest number of the het/hom CYP2C9 group was in the

non smoking controls. The problem for the smoking analysis is that the

Table 39 Percentage of CYP2C9 heterozygotes and homozygotes.

Smokers Ex smokers | Non smokers | Study population

Cases | 27% (26/95) | 28% (42/149) | 30% (35/117) | 28% (119/418)

Controls | 26% (11/42) | 25% (39/155) | 22% (43/199) | 23% (99/432)

numbers are small as only 17% of the screened population were current smokers
(section 7.5). Smoking is a risk factor for adenomas as discussed above and hence

26% of cases (95/361) were current smokers. In contrast only 11% (42/396) of controls
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were current smokers. The numbers in the subgroups are thus small and if the het/hom
CYP2C9 genotype polymorphism does indeed contributes to smoking carcinogen
metabolism pathways it would require much larger numbers to reach significance for a
small effect. This effect, should it exist, even if small may be important as smoking and
adenomas are common in the population as a whole. In table 39, the biggest difference
in percentage between the het/hom CYP2CQ groups is seen in non smokers, 30% vs
22%. As mentioned in section 9.3, this difference does not reach significance (p=0.099).
The trend could however suggest that should the CYP2C9 polymorphism have a role in
adenoma predisposition, it may not be via altered metabolism of smoking carcinogens
and alternative xenobiotics and pathways could mediate this. As an aside, in pondering
smoking interaction it is interesting to remember that enzymes involved in the
metabolism of smoking carcinogens can also affect the likelihood and the amount of

cigarettes smoked (CYP2A6 see section 1.3.2).
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Chapter 13 Summary

The wild type base pair sequence for CYP2C8 at position 390 is a ¢ base pair rather
than an a base pair. This was confirmed by sequencing. A few heterozygotes and
homozygotes (11/300) were found but this would not be frequent enough to be referred
to as a true polymorphism. The digest used required the wild type to cut and had to
introduce a base pair change with the primer for the restriction endonuclease to cut.
This may have introduced error and possibly account for the 11 out of 300
heterozygotes and homozygotes. In further work it would be worth sequencing some of
the heterozygotes and homozygotes to establish whether this base pair change does
really exist. The frequencies for the two CYP2C9 polymorphisms studied were found to
be similar to those published in the literature. For CYP2C18 one of the mutations did
not appear to be a true polymorphism and the other studied, as with the CYP2C19
mutation did not appear to predispose to colorectal adenomas. The addition of the
dietary FFQ exposure data did not change the results with regard to the CYP2C
subfamily polymorphisms studied and predisposition to distal colorectal adenomas.
There is evidence that the alteration in enzyme activity induced by the CYP2C9
polymorphism has a dominant heterozygote effect similar to that seen in homozygotes.
Thus, there is a biological rationale to combine these two groups. There were more
colorectal adenomas in the combined heterozygote and homozygote group for the
CYP2C9 polymorphism studied, although this difference did not reach significance
(p=0.064). CYP2C9 may have a role in benz[a]pyrene metabolism and hence a possible
link between CYP2C9 and smoking has been postulated. The smoking data did not

support this hypothesis but the numbers in the subgroups were small. In further studies
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it would be interesting to investigate the CYP2C9 polymorphism and predisposition to
colorectal cancer rather than adenomas. There is also a reported six base pair deletion
for CYP2C9 (177) resulting in an enzyme with lower activity. Unfortunately it is at the
beginning of an exon and the proceeding intron sequence was unknown and hence not
suitable for RFLP work. This polymorphism may warrant further study with regard to
colorectal tumourogensis.

This work has contributed to the creation of a DNA database of around 2,000 adenoma
cases and controls with exposure data on most of this population. Central pooling of the
genotype results from the three centres involved in collecting DNA and from on going
studies will allow further analysis of gene-exposure and gene-gene interaction. This is
important in that it appears unlikely that single xenobiotic metabolism enzyme
polymorphisms on their own will result in a high risk of colorectal tumorogenesis and
hence provide a biomarker for this disease (Chapter 3). The combination, however, of
different phase | and phase 1l enzyme polymorphisms within individuals with certain
exposures may highlight people at increased risk of colorectal adenomas who may

benefit from screening to reduce their risk of developing colorectal cancer.
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Appendices

Appendix A

Consent form for a blood test.

We are doing research into genetic aspects of bowel disease and would
like blood from people with and without polyps.
We are also looking at whether exposure to certain bacteria in the bowel

may increase the risk of polyps.
This is purely for research and the results will have no future bearing on
any care you receive and we will not inform you about any of the test

results.
We would be very grateful for your cooperation, the blood test can be done

today or you can return another day.

Name:

DOB:

| agree to having a blood test which will be used for research only.

Signature:
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HexifSTOPE trial

Appendix B food frequency questionnaire

Food Frequency Questionnaire

Please estimate your average food use as best you can, and please answer every question do not leave ANY lines blank.

PLEASE PUT A CROSS (X) ON EVERY LINE

FOODS

AVERAGE USE LAST YEAR

Never or{ 1-3 per | Once 2-4 5-6 Once 2-3

less than| month a per per a per

once per week | week | week day day
month

4-5
er
gay

6+
er
gay

Vegetables, salads (all types) [EXAMPLE]

X

Vegetables, salads (all types)

Broccoli, spring greens, kale

Brussels, sprouts (in season)

Cabbage, cauliflower

Peas

Leeks, onions, garlic

Brown or wholemeal bread or rolls

White bread or rolis

| Tea (cup)

Coffee, instant or ground (cup)

Coffee, decaffeinated (cup)

Wine (glass)

Beer, lager or cider (half pint)

Port, sherry, vermouth, liqueurs (glass)

Spirits eg. gin, brandy, whisky, vodka

[Fish (all types)

Meat (all types)

Beef: roast, steak, mince, stew, casserole

Beefburgers

Pork: roast, chops, stew, slices

Lamb: roast, chops, stew, slices

Chicken or other poultry eg. turkey

Bacon, ham

| Corned beef, spam, luncheon meats

Sausages

| savoury pies eg. meat pie, pork pie

Never or| 1-3 per | Once 2-4 5-6 Once 2-3
less than| month a per per a per
once ﬁr week | week | week day day
mon

45
er
gay

Has your consumption of any of the following meats changed since the Beef scare (March 1996)? Yes D No D

If YES, please complete the next box for all the items listed below prior to that time

month

FOODS AVERAGE USE BEFORE BEEF SCARE (March 1996)
Never or| 1-3 per| Once 24 5-6 Once 2-3 4-5 6+
less than| month a per per a per per per
once per week | week | week day day day day

Beef: roast, steak, mince, stew, casserole

Beefburgers

| Chicken or other poultry e.g. turkey

| Corned beef, spam, luncheon meats

: Sausages

o Savoury pies e.g. meat pie, pork pie

S
—
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Food frequency questionnaire (Continued)

How often do you eat grilled, fried or barbecued foods? ED times a week
How well cooked do you usually have grilled, fried or barbecued meats/ chicken/ fish?

Well donefdark brown D Medium D Lightly cooked/rare D Did not eat them D

Have you taken any vitamins, minerals, fish oils, fibre or other food supplements during the past year?
Yes D No D Don't know D

If YES, please list any vitamins, minerals, fish oils, fibre or other food supplements you have taken
during the past year

Vitamins, Average frequency
Minerals, Fish oils, Fibre, Please tick one box per line to show how often
Other food supplements on average you consumed supplements
Name and brand 5 Dose 4 : z S el g g :

: lease state ever 1= nce H nce -3 4- +
Please list full name, number or less per a per per a day per per per
brand and strength of pills, than | month | week | week | week day day day

capsules or once
teaspoons a
consumed month

Please state | Never 1-3 Once 24 5:6 Once 2.3 4-5 6+
number or less per a per per a day per 1. per per
of piils, than | month | week | week | week day day day

capsules or once

teaspoons a

consumed month

Thank you for your help

Please affix
addressograph
label here
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Appendix C

Alignment of CYP2C subfamily mutations

Cc8
c8
Cc8
Cc8
c8
c8
Cc8
C8
c8
c8
c8
C8
Cc8
C8
c8
C8
Cc8
Cc8
Cc8
Cc8
C8
c8
C8
Cc8
Cc8
Cc8
29c
C8
29c
Cc8
29c
Cc8
29c
c8
29c
Cc8
29c
Cc8
29c
C8
2%9c
Cc8
29c
C8
29c
Cc8
29c
Cc8
29c
Cc8
29c
C8
29c
Cc8
2%9c¢

tataggatagggtattt
cactgaaccaccaagcaggaaaactgggattctaatacaaaatcttttactggtgeattyg
ataatgctctaactcactgagtcaccaattgetcaticctgaaaaacaaagcaaaattaa
attagtagatctcagagatcccgtectgtectttaaattatctatgtteccttttattctata
aaaagaaaggtcaaggcaggagctcagctcaggagaagaaacaaggagcagageaaggac
aactgtttctcaaggaataaaattattgectctaaagagagaagtgaacttattttatcca
aataaactagttatacctacgtgagtgaggcagcaaattactacttecectttgecctgga
taaagggttcaccaggacctggactcactcaccttttaaaggttataaaaccaaacacgt
ctgacccacattttactcaactggtgctagaattattaactaaattaatgtttattttga
aagtcactgattagattaatccacaagtattgaattttagtcaatcttggtggecccggtt
taactggatgtttigettaaaaggaaggcagcaagatgecaggggttatggttttecagece
cagcttggtcacttgecattectgtgtgtecttagectaaagtactgaateteccatggtctaa
ctttctcctectectaaactgggaataattttacagtgggcaaagataattgagagaataaa
aagagatgtgatgagtgtgaaaattctctgtaaatttgtcataatgtctataaacataat
cgataaaacattgtataactgggtctaatattttcttaatgaaagagctggaaataactyg
tactggtcaatttagaataaaggtaatctttcagagcatgecctttgtatacacactttyg
ttattagtgatctagtaatgttcataaatccagttgtatttagatcttcatgaccattga
ctatcagttcccatttcaggtctgcacattgcagtggttectgtgcectgggtecattcag
tgatttccctgtgttccatecttectgtigaatccacaactgttgttctgtgtataatitct
cttecttgcectgtgtatgattacattctattatttgtaacaataacagaccaaaaacaata
gaagcagccatgtctggaggtgactggaaggtggagaagccatagattttcaageecectgt
gccataaattatgtgagattggcecctttecttaatagtgectgaacaactttcacttgtaa
ggtgatgcagaggggagaactctaatitttatttcttettttgagegtceteccggtectet
tatccttataaacaaataacggacttctatttaatgtgaagectgtigetttctgaacag
agtcaaggtggcgtatcttcagagtaactaatgtctggggtttgttttgtitttictaaaa
ttgttcttgagecagectgtggtgtaagtggtaatgaacccaatgggtatcagaagatctce
cctggtgtttceccaccececttecttcecatt
tgctcaaatccggttttaccggcaatgagectgtgtggcactgacaggtgtecctgttetec
gecgegtgtgggectettagtctaagecactecatatitgatttatttecettcectgegeaty
cagagtttctttecccaattigaaaaataaaaaatgataatctttatactccagtetettt
tgttaaaggtaggaatttttcactgtgggcatatttaggcaagetececctgtgcaagttce
taatgatgaatatacatttatatatatacttttatatatttaatataatatttaatagta
cttatctgcacaaaacatctagtgtaagtacttggggtttttgtggattgggcaatgacc
taaatatgtatttatgttattattatgtaataatgtatgtaacactccctgctaattcag
tggaaggttggttggaggttctctggggacccttecccttactgectgectaatgcaaget
tttgtctctttgacatgtaaagtaaataatcacctattattataataatgtaataataac
ggctaactcctctcaataggataaacattattttatgtacaaggaatataatacacagat
acaaatattattatgtaataactatatttatgtatattgtttatatacatttaaatatat
ftgccctcaaagtcatatttecaactgctcatcaatctaaaaatccaaaattttgaataat
ataaatatacatttattagctaataatttgatatatgtatggtaattcaacatgtatgag
tttttgatgaaataatttatttcattgtttetcaattitggectgecacagtggaaccacct
ttatattcactatttcatgtttaggcagctgtattttaagtgaactatactaaatatttyg
gggctgtttgaaaaaacctaggcctageccaggcacggtggectcatgectgtaatceccage
aaaggcttttgttatcaagggctaagtctccectattttttgatatagcattacaatgtaca
acttagggagaccagcctggceccaacatggtgaaaccctgtctetgectaaaaatacaaaat
ttttttatatacaaaatatagaatacactgatttcectcaaggtcataaatteccaactyg
cacctgggcgtagttgtgcattcctgtaatcecccagecacgecagaagectgaggecagaatc
gtcattaatctgagaatattgaattttgagtatattctaacatagaatcatttacttcag
gttcgaatccaggaagtggaggctgcagtgagttgagatecttgecattgecacteccagect
tgtttctccatcatcacagcacattggaacaaccagggacttttaattaaaaatacctygg
gggcaacaagagcgaaactccatctcaaggaaaaacaacaacaacaacaacaaaatectyg
gcteccaatccaatacaattaaaccagaatctectagattggcactggaaagaaggagtag
ggctectgettcagactagttaaaccagaatetccagggtggggcaccggaaagaacaaga
gacaaaagaacattttatttctatccatgggccaaagtccactcagaaaaaaagtataaa
aaaaagaacaccttatttttatcttcttcagtgageccaatgttcattcaaaagagagatt
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c8
2%c
c8
29c¢
6b
c8
c1s8
Cc9
C19
60
c8
c1l8
Cc9
Cc1l9
120
C8
c18
Cc9
C19
180
Cc8
Cc18
Cc9
Hum?2
C19
240
c8
MP12
c18
C9
Cc18
300
Cc8
c17
cis
(65°)

ttggatctaggtgattgtttactttacatgtcaaagagacacacactaaattagcaggga
aaagtgctttttgctgactagtcacagtcagagtcagaatcacaggtggattagtaggga
gtgttataaaaactttggagtgcaagctcacagectgtcttaataagaagagaaggcttca
gtgttataaaagccttgaagtgaaageccgcagttgtcttactaagaagagaagecttca

R R I R T T T S
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480xon3exond i3 191bp

C8
Liu
c17

c1s8

c19
E4M
660
cg
Liu
c1i7
c18
c9
meeh
ci9
E5M*
720

gcttcaccctgtgateccactttcatecctgggetgtgetecctgecaatgtgatetgetee

[= 3= A oo Cot e e e C.l.nn. t.a.t..... ..., a
a

= ot oA (<[« PPN t.a.t.... ... a

[= = R | S e e C.a..... t.a.t.a o] a

= S [ o C.a..... t.a.t.....g a

exondexon5 i4 2.6kb
ttcaatgaaaacttcaggattctgaactccceccatggatccaggtctgecaataattteect

[« S = RN a.g.a. Coe et e et et e e e e, tt.c
............. o o SO A
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a
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g
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exonbexoné 15 12kb
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ci17 ..., L.C.Gwenn... Jeweea@.8.Cuveru.. .o [= I S o

c18 ... t.c.g...... g....8.8.C. 0. e =D NN e (o S
cs ... t.c........ [« SN aaaa..... c..t...ct.g....ga..... [ I
c1e L. [ aat..... C...... ct..c...ga..... [< I
900

c8 acaacaagcaccactctgagatatggactcctgetectgetgaagcacccagaggtcaca
Liu  c.oeeaaan. = S o B ct..... o
C1l7 .. Q.. Chiiienn i ct..... e e e e
MP12* )
MP20* )
c18 ... O o
Cc9 e S F= T o ct..... B e e e e e e e e e e
cle .. A Chiiiin i ct..... Bt e e e e e e e e e e e e
960xonbexon7 i6 9kb

C8 gctaaagtccaggaagagattgatcatgtaattggecagacacaggagceccctgecatgecayg
5 T Gt -9 I oTe UM = P o
CLl7 e e e e e e e =1 = o A
Cl8 e atg...-Geueunn.. [T o IR o
cloné a

CO e e e Aa.g. . Te e = S o I a
Cl9 e e e = I o S [ S o
1020

c8 gataggagccacatgecttacactgatgetgtagtgecacgagatccagagatacagtgac
Liu G T e ST = R = P [ I tc. ..
c17 FR [oI = [« PR [ JP N t....
c1is8 c.Ce e teo oo [T [= o S t....
c9 JR o Cuvnn. Ao [« S [ I t....
c25% c
MP-8%* g

c19 R s B C.ovenn Aeviinnnn [< I [ S tc. ..
1080

c8 cttgtccccaccggtgtgeccecatgecagtgaccactgatactaagttcagaaactaccte
Liu R o7 F= I o1 oD e S O T T
c17 c . CA e F= T oo tg...cgb...@8. . i
c18 e CCe e e AACC . vt v et vt e e tg....gb...8. .. .8¢.. ...
(03] P o = o tg...c.tt..a. .o oo ...
C19 P o - R = T o tg...cgt...a.. i iii i,
1140 exon7exon8 i7 9kb

C8 atccccaagggcacaaccataatggcattactgacttcegtgctacatgatgacaaagaa
Liu JE v t.aa.t.cc..c..... | [oF- DA
c17 D o aa.t.cc..c..... S (o= T
HP1-2 variant splice see 2C8 sheet

HPH g

Ccl18 . [t aa...CC.u v .. t..... [o I o S
29c* c

cloné

C9 B o t.aatt.cc... .. .. Lo (o= S
c1l9 TR o t.aa.t.cc..c..... Covnie i Ca.evnnenn.
1200

C8 tttecctaatccaaatatetttgaccctggecactttectagataagaatggcaactttaay
Liu  ..... (SN TN« Bic SN« B c.t.. .. g...g.agg...a..t......
ci17 ... CoeCui G Tevnenennnn c.t.oooil g...g.agg...a..t......
MP20 t
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co ... c..c o < N« S cat........ g g.agg. .. ... [ SR
MP-8%* a

cl19 ... CeCuiv  F.GeeTeveewnenn [ v g...g.agg...a..t......
1260 exonB8exon?9 18 13kb
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Liu  ...... = [« PN tg... .. g..c..g
c17 ... = O [« tg..... g.. g
L g..g atg..... g g
co ..., = T [« SR tg....... cc..g
ci19 ... = O [« S tg..... g..c..g
1320
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Liu  c.eiiiii e [ PP C. Q... .t e e .
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Ci8 .. [< P C.oeGonn-. Covnnn [ 27N
c9 N [« I (o« O o
Cl9 . < S C..g...ttC. o e e
1380

C8 gttgatgatttaaagaacctcaatactactgecagttaccaaagggattgtttctcectgecea
Liu c.gat...ccc....g....tg.c..a...c.t...gt...t...L...Cc....g.Cc..¢g
cl7 c.gat...ccc....g....Ltg.c..a...c.t...gt...t..at...c....g.Cc..g
cl8 cag.t...ccc....g.ta.tg.c.tc..cc.ca..g....tge.t...g.cg.g. .. ..
c9 c.g.t...CcCC.i ... tg.c..c...c..... gt...t..at...cc...g....Q
c25 t

Cc1i9 c.gat...ccc....g....tgac..a...c.tg..gt...t..at...c....g.c..g
1440

c8 ccctecataccagatctgcttcatecctgtctgaagaatgetageccatectggectgetgat
Liu VRN ofc JUNER BN« Di'c IR e e e gcac..atgg... ... .... cc.
c17 IR of oS VRN o 0 o U F o gcac..atgg. ... .. ... cc.
HPH t

c18 R te SR (o N Eooven v 0099, atag, c, .0 0000 .CC,
Cc9 RSN of o SR CeGemeeennn oA gagc..atggc. .. .. ... .. C.
c1l9 IS of o JUS SR o B o S Lo n i i, gcac..atgg. .. ... .... cc.
1500

c8 ctgctatcacctgcaactcectttttttatcaaggacattcccactattatgtecttectectyga
Liu g....g..c.tgcagctctc...cc.c.ggtcc.a...t.actatc.g..atget.. . .tc
c17 g....g..c.tgcagctcte. . .cc.c.ggtcc.a...t.actatc.g. . .atgect...tc
Cc18 d,9++9,54.4..4...,5,,,ccc,,atcagggcecat,gg, , tc,cecct,c, , , ctatgag
29c g

c9 g...ag..c.tgcagctcte...cc.c.ggg.catta...at..t.gcac.a.ctgtaat
c8 cctctcatcaaatcttcceccattcactcaatatecccataagecatccaaacteccattaagga
Liu tga.c.g...tc.cacattt.c.ct..ccccaagatct..tgaa.attcag.c.cc.tt.
c17 .ga.c.g...tc..acattt.c.ct..ccccaagatct. .tgaa..ttcag.c.cc.tt.
c18 ggatattttctctgacttgtcaat,cac,,c, t,,cattcce, ,a,gatc,a, , g, ,cat
Cc9 g.ct.ttctec.cctg. .atc.caca.tttccettecctgaagat.t.gtgaaca.tc.ac

c18 ccaacctccattaaagagagtttcttgggtcacttectaaatatatctgetattetecat
cl8 actctgtatcacttgtattgaccaccacatatgctaatacctatctactgectgagttgte
C18 agtatgttatcactataaaacaaagaaaaatgattaataaatgacaattcagageccattt
29c g

c1i8 attctctgcatgctctagataaaaatgattattatttactgggtcagttcttagatttect
c18 ttcttttgagtaaaatgaaagtaagaaatgaaagaaaatagaatgtgaagaggctgtact
c18 ggccctecatagtgttaagcacaaaaagggagaaaggtaagagggtaggaaagectgtttta
Cc1l8 gctaaatgccacctagagttattggaggtctgaatttggaaaaaaaaactatgtccagga
c18 gcagctgtaacctgtagggaaataatggaacaatcatccataagagggatgaacattaag
c18 tgtttgaattcatgctctgecttttgtgttactgtaaacacaagatcaagatttggataat
c18 ctttttectttgtgttteccaacttagatcatgtctaaatatatgetttcatatggce
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