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Abstract

Familial adenomatous polyposis (PAP) is a mendelian cancer syndrome caused by 

mutations in the ARC gene. It is an excellent model for sporadic colorectal cancer 

(CRC), a common disease that also has a heritable risk component. Variation in FAR 

severity occurs between individuals and also within families. Epidemiological analysis 

indicated that close relatives with FAR had more similar types colonic adenoma 

number than did distant relatives. The observed pattern of variation may plausibly have 

been caused by modifier genes. A segregation analysis suggested that the pattern of 

variation could be attributed to the action of additional genetic loci, mirroring published 

evidence from animal models of the disease. Theoretically, modifier genes are likely to 

be common genetic variants that also alter the risk of sporadic colorectal cancer. 

Putative CRC risk genes were assessed for their association with colonic FAR disease 

severity. Two genes (A/A 72 and GSTp) were found to be associated with an 

approximately two fold increase in colonic adenoma number in FAR patients after 

correction for germline ARC mutation effects. Variation was also seen in the pattern of 

somatic ARC mutation clustering in polyps from FAR patients suggesting that modifier 

genes may affect carcinogenic pathways early on in the development of colonic 

adenomas. Assessment of variation in adenoma number in FAR patients demonstrated 

that change in the total size of the adenoma population was real rather than apparent. 

Indicating that modifier effects may exert their action at the time of adenoma initiation. 

Collectively the data support the hypothesis that modifier genes alter the severity of 

human colonic FAR.
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Glossary of terms

The chapters on genotype-phenotype correlations (and others) make reference to a 

number of descriptive abbreviations that I have defined or borrowed from others. They 

are listed here for convenience with additional explanation where I have felt it 

necessary.

^.APC gene domain naming 

Unidentified group (Unk)

Patients for whom APC mutation was not previously identified were assigned to a 

group labelled ‘unidentified’ (Unk). This is probably the most heterogenous of all the 

groups. Inability to assign APC mutation to an individual has many causes, these 

include: APC gene never examined, intronic mutation, large deletions, whole gene 

deletion, regulatory element mutation.

Pre-armadillo (Pre-arm)

The pre-arm group in this study spans nucleotides 509 - 1358 (approx. codons 170 -  

452). This group was not defined by any specific nucleotide feature.Rather, it was 

defined by what it is not. For the colonic FAP genotype-phenotype study it represents 

patients with germline mutations 5’ to the Arm region (see below). None of the patients 

were 5’ to codon 168 so issues of 5’ attenuated FAP were unlikely to have arisen.

Armadillo (Arm)

I defined the armadillo APC region as that spanning nucleotides 1359 -  2301 (codons 

453 -  767). This contains the nucleotide sequence that encodes the armadillo repeats.
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Armadillo plus (Arm+)

Because there is a gap between the Arm domain and (3-cat domain (nt 2302 -  3059) -  

see below. I extended the Arm domain to include this gap. The resulting gene region 

was called Armadillo plus (Arm+). Analyses were run to check the validity of this (see 

chapter: APC genotype-phenotype correlations).

p-catenin binding domain (P-cat)

p-cat was defined as the APC region that spans nucleotides 3060 to 3509 (appox. 

codons 1020 -  1170). This region contains the three 15aa p-catenin binding motifs. 

The role of the 15 amino acid repeats that this region contains is discussed in the 

introduction chapter.

Pre-MCR

The Pre-MCR region is the sector of the APC gene that lies 3’ of p-cat and 5’ to MCR 

(see below). I could have called it Post-p-cat, or 3510-3749.1 chose Pre-MCR out of 

convenience. The sector has no special identifiable features, it contributed only a small 

amount of data to these studies.

Mutation Cluster Region (MCR)

I have defined the MCR as the APC region that spans the nucleotides 3750 to 4200 

(codons 1250 to 1400). This region of the gene encompasses the first 3 (?) of the 20 

amino acid repeats. The term MCR' was originally coined by (Miyoshi, Nagase et al.

1992) and (Polakis 1997).

20 amino acid repeats (20aa)

As an alternative to the MCR I considered other APC mutation groupings. Mutations 

encompassed by the section containing all the 20 amino acid repeats were described 

as the 20aa group (nt 3766-6099). This group overlaps the Post-MCR group.

13



Post-MCR

Mutations in the APC gene 3’ to nucleotide 4200 were described as Post-MCR. 

Although further subdivision is possible, e.g. mutations within the basic domain etc. In 

reality very few patients have mutations beyond nucleotide 4200 (e.g. 11/226 for the 

colonic FAP genotype-phenotype study). So subdivision beyond nt 4200 becomes 

statistically meaningless.

MAIN

This group was used in the candidate association study. It represents all identifiable 

APC mutations bar those contained by the MCR.

20aaRx0, 20aaRx1, 20aaRx2 etc.

The analysis of somatic mutation chapter introduced three more alternative groupings 

based on the work of (Albuquerque, Breukel et al. 2002). The groups contain mutations 

in the range: 20aaRx0 ( < codon 1282), 20aaRx1 (1282 -1396) and 20aaRx3 (> 1396). 

The name refers to the number of 20aa repeats predicted to be retained in the 

truncated protein product.

2. Mutation Naming

Wherever possible I have named APC mutations according to their genomic nucleotide 

position and type. I have given the nearest codon equivalent where possible. The effect 

of APC mutation can be variable and I have not generally referred to this in my 

nomenclature. The majority of identified mutations cause either nonsense change (i.e. 

immediate stop codon: TGA, TAA, TAG) or frameshift with premature termination of 

translation. Where frameshifts have occurred I have not attempted to report the length 

of the abnormal truncated protein rather I have given the point at which coding 

sequence deviation begins. Translation terminates a variable distance carboxy to this. 

The nucleotide number represents the first nucleotide that deviates from the reference 

sequence. For small germline changes the type of mutation is indicated in the following

14



way: substitution (sub: >) e.g. C > T or C sub T; deletion (del: A) e.g. del 2bp (AG); 

redupliation (redup); loss of heterozygosity (LOH). More complex events are described 

ad hoc and their meaning should be clear from the context.

For example, a 3927 del 5bp (AAAGA) means that at nucleotide 3927 a deletion has 

occurred and this extends for a further 4 base pairs (3927 to 3931 inclusive). I would 

have recorded this alternatively as a codon 1309 del 5bp. In fact the mutant truncated 

APC protein consists of slightly more than 1309 codons because translation does not 

stop until several non-consensus sequences have been traversed.

3. Statistical Terms

Influence: Influence is a term used in the regression diagnositic literature and refers to 

the effect of an individual data point on the overall regression equation. A measure of 

this is Cook’s Distance (Dj) =S(.jpri^.hi/(1-hi).k.s^, k = groups, n = observations, s -  

standard deviation, r -  studentised residual, h -leverage. Points with a Cook’s distance 

greater than 4/n should be examined.

Leverage (hj: The leverge is a measure of the standardised distance of a point (Xj) 

from the mean of the independent variables (x) used in a regression equation. 

Residual: The residual is the difference (in y)between the value predicted by a model 

(regression equation, e.g. y = bx + a) and a specfic data point. For (X|, yj, the residual 

(ei) is ei = yi - bXj -  a. There are different subtypes of residual and they are used for 

regression daignostics: studentised residual; Jacknife residual; standardised residual. 

The standardised residual (normalised residual) is Z| = e/s. The studentised 

residual is n = e/(SjV(1-hi)).The jacknife residual is t  = e/(S(.i)V(1-hj)) (Armitage and 

Berry 1994).There are some minor terminological conflicts in the literature.

4. Colonic phenotype severity descriptors

Polyp count: simply the observed number of polyps in a specimen without correction 

for specimen dimensions.

15



standard count/standardised count; the polyp count corrected for specimen 

dimensions; a typical colon is 100cm in lenght.

Log corrected count/ Log(count): the standard count after logarrthmic correction 

(base 10)

Z count/normalised count: the log(count) after z transformation, Zj = (log(count)i -  

Pg)/Sg. Sg- Standard deviation for genotype derived from log(count) data; pg- mean for 

genotype derived from log(count) data.

5. Other abbreviations

This thesis makes reference to many genes that are listed as abbreviations. The 

naming of genes is idiosyncratic and many have obscure origins. The abbreviations of 

genes, and other things, are listed below. The website www.ncbi.nlm.nih.gov/Locuslink/ 

is useful for further information on the listed genes.

Abbreviation Description_______________________________________
p-cat p-catenin region
p-trcp p-transducin repeat containing protein
15aa The 15 amino acid repeat of APC
20aa The 20 amino acid repeat of APC
20aa rpt 20 amino acid repeat region
aa amino-acid
APC adenomatous polyposis coli
APC2 adenomaous polyposis homologue
Arm Armadillo region
Arm+ Extended Armadillo region
ATG The codon for methionine
B U B1 budding uninhibited by benzimidazoles
CBP CREB binding protein
CDK Cyclin dependent kinase
cDNA copy DNA
CHRPE congenital hypertrophy of retinal pigment epithelium
Cl Confidence interval
C0X2 Cyclo-oxygenase 2
CRC colorectal cancer
CREB Cyclic AMP response element binding protein
d-APC The first drosophila homologue of APC to be identified.
DCC Deleted in colon cancer
DCM Dichloromethane
del deletion
DPC4 Deleted in pancreatic carcinoma
Dsh Dishevelled gene
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e-APC The second drosophila homologue of APC to be identified
ENU Ethyl-nitrosurea
EO Ethylene oxide
F F statistic (variance ratio)
FAP Familial adenomatous polyposis
FISH Fluorescent in situ hybridisation
FzE3 Frizzled receptor (subtype E3)
GSK-3P Glycogen synthetase kinase 3p
GST Glutathione S transferase
MCA Heterocyclic amine
hDLG human homologue of drosophila lethal (1) discs large
HNPCC Hereditary non-polyposis cancer
ins insertion
LOH Loss of heterozygosity
LRP 5/6 LDL related protein 5/6
MCR Mutation cluster region
MCR Mutation cluster region
MDR1 Multi-drug resistance 1
Min Multiple intestinal neoplasia (mouse)
ML Maximum likelihood
MMR Mutation mismatch repair
Mom-1 Modifier of Min-1
mRNA message ribonucleic acid
MTHFR Methylene tetrahydrofolate reductase
MYH Human homologue of MutY
NAT1 N-acetyl transferase 1
NAT2 N-acetyl transferase 2
NES nuclear export signal
NMD Nonsense mediated decay
NSAID Non-steriodal anti-inflammatory drug
OMIM On line inheritance in man
OR Odds ratio
P Probability
PDZ A motif that can bind to the carboxy-terminal of APC.
PGHS2 Prostaglandin endoperoxide H synthase 2
PhIP 2-amino 1-methyl phenyl imidazo[4,5 -b] pyridine
PIN-1 Peptidyl-prolyl cis/trans isomerase
Post-MCR Post-mutation cluster region
PPAR-Ô Peioxisome proliferator-activated receptor 6
Pre-MCR Pre-mutation cluster region
PTC Premature termination codon
r Pearson product moment coefficient
Rb Retinoblastoma gene
RGS A motif within APC
ROC Receiver operator curve
SAGE Serial analysis of gene expression
SAMP A motif within APC
SD Standard deviation
SE Standard error (of mean)
SMAD4 Sma-Mothers-against-decapentaplegic
SNP Single nucleotide polymorphism
SPLA2 secretory Phospholipase A2
sub substitution
Tcf/Lef T cell transcription factor/ Lymphoid enhancer factor
TNF-a Tumour necrosis factor a
TS Tumour suppressor gene
Tubulin The subunit used to construct microtubules
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WNT wingless pathway
x-APC The xenopus homlogue of APC.
Z value Standard normal deviate
ZO-1/2 zona occludens 1/2
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Chapter 1 (Introduction) - Familial Adenomatous 

Polyposis (FAP): A mendelian cancer syndrome

1. Introduction and clinical features 

1.1.Overview

FAP (OMIM 175100) is an autosomal dominant disease which causes the formation of 

multiple colorectal polyps. These develop into early onset colorectal cancer (CRC). The 

classical disease is fully penetrant and fatal without treatment. FAP is caused by a 

mutation in one of the two copies of the APC (adenomatous polyposis coli) gene. 

Mutations are usually inherited but can also develop de novo. The syndrome is 

associated with extra-colonic manifestations, i.e. desmoids, duodenal polyps. 

Congenital Hypertrophy of Retinal Pigment Epithelium (CHRPE), epidermoid cysts, 

bone cysts and hepatoblastoma. The colonic cancer risk is best managed by surgical 

prophylaxis, e.g. colectomy. The apparent severity of the disease may vary within 

families.

1.2.FAP nomenclature and history

FAP is the preferred term used to describe Bussey-Gardner polyposis (Phillips et al. 

1994). Drs HJ Bussey and EJ Gardner were responsible for much of the detailed 

description and definition of FAP in the twentieth century, when it went by a variety of 

names. They are the intellectual fathers of the disease we know as FAP, although 

earlier workers^ such as Chargelaigue (1859), Virchow (1867) and Woodward (1881) 

had described hereditary polyposis.

The disease has had various names at various times, which have reflected the 

available knowledge of the condition: familial polyposis coli, familial polyposis

These references are cited in Phillips et al.(1994).
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syndrome, Gardner’s syndrome and others. FAP is now defined as Familial 

Adenomatous Polyposis to reflect its pan-intestinal nature. FAP is now also linked to 

the APC gene on 5q {APC : adenomatous polyposis coli). Gene and disease naming 

are driven by phenotype rather than genotype so the name FAP is unlikely to change.

1.3.Colonic pathology of FAP -  the principal disease manifestation

The outstanding feature of FAP is the relationship between colonic polyps and 

colorectal cancer. Patients with classical disease develop multiple adenomatous 

colonic polyps by their early twenties. One or more of these polyps develops into a 

cancer by the third to fourth decade of life and this event is fatal without surgical 

intervention. FAP associated colorectal cancers are indistinguishable from sporadic 

colorectal cancer, in isolation. The diagnosis of FAP is made by assessment of the 

colonic phenotype -  the presence of multiple (classically > 100) adenomatous colonic 

polyps along with microadenomas, and in most patients upper G.l. manifestations. No 

other genetic syndrome produces the same colonic phenotype.

The colon provides easy(ish) access to epithelial stem cells (located within colonic 

crypts) and neoplastic lesions at all stages of cancer development, e.g. via endoscopy. 

The sequence of events that generates colorectal cancer in FAP can be followed in 

detail because of the typically large number of lesions in a FAP colon. Therefore, FAP 

demonstrates the relationship between benign neoplasia (adenomas) and malignant 

neoplasia.

1.4.Colonic FAP Adenoma-dysplasia-carcinoma sequence

The FAP colon is identified as such by the presence of multiple polyps in early life. The 

polyps undergo a process of change with time called the adenoma-dysplasia- 

carcinoma sequence^. Microscopically the polyps are adenomatous lesions. Adenomas 

are benign neoplastic lesions that show progressive changes, i.e. enlarged crypt size.

 ̂Strictly speaking adenomas are dysplastic by definition. The adenoma-dyplasia-carcinoma term 
emphasises the progressive nature o f dysplasia as a component o f the adenoma-carcinoma sequence.
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dysplasia and abnormal morphology. In the context of FAP the word polyp and 

adenoma are essentially synonymous, unless indicated otherwise that is how they are 

used in this text. An FAP adenoma may develop into a cancer (a malignant neoplastic 

lesion). The sequence of changes can be described histologically (under the 

microscope) as the adenoma-dysplasia-carcinoma sequence but also as a parallel 

genetic/molecular pathway.

1.5. Adenoma defined

Adenomas are benign neoplastic epithelial tumours of glandular origin, which 

frequently retain their secretory function (Kumar et al. 1992). They show varying 

degrees of dysplasia in FAP and can be subtyped on morphological grounds -  tubular, 

tubulovillous, villous. The majority of FAP adenomas are small tubular adenomas which 

show mild dysplasia, i.e. atypical morphology, nuclear enlargement and nuclear 

stratification (secondary to loss of cell polarity). Dysplasia can be graded, albeit 

subjectively, into mild, moderate and severe subtypes depending on the proportion of 

the epithelial cell occupied by its cell nucleus.

1.6. Adenomas in colonic FAP

FAP adenomas vary in size. The smallest are not visible to the naked eye and may be 

no more than adenomatous change in a few colonic crypts -  termed microadenomas^. 

The smallest possible FAP adenoma is, therefore, the replacement of just one colonic 

crypt with adenomatous tissue, this is called a unicryptal adenoma. Unicryptal 

adenomas are frequently found in FAP colons. Classical FAP colons contain the full 

range of subtypes of colonic adenomas.

1.7. Dysplasia-carcinoma sequence in FAP

Polyps vary in size (roughly; 1mm - 2+ cm macroscopically); larger polyps have a 

higher chance of containing cancer (or severe dysplasia) than smaller polyps. An

 ̂Sometimes FAP unicryptal or oligocryptal adenomas have been termed aberant crypt foci (Paulsen et 
al. 2001.). Essentially all FAP unicryptal adenomas are dysplastic aberant crypt foci and they form a
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equivalent relationship exists for polyp morphology: larger polyps are more likely to 

have a villous component. In a similar manner the probability that a polyp will have 

acquired a set of genetic mutations is also a function of its size. As polyps enlarge the 

probability of malignant change in the polyp increases. FAP polyps will therefore 

develop into colorectal cancers, if left long enough. However, only a small minority of 

polyps becomes cancerous; this reflects the lethality of cancer more than the low 

likelihood of malignant change for an individual polyp. The development of cancer 

truncates patient survival -  in the absence of curative surgery. One can therefore never 

directly assess the rate of cancer formation as a function of polyp burden and time.

Only indirect measurements are available, e.g. age of onset of cancer, age of onset of 

symptoms. In a statistical sense the cancer could be thought of as an outlying 

observation from a population of polyps. Outliers are of very limited utility for drawing 

inference about the populations from which they are drawn.

1.S.The macroscopic FAP colon

The FAP colon contains a population of adenomas. The size of the population 

determines the risk of cancer development at a given age (Debinski et al. 1996). The 

size of the adenoma population can be used to diagnose the disease on phenotypic 

grounds, e.g. at colonoscopy. The size of the adenoma population is partly a function 

of the type of APC mutation that an individual has; this relationship is discussed in the 

‘Genotype-phenotype Correlation’ section.

1.9. Conventional diagnostic criteria

In the pre-molecular biology era the threshold for diagnosis of colonic FAP was the 

presence of at least 100 colonic polyps visible to the naked eye (Bussey 1975). 

Microscopically, the typical polyp is adenomatous and dysplastic. A typical case would 

also have a family history of the condition, although 10% of cases arise spontaneously 

(Bodmer 1999). A typical case of colonic FAP will contain about 500 to 1500 colonic

distinct population to those observed spontaneously or induced by carcinogens, which are not necessarily 
dysplastic.
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macroscopic adenomas, but the number can vary substantially, ranging from 100 -  

10,000. Macroscopically, a full range of adenomatous polyps (and subtypes) is usually 

present.

1.10. FAP colon adenoma size frequency distribution

The population of adenomas in an FAP colon contains members of variable size. The 

distribution of sizes within the population is a size-frequency distribution (a probability 

density function). The shape of this distribution is unknown. Neither is it known how the 

population of adenomas changes as an affected individual ages. It is generally 

assumed that small adenomas develop into large adenomas, which develop increasing 

degrees of dysplasia and ultimately become cancer. However this reasonable 

suggestion may be at odds with the stochastic nature of gene mutation. Different types 

of somatic gene mutation may have different levels of selective advantage, i.e. so that 

some polyps grow faster than others. So the size of an individual adenoma could 

equally be a response to the number, type and position of the gene mutations that an 

individual adenoma has acquired. For example, some types of APC ‘second hit’ could 

generate unicryptal adenomas, whereas other second hits generate oligo-cryptal 

adenomas and yet others generate large macroscopic adenomas. The difference 

between them a consequence of a mutation’s functional effect on gene product. These 

two contrasting viewpoints have a ‘chicken and egg’ relationship.

1.11.Colonic FAP and age/development

The developmental history of FAP adenomas is unknown in humans. Colonic FAP can 

be diagnosed by screening with dye-spray endoscopy in early teens, being usually 

asymptomatic (FriedI et al. 2001, Debinski et al. 1996, Nugent et al. 1996). Non

screened FAP cases often present with colorectal cancer at young ages (e.g. by the 

fourth decade of life); only 10% of FAP colorectal cancers occur prior to age 20 and 

cancers below the age of 10 are rare, although reported in the case literature (Eccles et 

al. 1997). it is, therefore, often said that FAP adenomas develop in early teens. An 

alternative viewpoint is that pre-teenage individuals at risk of FAP are not examined,
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because they are asymptomatic and are unlikely to develop life-threatening disease 

features. Therefore, there is a paucity of data for pre-teen FAP children. It is unlikely 

that human studies will ever be able to determine the developmental nature of colonic 

FAP, partly because of the disease’s rarity and partly because of ethical 

considerations. The development of colonic adenomas should therefore be considered 

with respect to the normal development of the colon (specifically colonic crypt 

generation). Animal models may offer the only practical insight into the age-polyp 

burden relationship. The limited animal evidence available is discussed in the section 

on animal models.

1.11. Atypical phenotype

Atypical colonic FAP has been called attenuated FAP and has been defined as fewer 

than ‘normal’ (i.e. <100) macroscopically visible adenomas in the colectomy specimen 

inherited as a dominant familial trait, by age 40 (Spirio et al. 1992; Leppert et al. 1990). 

Some members of affected pedigrees fall within the conventional criteria for colonic 

FAP. The disease tends to present later in life than classical FAP. Affected individuals 

may show other features of the disease e.g. duodenal adenomas. The condition is then 

diagnosed by an association with an identifiable APC germline mutation, a clear family 

history of the condition (some family members have disease which meets the classical 

diagnostic criteria whereas others are more borderline), or by demonstration of linkage 

to 5q22. Flowever, some cases do not show linkage to 5q (Stella et al. 1993), and 

therefore, there may be a component of locus heterogeneity involved in the condition.

There is some debate in the literature as to whether attenuated FAP exists. The crux of 

the argument rests with the assessment of colonic phenotype. Accuracy of colonic 

adenoma number estimation is dependent on method used, the gold standard is 

examination of the cleaned resected colon specimen. Many reports have used only 

colonoscopy. Colonoscopy may have less accuracy because of poor bowel 

preparation, video image resolution and operator technical ability. The sensitivity of
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colonoscopy is increased by using ‘dye-spray’; failure to dye-spray may be responsible 

for apparently lower numbers of adenomas being identified than is truly the case 

(Wallace et al. 1999). The age of the patient is also a factor because young children 

are expected to have fewer polyps than mature adults. However, no robust polyp- 

burden for age criteria are defined for attenuated FAP.

The method of ascertainment may have skewed the collective appreciation of the 

diagnostic criteria for classical FAP. Molecular genetics and case ascertainment by 

Polyposis Registries have identified individuals who have FAP but who do not fulfill the 

traditional criteria for diagnosis. When FAP was first recognised as a condition the 

majority of cases were identified through probands who developed bowel cancer in 

association with polyps, this may have skewed the case mix on which the original 

diagnostic criteria were defined. The diagnosis of FAP parallels technological advances 

in colonic surgery and imaging. This means that the oldest families identified by 

Polyposis Registries tend to have severe phenotypes. The introduction of endoscopy in 

the mid 1970s improved screening facilities. Therefore, the FAP population may be 

more diverse than previously thought.

The cut-off of 100 colonic adenomas for diagnosing FAP may be an artifact of the pre- 

molecular genetics era. The limit was introduced when clinicians had solely to rely on 

polyp counts to confirm the diagnosis. There was a need to distinguish FAP from other 

types of polyposis and sporadic adenomas. Inevitably, therefore, there was a trade-off 

between sensitivity and specificity. A limit of 100 colonic adenomas is highly specific for 

the diagnosis of FAP and while it is very sensitive it may not be 100% sensitive. It has 

recently been suggested that mutations at the MYH (a base excision-repair pathway 

gene) may produce a phenotype similar to low density FAP (Al-Tassan et al. 2002) but 

this condition is recessive so pedigrees should be qualitatively different from FAP 

families. The lower limit also makes no allowance for colonic mucosal surface area, so 

polyp number should be taken in the context of the size on the colectomy specimen. It
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also makes no allowance for age, except that the phenotype is expected to manifest by 

40.

The majority of identified mutations in APC responsible for attenuated FAP have been 

located at the extremes of the germline mutation distribution (see below) and within 

exon 9. There have also been reports associating the disease with large scale intra

genic /whole gene deletion (Pilarski et al. 1999) and occasionally within exon 15 (Ponz 

de Leon et al. 1999).

2. Molecular Genetics

2.1. The APC Gene

The APC gene product is a 2844 amino acid protein of molecular mass 312 kDa 

(Figure 1, p 27), it lacks extensive homology with other known proteins (Groden et al. 

1991, Kinzler et al. 1991). The structure and function of the gene and also the structure 

of the gene’s chromosomal locus are described below. The description is of relevance 

to FAP modifier genes because (theoretically) modifier genes may vary in their effect 

depending on the germline APC mutation. For example, FAP phenotype caused by an 

APC mutation, which generates an abnormal but stable protein product, might be 

influenced by a class of modifier genes which is different to that associated with other 

APC mutations, generating unstable APC protein product.
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Exon boundaries APC features

e xo n 1 —

exon 9 ----- 1_

exon 15

MGR —  
aa 1250- 
1400

Limit of 
detected 
mutations 
aa2000

Dimérisation aaO-171

NES1 aa67-78

NES2 aa165-174

Armadillo repeats 
aa453 -767

15aa Repeats 
aa1020, 1137, 
1155

SAMP repeats 
aa1580, 1729, 
2044

20aa Repeats 
aa1262,1376, 
1492, 1643, 
1848, 1953, 
2013

Basic region 
aa2200-2400

EB1 binding 
domain aa2560- 
2843

PDZ binding 
domain (hDLG) 
aa2842-4

Figure 1. The APC gene
The image shows the the major features of APC. The relative position of the exon boundaries are marked 
on the left as is the MGR. The 3' limit of detected mutation occurs at codon 2000 (approx.)

2.2.The APC gene locus

The APC gene locus is located on the long arm of chromosome 5 (5q22.1 -  q22.3) 

(Gen bank NM_000038). The locus encompasses about 91 000 nucleotides (introns 

and exons) and the gene is represented by 21 exons (Santoro and Groden 1997) of
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which 15 constitute the major coding sequence. The remainder are mostly 5’ 

untranslated sequences. The bulk of the coding sequence is contained within exon 15 

(aa 653 -  aa 2844). The 5’ (amino- end) of the gene is spread over 14 small exons, 

which are distributed unevenly through the APC locus. Exons 8 - 1 5  are distributed in 

the last third of the locus. The size of the locus indicates that the meiotic recombination 

rate will be less than 1 % per division (assuming a recombination rate of 1 % per 1 Mb of 

chromosomal DNA). This has implications for potential modifier gene mechanisms, for 

example, variation attributable to cis acting alternative splice control mechanisms 

associated with the mutated APC gene are unlikely to produce much within-family 

variation because the probability of recombination between generations is too low to 

generate the observed variation.

2.3. APC mRNA and alternative transcription

The APC gene transcript undergoes alternative splicing to generate different mRNA 

isoforms. The coding sequence of APC usually contains 15 exons and this constitutes 

the majority transcript. APC can undergo alternative splicing to add additional exons 

(i.e. 10A and 5’ untranslated sequences) and eliminate normally included exons (e.g. 

exon 1,6, 7, 9-  Oshima et al. 1993, Thiiveris et al. 1994, Sulekova et al. 1995, Santoro 

and Groden 1997). Alternative exon splicing has been suggested as a mechanism that 

could generate attenuated FAP and modify severity (Samowitz et al. 1995). For 

example, a mutation contained within exon 9 (nt 934 -  1236 (Groden et al. 1991)) 

could be eliminated from the mRNA transcript by alternative splicing and hence lower 

the concentration of abnormal truncated protein product within a cell.

Low levels of minority mRNA transcripts can be detected in most tissues studied 

(Oshima et al. 1993), although methodology differs and some researchers have been 

unable to replicate other's findings (e.g. Santoro and Groden (1997) were unable to 

confirm Oshima et al.'s (1993) finding of alternative splicing of exon 7). Some 

transcripts may not be capable of generating protein because they contain nonsense
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changes or lack Kozack consensus sequences required for the initiation of translation 

(Santoro and Groden 1997; Sulekova et al. 1995). For example, exon 1 contains a stop 

codon 6 nucleotides upstream of its initiation codon (re-initiation restarts 3’ to this 

almost immediately within exon 1), therefore any exon 5’ to exon 1 (there are four) will 

be unable to translate a larger APC gene product. The most consistent findings of 

alternative transcription have been reported for exon 9, exon 10A and exon 1.

The physiological significance of alternative splicing of APC mRNA is unclear. 

Alternative splicing of exon 9 generates a minority isoform, which is ubiquitously 

present, but this region does not contain any of the features that are critical for known 

APC function. Santoro and Groden (1997) were able to demonstrate that alternative 

splicing of exon 1 is linked to differentiation status of post-mitotic cells. Terminally 

differentiated tissues such as cerebellum, cerebrum, skeletal muscle and heart muscle 

express an APC RNA isoform, which lacks exon 1, in contrast to cells with a generally 

higher cellular turnover, i.e. primary fibroblast, spleen, liver, kidney and intestine.

Some transcripts can have fairly major functional implications, e.g. alternative splicing 

of exon 1 eliminates homodimerisation regions (Samowitz et al. 1995; Santoro and 

Groden 1997) and the first nuclear export signal (NESI).This may have a physiological 

consequence for the cellular localisation of APC protein product. Some authors (Su et 

al. 2000) have shown that additional somatic mutations occur in the mutant APC allele 

suggesting that partial function remains. It has been demonstrated that for exon 9 APC 

mutations additional distal somatic mutation occurs on the mutant allele. This then 

indicates that such an allele has partial function -  probably due to alternative splicing.

2.4. The APC gene nucleotide and amino acid features

The APC protein product is a large protein, which has multiple functions that may vary 

through the cell cycle. The protein has little homology with other known proteins apart 

from its homologue APC2. APC interacts with the WNT signaling pathway via the
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regulation of p-catenin. APC localises to epithelial adherens junctions and is normally 

distributed at the basolateral parts of the cell membrane. It has also been shown to be 

associated with microtubules. APC normally resides in the cytoplasm/cell membrane 

fraction of the cell. In some situations it can also be found in the cell nucleus. The 

cellular localisation and function of APC are discussed below in greater detail.

2.5. Methodological difficulties with APC protein analysis

Since the recognition of APC as the causative gene of FAP, knowledge about its 

function has accumulated. The bugbear of APC protein analysis is generating 

antibodies that reliably and consistently recognise it, both in vitro and in vivo, and also 

recognise mutated forms of APC. The most reliable antibodies have been developed 

against the ami no-term in us (nucleotides -15 to 734) end of the gene (Smith et al.

1993) and are capable of recognising epitopes located in the first 6 exons of the gene. 

Researchers have reported antibodies specific for the carboxy-terminus, but the utility 

of these has been inconsistent. Published antibodies seem to work best in vitro on 

denatured native APC. Gene-fusion experiments have generated much of the 

functional APC data; these often rely on non-antibody labeling approaches for analysis, 

e.g. epitope tags or reporter genes.

The amino terminus has significant secondary and tertiary structure and this may have 

consequences for histological labeling of wildtype APC. For example, it has been 

suggested that the protein is present as a homodimer linked to the cytoskeleton at 

epithelial adherens junctions. If true, then the interaction could conceivably abolish 

epitope sites for antibody recognition. Tertiary and secondary structure disruption may 

also eliminate epitopes in APC mutants; this effect is more likely if the APC mutation is 

at the extreme 5’ end of the gene (i.e. exons 1 -  6). Some alternatively spliced 

transcripts may produce similar effects (e.g. Samowitz et al. 1995, Santoro and Groden 

1997). One of the proposed mechanisms of attenuated FAP (associated with 5' APC 

mutations) is re-initiation of translation 3’ to the APC mutation. If proteins are generated
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by such a mechanism, they would be expected to lack epitopes recognised by 

established 5’ anti-APC antibodies. The antigenic resistance of APC is probably due to 

its highly conserved nature across species, which in turn underlies the importance of 

the gene.

The identification of protein partners of APC has been difficult because of the lack of 

homology with other proteins (Groden et al. 1991). Various methods have been 

employed but most use cDNA libraries to express proteins that have then been tested 

against APC fragments or whole gene product. The major interacting partner of APC, 

P-catenin, was demonstrated in this way (Rubinfeld et al. 1993, Su et al. 1993), as was 

the interaction with hDLG (Matsumine et al. 1996). However, these approaches may 

lack sensitivity in some situations because;

1. They may not reflect the in vivo bioavailability of partner molecules; i.e. the cDNA 

library may not express all interacting protein partners, e.g. the use of brain cDNA 

libraries when APC exerts its pathological effects in colonic epithelium.

2. Interaction may require post-translational modification (e.g. cell cycle dependent 

phosphorylation or signaling induced phosphorylation) which is not re-capitulated in 

cDNA expression libraries.

3. Complex interaction, which requires tertiary or quaternary structure in protein 

partners, may not be identified, because the cDNA expression libraries are 

monoclonal expression systems. For example, a protein which interacts with a 

heterodimer may not detect either partner if both are required together to form a 

binding site.

4. Epitope recognition of APC could theoretically interfere with protein partner binding; 

this can usually be solved by using multiple antibodies. However there is a paucity 

of such antibodies for APC.

Specific features of the gene are discussed below.
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2.6. The amino terminus and oligomerisation

Cellular APC protein is found as a homo-dimer (Su et al. 1993). The interaction is 

mediated at the amino-terminal end of the gene; the first 45 amino acids are necessary 

for the interaction and as few as the first 171 amino acids are sufficient. The interaction 

is mediated by coiled-coiled secondary structure, coded by the first four exons. The 

finding that the first 171 amino acids are sufficient for homo-dimerisation has 

implications for mutant APC alleles, which generate a stable protein product. The 

majority of alleles produce truncated APC product and are 3’ to exon 4 (mostly within 

exon 15). Therefore, they are fully competent to homodimerise with native APC, thus 

raising the possibility of a dominant-negative mode of action.

The requirement for homodimerisation may not be absolute for APC function. It has 

been suggested (Samowitz et al. 1995) that attenuated FAP could arise from 

alternative transcription, which includes elimination of exons 1 through 4 (i.e. loss of the 

oligomerisation domains) with the re-initiation of translation further distally (3’). 

Therefore, there may be some redundancy of cellular localisation signals. The 5’ 

oligodimerisation domain may influence the pathogenic potential of classical mutant 

APC alleles, which otherwise lack cellular localisation features. For example, by 

dimerising to the wild-type APC product the mutant APC may be co-located (using its 

wildtype partner’s carboxy-terminus) to basolateral adherens junctions, where WNT 

signaling transduction is processed.

2.7. Heptad repeats

Groden et al. (1991) analysed the APC gene and found that the first 1000 amino acids 

are characterised by a paucity of proline residues and multiple heptad repeats (apolar- 

X-X-apolar-X-X-X: X any amino acid). This suggests the formation of a-helical rods; 

these then contribute to the oligomerisation and armadillo domains.
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2.8. Armadillo motifs

APC contains seven armadillo motifs - aa 453 -  767 (nt 1359 -  2301) (Groden et al. 

1991). The function of armadillo repeats in APC is unknown, although the armadillo 

motif (a repeating 42 aa semi-conserved structure) is found in other proteins with 

diverse cellular roles (Peifer et al. 1994).

The armadillo repeats are so called (ironically) for their resemblance to a repeating 

amino acid motif found in the Drosophila protein armadillo (the homologue of human p- 

catenin). The armadillo repeats in p-catenin are responsible for the interaction of p- 

catenin with its binding domains on APC -  the APC armadillo repeats do not interact 

with p-catenin however.

Aramadillo repeats form a superhelix of a-helices that features a long positively 

charged groove (Huber et al. 1997). In Drosophila Armadillo the groove is responsible 

for protein effector function (i.e. interaction with E-cadherin, APC and Tcf/ Lef).

Armadillo motifs are weakly conserved between different proteins (30%) but highly 

conserved between species -  where homologues exist -  e.g. repeat 1 of Drosophila 

Armadillo is 90% identical to repeat 1 of human p-catenin. This indicates that the 

functional protein interactions between species are highly conserved. Therefore, APC 

armadilllo repeats are likely to mediate some currently unknown protein-protein 

interaction.

2.9 .15aa repeats -  p-catenin binding

Su et al. (1993) demonstrated that APC can independently bind p-catenin (and also a- 

catenin with lesser affinity) at a series of three 15 amino acid repeats (nt3060 -  3105; 

3410 -  3453; 3466 -  3509). The binding mechanism was independent of E-cadherin 

(which binds to both a- and p- catenin). Their functional role is unknown but they may 

be functionally important in the APC-p-catenin nuclear shuttle (see below). For
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example, the 15aa repeats could bind nuclear p-catenin while the -p-catenin complex is 

exported from the nucleus.

2.10. 20aa repeats -  p-catenin degradation

Rubinfeld et al. (1993) demonstrated that APC may also associate with p-catenin at the 

20 amino acid repeats (nt 3786 -  6099), which contain some homology to the p-catenin 

binding motifs in E-cadherin (ser-leu-ser-ser-leu). These repeats are frequently lost in 

mutated APC alleles and are involved in the degradation of p-catenin via a complex 

formed with conductin/axin and GSK3p. p-catenin mutations and dysfunction are 

implicated in many cancers. See below for a fuller description of WNT signaling 

pathway and cancer. The region around the 20aa repeats is important for APC function 

because most somatic APC mutations cluster in that region. There is a debate as to the 

most critical element in this region, i.e. 20aa repeat or SAMP repeat. The division may 

be artifactual in the sense that both SAMP repeats and 20aa repeats are involved in 

APC’s catalytic functions. See below for further discussion.

The 20aa repeats start at codons 1262, 1376, 1492, 1643, 1848, 1953 and 2013 

(Groden, Thiiveris et al. 1991). The consensus sequence is phe-X-val-glu-X-thr-pro-X- 

cys-phe-ser-arg-X-ser-ser-leu-ser-ser-leu-ser (X - any amino acid). It has been 

suggested that somatic APC mutation is selected for on the basis of an optimal number 

of retained 20aa repeats remaining in the mutant APC (Smits et al. 2000 and 

Albuquerque et al. 2002).

2.11. SAMP repeats - RGS axin/conductin recognition

APC contains three SAMP (ser-ala-met-pro) repeats (located nt 4741-4752, 5187- 

5198, 6133-6144). Behrens et al. (1998) demonstrated that conductin (an axin 

homologue) interacts with APC via its RGS domain {axin has a similar domain). The 

RGS domain binds to a SAMP repeat. Anchored axin/conductin binds p-catenin with 

APC and allows GSK3p to phosphorylate bound p-catenin. This is the first step in the
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degradation of p-catenin. FAP phenotype severity has been linked to number of 20aa 

repeats eliminated (Rubinfeld et al. 1997) by a given APC mutation, the greater the 

number of repeats lost, the greater the inability to down regulate p-catenin. However, 

their experiments used APC constructs of varying sizes which also contained SAMP 

repeats. The SAMP repeats are interposed between the 3̂  ̂and 4̂ ,̂ and 5*̂  and 

carboxy to the 20 amino acid repeat respectively. Specific mutation of SAMP 

repeats (preserving the adjacent 20 aa repeats) prevents conductin binding to APC. 

Furthermore, von Kries et al. (2000) were able to demonstrate that direct APC-p- 

catenin interaction (mediated by the 20aa repeats) is not required for p-catenin 

degradation as long as the SAMP repeats are intact (to mediate indirect binding via 

axin/conductin). Therefore, it has been suggested that abolition of SAMP repeats is the 

more important mechanism for mutations in APC to exert their pathogenic effects 

(Polakis 1999).

2.12. Basic domain -  tau homology?

APC contains a 3’-carboxy domain characterised by the presence of multiple basic 

amino acids (Groden et al. 1991), which spans amino acids 2200 to 2400. This has 

been postulated to interact with the cellular cytoskeleton. Evidence for an APC-tubulin 

interaction has been provided by deletion-mutation experiments that demonstrate the 

spatial association of APC and micotubules (Munemitsu et al. 1994; Smith et al. 1994).

The microtubule interaction may be direct or indirect. Deka et al. (1998) have claimed 

that an APC fragment (aa 2219 -  2580) is able directly to bind to non-assembled 

tubulin with high affinity, induces concentration dependent microtubule bundling and 

induces tubulin assembly. They claimed that its biochemical behaviour and sequence 

show homology to a family of microtubule binding proteins called tau (aa 2244 -  2312) 

but the degree of homology was weak (27% identity, 36% similarity). Furthermore, their 

‘tau’ region of APC does not contain the tau repeat domains that are sufficient for tau’s 

direct interaction with tubulin (Brandt and Lee 1993). The homology is with a portion of
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the tau amino regulatory domain. There may be an alternative explanation for their 

observations because the involved APC region is close to that which binds EB1 (see 

below). The majority of APC-microtubule interaction experiments rely on brain purified 

tubulin. Therefore there may be a risk of contamination with EB1, possibly indicating 

that the APC-microtubule interaction is wholly indirect rather than direct.

Inter-species comparisons of APC may give insight into the relative importance of the 

different APC domains. Drosophila-APC(d-APC) '‘shows high homology to mammalian 

APC (Hayashi et al. 1997, Yu et al. 1999) as does xenopus APC (x-APC) (VIeminckx et 

al. 1997). The majority of domains are conserved between the species: armadillo 

repeats, 15 amino-acid repeats, 20 amino acid repeats and SAMP repeats. The 

inclusion of the basic domain in d-APC is intriguing because it contains weak homology 

to microtubule associated protein 4 and probably lacks an EB1 binding site (d-APC 

truncates at aa 2416, while h-APC EB1 binding domains spans aa 2560 -  2843). 

Therefore APC may bind microtubules independently of EB1. The other two notable 

features lacking in d-APC are the amino oligomerisation domains and the hDLG 

binding motifs. This may mean that in drosophila APC does not function as a 

homodimer. Conversely, if APC function is preserved between species then 

homodimerisation may be less important for the function of human APC because of its 

absence in drosophila APC.

Zumbrunn et al. (2001) demonstrated that APC interacts in vivo with microtubules in at 

least two places, a carboxy-terminal interaction and a more proximal interaction, which 

remains in truncated mutants.

There are two forms o f APC found in drosophila and these are loosely analogous to the two forms o f h- 
APC. The initial d-APC (Hayashi et al. (1997) is heavily expressed in the developing nervous system and 
corresponds to APC2 (van Es et al. 1999, Nakagawa et al. 1998). Yu et al. (1999) identified a drosophila 
APC (e-APC: epithelial) which corresponds to conventional human APC. Mammalian forms o f APC2 
lack the oligomerisation domains, the 15 amino-acid repeats, the basic domain and the DLG binding 
domain. Conserved features indicate that beta-catenin degradation (via the 20aa and SAMP repeats) is the 
most heavily conserved function. The EB1 binding domain and hDLG binding domain are features which 
are unique to human APC.
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The carboxy-terminal interaction is responsible for microtubule stabilisation and is 

modulated by phosphorylation in a cell cycle specific manner. However there is 

inconsistency in the literature. Both Munemitsu et al. (1994) and Smith et al. (1994) 

were unable to demonstrate the association of APC and microtubules with APC 

truncated up to codon 1941. Conversely, Zumbrunn et al. (2001) were able to 

demonstrate microtubule binding before this point as were Fodde et al. (2001).

Similarly Kaplan et al. (2001) demonstrated that APC kinetochore localisation was 

dependent on microtubule stability, even though its microtubule stabilising properties 

are abolished by mitosis-associated phosphorylation. A possible explanation for the 

paradox is the pattern of APC phosphorylation and the influence that this has on 

protein-protein interactions. It seems reasonable to conclude that the basic domains 

stabilise microtubule formation during interphase and that EB1 indirectly binds to 

microtubules and APC. Furthermore there may be a third proximal binding site towards 

the middle of the gene, which is of importance during metaphase.

2.13. EB1/RP1 domains

Su et al. (1995) identified a novel protein they called EB1 as being capable of 

interacting with the carboxy-terminal of APC (aa2560 -  2843). Further work (Juwana et 

al. 1999) has shown that it is a member of a highly conserved family of proteins, which 

interact with tubulin -  the EB1/RP1 family (EB1, RP1, RP3) -  a key cytoskeletal and 

cell spindle protein. Members of this family are of interest because of the 

consequences of mutation in their yeast homologues (BIMIp, Mal3, YEB1). Mutations 

in the yeast homologue proteins cause mitotic spindle defects and EB1 mutation 

abolishes the normal response of budding yeast (S. cerevisiae) to cold environments. 

Cold environments slow the transfer of nuclear material to the bud and then produce 

delayed cytokinesis (Tirnauer et al. 1999, Schwartz et al. 1997). Therefore, it has been 

suggested that EB1/RP1 acts as a mitotic check-point control, which stops daughter 

cell separation if the mitotic spindle is delayed (Muhua et al. 1998). The control will also
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sense the delay produced by errors of spindle orientation and then arrest cell division, 

to allow recovery.

Loss of EB1 function may be responsible for chromosomal instability; a phenomenon 

frequently (80%) observed in colorectal cancers. This manifests itself as aneuploidy 

and chromosomal rearrangement. APC may be responsible for the chromosomal 

instability seen in the later stages of colorectal cancer. APC mutations typically 

eliminate carboxy-terminal features; the loss of EB1 binding capability suggests a 

functional link with chromosomal instability via disruption of the mitotic check-point 

control, which senses spindle miss-orientation.

The importance of EB1/RP1 in the pathogenesis of FAP is suggested by the fact that 

mutation of EB1/RP1 genes occurs independently in sporadic colon cancer. RP1 is 

located on chromosome 18q21 (Wadle et al. 2001); this locus is deleted in 50% of 

patients with colorectal cancer. LOH at 18q21 may be associated with poor survival 

probability for patients with colorectal cancer (Jernvall et al. 1999, Ogunbiyi et al. 1998, 

Papadimitrakopoulou et al. 1998). Thus, the occurance of mutation at the EB1 locus 

may be a requirement for CRC progression. This suggests that APC mutations may act 

in different ways at different points in the process of carcinogenesis. Possibly in early 

lesions p-catenin dysfunction is critical but in later lesions (CRC) microtubule 

interactions also play a part -  the generation of chromosomal instability. This may be 

related to EB1/RP1 function, although other tumour suppressor genes in the region are 

possible e.g. DCC -  deleted in colon cancer.

2.14. hDLG domain -  APC dimer or multimer?

The extreme 3’, carboxy end of the APC gene product contains the S/TXV motif (S/T, 

serine or threonine; X any amino acid; V, valine), which can interact with the PDZ 

domain of hDLG (the human homologue of Drosophila lethal (1) discs large -  1 tumour 

suppressor gene) - Matsumine et al. (1996). APC interaction with hDLG negatively
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regulates cell cycle progression from G0/G1 to S phase (Ishidate et al. 2000).

Disruption of this effect may contribute to the pathogenicity of truncated APC mutants 

because APC S/TXV motif loss is nearly universal in APC mutants, so far described.

hDLG contains three PDZ domains. PDZ domain containing proteins (family members: 

hDLG, PSD-95, PSD-93, SAP 102, ZO-land ZO-2 (Craven and Bredt 1998) have been 

shown to associate with membrane bound proteins to induce protein clustering. PDZ 

domains are a target of proteins associated with tumorigensis (human papilloma virus 

E6 oncoprotein, adenovirus E4 oncoprotein and human T cell leukaemia virus type 1 

Tax protein) -  (Kiyono, et al. 1997 and Lee et al. 2000). These data suggest that 

disruption of the APC-hDLG interaction could contribute to cancer progression.

Native APC can block cell cycle (Baeg et al. 1995) by inhibiting the transition from 

G0/G1 to S phase. Some APC mutations at the extreme 3’ end of the gene appear to 

be p-catenin degradation competent (implying in vivo mutant protein stability and 

normal intracellular APC dosage) and only lack features such as the hDLG binding 

motif (Miyoshi et al. 1992, Pedemonte et al. 1998 Korinek et al. 1997, Morin et al.

1997). Cell culture mutant hDLG transfection experiments have demonstrated that 

hDLG inhibits the transition from G0/G1 to S phase of the cell cycle, i.e. blocking cell 

cycle. Mutant hDLG (which fails to block cell cycle) partially inhibits the ability of APC to 

block cell cycle. APC mutants fail to block cell cycle, they also lack the three carboxy- 

terminal TSV amino-acids (i.e. hDLG binding site). Therefore, hDLG may be an effector 

pathway for some of APC’s cell cycle blocking activities.

A clue to hDLG’s normal function comes from the study of Drosophila neuro-muscular 

junctions (NMJs) -  Craven and Bredt (1998). DLG mutants develop normal NMJs in 

early lava I stages but these fail to develop properly as the organism grows. A possible 

reason is that DLG clusters Fasciclin II, which then stabilises the inter-cellular junctions 

(synapses). Protein clustering at specialised cell membrane sites may be critical for
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effective signal transduction and cell function (e.g. at a synapse or adherens junction). 

Perhaps this is similar to the APC-hDLG-E-cadherin situation, the carboxy-terminus of 

APC aggregating molecules involved at the tight and zona-occludens junctions. This 

could stabilise the intercellular junctions between epithelial cells and help the cell 

achieve apical-luminal polarisation. Whereas in the neuron, stable synapses are 

required for proper neuro-epithelial function, in the colonic epithelium lateral growth 

inhibitory messages are mediated by stable adherens and tight junctions. APCs/hDLG 

role at intercellular junctions may therefore simply be the physical linking of 

cytoskeletal (the plus end of the microtubule) and junctional molecules, thus producing 

epithelial stabilisation.

Structure analysis of hDLG suggests that it may exert a major action as a cross-linking 

molecule. Multiple PDZ domain containing proteins may form a ‘backbone’ that links 

together functionally related proteins. Disruption of the backbone could disrupt function 

by dispersal of proteins, which need spatial colocalisation to function optimally. Work 

studying neuro-epithelial Shaker-type K+ channels confirms the interaction between 

PDZ bearing transmembrane proteins and members of the PSD family (e.g. hDLG). 

hDLG contains three PDZ binding sites that interact with carboxy tails of 

transmembrane proteins. hDLG and other PSD containing proteins induce protein 

clustering in a diverse range of tissues. The protein clusters have specialised function, 

e.g. neurotransmitter communication at the synapse (Kim et al. 1995, Kornau et al.

1995). Furthermore hDLG is localised to the lateral cell borders of colonic epithelial 

cells (basal to the adherens junctions) and APC spatially colocalises at the cell 

membrane with hDLG.

To complicate matters futher, hDLG is not the only candidate PDZ containing gene in 

the vicinity of APC at the cell membrane. Close to the adherens junction in the colonic 

epithelial cell is the zona occludens (the tight junction, which ‘waterproofs' intestinal 

epithelia). Two molecules ZO-1 and ZO-2 both constitute part of the epithelial cell tight
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junction and have high homology to hDLG (ZO-1 contains the same number of PDZ 

domains). Therefore, they may also bind the APC carboxy- terminal. The original 

identification of hDLG as an APC partner protein identified a protein sequence that 

spanned hDLG amino acids 199 to 507. The sequence contains two and half of the 

PDZ domains common to this family of molecules (Kim et al. 1995). Therefore, it is 

possible that proteins which share the same number of PDZ domains, which localise to 

the cell membrane and are present in colonic epithelium, could also interact with APC. 

Furthermore the original work of Matsumine et al. (1996) used a human brain cDNA 

library for the two-hybrid screen and an embryonic mouse brain lysate for their in vivo 

binding studies. The detection of APC protein partners could have been influenced by 

patterns of gene expression in these systems.

The final twist in the APC-hDLG tale comes from consideration of APC as a dimer. If, 

APC forms homotypic amino-terminus interactions it could reasonably be considered a 

dimer. However since hDLG contains multiple PDZ binding domains it could 

conceivably cause the cross-linking of APC at the cell membrane, generating a much 

larger protein complex, i.e. a tandem complex is generated because of amino- and 

carboxy- interactions. This suggests a mechanism for extreme 3’ mutations to disrupt 

APC function. APC mutations that are produced by extreme 3’ mutations may cause 

WNT signal transduction instability. Partial failure of APC localisation due to 

insufficient cross-linking might allow un-phosphorlyated p-catenin to ‘leak’ into the 

nucleus because local epithelial cell junction APC concentrations are insufficient to 

regulate p-catenin fully, i.e. there is local insufficency of APC at the cell membrane, cf. 

global insufficiency of APC secondary to hemizygosity, NMD etc.
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3. Protein Function

3.1. Phosphorylation sites -  switching APC on and off

APC undergoes phosphorylation (Rubinfeld et al. 1996,Trzepacz et al. 1997, 

Bhattacharya and Boman 1995) at serine-proline and threonine-proline motifs. The 

distribution of the motifs is weighted towards the carboxy-end of the gene. There are 

two types of phosphorylation. Phosphorylation around the 20aa repeats is involved in 

the degradation of p-catenin. Carboxy-phosphorylation modulates APC in a cell cycle 

specific manner. Both full length and truncated APC protein are normally 

phosphorylated. Protein kinase A and GSKSp phosphorylate APC, a type of 

phosphorylation, which is required for the binding and degradation of p-catenin. Axin, 

GSKSp and APC create a catalytic site that phosphorylates p-catenin. Phosphorylation 

of APC in this region may be important for this function.

In addition, APC is phosphorylated at serine/threonine-proline motifs. Phosphorylation 

at S/T-proline sites is characteristic of the activity of cyclin dependent kinases (e.g. 

Cdc2c-cyclin B1 complex; CDK p34‘̂ ‘̂ '̂ )̂, which are temporally restricted to the mitotic 

(M) phase of the cell cycle. APC contains 11 Cyclin dependent kinase (CDK) 

consensus phosphorylation sites - (S/T) PX(R/K) -  which cluster toward the carboxy- 

terminal. Full length APC co-immuno precipitates in vivo with CDK p34̂ "̂̂  ̂in cells 

during M phase and recombinant CDK p34'̂ '̂ ‘̂  ̂phosphorylates APC in vivo (Trzepacz et 

al. 1997). These data suggest that APC’s carboxy-terminal functions can be directly 

regulated at specific points during the cell cycle.

Kaplan et al. (2001) were able to demonstrate that APC is a target for BUB1 kinases, 

which phosphorylate proteins in a cell cycle specific manner. They were able to 

demonstrate in vitro that APC is a target, especially if it has undergone prior
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phosphorylation by GSK3|3 (which phosphorylates the middle third of the gene). 

Phosphorylation in this section of APC may be important for microtubule binding.

Hypothetically and from a mutational perspective, phosphorylation of APC’s carboxy- 

tail (c1500 and onwards) modulates this regions functions; truncating mutations render 

APC's carboxy-tail functions fixed. If phosphorylation inactivates carboxy-tail function 

then truncated mutant APC could be considered as being permanently configured for M 

phase -  i.e. the 3’ tail is permanently 'switched off. It is plausible to assume that 

carboxy-tail phosphorylation of APC is likely to produce inactivation of function rather 

than gain. This theory simply reflects the behaviour of other microtubule-associated 

proteins (e.g. tau), which are phosphorylated in a similar manner to become inactive 

during M-phase. It also reflects the mutational observation that functional carboxy- 

domains inhibit cell cycling -  a process that is inactive during mitosis, e.g. EB1 and 

hDLG. During interphase APC associates with and stabilises microtubules; in contrast 

during mitosis the cytoplasmic microtubule arrays de-polymerise, while microtubules 

become less stable, more dynamic and participate in mitotic spindle formation 

(Zumbrunn, Kinoshita et al. 2001). The modulation of APC phosphorylation may 

participate in this.

APC gene function may be further decreased during mitosis by resistance to p-catenin 

binding mediated by PIN-1 (Ryo et al. 2001). The serine '̂^^-proline motif of p-catenin is 

very close to its APC binding domain, p-catenin is phosphorylated during mitosis in a 

manner similar to APC. PIN-1 causes cis to trans isomérisation of phoso-Ser '̂^^-Prolyl 

(Ranganathan et al. 1997, Yaffe et al. 1997, Zhou et al. 2000) of p-catenin, this then 

prevents p-catenin binding to APC. Possibly, p-catenin then accumulates in the 

nucleus and activates WNT pathway transcriptional targets. The net effect of M-phase 

associated APC phosphorylation may be the abrogation of APC function either directly 

(phosphorylation of APC) or indirectly (phosphorylation of p-catenin). From a
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mutational perspective, truncating mutations (proximal to the p-catenin binding 

domains) may generate an APC product wholly configured for mitosis.

3.2. Import-export functions of APC -  mopping up nuclear p-catenin

APC contains nuclear export sequences in its coding sequence and can be visualised 

in the cell nucleus but at a much lower concentration than at the cell membrane 

(Neufeld and White 1997). APC contains several candidate nuclear export sequences 

(LxxLxOO where O may be L,l, M or V). Mutation deletion experiments indicate that the 

strongest activity resides with the amino sequences NES1 (codons 67-78) and NES2 

(codons 165 -  174) (Neufeld et al. 2000, Henderson 2000,Rosin-Arbesfeld et al.

2000). No nuclear import signals have been identified in the APC sequence, so it is 

uncertain how APC can translocate to the nucleus in interphase cells. APC could enter 

by simple passive diffusion and some could be entrapped after mitosis when the 

nuclear membrane reforms.

The physiological role of the nuclear shuttling function of APC is unclear. A possible 

explanation is the rapid exclusion of p-catenin from the nucleus. From a signaling 

perspective this could represent a form of signal damping. Physiologically secreted 

WNT glycoproteins inhibit APC function and allow p-catenin to migrate to the nucleus. 

Once the external WNT signal is lost cytosolic APC will rapidly clear p-catenin from the 

cytoplasm. However in the absence of a nuclear clearance mechanism, p-catenin may 

continue to effect target gene transcription out of synchronisation with the external cell 

environment. Furthermore, in the absence of a specific export pathway, p-catenin 

would only be able to leave the nucleus by diffusion, which may be impeded by nuclear 

membrane and/or DNA binding sites, and is a relatively slow process. The APC nuclear 

shuttle could prevent this happening, by rapidly clearing nuclear p-catenin. The effect 

would be to increase the dynamic response to loss of WNT signal, i.e. switching the 

signal off as opposed to it fading away. The nuclear export effect may be exaggerated 

at various points in the cell cycle by de-localisation of cell membrane bound APC, in
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response to WNT signaling because this also results in axin degradation via an LRP5/6 

interaction (Zorn 2001). The destruction of axin causes APC to dissociate from the 

complex which degrades p-catenin. This may allow APC to pool in the cytoplasm and 

then migrate to the nucleus en masse thus potentially amplifying the effect around 

mitosis.

Whatever the exact physiological role of the APC nuclear shuttle. Its dysfunction could 

potentially have pathogenic consequences for the cell. Potential processes may 

include loss of APC exon 1 via alternative splicing or re-initiation of translation. These 

would generate protein that would lack NES1 and NES2, the strongest export signals. 

Potentially, this allows ‘leaky’ signaling via p-catenin because of failure to exclude 

nuclear p-catenin. Whether such a hypothetical mechanism contributes to mutant 

APC’s pathogenic properties is debatable. The central portion of APC efficiently down- 

regulates p-catenin (Munemitsu et al. 1995) and the 20aa repeats are claimed to have 

nuclear export function (Rosin-Arbesfeld et al. 2000). So probably the major p-catenin 

degradation properties would dwarf those of the nuclear export shuttle.

3.3. Overview of WNT signaling pathways and the down-stream targets of 

p-catenin

3.3.1.p-catenin the principal target of APC

APC functions in a complex manner.This has implications for the identification of 

candidate modifier genes. If APC exerts its pathogenic actions by diverse pathways 

then there may be several classes of modifier genes. Conversely if one pathway is 

more important this may be the site for modifier gene action. This section reviews the 

molecular/cellular context of APC action, with respect to the WNT signaling pathway 

and p-catenin specifically.
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The majority of APC mutations, identified so far, impair the cellular degradation of p- 

catenin. Abnormalities of p-catenin have a multiplicity of effects on the cell, and have 

also been implicated in carcinogenic processes independently of APC mutations. The 

principal down-stream targets of p-catenin are outlined below. The weight of evidence 

for their individual carcinogenic actions strengthens the argument that APC exerts its 

tumour suppressing activities primarily via p-catenin -  as opposed to other carboxy- 

domain interactions. APC and p-catenin are both components of the highly evolutionary 

conserved WNT signaling pathway, which mediates embryonic cell fate determination 

and specification of body axis - the planar polarity signal (Dale 1998; Bienz and 

Clevers 2000).

3.3.2. The WNT pathway in health

The WNT pathway (WNT/INT/MMTV integration site -  Wingless, a Drosophila mutant) 

consists of a secreted glycoprotein component (the WNT family), a transmembrane 

receptor (the /r/zz/ed family), which are coupled to alteration of gene transcription by a 

signal transduction system which is composed of dishevelled, GSKSp, p-catenin and 

APC. WNT signaling causes inhibition of GSKSp that in turn allows p-catenin to remain 

un-phosphorylated, accumulate in the cytoplasm and then translocate to the nucleus 

(probably in direct association with Tcf/Lef factors using the nuclear import receptor 

importin-alpha (Behrens et al. 1996, Porfiri et al. 1997, Morin et al. 1997, Korinek et al.

1997). WNT signaling mimics the effects of APC gene mutation, i.e. causing elevation 

of cytosolic free p-catenin.

WNT signaling is complex and involves a co-receptor (LDL receptor-related-protein: 

LRP5/6), which is a transmembrane protein with axin binding properties (Wehrli et al. 

2000). There are numerous different types of secreted WNT proteins and also secreted 

antagonists (e.g. Dickkopf family, Cerberus, Frzb -  Bouwmeester et al. 1996, Wang et 

al. 1997, Glinka et al. 1998). Abnormal expression of normal WNT proteins or 

antagonists has profound effects on cell fate patterning, e.g. duplication of body axes.
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The cell has a differential WNT signal transduction system, which is modulated in 

response to external secreted WNT antagonists and receptors (Zorn 2001). The (3- 

catenin signaling constituting one arm and a WNT mediated planar polarity signal the 

other^. WNT signaling sequesters axin to LRP5/6, which then initiates axin’s 

destruction.This may augment the effect of GSKSp inhibition of APC, by uncoupling the 

complex (APC-GSK3p-p-catenin -axin/conductin) allowing un-phosphorylated p-catenin 

(Tamai et al. 2000, Mao et al. 2001, Mao et al. 2001) to travel to the nucleus.

3.3.3. The WNT pathway in disease: component protein dysfunction is 

carcinogenic

The WNT signaling pathway’s members have been implicated as proto-oncogenes or 

tumour suppressor genes in animal and human models. The theme common to all 

identified members is that of p-catenin/Tcf-4 upregulation. WNT-1 is an oncogene that 

can induce mammary tumours in mouse models (Nusse and Varmus 1982; Tsukamoto 

et al. 1988), as does mouse APC (but does not in humans), p-catenin (see

below) is mutated in a small proportion of colorectal cancers (Sparks et al. 1998) and 

upregulated in some breast cancers (Lin et al. 2000, Schlosshauer et al. 2000). 

Abnormal Frizzled receptor (FzES) overexpression has been implicated in squamous 

cell oesophageal cancer (Tanaka et al. 1998), mimicking the effects of APC 

inactivation. Axin mutations have been identified in liver cancer (Clevers 2000). 

Conductin (Axin 2) mutations have been identified in some colorectal cancers (Mai et 

al. 1999, Taniguchi et al. 2002).TCF4 somatic mutations have been identified in 

colorectal cancer cell lines that show microsatellite instability (Duval et al. 1999).

 ̂WNT-FZ signalling is complex and is composed o f two elements; the canonical Wnt signal pathway 
(via beta-catenin) and a planar polarity signal pathway. An example o f human epithelial planar polarity 
signalling is the orientation (grain) o f hair follicles; this body axis is considered orthoganal to the apical- 
basal epithelial axis. To further complicate the pathway, cellular response to WNT varies depending on 
the epithelial type (Zorn 2001, Shulman et al. 1998).
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3.3.4. p-catenin/Tcf complex causes transcriptional regulation of multiple genes

(3-catenin is a key player in the molecular biology of cancer, study of its cell biology 

complements the study of APC and FAP. APC down-regulates cytosolic p-catenin, by 

phosphorylation (as a complex with GSKSp/axin/conductin). Cytosolic p-catenin is then 

degraded by the ubiquitin degradation pathway (Jiang and Struhl 1998; Winston et al.

1999). If this does not occur, p-catenin translocates to the cell nucleus and interacts 

with Lef-Tcf family of transcriptional activators (TCFs). TCFs® (in conjunction with p- 

catenin) co-transactivate a series of genes: c-Myc, Cyclin D1, MDR1, PPAR-S, gastrin, 

matrilysin, fibronectin, c-fos, c-jun and ZO-1 (He et al. 1998, Tetsu and McCormick 

1999, Yamada et al. 2000, He et al. 1999, Koh et al. 2000, Mann et al. 1999, Crawford 

et al. 1999, GradI et al. 1999). Gene transfection experiments have demonstrated that 

the central third of APC is sufficient in vitro to down regulate the targets of p-catenin 

(Shih et al. 2000).

3.3.5. p-catenin is an oncogene

P-catenin is an oncogene, its cancer associated mutations render it resistant to 

phosphorylation (and hence degradation) and cause gain of function. Mutations of p- 

catenin occur in some cancers/ cell lines that do not have APC mutations, e.g. 

melanoma and carcinoid tumours (Rubinfeld et al. 1997, Fujimori et al. 2001). p-catenin 

mutations are alternatives to APC mutations in colorectal cancer, both produce similar 

effects on the down-stream targets of p-catenin (Sparks et al. 1998). p-catenin 

mutations have the requirement that they render it resistant to phosphorylation 

(frequently by mutation of the serine at codon 33) and still be functional in its mid to 

carboxy portion (the transcriptional effector part). The relative scarcity of p-catenin 

mutations to compared to APC mutations reflects the ease with which a mutation can

 ̂Tcf-4 is the critical transcription factor involved in epithelial cells and different cell types show 
differential expression o f the Lef-Tcf family members. The critical genes for human colonic epithelial 
cells are c-Myc, Cyclin D l, PPAR-delta and matrilysin. The response to beta-catenin signal depends on 
cell type and reflects the underlying expression o f members o f the Lef-Tcf family; for example epithelial
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cause a gene to lose function (e.g. virtually any 5’ frameshift mutation will disrupt APC), 

versus the relatively precise mutational requirements for resistance to phosphorylation 

function. In a mutational sense APC represents a larger target for somatic mutation 

than P-catenin.

3.3.6. p-catenin interacts with cancer molecule networks

p-catenin links in with other cancer molecule networks, for example CREB binding 

proteins (CBP). CBP is a transcriptional co-activator of p-catenin (Takemaru and Moon

2000). CBP is in turn a target of the adenovirus E1A oncoprotein, which can inhibit the 

expression of downstream targets of p-catenin -  E1A inhibits Rb gene product 

(modulated by cyclin D1), which in turn controls transition from G1 to S phase of the 

cell cycle.

Different cancers have different ‘flavours’ of mutation but one consistent theme is the 

role of P-catenin and its downstream targets (e.g. cyclin D1). p-catenin dysfunction has 

been implicated in colon cancer and melanoma. However, it has also been shown to be 

up-regulated in prostate and sometimes breast cancer and has prognostic significance 

(Jonsson et al. 2000, Lin et al. 2000, Schlosshauer et al. 2000). In contrast APC 

mutations are rare in these tumours, while at the same time they often show 

overexpression of the transcription targets of the WNT pathway (e.g. cyclin D1). A 

possible link is via PIN1 (peptidyl-prolyl cis-trans isomerase) a molecule required for 

eukaryotic mitosis. Its absence causes apoptosis and cell death, its over expression 

causes arrest in G 2/M phase (Lu et al. 1996). PIN-1 is overexpressed in breast cancer 

(Wulf et al. 2001) in a dose dependent manner that correlates with tumour grade. 

Furthermore, PIN1 levels correlate with cyclin Dl and p-catenin (Wulf et al. 2001, Ryo 

et al. 2001). The molecular interactions are complex; PIN1 activates the Cyclin Dl 

promoter directly via API / cJun and indirectly by inhibiting the APC mediated

cells do not often express Lef-1, which explains the absence o f fibronectin in these cell lines. Members o f 
the Lef-Tcf family repress transcription in the absence o f beta-catenin.
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degradation of p-catenin. Furthermore, PIN1 levels are drastically suppressed by up

regulation of BRCA1. Although solid cancers have different ‘flavours’ of mutation they 

share common themes -  the WNT pathway transcription targets.

The hypothesis of a molecular link between p-catenin-PIN1 and breast cancer is 

reminiscent of the Min mouse phenotype, which develops mammary tumours 

(acanthomas), unlike human FAP, as well as intestinal polyps. So conceptually, it could 

be argued that there is a common theme for both breast and colon cancer to share 

common molecular pathways, e.g. leading to apoptosis^. The interactions are complex 

and may be developmental stage specific. For example, overexpression of E-cadherin 

reduces p-catenin signaling in utero (Fagotto et al. 1996; Heasman et al. 1994) but in 

vitro E-cadherin mutant cell culture work failed to detect an interaction (van de 

Wetering et al. 2001).The p-catenin signal transduction machinery and downstream 

targets of WNT signaling pathway are involved in many common solid cancers -  

exemplifying the importance of this pathway to tumorigenesis in general. Therefore, the 

downstream targets of the WNT pathway are attractive as candidate genes for modifier 

genes of FAP.

3.3.7. p-catenin is competed for by its protein partners, targets for cancer 

mutation

p-catenin binds E-cadherin, Lef/Tcf, APC, axin/conductin and a-catenin. The binding of 

E-cadherin, APC and Lef/Tcf is competitive and mutually exclusive (von Kries et al. 

2000, Graham et al. 2000). Mutations in all three of these molecules have been 

associated with human cancers. The binding is complex and reported results vary 

depending on the methodology used, e.g. site-directed mutations with reporter assays 

or protein fragment interactions and x-ray crystallography. At the cell membrane p- 

catenin links E-cadherin to a-catenin, which in turn links to the cell’s cytoskeleton via
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actin. This interaction anchors the cell at the adherens junction and has been claimed 

as having a tumour suppressing action (Tsukita et al. 1993, Hirano et al. 1992, 

Vermeulen et al. 1995). Loss of E-cadherin is associated with the transition from 

adenomas to carcinomas (Perl et al. 1998, Hennig et al. 1995). APC and Lef/Tcf both 

compete for the same p-catenin binding site as E-cadherin but are more potent 

partners in the cytoplasm. Thus, the binding partner varies depending on the WNT 

signaling context. WNT pathway proteins and p-catenin associated proteins are targets 

for cancer associated mutation, further implicating the critical importance of p-catenin.

3.3.8. c-Myc an oncogenic downstream target of p-catenin

c-Myc has powerful oncogenic properties (Felsher and Bishop 1999, Berns et al. 1996) 

and was identified as a target of the p-catenin/Tcf-4 complex using serial analysis of 

gene expression (SAGE) in a cell line that contained an inducible ARC gene (He et al.

1998). The authors demonstrated Tcf-4 response elements in the c-Myc promoter and 

an APC driven response in a c-Myc promoter-1 uciferase reporter construct in HT 29 

cells. Transient overexpression of c-Myc can induce genetic instability in cell lines (i.e. 

aneuploidy, polycentric chromosomes, chromosomal breaks and double minute 

chromosomes) - Felsher and Bishop 1999. This phenomenon may explain the 

chromosomal instability observed in colorectal cancers, although the EBI/RPI-carboxy 

terminal interactions are an alternative explanation.

3.3.9. p-catenin upregulates CyclinDI: abrogating Cyclin D1’s anti-cell cycling 

action

Cyclin D1 is overexpressed in colon cancers and its inhibition causes growth arrest of 

colon cancer cell lines (Tetsu and McCormick 1999). Cyclin D1 is amplified (Dickson et 

al. 1995) in a minority of cancers, while its overexpression is more common. This 

indicates that upstream genes act via Cyclin D1. Tetsu and McCormick (1999)

 ̂Inhibition of PIN-1 causes apoptosis (Lu et al. 1996, W uif et al. 2001), breast cancers often show up- 
regulation and this correlates with elevation o f Cyclin D1 levels, part o f the effector pathway may be via 
P-catenin.
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searched in silico for Tcf-4 binding sites and identified cyclin D1 promoter as a potential 

target of Tcf-4. Using Cyclin D1 promoter/mutated promoter-Luciferase reporters in a 

cell line they demonstrated that Cyclin D1 is regulated by Tcf-4/p-catenin and also 

p21ras (via CREB binding sites). The finding of co-regulation by Ras is interesting 

because about 50% of colorectal cancers contain mutations of this gene. This further 

implicates the downstream targets of p-catenin as being the pathway critical for APC 

mutation driven carcinogensis.

3.3.10. p-catenin may inhibit apoptosis by upregulating PPAR-6 and MDR1

Peroxisome proliferator-activated receptor-delta (PPAR-ô) was identified as a 

downstream target of p-catenin (He et al. 1999). PPAR-Ô is interesting because it links 

the effects of APC mutation with the actions of NSAID on polyps. It has been 

recognised that NSAID drugs (e.g. aspirin, sulindac, and celecoxib) can reduce 

colorectal cancer metastatic potential (CRC deaths), polyp number and polyp size. The 

NSAID-CRC interaction is enigmatic and may not be due to the classical NSAID drug- 

receptor interaction (see potential environmental modifiers and the Min mouse section 

for further discussion). Normally both APC and NSAIDs will suppress PPAR-Ô activity, 

loss of either can be compensated by alteration of the other. PPAR-6 is involved in the 

regulation of apoptosis (programmed cellular death) -  disruption of apoptosis is a 

feature of both polyps and CRC.

Multidrug resistance gene 1 (MDR1) has also been identified as a downstream effector 

gene of p-catenin (Yamada et al. 2000), by cDNA microarray analysis of a cell line, 

which could inhibit Tcf-4 selectively. MDR1 was independently identified as a cancer 

associated transmembrane protein, which is overexpressed and amplified in cells 

resistant to chemotherapeutic agents. Its natural function is unknown, but it is a major 

cause of drug resistance after cancer chemotherapy. MDR1 may protect cells against 

apoptotic signals.
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Gastrin is also a downstream effector gene of p-catenin (Koh et al. 2000). This has 

relevance for colon cancer and FAP because the less processed forms of gastrin are 

trophic colon factors. Alteration of gastrin in animal models of FAP can modulate 

intestinal polyp number. Furthermore gastrin is overexpressed in adenomatous polyps 

and colon cancer.

3.3.11.. p-catenin may abrogate cell polarity by down-regulating ZO-1

As well as identifying genes which are upregulated, p-catenin signaling has been 

identified as down regulating ZO-1 (zonula occludens-1) (Mann et al. 1999). ZO-1 is 

involved in the formation of tight junctions, which are in turn a feature of polarised 

epithelial cells (Kirkpatrick and Peifer 1995). ZO-1 co-localises with E-cadherin at the 

lateral cell membrane and co-immunoprecipitates with p-catenin (Rajasekaran et al. 

1996). Loss of cell polarisation is a feature of dysplasia associated with adenoma 

epithelial cells (FAP and sporadic). ZO-1 expression is frequently lost in poorly 

differentiated adenocarcinomas (Kimura et al. 1997). The loss of cell polarisation may 

represent disruption of the basal-luminal cell axis and lateral growth inhibitory signal. 

This contributes to carcinogenesis by a process of de-differentiation. In this situation 

the cell would revert to a more embryonic pattern of behaviour (perhaps characterised 

by raised mitotoic rate, with associated mutational consequences, and embryonic 

migratory behaviour). APC mutation causes increased p-catenin concentrations, this in 

turn down regulates ZO-1, which consequently causes loss of tight junctions and the 

absence of cell polarity.

3.3.12. WNT signal dysfunction mediates loss of growth inhibition

One of the earliest features/consequences of APC mutation is loss of growth inhibition 

(Ilyas and Tomlinson 1997). The colonic crypt and environ contains ‘landscape’ tissue 

architecture signals which control the differentiation status of epithelial cells and their 

mitotic behaviour. For example, FAP adenomas can contain mitotic figures in abnormal 

colonic crypt positions. Similarly APC expression increases as cells progress along the
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colonie crypt axis, this then alters cell behaviour -  inhibiting cell division, promoting 

apoptosis. APC as a member of the WNT pathway is an excellent candidate molecular 

switch for mediating these effects. APC sits at a ‘bottle-neck’ of WNT signaling control. 

Growing/ embryonic tissues are ‘driven’ toward their cell fate by extrinsic WNT signal, 

the loss of which causes the cell to differentiate. Loss of APC mimics extrinsic WNT 

signal and may be synonymous with canonical WNT signal’s mitogenic action {APC is 

not expressed at the base of the colonic crypt which contains the crypt’s stem cell). Via 

p-catenin, loss of APC causes the cell to become unresponsive to lateral growth 

inhibition and more likely to progress through the cell cycle via Cyclin D1 and c-Myc. 

Furthermore, in some respects APC inactivation can cause de-differentiation. WNT 

signaling provides a mitogenic signal (the canonical WNT pathway) and a cell fate 

determination signal (the planar polarity signal) that may assign cell type. APC 

inactivation does not interfere with the latter pathway directly. This may mean that stem 

cells are exposed to ‘pure’ mitotic drive in the absence of a differentation signal -  

effectively causing undifferentiated clonal expansion. The observed phenotype is 

therefore de-differentiation.

The selection drive for APC mutation is two-fold; first, escape from general growth 

inhibition and, secondly, escape from cell death -  apoptosis. As a mutational 

phenomena (i.e. likelihood that a random mutation generates specific gene mutation) 

APC mutation may be more frequent than other mutational paradigms: firstly, gain of 

function p-catenin mutations (demonstrated but uncommon) and, secondly, abnormal 

WNT expression (purely hypothetical) or gain of function Dsh mutations, p-catenin 

requires precise missense mutations for activation at specific codons, these are much 

less frequent than inactivating nonsense/frameshift mutations of APC, which only have 

to locate over a much wider coding sequence and can be generated by a diverse 

spectrum of mutations. The hypothetical overexpression of WNT signal is unlikely 

because it requires gene amplification and is non-cell autonomous. Furthermore, gene 

amplification is very unusual as an initiating event in diploid cancer cells, which are
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otherwise genome stable; gene amplification is thought to be preceded by the 

formation of polycentric chromosomes (Windle, Draper et al. 1991), a feature of 

aneuploidy. Other elements of the pathway, e.g. Dsh, may be spared mutation either 

because they require gain-of-function missense mutations or because their action is 

not solely limited to the canonical WNT siganling pathway, e.g. p-trcp is required for 

TNF-oc signal transduction as well as the destruction of phosphorylated (3-catenin.

3.3.13.. Conclusion: p-catenin dysfunction has diverse carcinogenic actions.

The identified immediate targets of p-catenin have steadily increased since the mid- 

1990s. Many of them have been associated with cancer independently of FAP/colon 

cancer. The protein network that constitutes the WNT signaling pathway is a target for 

mutation in many different solid cancers, although individual cancers have different 

‘flavours’ of mutation. The minimal region for rescue of FAP phenotype (or causation 

thereof) is the central p-catenin regulatory domain of APC, which is abolished in the 

majority of APC mutations. Mutations which generate an intact central APC region may 

be associated with p-catenin signaling failure because of abnormal intra-cellular APC 

dose (haploinsufficiency models) or inefficient signal transduction (nuclear shuttle 

function disruption, failure of dimérisation) -  signal leak. Therefore, all APC mutations 

could potentially exert their major effect via the WNT signaling pathway. An additional 

contribution to APC’s tumour suppressing action may come from the APC carboxy- 

terminal.

3.4..0verview of COOH terminus -  APC and chromosomal Instability

The carboxy-terminus of APC may mediate tumour suppressor effects independent to 

those exerted by the middle third regulatory domain. APC interacts with microtubules, 

these have two functions of direct relevance to cancer pathways: the mitotic spindle 

and cellular migration.
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APC localises in vivo to the plus ends of microtubules (Juwana et al. 1999), i.e. the 

growing ends and is also found clustered at points of cell-to-cell contact (Nathke et al.

1996). This is a major point of contact between the microtubule and the cell 

membrane/specialised intercellular junctions. Whenever a cell migrates, the cell senses 

its external environment by either direct contact, e.g. homotypic interactions mediated 

by E-cadherin (and family), or indirect contact, e.g. secreted WNT molecules, (Bradley 

et al. 1993). APC is therefore well placed to modulate spatially limited external signal -  

local orientating/guidance signals. Two cellular actions are taking place -  local 

stabilisation of homotypic cell-cell contacts and a global cellular effect on (3-catenin 

levels. The two effects are complementary a local guidance effect helps maintain the 

epithelium integrity, via the formation of adherens junctions and an interaction with E- 

cadherin (Rajasekaran et al. 1996, Kimura et al. 1997, Fabre and Garcia de Herreros 

1993). The global cellular effect is by degradation of p-catenin -  which organises a 

transcriptional response to the extracellular environment.

APC-microtubule interactions also play a role in mitosis. For the equal distribution of 

chromosomes between daughter cells the mitotic spindle has to divide chromosomes 

into chromatids and then segregate these towards opposite polar ends of the cell. APC 

localises to the microtubles attached to the kinetochore, and may play a role in this 

process (Fodde et al. 2001, Kaplan et al. 2001). This is probably via EB1/RP1 protein, 

which co-localises with intracellular APC, and binds both APC and tubulin (Juwana et 

al. 1999). EB1/RP1 binds to the microtubule in distinct sections depending on cell cycle 

phase. Cell cycle specific phosphorylation is also involved, because the kinetochore- 

APC association is only seen during metaphase. Enzymes such as BUB1 or Cyclin 

kinases are very active at these time points.The interphase cell is characterised by EB1 

distributed at the leading tips of cell protrusions, as is APC. The localisation may be 

important for colonocyte migration along the colonic crypt. However, it can only be 

partial, because APC is expressed in a differential manner, depending on intra-crypt 

location, i.e. APC expression increases as cells become more luminal and is absent at
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the crypt base, where the crypt population is generated. Therefore APC-EB1 

interactions or dysfunction thereof, may make little contribution in the early stages of 

polyp formation.

APC is not required for chromosomal segregation, because some cell lines containing 

mutated APC are competent for cell division. However the localisation of APC at the 

spindle apparatus during mitosis suggests that APC plays a role in this process. One 

possibility is that APC is purely a passenger protein and localises to the mitotic spindle 

in association with EB1/RP1. Its function may be then to purge the newly formed 

nucleus of p-catenin after the chromosomes have segregated and the nuclear 

membrane reformed; alternatively to help re-establish cell polarity. To this end, APC 

does contain nuclear export signal (but no import signal). Mutational disruption of this 

process might increase the cellular mitotic rate because the cell is over-sensitive to the 

effects of P-catenin, which cannot be effectively cleared from a reconstituted nucleus.

The majority of APC mutant cancers also display chromosomal instability (i.e. a non

diploid number of chromosomes). The yeast mutant homologues of APCs carboxy- 

associated proteins (EB1/RP1) display errors of chromosomal segregation at mitosis 

when absent and suppression of spindle function when overexpressed (Schwartz et al. 

1997, Beinhauer et al. 1997, Tirnauer et al. 1999). It has therefore been suggested that 

this group of proteins in conjunction with APC constitute a mitotic check point control, 

which responds to errors of chromosomal segregation (Muhua et al. 1998). Absence of 

APC carboxy-terminal renders the cell liable to mis-seggregation and chromosomal 

instability.

It is uncertain exactly when in the adenoma-dysplasia-carcinoma sequence that the 

loss of microtubule APC functions becomes critical. There may be a requirement for 

other types of checkpoint control failure before the effect is manifest, e.g. P53 mutation. 

Evidence that supports this view is: 1)small adenomas are generally diploid although
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APC mutation is the earliest somatic event; 2) extreme 3’ APC mutations are only 

associated with very mild FAP and not generalised genomic instability features.

3.5. APC and Apoptosis

The expression of APC in cell lines which are homozygous for truncated APC leads to 

increased rates of apoptosis (programmed cell death) - Morin et al. 1996. This parallels 

the physiological process that occurs in the human colonic crypt. As cells migrate from 

the crypt base toward the colonic lumen APC expression increases and is spatially 

associated with apoptosis (and its markers). Similarly normal crypts from Min mice 

show decreased apoptosis (Mahmoud et al. 1997).

Epithelial cells are highly organised for functional reasons, e.g. the maintenance of a 

sufficient surface area for nutrient absorption. The intestinal epithelial unit is the 

intestinal crypt, which varies according to location in the gut, but has the same basic 

pattern. A stem cell occupies the deepest portion of the crypt and generates a clonal 

population of epithelial cells that migrate toward the intestinal lumen before undergoing 

apoptosis and being shed. ‘Normal’ FAP intestinal crypts are the same size as wildtype 

intestinal crypts (Mahmoud et al. 1997, Wasan et al. 1998) and show the same 

proportion of cells in mitosis and apoptosis. They contain the same number of 

enterocytes. They differ in the time it takes for a colonocyte to migrate from the base of 

the crypt to the luminal surface. This is consistent with a functional role for APC, during 

cell migration -  i.e. APC clusters at points of cell-cell contact. Enterocytes APC"̂ ^̂ "̂  

migrate more slowly than wildtype cells (Mahmoud et al. 1997). The net effect is an 

increase in crypt residency time, which may have mutagenic consequences because 

the opportunity to acquire somatic mutation increases. The delay in cell migration is 

consistent with both dominant negative theories and haploinsufficiency models of APC 

mutation effect.

58



3.6. APC mutation: a molecular perspective

3.6.1. APC mutation types

The majority of causative germiine APC mutations are premature stop codons (Miyoshi 

et al. 1992), which are generated as either point mutations (directly generating stop 

codons) or frameshift generating mutations (which generate stop codons further 

downstream). From a cellular perspective, APC mutations generate either stable or 

unstable protein product (which is abnormally short). Mutant APC protein product may 

be pathogenic because of haploinsufficiency or because of dominant negative effects. 

Haploinsufficiency/dominant-negative mechanisms constitute a paradigm for 

understanding mutant APCs carcinogenic properties.

The observed types of APC mutation are partly a consequence of detection 

methodology. The traditional gold standard is sequencing and this demonstrates 

mutations in about 70-80% of FAP pedigrees. The mutations observed consist mainly 

of point mutations and small deletion/insertions. By a variety of mechanisms these 

mutations generate premature termination codons. Large-scale deletion events may be 

responsible for a proportion of FAP patients and these may be under-detected by 

conventional mutation searches (Su et al. 2000, Cao et al. 2001).

3.7. Haploinsufficiency vs dominant negative

APC mutants exert their effects primarily by loss of function. Gene mutation can 

produce loss of function by one of two ways: haploinsufficiency and dominant negative 

action. Haploinsufficiency means that the mutant APC allele has no normal function 

and that the cell suffers deleterious effects because it has a lower than normal dosage 

of gene product. When the quantity of gene product falls below a, (theoretical) 

threshold the cell malfunctions in some way. Conversely, dominant negative action
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means that the residual mutant gene product has biological action that directly 

interferes with a cellular process -  usually the remaining wildtype allele.

There is evidence for and against both haploinsufficiency and dominant negative 

actions of APC mutants in FAP patients. In a certain sense the two mechanisms have 

a duality of existence -  both could operate at the same time. APC is a large 

multifunctional protein. Its carboxy-terminal engages in three types of interaction: 1)p- 

catenin regulation, 2) microtubule interaction and 3) hDLG binding. So there is scope 

for many effects to be operating simultaneously. Furthermore it may be relevant to 

distinguish between the absence of wildtype APC and the presence of mutant APC -  

the two may not necessarily equate. For example, WT APC could act as a tumour 

suppressor while mutant APC has additional effects.

Successive elimination of 20aa repeats has a dose effect on cellular p-catenin 

processing (Rubinfeld et al. 1997). Cell transfection experiments indicate that 

increasing loss of 20 aa repeats increases p-catenin levels in cells in a dose dependent 

manner. APC fragments similar to that formed by the codon 1309 del 5bp mutation 

produce maximal levels of p-catenin. As overexpression of mutant APC in otherwise 

normal cells does not generate adenomas in vivo (Oshima et al. 1995), the exact 

mechanism of loss of APC function is unclear.

3.8. Protein stable vs protein unstable

Unstable protein product produces functional hemizygosity at the APC locus and is 

equivalent to whole gene deletion. Therefore, on first principles, whole gene deletions 

should give the same FAP phenotype as an APC mutation that generates unstable 

protein (whether directly because of protein instability or secondary to mRNA 

instability).
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Abnormally sited stop codons in mutant APC alleles may render the mRNA unstable 

because of the phenomenon of Nonsense-mediated-decay (NMD). Mammalian cells 

are capable of recognising premature termination codons (PTCs) in mRNA. The 

mechanism of recognition is poorly understood, but probably involves the coupling of 

mRNA degradation to mRNA translation. As the mRNA isoform is being traversed its 

PTC is recognised by the cells translation machinery’, which then initiates a sequence 

of events which degrades the mRNA (Hentze and Kulozik 1999,Maquat 1996).

PTCs close to the 5’ end of a gene are more likely to render the transcribed mRNA 

unstable than those at the 3’ end. NMD theory predicts that mutations within the final 

50 nucelotides of the final 3’ exon should always produce stable protein. The majority 

of identified FAP mutations are spread through the 5’ half of the gene, which would 

theoretically render their product mRNA unstable -  according to NMD theory. Three 

logical arguments refute the theory: 1) the variant nature of APC genotype-phenotype 

associations 2) the direct demonstration of stable truncated APC product in some 

mutation carriers and 3) the clustering of APC mutations in the 5’ half of the gene. If all 

APC mutations generated unstable mRNA, via NMD, then the relationship between 

genotype and phenotype should be constant, i.e. there would be no association with 

APC mutation position. APC is a large gene, few causative APC mutations have been 

demonstrated in the 3’ half of the gene, even though many would be expected if they 

produced unstable mRNA, because hemizygosity produces classical FAP. Therefore, it 

is easier to explain the absence of 3’ APC mutations in FAP by stable protein product 

than unstable APC gene product.

The phenomenon of NMD may explain observations by some authors of absent or 

greatly diminished mutant APC protein/ mRNA for specific mutations (van der Luijt et 

al. 1996). The caveats of APC protein detection difficulties and the semi-quantitative 

nature of RT-PCR should be borne in mind but, at face value, NMD may explain failure 

to detect mutant APC protein. Absence of mutant APC product has been most reliably
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reported in association with extreme 5’ and 3’ mutations, which are more likely to be 

associated with attenuated phenotypes.

It could be argued that NMD may affect only a subset of mutations e.g. extreme 5’ and 

3’ APC mutations. For the 3’ case this directly contradicts NMD theory, extreme 3’ 

mutations should produce increasingly stable mRNA rather than vice-versa (Hentze 

and Kulozik 1999). For 5’ mutations, unstable mRNA is consistent with failure to 

identify protein product, and sometimes mRNA, but inconsistent with the phenotype of 

whole gene APC deletions, which generate classical not attenuated FAP. Alternative 

mechanisms for generating mild phenotypes (associated with extreme 5’ mutations 

exist) are a) re-initiation of translation and b) alternative splicing (discussed above).

Re-initiation of translation may occur downstream of nonsense mutations, which are 

located at the extreme 5’ end of a mRNA sequence (Kozak 1989). Normally the first 

ATG codon (for methionine) will initiate protein translation according to the Scanning 

Model of translation. This rule holds for 95% of mRNA sequences and is associated 

with rare exceptions. If a stop codon occurs shortly after the initiating ATG codon, 

translation will terminate (the first ORF is translated) and then may restart as the 408 

ribosomal subunit ‘scans’/ ’threads’ over the remaining mRNA sequence. If re-initiation 

does restart, it will do so at an ATG codon. The exact ATG codon depends on the local 

context of the codon (i.e. if the -3  nucleotide is a purine (a/g) and the +4 nucleotide a G 

the ATG codon is strong for the probability of re-initiation of translation) and its position 

relative to the length of mRNA and distance from the first initiator codon. As the 

distance increases from the first ATG codon so the probability of re-initiation starting 

increases. However, re-initiation will not occur in the 3’ half of the gene.

Re-initiation of translation has been demonstrated experimentally for other genes and 

also recently for APC in vitro (Heppner Goss et al. 2002). There are ATG codons 

dispersed through the 5’ third of the APC gene that could theoretically generate re-
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initiation start sites for stop codon containing mRNAs. Clearly re-initiated protein would 

lack a portion of the normal amino terminus and therefore perhaps have deficient 

homodimerisation properties in a manner similar to that predicted for some of the 

alternatively spliced mRNA isoforms. Furthermore, for at least one of the demonstrated 

mRNA isoforms, re-initiation of APC translation is required for production of functional 

protein because the isoform alters the reading frame and generates a stop codon 

(Santoro and Groden 1997).

Protein instability is an alternative explanation to NMD. Short polypeptides may be 

more susceptible to cellular degradation than large ones. Additionally, the novel tail of 

frameshifted mutant APC might be a target for other cellular processes, e.g. 

phosphorylation, which could initiate proteolysis. However there is no direct evidence 

for this.

There are two types of APC mutation those that generate stable abnormally truncated 

APC gene product; and those that generate null APC gene product either due to a null 

allele (whole gene deletion) or instability of gene product in the post-transcription phase 

of gene expression. Apparent mRNA/protein absence is not well explained by NMD 

theory and is inconsistent with observed colonic FAP phenotypes. A better explanation 

for attenuated phenotypes associated with 5’ mutations (perhaps proximal to codon 

168) is re-initiation of translation (never directly demonstrated for APC in vivo) or 

alternative splicing (demonstrated only at mRNA level). Potentially, any of these 

processes could be acted on by modifier genes.

3.9. Somatic APC mutation: the mutation cluster region

Somatic APC mutations are confined to a limited portion of the gene called the 

mutation cluster region (aa1250 -  aa1400). The distribution is non-uniform and is 

roughly normal with mutational 'hotspots' superimposed (Polakis 1995). The 

boundaries of the region are ill defined. It has been suggested that the 3’ boundary is a
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consequence of the location of the first SAMP repeat (Polakis 1999), a putative NES 

(Rosin-Arbesfeld et al. 2000) or the residual 20aa repeat dose (Rubinfeld et al. 1997). 

Similarly the 5’ boundary suggests that preservation of 15aa repeat (p-catenin binding) 

is critical but not in the case of the germiine mutation.

The restriction of APC mutations to a limited portion of the APC coding sequence -  

suggests residual APC gene product is functional -  an observation that is unlikely to be 

due to chance alone. Oncogenes or mutations with a dominant negative mode of action 

often show restricted patterns of mutation (which then cause gain of function e.g. 

resistance to degradation or inactivation). Therefore, could a subset of APC mutations 

be more than just inactivation of tumour suppressor function? The enigma could be 

theoretically resolved by limiting APCs tumour suppressor features to just a portion of 

the gene coding sequence -  mutations within and 5’ to a critical domain generate 

disease, those without (i.e. 3’) do not. The inevitable expectation in this scenario is that 

genotype-phenotype association should be uniform over the critical region. 

Unfortunately the FAP phenotype distribution is not uniform, specific mutations (e.g. 

codon 1309 del 5bp) are associated with severe disease, arguing against a purely 

tumour suppressor action. The counter argument is that non-uniform phenotypes for 

tumour suppressor genes could be produced by other mechanisms, e.g. partial rescue 

of phenotype by re-initiation of translation, alternative splicing of mRNA and variation in 

the control of wildtype APC transcript expression or modifier genes.

APC hemizygous individuals who have only one normal copy of the wildtype APC gene 

provide strong evidence in support of the tumour-suppressor-mechanism-of-action for 

APC. The best available clinical evidence suggests that whole gene deletion produces 

classical FAP (Sieber et al. 2002). Only limited animal models are available for 

evaluating whole gene deletion (see Min mouse section). However, it is a little puzzling 

why, if whole gene deletions and 5’ non-MCR mutations are sufficient for FAP (first 

hits) these mutations are not selected for somatically, despite being frequent mutational
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events (e.g. the mutational hotspot at codon 1061). The fact that this does not happen 

argues for dominant negative mode of action or residual function of truncated prorein 

product.

The bulk of the available evidence fits best with the theory that APC mutations act by 

loss of function, probably via haploinsufficiency. There is some evidence to suggest 

that residual mutant gene product exerts a function -  i.e. is possibly/partially dominant 

negative -  but cannot apply in all cases, e.g. whole gene deletion. The distinction 

between the two types of action may be important for the study of modifier genes. 

Different classes of mutation may be associated with different types of modifier gene.

4. Phenotype Variability

4.1. Genotype-Phenotype Correlations of Colonic FAP 

Overview

The density of colonic adenomas varies in a manner which is partly a function of APC 

mutation position. APC mutations have been identified as being responsible for FAP 

over the nucleotide (nt) range nt. 300 to 4500 (Olschwang et al. 1993, Fidalgo et al. 

1999, Wallis et al. 1999, Nagase et al. 1992, Giarola et al. 1999, Cama et al. 1995). 

95% of mutations are nonsense or frameshift changes that generate a truncated 

protein product by a variety of means. Classical FAP (i.e. greater than 100 colonic 

adenomas) is produced by mutations 3’ to exon 5 and 5’ to nucleotide 4200®. Germiine 

mutations outside these regions are said to give attenuated FAP. Some subtypes of 

APC mutation are noted to give very high colonic adenoma counts, e.g. the mutation at 

codon 1309 del. 5bp (nt. 3927).

It was initially hoped that knowledge of germiine position would be sufficient to predict 

phenotype severity. This would be helpful, for example, in determining what sort of
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surgery should be undertaken and when. There have been many reports of within 

family variation (Rozen et al. 1999, Paul et al. 1993, Scott et al. 1995, Scott et al. 2001, 

Giardiello et al. 1994) and this has limited the clinical utility of APC mutation detection. 

The reports, although limited, are not restricted to specific mutation positions. There 

are two key questions. Firstly, why does phenotype vary as function of genotype? And, 

secondly, how does within family variation occur?

Genotype-phenotype correlation may also give insight into the mechanism by which 

mutant APC genes cause FAP. The topic is complex and relates in different ways to 

different parts of this thesis. From the perspective of modifier genes the question is ‘do 

hypothetical modifier genes operate in the same way for all types and positions of APC 

mutation?’. Similarly, the question, ‘how do mutant APC alleles cause FAP?’, has 

implications for the selection of candidate modifier genes. The following sections 

discuss the published evidence of phenotype for a number of APC mutation scenarios. 

The ‘haploinsufficiency-dominant negative’ debate is referred to in the APC gene 

section.

4.2.The Null APC Allele (whole gene deletion of APC)

The bulk of the published literature is consistent with the hypothesis that large-scale 

gene deletions (i.e. null-APC allele) produce classical FAP (see Appendix 1.1, p 90). 

The majority of published APC gene deletions consist of those visible by karyotyping 

and/or Fluorescent In Situ Hybridisation (FISH). The lesions detectable by these means 

are, by necessity, quite large and may encompass neighbouring genes adjacent to 

APC, e.g. MCC. Therefore, there is uncertainty about the effect of pure APC deletion 

on FAP phenotype severity because of the possible interaction of nearby genes, i.e. 

the potential for a contiguous gene syndrome®.

* An alternative 5’ boundary is the SAMP repeat at codon 1580 (nt 4740).

 ̂An example o f this would be human tcf-1 which is located on chromosome 5 (5q31.1). Min^ T c f mice 
have a higher rate o f adenomas than Min^ or Min^ "Tcfl^ \  Potentially deletions in humans may 
encompass this locus as well as APC. Therefore the two genes could act synergistically on 
phenotype.However, the locus is actually unlikely to be a modifier o f human disease because human null
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To address the question researchers have attempted to identify submicroscopic APC 

deletions using either quantitative-PCR or SNP homozygosity mapping. 

Submicroscopic APC deletions are more likely to be confined to just the APC gene. 

Therefore, the effect of whole APC gene deletion on phenotype in isolation is easier to 

evaluate. Investigators face two problems, firstly, identifying the deletion and then 

determining the extent of the lesion. The size of submicroscopic lesions generally has 

to be inferred using markers, e.g. SNPs or microsatellite repeats. Secondly, although 

submicroscopic deletions may be large, they may not be large enough to encompass 

the entire APC gene. The analysis of phenotype may be confounded by residual APC 

gene product activity. The available evidence suggests that submicroscopic deletions 

produce classical FAP.

The available evidence supports the hypothesis that whole gene deletion of APC 

produces classical colonic FAP, CHRPE (in all papers where CHRPE is commented 

on), extra-colonic features and a desmoid risk. The phenotype data associated with 

microscopically visible 5q deletions (encompassing APC) are summarised in Appendix 

1.1 (The null-APC allele phenotype -  and references therein, p 90). The majority of the 

patients reported in the literature had mental impairment. The quality and thoroughness 

of phenotypic evaluation is variable and partly reflects the historical period when the 

publication occurred. Early reports (pre-APC identification) focus more on the 

chromosomal location as a means to identify APC. Pilarski et al. (1999) reported on a 

patient who had a visible interstitial deletion on 5q, which they claim was associated 

with attenuated colonic FAP. However, colonic adenoma number in this case was 

assessed by colonoscopy (probably not dye-spray), which may not be as accurate as 

direct colectomy counts. Some caution may therefore be appropriate when attaching 

weight to their observation.

tcf-l homozygotes are rare and FAP caused by whole gene deletion is not common (at least 80% have 
identifiable intra-locus mutations) and homozygous APC mutations are lethal in utero (Roose et al. 1999)
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Truncated APC protein may confound null-APC phenotype analysis. Sub-microscopic 

deletions such as the pedigree reported by (Mandl et al. 1996) were associated with a 

low density colonic phenotype. They reported a deletion (150 kb) starting at exon 11 

encompassing the remainder 3’ section of APC and the entirety of the neighbouring 

DPI gene. All of their patients were mentally normal. The residual APC gene product in 

the reported cases would be expected to produce a phenotype similar to that of non

sense/stop mutations from within APC exon 11. The residual APC gene product may 

have functional effect. So the deletion should be rejected as a true null allele.

Additional support for null-APC alleles causing a classical FAP phenotype comes from 

two sources: Min mouse mutation experiments (see below for a full discussion) and a 

study of a reciprocal translation causing FAP. The Min mouse (1638N) model produces 

no (or perhaps very little) protein product and has all the major phenotype features of 

FAP - Gl tract polyps, desmoids and retinal epithelium abnormalities - (Marcus et al. 

1997, Smits et al. 1998, Marcus et al. 2000). Furthermore, van der Luijt et al. (1995) 

reported a case of two patients who had FAP caused by a reciprocal translation 

t(5;10)(q22:q25). The genetic lesion obliterated the mid-portion of the gene (exons 6 to 

12). They were unable to demonstrate truncated protein product by Western blotting 

(but see below for comment). The mother and daughter described had 250 and 150 

colonic polyps at the ages of 47 and 30 respectively. These values are well within the 

range of what constitutes ‘Classical’ FAP (albeit at the lower density end of the 

spectrum) and would not constitute attenuated FAP. One has to be cautious with such 

a case report of a translocation producing a null gene (especially the reliance on 

protein product detection by antibodies used in the Western blot experiments). Both 

patients had an intact APC exon 15, which, theoretically, could function fairly normally 

and not be detected by conventional anti-amino-terminus APC antibodies, if for 

example it was expressed as a novel fusion protein from chromosome 10. No data 

were presented on CHRPE status.
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The nuW-APC allele should theoretically distinguish between haploinsufficiency and 

dominant negative models of mutant-/APC action. Haplo-insufficency was originally 

postulated to be APC’s sole pathogenic mechanism (Bodmer et al. 1987). APC 

mutations, which produce either unstable mRNA or protein product, should give a null- 

APC type phenotype. Variation within families that share a common null-APC allele 

cannot be attributed to the allele itself -  it does not exist. Modifier loci in such an 

instance must be distinct from the null-APC allele, but would include the cell’s wild type 

APC allele. There are insufficient published data to draw conclusions about the degree 

of within-family variation between patients carrying whole gene APC deletions.

4.3. Truncating mutations in the 5’ half of APC (including exon 9)

Classical FAP is associated with APC mutations which produce truncating mutations 

(either frameshift or stop mutations) in the 5’ half of the APC gene (spanning exons 5 to 

the 5’ half of exon 15). The phenotype data from the published literature is summarised 

in Appendix 1.2, p 91, (Main FAP phenotype). The quality of the published literature is 

variable and depends partly on the focus of the publication. For example, reports from 

the early 1990s emphasise the classical nature of FAP phenotype (greater than 100 

polyps, CHRPE, epidermoid cysts etc.) as a means to validate molecular or genetic 

analyses of the APC gene.

4.3.1.Ascertainment

The majority of reported cases have been ascertained by Polposis Registries, which 

have been referred proband cases and then identified other affected family members. 

Ascertainment is an important source of bias because the commonly quoted phenotype 

marker -  age of onset of cancer/ symptoms -  is heavily influenced by route of 

ascertainment. For example, Bjork et al. (1999) clearly show that probands are 

diagnosed at later age (39 r: 11-71) when compared with screened cases (22 r:3-65). 

The incidence of cancer at diagnosis reflects this, screened cases have a similar age at
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development of colorectal cancer to proband cases (38 vs 42, Bjork et al. 1999), but a 

much lower overall incidence (2% vs 48%) of cancer. This finding is also supported by 

FriedI et al. (2001) who found that 6% of screened cases had cancer at diagnosis. The 

majority of genotype-phenotype publications show colorectal cancer incidence at 

diagnosis intermediate in this range (see Appendix 1.2, p 91, and references therein).

4.3.2.Colon polyp number and general APC genotype

There is very limited published data that relates colonic adenoma/polyp number to APC 

genotype in a quantitative manner. Many publications simply state the adenoma 

number as a semi-quantitative value, e.g. ‘greater than 100’, ‘multiple’, ‘florid’, etc. For 

the main group of APC mutations there are two papers that give quantitative values of 

adenoma numbers for given APC mutations. Debinski et al. (1996) reported a median 

polyp number in a FAP colon of 842 (78-7500: n = 317) for all FAP cases without 

reference to mutation position. Ficari et al. (2000) reported 568 (r: 174-1750: n = 18) 

for mutations exclusive of exon 9 and codon 1309. Both of these papers base their 

figures on estimations of polyp number made from colectomy specimens and are 

therefore likely to be accurate.

4.3.3.Colon number and codon 1309 mutations

APC codon 1309 is frequently mutated in FAP and causes severe colonic features. 

Nugent et al. 1994 reported that (n = 27) patients with the 5 bp del 1309 have an 

average of 4000 (IQR: 3000 -  4875) polyps per colectomy specimen. This figure is 

confirmed directly by (Ficari et al. 2000) who reported 9 patients with this mutation who 

had an average of 2573 polyps per colectomy specimen. Because cancer risk in FAP is 

a function of polyp density (Debinski et al. 1996) other authors have indirectly 

demonstrated that the 1309 mutation has the severest form of colonic FAP (Giardiello 

et al. 1994, FriedI et al. 2001). Consequently these patients undergo operation at an 

earlier age and tend to get colorectal cancer at an earlier age.
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4.3.4.Colon polyp number and exon 9 mutations

Patients who have mutations within APC exon 9 (nt. 934 - 1322) may have attenuated 

FAP. Shortly after the discovery of APC as the gene responsible for FAP, a number of 

reports suggested that mutations at specific locations could result in low-density 

polyposis or attenuated FAP (i.e. fewer than 100 colonic polyps) -  1.2, p 89, (exon 9 

section). Bunyan et al. (1995) suggested that mutations within exon 9 developed fewer 

than 100 polyps from a case series of 4 patients from the same pedigree (mutation at 

codon 366). van der Luijt et al. (1995) reported on 15 patients with the mutation n1069 

INS Ibp (a) who had polyp counts in the range 10 to ‘> 1000’. The patients had an 

older age diagnosis 49 (r: 18-76) and an older age at diagnosis of cancer 61 (39-80) 

than would be expected for the typical FAP population.

Published series of exon 9 mutations after this (Young et al. 1998, Soravia et al. 1998, 

Rozen et al. 1999, Ficari et al. 2000, Su et al. 2000, Scott et al. 2001) have supported 

the original observation. The typical exon 9 patient (mutation nucleotide range nt 996 -  

1311) reported in the literature has a very variable colonic polyp number (range 0-310: 

possibly >1000). The majority of affected individuals seem to have less than 100 

colonic adenomas, for example, Rozen et al. (1999) reported 5 of 11 patients had no 

adenomas visible at colonoscopy although most were young adults. Ficari et al. (2000) 

reported a colectomy specimen from a 38 year old patient with just 22 polyps 

macroscopically visible (codon 367). Young et al. (1998) found that age at diagnosis 

tended to be older than typical for FAP (45 years: 34-68: c398 del 2 bp). Although 

caution may be appropriate for some of these cases because of the accuracy of non- 

dye-spray colonoscopy it is difficult to dismiss, entirely, the suggestion that exon 9 APC 

mutations produce at the least ‘hypervariable’ attenuated FAP.

4.3.5. The colonic phenotype of extreme 5’ APC mutations.

Extreme 5’ FAP causing APC mutations have been claimed to produce attenuated FAP 

(Spirio et al. 1992, Spirio et al. 1993, Spirio et al. 1999, Leppert et al. 1990,

71



c158:Giardiello et al. 1997, c168:Soravia et al. 1998) although only a minority of 

causative FAP mutations localize to this region (5%). The ‘typical’ atypical patient is 

said to have fewer adenomas (less than 100), of right-sided distribution and a tendency 

to colorectal cancer at an older age. The papers that describe these mutations are 

summarised in Appendix 1.3 (5’ APC mutation FAP phenotype, p 93). Although many 

published reports state that 5’ APC mutations can generate fewer than 100 colonic 

polyps, many have also demonstrated that extreme 5’ APC mutations can produce 

moderately severe polyposis (Walon et al. 1997, Nasioulas et al. 2001).

The precise boundary of extreme 5’ mutations is not clearly defined in the literature.

The usually cited boundary is between codons 159-168 (nt 477-504) (Spirio et al.

1993, Walon et al. 1997) this region approximately coincides with the 3’ end of exon 4 

(nt 423-531). However, the literature is inconsistent: for example, Nasioulas et al. 

(2001) reported a family that consistently produced moderate degrees of colonic 

polyposis (500-1500 adenomas) but was caused by germiine APC mutation at nt 348 

del ttcat (i.e. codons 116-118 inclusive, exon 3) - well inside the proposed limits. 

Extreme 5’ mutations are also interesting because of the proposed mechanisms that 

may generate the colonic adenomas. This topic is discussed in more detail in the 

section on the APC gene.

4.3.6.. The colonic phenotype of distal 3’ APC mutations

FAP is associated with a distribution of germiine APC mutations that is confined to the 

5’-half of the gene (approx. nt 150 -  4500). Mutations which are distal to the 3’ 

boundary are often associated with milder colonic polyp burdens. There are two (not 

necessarily mutually exclusive) competing theories for this observation. Firstly, the 

carboxy-terminus function(s) may be less critical for the formation of polyps than the 

amino-terminus’s functions. Some researchers (van der Luijt et al. 1996) have 

suggested that extreme 3’ mutations of the APC gene render either the mRNA or 

translated protein product unstable, effectively resulting in a null-APC gene, cf above.
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The majority of published reports (Appendix 1.4, p94: FAP phenotype caused by 3’ 

APC mutations) are fairly consistent, stating that 3’ mutations generate either low 

density or attenuated FAP. The boundary of where the transition in phenotype occurs is 

less clear. It is probably about codon 1550 (nt 4650), which is located about half way 

through the section of the gene which contains the 20 amino acid repeats. It is notable 

that this is very close to the location of the first SAMP repeat (cl 581 -  1584: nt 4741 - 

4752), which is absolutely required for (3-catenin degradation. An alternative 

explanation may rest with the nearby third 20 aa repeat (c l491 -1510: nt 4471- 4530), 

suggesting a dosing effect for the number of these repeats.

The genotype-phenotype association of 3' mutations has implications for the 

pathological mechanism of mutant APC. APC is conventionally considered a tumour 

suppressor gene. This is given a fuller discussion above.

4.4. Attenuated FAP and CHRPE

CHRPE is a benign retinal lesion associated with classical FAP. It is asymptomatic and 

reliably produced by mutations which span exon 9 to about codon 1450 (Wallis et al. 

1994, Traboulsi et al. 1996, Ponz de Leon et al. 1999, Olschwang et al. 1993). CHRPE 

is also produced by null-APC alleles, i.e. whole gene deletions (Herrera et al. 1986; 

Kobayashi et al. 1991, Hodgson et al. 1993). When present, it is present in affected 

family members and does not progress with age (Polkinghorne et al. 1990). Lesions 

comparable to CHRPE can be observed in other organisms, which harbour appropriate 

APC mutations (Ahmed et al. 1998, Marcus et al. 1997). CHRPE may occur 

sporadically but can be differentiated from that associated with FAP (Polkinghorne et 

al. 1990).

Ahmed et al. (1998) identified CHRPE type lesions in the compound eyes of 

Drosophila. They screened Drosophila for mutations and were able to identify 3 d-APC
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mutants, which had truncating mutations in the proximal and middle parts of the 

armadillo motif regions and after the second 20 aa repeat. These are directly 

comparable to those in humans and would be expected to produce CHRPE in human 

subjects.

D-APC loss induced apoptosis in retinal neurons of Drosphila. This phenomenon was 

reduced when armadillo protein (the Drosophila p-catenin homologue) function was 

inhibited in double knock-out animals. It was similarly reproduced when armadillo was 

overexpressed (using gain of function armadillo mutations, which stabilise it).

The conclusion was that drosophila APC associated eye defects (CHRPE) develop as 

a consequence of armadillo dysregulation. Therefore any, mutation, which 

compromises cellular regulation of armadillo, will produce CHRPE, i.e. the majority of 

APC mutations. Furthermore, the data strongly suggest that hapolinsufficiency alone is 

sufficient because whole gene deletions produce CHRPE in humans (see Appendix

1.1, p 90), i.e. there is no residual truncated gene product to account for CHRPE in 

these cases.

4.5. CHRPE and modifier genes

For classical FAP the above observation poses no problems; it does however for 

attenuated FAP. It has been hypothesised that attenuated FAP may be the product of 

APC protein instability (or mRNA instability) secondary to mutation, i.e. attenuated FAP 

is the consequence of true null-APC alleles. However, the reported literature is 

consistent: attenuated FAP is not associated with CHRPE. I believe that the absence of 

CHRPE in these patients disproves the ‘null allele’ hypothesis for the generation of 

attenuated FAP, because CHRPE is generated by whole gene deletion and armadillo 

dysregulation. Furthermore, the only conceivable way in which CHRPE can be 

prevented is by rescue of mutant APC function (Ahmed et al. 1998), i.e. the normal or
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near normal regulation of armadillo/(3-catenin, and this requires a stable form of APC 

protein.

For 5’ lesions associated with FAP there are two mechanisms, which could conceivably 

generate stable protein product, alternative mRNA isoforms transcription and/or, re

initiation of protein translation downstream of the truncating mutation. It has recently 

been shown in vitro that re-initiation can take place 3’ to very proximal stop codons in 

APC (Heppner Goss et al. 2002). These data support the hypothesis that CHRPE is a 

consequence of haploinsufficiency of APC, secondary to the effects on p-catenin. 

Furthermore, allelic heterogeneity may therefore be a less important determinant of 

phenotype severity, because CHRPE is such an invariant feature of classical FAP. If 

the APC mutation effect on p-catenin is relatively constant (i.e. because of the relatively 

invariant nature of CHRPE for the bulk of APC mutations) then variation in colonic 

phenotype may be due to other actors, e.g. modifier genes.

4.6.Duodenal Polyposis

Adenomas and intestinal cancer risk are not just restricted to the colon in patients with 

FAP; patients who survive the colonic stage of FAP may develop duodenal cancer. The 

risk of duodenal polyposis is not constant for all FAP patients. Therefore modifier 

genes or environment may influence disease severity in the duodenum. The arguments 

presented in this chapter could equally apply as well to duodenal polyposis. Duodenal 

polyposis is discussed more fully in Chapter 5.

5. Animal Models

The identification of APC as the gene responsible for FAP has driven researchers to 

create transgenic animal models that carry APC mutations. These models have 

allowed analysis of phenotype in the context of the whole organism. The models 

potentially allow multi-cellular interactions to manifest themselves. A process that 

cannot be observed from simple cell culture or in vitro experiments.
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The creation of stable animal strains, which carry ARC mutations, has allowed 

evaluation of phenotype variation in a number of situations. Firstly, environment can be 

controlled experimentally in a way that is not possible with the observation of human 

PAP. Secondly, strain crossing experiments have demonstrated the presence of 

‘naturally’ occurring modifier genes in animal models -  a potential window into their 

mechanism of action in human disease. Thirdly, transgenic crosses (i.e. double 

knockout animals) have given insight into the cooperative effects of known cancer 

genes.

Experimentally controlled interactions in animal models that alter phenotype are often 

called modifier effects, or modifier genes. In the strict sense any gene which modifies 

the phenotype of an animal model is a ‘modifier gene’. However the context is very 

different from the human disease situation, for two reasons. Firstly, many of the 

experimental systems create animal crosses that are extreme and never occur in the 

wild (e.g. an animal with multiple germline TS gene inactivation). Secondly, whole 

tissue phenotypes (e.g. colonic adenomas) require the cooperative interaction of many 

genes, i.e. the phenotype results from an interacting network of genes. Therefore, there 

are many genes that may be able to modify phenotype but these would only be 

considered human modifier genes if they actually have variant sequences in wild-type 

populations.

Animal models have addressed many important FAR questions. They give a 

perspective on human disease modifiers and are summarised below.

5.1. Summary of available animal models of APC mutation

Several mutant APC mouse models have been developed as well as comparable 

drosophila models. The key features of these models are summarised in Appendix 1.5 

(Animal models of FAR, p 95) and references therein. In general mouse, mutant APC
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heterozygotes develop multiple intestinal polyps (mostly in the small bowel). They are 

at risk of developing desmoids and epidermoid cysts. Retinal pigment epithelium 

changes comparable to CHRPE have also been reported. Mutant APC mouse 

heterozygotes are also at risk of developing mammary tumours.

The archetypal mouse mutant APC animal is the Min mouse - Multiple intestinal 

neoplasia - (Moser et al. 1990) that generates stable truncated APC protein (translation 

stops at codon 850). The animals are fairly sickly and have a reduced lifespan (6 

months maximum compared to 1.5 years for wildtype controls). In contrast with human 

FAP these animals die of either small bowel obstruction (due to luminal obstruction by 

polyps) or anaemia (probably reflecting the relative increased vascularity of the small 

bowel compared to the colon). Homozygous animals are lethal in utero indicating that 

APC has an essential developmental role (which is perhaps unsurprising given its role 

modulating the WNT signaling pathway).

Molecular analysis of Mouse intestinal polyps confirms that they are broadly similar to 

those in humans. Wildtype APC is inactivated by loss of heterozygosity (LOH) almost 

exclusively. The LOH frequently involves the loss of the whole of chromosome 18̂ °. 

Mouse adenomas are polyclonal in a manner similar to that observed in humans. 

Polyps from mutant APC mice show many other similarities to human polyps, e.g. loss 

of apoptotic markers, overexpression of COX2. The similarities reflect the evolutionary 

conservation of APC function.

Mouse APC mutants span the range codon 474 (exon 10) to 1638 (post-MCR exon 

15). Only very limited observations may be drawn about genotype-phenotype 

correlations in the mouse because there are so few models. The 1638N mouse 

represents a null (or near null allele). It has a milder intestinal phenotype than the other 

mouse models but develops a full range of extra-intestinal manifestations, including
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CHRPE (Marcus et al. 1997). Polyps from 1638N mice inactivate their wild-type APC 

allele by LOH; this provides strong support for the concept that mouse APC is a 

straightforward tumour suppressor gene. The 1638T mouse is essentially normal 

(homozygous animals survive to adulthood) and does not develop intestinal polyps 

above the background rate (Smits et al. 1999). This indicates that the tumour 

suppressor activity of mouse APC is confined to the 5’ half of the gene and 3' domains 

are not important for tumour initiation. The remaining mouse mutants (codons 474 -  

850) are relatively uniform with respect to survival time, number of intestinal lesions, 

wildtype APC inactivation and extra-colonic disease manifestations. The consequences 

of extreme 5’, or exon 9 APC mutations are unknown in the mouse.

5.2. Discussion of interspecies differences in APC between mice and humans

Despite the high evolutionary conservation of APC there are important interspecies 

differences between humans and mice. These are of particular relevance to the 

analysis of disease variance in humans. The main differences are:

1. The intestinal polyp distribution

2. Organism lifespan (and its implications for somatic event rates)

3. Gene-chromosomal organisation

4. Wild type APC inactivation (dominant negative APC effects)

5. Population genetic variation

6. Diet

5.2.1.Intestinal Polyp Distribution

Mutations of APC in the mouse generate predominantly small bowel disease with 

relatively little colonic disease. This is a near reversal of the situation in humans. The 

polyp distribution patterns in humans and mice are nearly mutually exclusive, i.e. 

humans develop FAP polyps in the foregut and hindgut while APC mutant mice 

develop midgut disease. The difference is not due to APC itself because other mouse

Mouse APC is contained on chromosome 18 which is syntenic with human chromosome 5.
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phenotype features indicate the essential role of p-catenin, e.g. CHRPE, epidemoid 

cysts, and its evolutionary conservation. The difference is either due to a different 

developmental context for APC gene expression or a different tissue homeostasis 

context for adult tissues. The developmental context may be the more important factor 

because mammalian interspecies intestinal differences reflect evolutionary adaptation 

to diet. Post-weaned mammals have diverse food sources, and the corresponding 

intestinal adaptations are pre-programmed. Despite the gross structural and functional 

digestive capabilities that are different between mammalian species, the lining 

epithelium of the gut is highly conserved. At the level of the enterocyte, interspecies 

differences are subtle and difficult to resolve. Therefore variation in mouse FAP may be 

distinct from human FAP.

5.2.2. Organism Lifespan (comparison of interspecies genetic stability)

A mouse lives about a year and a half and has been estimated to represent 1 x 10̂  ̂

stem cell divisions . This is roughly the same number that occurs in the stem cell 

population of the human colon over a typical human lifespan. The principle readily 

extends to the intestines where accurate estimates of epithelial stem cell division can 

be made” .However, the relative polyp density in mice is much higher than in humans 

and occurs in a shorter period of time. This may have implications for phenotype 

modifying factors, for example, mice may be more susceptible to genotoxic insult than 

humans.

5.2.3.. Mouse Gene-Chromosome Organisation

Although mouse and human APC are nearly identical, their respective chromosomal 

contexts are not. For example Smad4/DPC4 {DPC4 -  deleted in pancreatic cancer) 

modifies the phenotype of mice (Takaku et al. 1998). DPC4/APC cis-

compound heterozygotes show more aggressive tumour formation (including invasive

"  Adult ntestinal crypts are monoclonal (Novell! et al. 1996), the simplest explanation for this is that they 
contain only one stem cell. Intestinal crypts per unit area can be estimated by a variety o f methods, e.g. 
quantitative microscopy, and since the intestinal epithelium regenerates completely once every three days 
a direct estimate for lifetime intestinal stem cell divisions can be made.
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adenoma carcinoma) than do control animals. The chromosomal context of mice and 

human APC and DPC4 is different. Mouse APC and DPC4 are located on the same 

chromosome (mouse chromosome 18) and are separated by about 30cM and are 

therefore linked. In contrast human APC is located on chromosome 5 while DPC4 is 

located on chromosome 18. The chromosomal context may be important because the 

mouse may have mutation pathways that are unavailable in the human, e.g. DPC4 

mutation in cis with mutated APC (perhaps followed by LOH) could represent a 

pathway in the mouse which has greater selective advantage than the situation in 

humans (where DPC4 and APC mutations are unlinked). For example, Mouse APC 

allele by loss is produced by loss of the whole of chromosome 18 (Smits1997, Haines 

2000), possibly suggesting that a locus (e.g. DPC4) on mouse chromosome 18 can 

substitute for genes mutated in human disease (Ras, p53). In contrast with human 

adenomas they did not find Ras or p53 mutations, indicating that selective advantage 

conferred by mutation is different between the species. Lesser genetic influences may 

operate in a similar manner, e.g. rates of gene transcription are partly dependent on 

chromosomal location and neighbouring gene transcription activity. Therefore, genetic 

modifiers for one species may have different actions in different species.

5.2.4. Wildtype APC  inactivation

Although wildtype APC inactivation occurs early in Min adenomas, the type and pattern 

of inactivation is distinct from that seen in human adenomas. The majority pathway for 

APC inactivation in Min mice is by LOH (Su et al. 1992, Oshima et al. 1995, Smits et al. 

2000). This is in distinct contrast to the human situation where LOH is restricted to a 

subset of germline APC mutations (Lamlum et al. 1999) in an outbred population. The 

relationship between germline mutation and somatic APC inactivation, in the mouse, is 

complex and partly related to genetic background. For example, in the mouse the type 

of somatic inactivation event can be modified by co-existant homozygous MMR gene 

deletion (Smits et al. 2000, Kuraguchi et al. 2000) or ionising radiation (van der 

Houven van Oordt et al. 1999). In the mouse, variation (i.e. lack of a static mutation
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cluster region) in second hit pattern suggests that the APC gene functions more 

through straightforward haploinsufficiency than as a gene that has dominant-negative 

actions. Furthermore, Oshima et al. (1995) provided direct support against the 

dominant negative hypothesis by performing in vivo minigene expression experiments 

using truncated APC fragments. In mice, on a wildtype APC '̂^ background additional 

expression of truncated APC fragments did not generate adenomas, excluding a 

dominant negative action for mouse APC. These observations contrast with human 

data from genotype-phenotype correlations and human cell culture work (Mahmoud et 

al. 1997).

5.2.5. Population Genetic Variation

The process of animal model generation limits their application to population genetic 

studies because the process of strain generation tends to reduce genetic variation 

within a strain. Therefore, although animal models have given great insight into specific 

gene function, they are unlikely to identify the low penetrance alleles that are 

responsible for the bulk of genetic variation in human populations. There are two main 

reasons for this, which can operate in a complex manner -  population inbreeding and 

genetic drift.

Animal models utilise multi-generational backcrossing to create stable mutant 

bloodlines. The process of inbreeding reduces, in general, allelic variation at all loci. 

Therefore, by chance, modifier alleles may become fixed in the strain that carries the 

trait, or mutation of interest, e.g. recessive mutations. A direct example of this occurred 

in the original Min animal (APĈ ®'®̂ ° in a C57BL76J strain). The original Min mouse 

contains at least two mutations, one in APC -  which causes the disease - and a two 

(dominant) mutations at the sPLA2 (i.e. Mom-1) locus -  which produces phenotype 

variation only seen in interstrain crossing experiments. The occurrence of double 

mutations is perhaps unsurprising given that the progenitor animals were specifically 

raised in a mutagenic environment (END: Moser et al. 1990). The combination of such
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mutations is unlikely to occur in the wild. In contrast, human populations are outbred 

and have a much greater mean heterozygosity than inbred lines.

The evolutionary distance between model species and humans generates creates 

further difficulty for extrapolating from animal model modifier genes to human 

populations. The distance is driven by genetic drift and evolutionary selection pressure. 

Genetic drift is a random process, whereby species slowly diverge genetically on an 

evolutionary time-scale. Alleles that cause population variation for a specific phenotype 

trait, in one species, are unlikely to contribute much of a survival benefit in a different 

species when considered as isolated individual alleles (i.e. their individual net effect is 

small). Given the selection pressure to which a species is exposed varies with time as 

it evolves, there may be little evolutionary pressure to conserve modifier genes 

between species. Furthermore, although some genes, e.g. APC, have a highly 

conserved structure and function across species, as the species diverge in evolutionary 

distance the genetic background varies and this then modifies phenotypic trait. APC is 

a good example APC mutant mice develop small bowel disease whereas mutant APC 

humans develop colonic disease, despite having nearly identical APC genes.

5.2.6. Diet

Human diets are variable as are wild rodent diets, but rodent diets are generally distinct 

from human diets. The variation in diets between species is a marker for more general 

environmental differences and in turn this may reflect genetic differences, as an 

organism has evolved to fill a niche in an eco-system. It is difficult to resolve the 

contributions that environment and genotype contribute to phenotype, because 

interactions may be more than just simply additive. The major points of variation are 

the proportions of the different types of energy substrate and the quantities of unrefined 

food. The variation can have both direct and indirect consequences: direct, through 

exposure to heterocyclic amines (from cooked meat); indirect, through the type of 

enteric bacterial colonisation. Some caution is appropriate when extrapolating dietary

82



modifiers from animal models to humans. The results of dietary modifier studies on Min 

mice have been inconsistent (see Appendix 1.6, p 96)

5.3. Discussion of previously identified animal modifiers and their 

relationship to human disease

Many genes and environmental compounds have been tested (summarised Appendix

1.6, p 96). The tested candidates modifiers have usually been chosen because they 

have been demonstrated to have an effect increasing human colon cancer risk, e.g. 

identified in epidemiological studies or as familial colon cancer risk genes. The more 

important examples are discussed below.

5.3.1. The Mom-1 story

The first modifier gene of Min {Mom-1: modifier of Min) was identified by backcrossing 

the C57BL/6J Min {APC^""‘ )̂ animals with other mouse strains and then evaluating the 

intestinal severity of the interstrain animals (Dietrich et al. 1993). They found

that 50% of phenotype genetic variation (in AKR x C57BL/6J Min animals) could be 

attributed to a modifier locus on mouse chromosome 4 (syntenic with human 

chromosome 1). MacPhee et al. (1995) identified a mutation^^ in Secretory 

Phosphoiipase A2 {sPLA2\ syn: Pla2g2a) which resulted in reduced expression of the 

gene and which co-segregated with resistant Min crosses. Further work (Cormier et al. 

2000) has confirmed that sPLA2 does indeed confer some resistance to the Min 

phenotype and probably acts as a dominant modifier^^. However, sPLA2 as a modifier 

of Min is something of an enigma.

The mutation inserts a thymidine at nucleotide 210. This has two direct effects, firstly alteration o f the 
reading frame with the termination o f translation 13 codons downstream. MacPhee et al. (1995) claim 
that this makes the mRNA unstable because it is not seen on a Northern blot. The second (minor) effect is 
to activate a splice site which, eliminates exon (exon 3 splices directly to exon 5) this also alters the 
reading frame and generates a downstream stop codon. The splice variant was detected using RT-PCR, of 
RNA from intestinal tissues.

Initial backcross experiments suggested that Mom-1 was semi-dominant because heterozygote and 
homozygotes have different phenotypes consistent with a gene dose response. Cormier et al. (1997) 
created a C57BL/6J transgenic line which contained 9 extra-copies o f sPLA2 but they observed no
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The first problem with sPLA2 as Mom-1 is that the original Min mouse (C57BL/6J) 

actually carries two mutant sPLA2 copies at its Mom-1 locus -  essentially null alleles. 

This was a surprise when discovered because the resistant strains (e.g. AKR) carry 

wild type sPLA2 at the Mom-1 locus. In fact, the effect of wild type sPLA2 is so strong 

that the Min phenotype is difficult to observe in the absence of Mom-1 (Dietrich et al.

1993) and probably would have been missed if the original mouse colony had been 

crossed into an AKR strain rather than C57BL/6J strain. Mom-1 has been thought of as 

a polyposis resistance allele but could equally be thought of as a non-TS cancer 

susceptibility allele. The mouse C57BL/6J strain is homozygous at its Mom-1 locus, 

therefore, Min mice could be reclassified as APC'^'"^VsPM2' '̂. Furthermore, the 

question has to be asked -  are there more mutant alleles within the C57BL/6J 

background contributing to Min phenotype? It is probable that Mom-1 contains more 

than one modifier of Min (Cormier et al. 2000) and that the AKR Mom-1 locus consists 

of more than one gene.

Mom-1 {sPLA2) is not a tumour suppressor gene in mice because LOH of this locus is 

not observed in polyps from heterozygous animals. Furthermore, although human 

1p35-36 (the syntenic human region which contains human sPLA2) frequently shows 

somatic LOH and may contain a modifier for FAP (Dobbie et al. 1997, Tomlinson et al. 

1996, Tomlinson et al. 1996), human sPLA2 does not appear to be involved 

(Tomlinson et al. 1996, Dobbie et al. 1996, Spirio et al. 1996, Riggins et al. 1995, 

Nimmrich et al. 1997). This may reflect the evolutionary distance between humans and 

mice, and further exemplifies the limitations of identifying human population 

risk/modifier alleles by studying model organisms.

additional gene dose effect over that produced by Mom-1 alone, which implies that Mom-1 acts in a 
dominant manner.
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The final puzzle of sPLA2 as Mom-1 is its mechanism of action. sPLA2 catalyses the 

production of arachidonic acid from phosphoiipase, as a precursor to prostaglandin 

synthesis. Inhibition of prostaglandin synthesis reduces polyp number (see below) and 

therefore, null mutations of sPLA2 should in theory decrease polyp number. The very 

opposite is observed. A further poblem is that sPLA2 has an extra-cellular function (i.e. 

it has non-cell autonomous action), which may explain why it does not undergo LOH. 

While there is no reason per se why cancer genes have to have a cell autonomous 

function, (e.g. WNT-1) most do. For sPLA2 other mechanistic possiblities are anti

bacterial action -  which is unlikely because Min mice raised in sterile environments 

have the same tumour multiplicités as controls -  or stimulation of apoptosis or immune 

surveillance (see Appendix 1.6, p 96).

5.3.2. COX2: story

Compared with Mom-1 there is much better correlation between animal and human 

studies with respect to polyp risk produced by variation in prostaglandin exposure. The 

critical enzyme involved is C0X2 (cyclo-oxygenase 2; syn.: PGHS2 -  prostaglandin 

endoperoxid H synthetase - 2). COX-2 is an inducible enzyme that catalyses the 

formation of prostaglandin H2 (PGH2) from arachidonic acid -  the rate limiting step in 

prostaglandin production. PGH2 is then converted to other prostaglandins in a tissue 

specific manner, the end products of which perform a wide variety of functions. For 

colonocytes, increased prostaglandin E2 (PGE2) inhibits apoptosis. COX2 is up- 

regulated in adenomas and this correlates with lower levels of apoptosis than in control 

epithelium. Consequently, inhibition of COX2 would be expected to antagonise this 

action.

A wide variety of experiments have confirmed that inhibition of prostaglandin synthesis 

via C0X2 reduces intestinal polyp number and size in both human and animal models. 

The papers are listed in Appendix 1.6, p 96. The earliest work was epidemiological, 

where it has been noted that NSAID drugs such as aspirin are associated with a
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modest decrease in the incidence of colon cancer and also improved tumour survival. 

The observation is important because naturally occuring compounds have NSAID 

activity and may have some of the protective effects against bowel cancer.

Virtually all of the mutant APC mouse models tested have demonstrated suppression 

of polyp numbers when exposed to environmental NSAIDs and C0X2 inhibitors, 

Appendix 1.6, p 96. The only exception is the APC1638N, which did not demonstrate a 

response to aspirin (Williamson et al. 1999), although in that study a protective 

interaction with a-amylase starch was noted. The consistency of response across the 

different APC mutation positions suggests that the protective effects of C0X2 inhibition 

are not restricted to a subset of APC mutation types or positions. Furthermore, for the 

mouse, it suggests that all APC mutations, regardless of position, exert their effects at 

the molecular level via a common pathway. The simplest explanation for this is that an 

interaction occurs with a down-stream target of p-catenin.

The limited data available from double knockout mice (mutant APC/ mutant 

prostaglandin synthesis pathway enzyme) confirm the environment modifier picture 

(Oshima et al. 1996, Cormier et al. 1997, Takaku et al. 2000). Although humans show 

response to NSAIDs, i.e. a reduction in polyp numbers, the situation is more complex 

because human 00X2 has no polymorphisms in its coding sequence. Genetic 

possibilities for the human situation might involve polymorphisms of the enzyme 

systems that metabolise NSAIDs such as aspirin and celecoxib. This creates the 

potential for complex gene-environment interaction.

5.3.3. Genetic interaction with other tumour suppressor genes:

Double knockout animals have demonstrated interactions with other tumour suppressor 

(TS) genes involved in colon cancer, e.g. HNPCC genes. The two most striking 

observations are that, firstly, very often only the APCP"' "̂', animals develop a

greater number of intestinal polyps (Kuraguchi et al. 2000, Shoemaker et al. 2000,
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Sansom et al. 2001, La! et al. 2001). This indicates that the interaction is unlikely to be 

of major significance in human FAP populations because the somatic event rate 

required to produce a double knockout of, say, two MMR genes in addition to an 

inherited FAP mutation will be slower than alternative mutation pathways, e.g. somatic 

inactivation of APC and, say, K-ras. Secondly, the type of somatic APC inactivation 

changes consistently away from LOH, indicating for the Min mouse (and friends) that 

somatic inactivation of APC is partly controlled by genetic background. This 

observation sits well with human data that shows that concordance for bowel cancer is 

higher in monozygotic twins than dizygotic twins or other relatives (Lichtenstein et al.

2000). The familiality of second hits in human populations has not yet been 

demonstrated.

5.3.4. Diet

Bowel cancer may have an environmental risk component in human populations. 

Environmental modifiers of FAP are strong candidates as cancer risk factors and vice- 

versa. The experimental evidence from Min mouse studies is inconsistent, some 

dietary agents showing effects in some studies but not in others, e.g. cooked meat and 

fiber (Steffensen et al. 1997, Williamson et al. 1999, Mutanen et al. 2000, Collett et al. 

2001, Wasan et al. 1997).

5.3.5. Exposure: Developmental windows for adenoma formation

One tantalising observation that has been repeatedly observed in Min mouse studies 

relates to environmental exposure at different developmental time points. Shoemaker 

et al. (1995) demonstrated that time of exposure to the carcinogen END had a 

differential effect on intestinal adenoma multiplicity. Young animals (neonatal) were 

more susceptible to tumour formation than older animals. Laird et al. (1995) have 

shown similar effects in response to DMA hypomethylation variation. Furthermore, 

adenoma number development appears to slow down with increasing age and plateau 

in the post-natal period (Reitmair et al. 1996). A similar phenomenon has been 

observed for whole lifetime (i.e. in utero onwards) exposure to aspirin (Sansom et al.
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2001). These data may explain some of the inconsistencies reported for NSAID and 

other environmental modifiers, where times of initiation of dosing have varied. The 

developmental window also complements knowledge about the development of the 

intestinal epithelium. Intestinal crypts develop in early neonatal life by a process of 

crypt fisson (Park et al. 1995, Wasan et al. 1998, Brunsgaard 1997) and this may 

represent a time when the epithelium is especially vulnerable to adenoma initiation, 

although intestinal polyps do not become visible in Min mice until much later in life. A 

further parallel in human FAP is CHRPE, which also displays a similar developmental 

phenomenon. CHRPE lesions do not become more numerous as a patient ages 

(Polkinghorne et al. 1990). This indicates that for the retinal epithelium the 

developmental effect of APC is to produce a hamartomous lesion, i.e. the tissue pattern 

is ‘set’ early in life. CHRPE lesions probably do not develop into neoplastic lesions 

because of the terminally differentiated static nature of the CMS neuroepithelium 

(retinal epithelium). The relationship between hamartomous lesions and cancer is 

reflected in other intestinal polyposis conditions, e.g. Peutz-Jeghers syndrome and 

Juvenile Polyposis, which are considered hamartomatous but have a raised neoplastic 

risk.

5.4. Summary of modifier genes in animal models:

Animal models haven given valuable insight into human FAP / colon cancer risk. They 

are imperfect models and extrapolation of data is not straightforward. Substantial 

interspecies differences limit the utility of animal models to identify low penetrance 

modifier genes (and environmental factors). Animal models allow analysis of the 

developmental aspects of APC gene function in a manner that is not possible in 

humans.

6. Conclusions

There are four main conclusions to the above review of the literature.



1. There is considerable variation in FAP phenotype (colonic adenoma burden, upper 

GI risk).

2. APC mutation position may explain some of the observed phenotype variation but 

not much.

3. Environment is a possible canidate for disease modification but not a good 

candidate because of the early age at presentation of the FAP phenotype.

4. Modifier genes probably exist. They have been directly shown to exist in animal 

models. The observation that human colon cancer risk is partly hereditary provides 

addtional circumstantial support for their action in colonic FAP.

The aims of this research were to evaluate the epidemiological evidence for modifier 

genes in FAP and then identify modifier genes. I have also tried to evaluate how 

modifier genes exert their effects.
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Appendix 1.1: Null APC alleles and FAP phenotype
Patients were systematically identified by searching on Medline for FAP patients and gene deletions. The data sumarised represent comments from papers on individual patients. 
Some papers contained more than one patient. N/a -  not reported. 0/e -  on physical examination. Ca -  carcinoma

Patient Colonic FAP
diagnostic
criteria

Adenoma
Number

Age APC Deletion extent Desmoid Extra
colonic
features

CHRPE Intellect Other

Hockey et al. Necropsy Extensive 40-45 46XX assumed N/a N/a Mental retardation Ca colon
(1989).mother polyposis Del(5)(ql5-q22)
Hockey et ai. Colectomy Unknown <30 46XY inherited N/a E N/a IQ = 50
(1989).sib (a) Del(5)(ql5-q22)
Hockey et al. Colectomy Unknown <30 46XY inherited N/a E N/a IQ = 51
(1989).sib (b) Del(5) (ql5-q22)
Hodgson et al. Colectomy >100 38 46XX inherited Yes (3) E, Du+, N/a Low normal
(1993).l proximal Del(5)(q21.3-q23.1) F+ intelligence
Hodgson et al. Colonoscopy >100 31 46XY de Novo N/a Yes Mental retardation Caroli’s synd.
(1993).2. proximal Del(5)(ql5-q23.1)
Cross et al. (1992) Colectomy >100 25 46XY inherited N/a E, Du+ Yes Mild mental handicap
nephew proximal Del(5)(q22-q23.2)
Cross et al. (1992) Colonoscopy Multiple 54 46XX inherited No (USS) OGD- Yes mentally retarded
aunt Del(5)(q22-q23.2) NAD
Barber et al. (1994) Distal Hundreds 45 46XX No (o/e) E- N/a profound mental

colonoscopy Del(5)(ql5-q22.3) retardation
van der Luijt et al. Colectomy 250 47 XX46t(5;10)(q22;q25) N/a Du+ N/a Caecal Ca (Duke’s C)
(1995).a
van der Luijt et al. Colectomy 150 30 XX46 t(5;l0)(q22;q25) F+ N/a
(1995).b
Mandl et al. Obligatory Unknown 59 XX46 inherited N/a N/a Normal Died colorectal Ca(59)
(1996).i.2 carrier Del(5)(150kb:exll-3’)
Mandl et al. R.hemicolectom Multiple 34 XY46 inherited N/a N/a Normal Caecal Ca(34)
(1996).ii.2 y proximal Del(5)(150kb: e x ll-3 ’)
Mandl et al. Colectomy -100 34 XY46 N/a Yes Normal
(1996).ii.6 Del(5)(150kb: e x ll-3 ’)
Mandl et al. Colonoscopy -  100 43 XY46 inherited N/a Yes Normal
(1996).ii.7 Del(5)(150kb: e x ll-3 ’)
Mandl et al. Colonoscopy - 2 0 16 XY46 inherited N/a No Normal
(1996).iii.l Del(5)(150kb: e x ll-3 ’)
Pilarski et al. (1999) Colonoscopy 50-60 39 XY46 de novo No (o/e) E-, OGD- Yes Institutionalised due to Hyperlipidaemia,

Del(5)(q22-q23.3) NAD special needs Hypothyroidism,
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Appendix 1.2; Main phenotype features for FAP.
This table summarises the main phenotype features caused by APC mutations in the 5’ half o f the gene, exclusive o f mutations within exons 1-4. Exon 9 mutations are grouped 
together. Mutations at codon 1309 (nt 3927) are identified specifically. Abbreviations E: epidermoid cysts, Ds: desmoids, Du: duodenal adenomas, Figastric fundal adenomas.

Reference Diagnosis Method Patient n Age Diagnosis DNA findings Extra- CHRPE
colonic
features

Colonic
Polyposis

Age CRC nCRC

Paul et ai. APC mut screen 15(15 ped) 27(r: 16-44) n t3180-3982 ‘ 100->1000’
(1993)
Giardiello and Mixed proband and 74 nt 3927 DEL 5bp + Polyp density 33(r. 19-61) 30/74
Offerhaus screening
(1995)
Nugent et al. Proband and 27 unk nt 3927 5bp DEL Du +/-, 4000 polyps unk 4/7
(1994) screened(?) Ds(30%) per colon
Bunyan et ai. Screening(?) 25 19/25 FAP+ n t 1968 -  4671 + >100
(1995) on first screen 

(25.1)
Bunyan et ai. 4 4/4 FAP+ first nt 1098 (ex9) 40+, 10,80,80+
(1995) screen(41)
De Pietri et ai. Proband and 131 28.5 Unknown 64.7% >100 (as
(1995) screened inclusion

criteria)
Debinski et ai. Colectomy 317 25(r: 12-64) 842(r:78- 38(r: 16-64) 71/317(22%)
(1996) specimen; mixed 

proband and 
screened

age at op 7500)

Eccies et ai. Mixed proband and 9 years old nt 1497 SUB E, Du+ 9,36,40,45,64 5/17(29%)
(1997) family screen c>t, nt 1458 SUB 

c>t
Giardieiio et ai. Mixed proband and 52 27(r:2-17) nt 5 3 7 -  1875) 9/48 <100 39(r:23-71) 18/35
(1997) screening first

examination
(Leggett et ai. Proband and 2 29,16 nt 4560 DEL 2bp Du +/- 157+33+20,6
1997) screened cases
Walon et al. APC mutation 23 (9 ped.) 27(r: 14-45) nt 1437-4684 Du+/-,F+/-, + 3 - ‘>1000’ 33,40,55 3/23
(1997) screen Ds (2/23)
Bjork et ai. Proband 216(48) 39(r: 11-71) 41.5(r:19-71) 23/48 (48%)
(1999) Screening 215(99) 22(r.3-65) 38(r. 16-65) 2/99(2%)
Heinimann et Mixed proband and 122 39(r: 11-73) nt 297-5961 47.8(r:24-80) 54/161
ai. (1998) screening



Giarola et al. Mixed proband and 66 nt 570 -  4695 >100
(1999) screening
Fidalgo et al. (?) 9 Pedigrees Unknown nt 1365-3921 Du+/ - + >100
(1999)

Ponz de Leon et 20 ped. 23(r: 11-41) nt 645 -  4392 Du+/-, F+/- 14/19 ped. ‘diffuse’ 38(27-49) n/a
al. (1999) , Ds (+/-)
Martin-Denavit Proband and 8 (2 ped.) nt 4395 DEL 2bp E, Ds++ Variable 52,33 2/8
et al. (2001) screened cases profuse-

attenuated
van der Luijt et Registry pedigrees 15 (1 ped) 49(r: 18-76) nt 1069 INS a 1 0 - ‘>1000’ 61 (3 9 -8 0 ) 7/15
al. (1995) (ex 9)
Young et al. Mixed proband and 8 46(r:34-68) nt 1194 DEL2bp 98(r;26-200) 51(r:34-68) 4/8
(1998) screening (ex9)
Soravia et al. ‘AAPC’ mutation 23(2 ped.) 42 nt 988 DEL a 2 - 1 5 0 , 5/23
(1998) search (ex9) nt 994 

SUB c>t (ex9)
mostly less 
than 50

Rozen et al. Proband and 22 Proband 56 nt 1059 del 1 Ibp E+/-, Du- 2/11 >100, 56 1 proband
(1999) screened (ex9) ,F- 5/11 no ad.
Fi cari et al. Colectomy series; 18 28 nt 624 -4668 463 34,36,37 3/18
(2000X*)

2 11,38
(exclusive ex9) 
nt 1311,1101 
(ex9)

310,22

9 16 nt 3927 DEL 5bp 2573 23,36 2/9

Su et al. (2000) In passing 2 patients 47,15 nt 996 SUB c>t 
(ex9)

32,3

Friedl et al. Symptomatic 410 33(r:4-78) 40. l(r: 19-78) 126/410(30.7%)
(2001) Screened 303 25 (r:4-64) 36.9(r:21-54) 18/303 (5.9%)

Unknown 530 38(r:8-78) 44.0(r:22-76) 45/530 (8.9%)
Scott et al. Proband 53 (52)(27) 29(r: 11-73) 5’ half APC + ‘clinical FAP’
(2001) ntlOOS del 14bp 

(ex9)
as inclusion 
criteria; Ex9 
‘attenuated’

also partially reported elsewhere (Cama, Palmirotta et al. 1995)



Appendix 1.3: Extreme 5’ APC mutation phenotype.
This table summarises the available published literature for FAP phenotype caused extreme 5’ APC mutations. Abbreviations F: fundal polyposis, Du: duodenal polyposis, Ds: 
desmoid disease, E: epidermoid cysts. The boundary between extreme 5’ APC mutations causing attenuated disease and ‘classical’ disease is poorly defined in the literature. The 
collected cases are therefore heterogenous reflecting the different methods of ascertainment.

Reference Diagnosis
Method

Patient number Age Diagnosis DNA findings Extra-
colnic
features

CHRPE Colonic Polyposis CRC
incidence

Age at 
CRC

Spirio et al. Mixed 63 (4 ped.) 47(r: 14-85) Linkage to 5q F+/- 12(r:0->100)21 of
(1992)(*) 63 >100
Bunyan et al. Screening(?) 3 37 nt504 -  834 None >100
(1995) exon: 4 - 7
Giardiello et al. Mixed proband 20 (7 ped.) 33(r: 15-76) nt279-nt471 Variable approx 6/20 51(r:28-75)
(1997) and screened 50% < 100
Walon et al. (1997) APC screen 

registry
8(2 of 11 ped.) 33(r:24-51) nt487 SUB g>t Du+/- F+/- None 1 0 - ‘>1000’ (2/8 < 

100)
1/8 51

Soravia et al. ‘defined’ AAPC 52(4 ped.) 44 Del exon 4, nt487 1-580: variable 18/52
(1998) mixed SUB O t
Fidalgo et al. ? ?(I ped.) ? nt 672 del 4bp Ds, Du+/- Variable/atypical
(1999)
Spirio et al. Family FU 90(5 ped.) 39(r:16-68) Intron 3 nt(-l) Du+/- 1 0 - ‘ 1000s’ 31/90 53(r:27-71)
(1999X*) SUB g>a F+/-

E + /-
Friedl et al. (2001) ? 11 52.2 n t417-468 ‘predicted’

attenuated
Nasioulas et al. Mixed proband 3 45,42,15 nt348Del 5bp exon ‘innumerable’.
(2001) and screened 3 >900, (colonoscopy 

15)

'OUJ



Appendix 1.4: Phenotype o f FAP caused by 3’ APC mutations.
This table summarises the data for phenotypes caused by APC mutation positions beyond the 5’ half o f the gene.

Ref Diagnosis Method N patients Age
Diagnosis

DNA findings Duodenal Fundal 
Polyposis Polyposis

Colonic Polyposis CRC Age CRC

Scott et al. Proband and 43(1 ped.) 39 nt 5934 DELa Variable
(1995) screened
Bunyan et al. Screened 1 16 nt 4671 100s
(1995)
Friedl et al. Colectomy -  not 9 (2 ped.) 49.5 nt 4791 Mostly <100 polyps 2(9) 71 &61
(1996) examined
van der Luijt et Proband and 23(2 ped.) 44 nt 5580 DEL 4bp 4/22 >100 polyps 10/21 58
al. (1996) screened
Eccies et al. Mut screen 10 nt 5772 0
(1996)
Walon et al. APC screen 2 36,66 nt 4893 SUB c>t 8,>100 1/2 66
(1997)
Leggett et al. Proband + screened 2 (1 ped.) 29, 16 nt 4560 2/2 profuse duodenal 100-200
(1997) adenomas
Brensinger et al. Colonoscopy/ 31 (4 ped.) Variable 3’ = >n t 4788 7/33 OGD performed 5/7: 4/31 50
(1998) sigmoidoscopy/ 

colon resection
screening 4/7 fundal +: 2/7 duodenal +

Soravia et al. ‘AAPC’ mut screen 4(1 ped.) 49 nt 6138 DEL Ibp 2/2 UGI adenomas 1 -36 0/4
(1998) mixed (c)
Scott et al. Proband 1 of 1 nt5790 INS 17bp ‘sparse’
(2001)



Appendix 1.5: Mouse/Drosophila C models
This table summarises the available mutant APC animal models

Reference APC mutation 
position

Mutation Type and 
consequence

Phenotype Second hit 
pattern

Mouse strain Notes

Ahmed et al. D-APC n t l486 Q426X retinal abnormality
(1998) D-APC ntl 671 

D-APC nt 2692
W488X
Q829X

(CHRPE)

Sasai et al. Codon 474 Stable truncated product Multiple intestinal tumours, Un-reported C57BL/6J Homozygous mutants are lethal in
(2000) (exon 10) mammary tumour utero
Oshima et al. Codon 716 Stable truncated product Multiple intestinal polyps Exclusive LOH C57BL/6J Homozygous mutants are lethal in
(1995) (terminates at 5’ end of 

exon 15)
utero before P C. day 8.5

Moser et al. Codon 850 Stable truncated product Multiple intestinal polyps. Exclusive LOH C57BL/6J Homozygous mutants are lethal in
(1990) (exon 15) mammary tumours utero
Smits et al. Codon 1638T Stable truncated product Normal -  no polyps N/a 01al29xB6* Homozygous mutant is viable
(1998) (3x 20aa repeats Ix  

SAMP repeat)
(viabilty varies with strain 
background). Absent preputial gland. 
Neonatal growth retardation.

Fodde et al. Codon 1638N A ‘null’ APC allele, ‘sparse’ intestinal polyposis. LOH in > 75% C57BL/6J Homozygous mutants are lethal in
(1994) antisense inhibiton o f 

transcribed sense APC 
RNA

desmoids, epidermoid cysts, 
retinal lesions

utero

- B6 is synonymous with C57BL/6J. N/a -  not available.



Appendix 1.6: Experimental modifiers in animal models.
This table lists envionmental and genetic modifiers for various mutant yfPC mice. Modfiers are semantically grouped.

Reference Modifier Effect Model Germline
Mutation

Somatic Mutation

Erdman et al. (1999) Environ: DFM O (antagonist of GDC) Decreased SB polyp 
number

C57BL/6J Min

Jacoby et al. (2000) Environ: DFM O Decreased SB polyp 
number

C57BL/6J Min

Mutanen et al. (2000) Environ: Inulin Increased SB polyp 
number

C57BL/6J Min

Weyant et al. (2001) Environ: oestrogen Oopharectomy increases 
polyp number

Min

Ritland et al. (2000) Environ: CFPQA (epidermal growth 
factor receptor inhibitor)

No effect C57BL/6J Min

Laird et al. (1995) DNA hypo-methylation Reduced polyp 
multiplicity

C57BL/6J Min

Shoemaker, Moser et al. Environ: ENU Age dependent increases C57BL/6J Min
(1995) in intestinal polyp 

number. Increase in 
epidermoid cysts.

van der Houven van Environ: X-irradiation (5Gy) 8 fold increase in C57BL/6J 1638N 71% LOH
Oordt et al. (1997) intestianl number. 15 

fold increase in 
mammary tumours. 
Female restricted 
increase in desmoid 
tumour

Haines et al. (2000) Environ: Gamma Irradiation (2-5Gy) 3-4 fold increase in 
tumour multiplicity

C57BL/6J Min Extension of loss to whole of chr 18

Lefebvre et al. (1998) Environ: PPARgamma agonists Increased Colon polyp 
number/size

C57BL/6J Min

Fox et al. (1997) Environ: Helicobacter infection No effect C57BL/6J 1638N
Dove et al. (1997) Environ: Enteric bacteria (Germ-ffee 

mice)
No effect C57BL/6J Min

Wasan Environ: High fat diet Increase in polyp 
multiplicity

C57BL/6J Min

Williamson et al. (1999) Envion: ‘Western diet’ No effect apart from 
weight gain

C57BL/6J 1638N
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Environ: Alpha-amylase starch Increased polyp number C57BL/6J 1638N
Mutanen et al. (2000) Environ: Beef Increased SB polyp 

number
C57BL/6J Min

Environ: Rye Decreased SB polyp 
number

C57BL/6J Min

Environ: Gat No effect C57BL/6J Min
Environ: Low fiber No effect C57BL/6J Min

Song et al. (2000) Environ: Folate Mixed effects C57BL/6J Min
Collett et al. (2001) Environ: Curcumin (turmeric curry 

spice)
Abrogates response to 
PhIP

C57BL/6J Min

Rao et al. (2000) Environ: selenium Decreased SB polyp 
numbers

C57BL/6J Min

Collett et al. (2001) Environ: PhIP (barbequed meat) Increased polyp number C57BL/6J Min
Steffensen et al. (1997) Environ: PhIP Increased SB polyp 

number (prox. SB males 
only)

C57BL/6J Min

Chiu et al. (1997) Environ: Sulindac Decreased SB polyp 
numbers

C57BL/6J Min

Mahmoud et al. (1998) Environ: sulindac sulfide Decreased polyp 
numbers

C57BL/6J Min

Williamson et al. (1999) Environ: Aspirin (NSAID) No effect C57BL/6J 1638N
Jacoby et al. (2000) Environ: Piroxicam (NSAID) Decreased SB polyp 

number
C57BL/6J Min

MacGregor et al. (2000) Environ: Balasalazide (5ASA) Decreased SB polyp 
number

C57BL/6J Min

Oshima et al. (2001) Environ: Rofecoxib (C 0X2 inhibitor) Decreased polyp number C57BL/6J c716del
Sasai et al. (2000) Environ: JTE-522 (C 0X 2 inhibitor) Decreased polpy number C57BL/6J c474del
Sansom et al. (2001) Environ: Aspirin Embryonic/ perinatal 

(lifetime)
Decreased SB polyp 
numbers

C57BL/6J Min

Moser et al. (2001) Genetic: Strain background Abrogation of ENU 
susceptiblility to 
mammary tumour 
formation

C57BL/6J
crosses

Min

Smits et al. (2000) Genetic: E-cadherin (heterozygous 
defeiciency)

Decreased SB and 
gastric polyp numbers

C57BL/6J X  

01al29/129J
1638N LOH at APC locus

Roose et al. (1999) Genetic: tcf-1 (homozygosity) Increased SB and 
colonic polyp numbers, 
mammary 
adenomocanthomas

C57BL/6J Min

Hassan and Howell Genetic: IG F-II (overexpression) Increased colonic polyp C57BL/6J X Min



(2000)
Takaku et al. (1998) Genetic: SMAD4 heterozygous deletion

number
Polyp size enlargment 
and malignant potential

129/SvJ
c716del

van der Houven van 
Oordt et al. (1999)

Genetic: strain background response to 
ionizing radiation

Variable susceptibility C57BL/6J X 1638 76% LOH

Dudley et al. (1996) Genetic: homozygous scid mutants 
(defective dsDNA break repair)

No effect C57BL/6J Min

Wilson et al. (1997) Genetic: Matrilysin (Matrix 
metaloproteinase) homozygous 
deficiency

Reduced intestinal polyp 
numbers

C57BL/6J Min

Lai et al. (2001) Genetic: MSH2 homozygous deficiency Increased SB polyp 
numbers

C57BL/6J Min Reduced rates of APC LOH (30% ), 
increased intragenic mutation

Reitmair et al. (1996) Genetic: MSH2 Increased intestinal 
polyps, rate of change 
plateaued with time

C57BL/6J Min Reduced rates LOH (14% vs 100% 
control Min). RER negative.

Kuraguchi et al. (2000) Genetic: M L H l homozygous deficiency Increased Polyp Count Mouse 
(C57BL/6J X 
128/Ola)

1638N LOH shifts to Premature truncation at 
APC locus

Shoemaker et al. (2000) Genetic: M L H l homozygous deficiency Increased SB polyp 
numbers

C57BL/6J Min Reduced rates of APC LOH (25%), 
increased intragenic mutation

Takaku et al. (2000) Genetic: cPLA2 homozygous 
deficiency

Decreased SB polyp C57BL/6J c716del

Cormier et al. (2000) Genetic: sPLA2 (Mom-1) Decreased polyp 
numbers

C57BL/6J Min

Oshima et al. (1996) Genetic: deficiency of C 0X 2 Dose-dependent 
reduction in intestinal 
polyp numbers

C57BL/6J c716del

\ooo
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Chapter 2: Methods and Materials

Note: All reagents mentioned in the text are tabulated (alphabetically) at the end of this 

chapter with their chemical definitions. Key reagents are highlighted in bold. 

Programmatic notation is listed as pseudocode in Courier New font.

1. Phlebotomy and blood sample collection/storage

Informed consent was obtained from the patients. A sample of peripheral venous blood 

was taken from a vein in the antecubital fossa. The blood was collected using a sterile 

needle and polypropylene syringe. I wore disposable examination gloves during the 

venepuncture procedure. The blood was then immediately aliquotted into a 9ml (x2) 

K^^EDTA plastic collection vial (Vacuette®, Greiner) and also a polypropylene vial 

(Corning) for lymphocyte collection. The latter contained 20ml of Lymphocyte 

Collection Media (LCM). 20ml of fresh blood was added to the LCM. The two were 

then mixed and stored at room temperature. Lymphocytes were separated within 24 

hours. Blood-EDTA samples were frozen at -20 °C, as soon as possible after 

phlebotomy (within 24 hours).

2. Extraction of lymphocytes from blood for establishment of cell-lines

White blood cells (lymphocytes) can be immortalised by viral transformation (using 

Epstein-Barr Virus -  EBV). Thus, large amounts of cells can be grown to produce 

virtually unlimited quantities of DNA. This is a two-stage procedure; first lymphocytes 

are separated (and may be frozen for storage), and then transformed into an immortal 

cell line. The CRUK Research Cell Services performed the cell line transformation.

Polypropylene vials containing 20ml blood and 20ml LCM were obtained from patients. 

An aseptic workspace (Biomat-2 Class 2 Microbiological Safety Cabinet) was prepared 

by cleaning with 70% ethyl alcohol. Equipment passed into the area was similarly 

cleaned. The exterior of the polypropylene vials were also cleaned with ethyl alcohol

99



(70%). All glassware had been autoclaved prior to use. Fetal calf serum (PCS) and 

RPMI/HEPES (3.7%) - hereafter RPMI/HEPES - were warmed in water bath to 37 °C, 

then the exterior of the containers were disinfected with 70% ethanol (liberally). The 

RPMI/HEPES was then filtered using a 20 pm pore size disposable filter unit 

(Nalgene®). Using Universal Precautions, the blood was decanted into a 250ml flask 

within the aseptic work chamber and labeled if more than one sample was being 

processed. The blood collection vial was rinsed with 4ml RPMI/HEPES and the 

washings collected in the 250ml flask. Sterile glass beads were added to the blood (1 

per ml of blood, Fison's 4mm undrilled).

The blood RPMI/HEPES mix was then defibrinated while undergoing gyration to 

remove fibrin and platelets. The flask of blood RPMI/Hepes was transferred to a 

gyratory shaker (Gyrotory® Shaker Model -  G2, New Brunswick Scientific Co. Inc.). 

Calcium chloride solution was added (0.6ml 1M CaCl2 solution) while agitating the 

blood. The mixture was then agitated for 15min 250 r.p.m.

Two 50ml sterile polypropylene centrifugation tubes (Corning©) were prepared to 

receive the defibrinated blood by adding 15ml Lymphoprep™ (Nycomed) to each. The 

defibrinated blood (serum + lymphocytes) was pipetted from the flask and carefully 

layered onto the Lymphoprep, by running the blood out of the pipette down the internal 

side of the centrifuge tube and then onto the Lymphoprep. This generated a clear 

interface between the Lymphoprep and the blood.

Approximately 20ml of RPMI/HEPES was added to the flask to rinse any remaining 

lymphocytes from the fibrin clot. This was also carefully layered onto the blood 

/Lymphoprep, the aim was to have equal volumes of fluid in each tube. The two tubes 

were immediately centrifuged at 1800 r.p.m. (700g) for 20 min. with the centrifuge 

brake off (Beckman® TJ6 motor).
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Observation of the tube post spin revealed three layers, blood (bottom), Lymphoprep 

(middle), and RPMI/ serum (top). A cloudy interface was (usually) visible between the 

top and middle layers; this was carefully aspirated off into another centrifuge tube, this 

interface represented lymphocytes. The interface was centrifuged at 2300 r.p.m. 

(1000g) for 10 min.

The supernatant was aspirated and discarded and the pellet was then resuspended in 

2ml of Freeze mix (10% DMSG, 90% PCS) and then immediately transferred to 

cryotubes (Corning®), approx. 0.75ml per cryotube. This procedure aimed to aliquot a 

minimum of 3 xIO® cells per vial. The vials were then immediately placed at -80 °C for 

24 hours then transferred to liquid nitrogen.

3. Constitutional DNA extraction from blood samples

Extraction of DNA proceeds sequentially through four stages:

1. Cell lysis by hypotonic shock with consequent disruption of the cellular membrane.

2. Nuclei lysis by a mixture of detergent action and protein digestion to destroy the 

nuclear membrane.

3. Protein precipiation with ammonium acetate leaving DNA in solution after 

centrifugation.

4. DNA precipitation in absolute ethanol.

S.I.Cell lysis

The blood sample (9ml) was decanted into a 50ml polypropylene tube. Ice cold water 

(ddH20) was added to the blood to make the final volume 50ml. The mixture was 

thoroughly mixed by multiple inversions. The red blood cells lyse due to hypotonic 

shock. The mixture was centrifuged at 4 °C 2300 rpm 20 min. The supernatant was
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discarded leaving a residual plug (white blood cells/ DNA/ Hb debris). The plug was 

resuspended in 25ml 0.1% NP-40 and then centrifuged 20min 4 °C at 2300 r.p.m.

3.2.Nuclear lysis

The supernatant was discarded and 3ml Nuclei Lysis Buffer (NLB) was added to re

suspend the pellet (helped by vortexing). A further 200pl 10% SDS and 600pl 

Proteinase K solution (2mg Proteinase K/ml Proteinase K buffer) were added and 

then mixed by inversion. The mixture was then incubated at either for 2 hours 60 °C or 

overnight at 37 °C.

S.S.Protein precipitation

1ml of saturated Ammonium Acetate Solution was added to the mixture to precipitate 

remaining protein. The mixture was shaken vigorously for 15 s and then allowed to 

settle at room temp, for 10-15min. The mixture was then centrifuged at R.T. 20 min 

2300 rpm.

3.4.DNA precipitation

After centrifugation the supernatant was removed, this contained the DNA. An 

additional step was performed if the supernatant was opaque on visual inspection. If 

the supernatant did not look clear more ammonium acetate was added and the 

centrifugation repeated. Double the volume of absolute ethanol (~2ml) was added to 

the supernatant. The mixture was then vortexed. This resulted in the precipitation of 

DNA filaments. These were then teased out on the tip of a glass Pasteur pipette. The 

DNA was not allowed to dry. While the spooled DNA was still on the pipette tip, it was 

immersed briefly in 70% ethanol to remove excess salt. It was then transferred to a 

fresh Eppendorf container for resuspension in buffer (T.E or ddH^O 300pl -  lOOOpI).
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4. Post extraction procedures

The quality and quantity of DNA in solution was determined by DNA spectrophotometry 

(OD260/OD180) and gel electrophoresis. If the DNA was contaminated with protein 

further purification was performed using phenyl chloroform.

5. DNA purification using phenyl chloroform extraction

If the supernatant was not clear after DNA had undergone ethanol precipitation then a 

further purification step was performed. DNA was resuspended in 5ml T.E buffer. To 

this was added an equal quantity of phenyl chloroform. The two solutions are 

immiscible and rapidly partition on standing. The two solutions were vortexed together 

for 20s. The mixture was then centrifuged at 2500 r.p.m. (R.T.) for 5 min. The protein 

present in solution denatures under this treatment and partitions at the interface of the 

aqueous and phenyl chloroform compartment. Post-centrifugation the protein is 

present as a cloudy interface. The top compartment was then pipetted off and mixed 

with an equal volume of chloroform The mixture was then vortexed and centrifuged 

as before. The top phase was then removed and DNA was extracted by ethanolic 

precipitation.

6. Spectrophotometric Quantitation of DNA

DNA quantity and purity can be determined by the absorption of incident light. A 

sample of resuspended DNA is compared with the absorption of standard DNA 

concentration. Absorbance of light (wavelength 260nm)(Optical density -  OD) will 

produce an optical density of 1 when the double stranded DNA concentration is 

50|ig/ml. Therefore,

DNA sample concentration (pg/ml) =dilution factor x 50 x OD260nm. 

Impurities such as proteins and phenol will alter the optical density ratio at 

absorbencies 260nm and 280nm.Pure samples of dsDNA will give an absorbance ratio 

of 1.8.
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An aliquoted sample of resuspended test DNA in sterile distilled water was inserted into 

the spectrophotometer (Pharmacia LKB. Ultrospecll) along with a control of the 

resuspension buffer (either pure distilled water or T.E. buffer at 1:100 dilution). 

Concentration of DNA and its relative purity was estimated from the equation above.

For batch samples the principle is the same but a multi-analyser was used.

7. Agarose gel DNA electrophoresis

DNA, RNA and proteins are all ionized when in solution, as anions. Therefore DNA in 

solution will migrate towards the anode if a potential difference is applied to the DNA 

solution, the migration of anions and cations in the solution allows current to flow. The 

speed of migration of the DNA is dependent on the mass of the DNA (effectively the 

number of base pairs) and the effective “pore” size of the gel it is migrating through. 

Other factors such as nucleotide proportions, secondary and tertiary structure may 

make a lesser contribution.

DNA may be visualized by a number of methods. Unlabelled DNA may be visualised 

under UV incident light after incubation with ethidium bromide, which intercalates 

between individual nucleotides of the DNA strands contained in the gel. Alternatively 

the incorporated nucleotides may be labeled with a fluorochrome. These can be 

visualised by excitation with incident light of an appropriate wavelength, the 

fluorochrome (and hence labeled nucleotide) can be identified by the colour of the 

emitted light.

The agarose was weighed and dissolved in an appropriate volume of electrophoresis 

buffer (1x TBE). The mixture was then heated (approx. 55 °C) to ensure complete 

dissolution of the agarose powder, this required stirring for the more concentrated 

solutions (e.g. 4%). It was allowed to cool slightly prior to the addition of an appropriate 

volume of ethidium bromide (2.5)liI of lOmg/ml solution per 100ml gel). The final 

mixture was then stored in a warming oven (55 °C) prior to use, the gel will polymerize 

at room temperature.
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When a gel was required the pre-prepared liquid gel was poured into a mould and 

allowed to set. The resultant gel was then immersed in electrophoresis buffer; both 

were contained in an electrophoresis chamber (Bio-rad electrophoresis chamber) that 

allowed a DC current to be applied across the length of the gel. DNA aliquots for gel 

electrophoresis were mixed with loading buffer (5-1 OpI aliquot of sample DNA was 

added to 2pl loading buffer (Promega)). The gel was then connected to the DC Current 

Device (Bio-rad PowerPac 300), and run at between 80mV and160mV. The DNA was 

then visualized using an UV imaging system and ethidium bromide. The gel was 

typically run with a DNA length marker (100 bp ladder, Promega).

8. Polymerase Chain Reaction

8.1. Theory

PCR (Polymerase chain reaction) is a procedure that amplifies a segment of DNA that 

is continuous between two points on a span of DNA. The sample DNA is used to guide 

the templated polymerisation of deoxynucleotides in aqueous solution. The reaction is 

cyclical and amplifies the source (template) DNA in an exponential manner until the 

reaction substrates are consumed. The product of one round of amplification is used as 

the template for the next round of amplification.

PCR product specificity is governed by the start and finish points of amplification. 

Sequence specific oligonucleotide primers initiate polymerisation in the sense 

(forward) and antisense (reverse) direction; the span of DNA between them is 

amplified. Primers are designed to be unique to the template DNA; this is easily 

accomplished because the permutations of a random oligonucleotide is large (i.e. 4", 

e.g. n is typically 20 bp 1.09 xIO^  ̂permutations), so short oligonucleotides will be 

specific to a DNA region of interest.

The PCR reaction is cyclical and consists of three phases; dénaturation, annealing, 

and extension. The reaction starts by denaturing the double stranded DNA by heating 

the reaction solution to about 95°C. The single strands of DNA are thus exposed to the

105



primer oligonucleotides, which anneal to the DNA in a temperature specific manner 

(typical range 52 - 65°C). The primers are then used to initiate templated nucleotide 

polymerisation to form double stranded DNA. The reaction is catalysed by Taq 

polymerase, a thermostable DNA polymerase. The process is then repeated in a 

cyclical manner, until reaction products are consumed. Thus the reaction will amplify 

the starting template DNA by 2" (n is typically 30 cycles).

8.2. Method

The following description is a generic method of a PCR reaction. For practical purposes 

reaction conditions vary and must be determined on an individual basis for a given set 

of primers and sequence template. An individual PCR can be described as a 

modification of the protocol below to include the cycle number, annealing temperature 

and additives for a specific primer pair.

A reaction mixture (25pl volume) was made that contained^^*:

50ng template DNA (5pl of working concentration sample DNA: 10pg/pl)

Spmol each of forward and reverse primer (0.25|xl of primer solution: 20pM)

0.2mM each of (dCTP, dGTP, dTTP, dATP) 

lOmMTris.HCI (pH 8.8)

50mM KCI

0.01% tween-20

0.25|ig BSA (0.25pl of lOmg/ml stock BSA)

1-3mM MgCl2

1 unit Taq polymerase (0.2|il of stock 5 units/pl) 

ddF^O to complete volume to 25pl

The volumes vary (12.5, 25 and 50|il) depending on the amount o f PCR product required. The reaction 
buffer (Tris, KCI, Tween-20) and substrate were stored as PCR buffer and dNTP mix respectively.
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The reaction mixture was then immediately sealed (ABgene, Thermo-tube plate 

system) and inserted into a Peltier Thermal Cycler (MJ Research). A program of 

cyclical denaturation-annealing-extension was then started for a variable number of 

cycles. The machine manages the process automatically. A typical program is listed 

(anneal temp. 55°C):

1. 95°C 5 minute // initial dénaturation

2. 95°C 1 minute // dénaturation

3. 55°C 1 minute // annealing

4. 72°C 1 minute // extension

5. Go to 2. 30 times // repeat the cycle

6. 72°C 10 minute // extension

7. 15°C forever // hold the reaction for later processing

Many variants of the program are possible. This thesis lists the annealing

temperatures, primers and additional additives (when used) for the individual reactions 

in tables within the relevant chapters.

Post PCR the reaction mixture was checked on an appropriate agarose gel by 

electrophoresis and visualized with UV transillumination. The reaction product was 

visualised as a band of appropriate size.

9. PCR Product Purification

Post PCR reaction products were cleaned to remove residual reaction components 

(nucleotides, Taq) and primer dimers. A commercial kit (Qiagen) was employed to do 

this it exploits the differential adsorptive properties of DNA to a silica-gel membrane 

under different salt concentrations. Very short oligonucleotides (e.g. primer dimers less 

than 100bp length) and reaction components do not adsorb to the silica-gel. The PCR
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product can then be washed and then eluted in an appropriate buffer (usually 20 -  35 

pi ddHaO or 7pl microSTOP).

The commercially available kit’s instructions were followed with minor deviations 

dependent on individual circumstances (e.g. the volume and type of DNA suspension 

buffer for the elution step).

The following protocol is from the QIAquick PCR Purification Kit Protocol designed 

for use with a microcentrifuge (QIAquick Spin Handbook 01/99).

Notes: PE buffer required the addition o f ethanol prior to use.
Centrifugation steps> 10,000 xg (13, OOOrpm) used a tabletop microcentrifuge (Eppendorf, model

5415C).

1. 5x volumes of Buffer PB was added to one volume of PCR reaction 

and mixed.

2. The mixture was placed in QIAquick spin column and 2ml collection 

tube combination.

3. The solution was centrifuged for 30-60 seconds.

4. The flow through was discarded.

5. The column was washed with 0.75ml of Buffer PE and then 

centrifuge for 30-60s.

6. The flow through was discarded and centrifugation was repeated for 

1 minute.

7. The column was placed in a clean microfuge tube (1.5ml 

Eppendorf).

8. The DNA was eluted by placing the appropriate buffer on QIAquick 

membrane and standing for 1 minute. This was immediately followed 

by centrifugation for 1 minute.

Buffer:
ddH20(30^il)
MicroSTOP®(7|il)
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10. PCR Product Sequencing

10.1. Theory

The nucleotide sequence for an individual piece of DNA can be determined by a PCR 

like approach that allows the generation of product that has been terminated at random 

position. The reaction proceeds in such away that a family of copy DNA products are 

generated of variable length (i.e. because extension ceases at random positions). The 

last nucleotide to be incorporated is labeled and capable of terminating the reaction. 

When the copy DNA ‘family’ undergoes electrophoresis the ‘members’ order by product 

length, successive increases in length can be read according to the labeled nucleotide 

marker and then the sequence of the template DNA derived.

Random reaction termination is accomplished by the incorporation of 

dideoxynucleotides (which are also fluorescently labeled). Dideoxynucleotides lack a 

hydroxyl- group at the 3’ position. Therefore, polymerisation cannot occur at the 3’ 

position and strand elongation ceases.

10.2. Method

High quality purified PCR reaction product was obtained (usually from a 50pl reaction). 

A reaction mixture was made from the following: template PCR product 4 - Spl; BDT™ 

8pl; fon/vard or reverse primer 1|il; ddH^O to make the total volume 20p.l.

The reaction mixture was immediately sealed and mounted in a Peltier Thermal Cycler 

(MJ Laboratories). The following program was executed:

1. 95°C 5 minutes

2. 96°C 30 seconds 

3 . 50°C 45 seconds

4. 60°C 4 minutes

5. Go to 2 34 times

6. 4°C forever
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Post sequencing the PCR products were cleaned (QIAquick Spin Columns, Qiagen) 

and eluted in buffer (7pl microSTOP®). The PCR products were visualised on an 

ABI377 machine. The data was analysed with the manufacturers software (Genotyper, 

Applied Biosystems).

11. Fluorescent SSCP -  single strand conformational polymorphism

The speed at which a PCR product migrates through a gel is partly dependent on its 

sequence. If the gel is partially or non-denaturing the PCR product will have secondary 

structure that is created by weak intra-molecular forces (e.g. due to internal base pair 

complementarities). Thus, a PCR product can exist as one or a number of conformers. 

PCR strands that differ (e.g. because of mutation) may form different conformers that 

migrate at different speeds. The difference in speed of migration is a product of either 

fragment length difference or conformer stability. Thus, they can be distinguished from 

wildtype strands. The conditions that demonstrate differences between strands have to 

be determined empirically.

I made use of fluorescent SSCP in the mutation analysis of Chapter 8. Samples were 

prepared by PCR using fluorescently labeled primers. The PCR product was diluted 

using ddH^O to a working concentration on based on the strength of the observed PCR 

product. The samples were mounted into an ABI 3100 and run at 18 and 24°C. The 

data was collected automatically and outputted for use with proprietary software 

(Genescan, Applied Biosystems).

12. ABI 377 (Applied Biosystems)

My samples for sequencing analysis were analysed on an ABI 377 machine (CRUK, 

Equipment Park). The ABI 377 is a high throughput machine that automates the 

process of sequencing analysis. The machine electrophoreses samples through a 

denaturing gel to size fractionate them. Simultaneously the gel is scanned by a LASER
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that excites the fluorochrome attached to the terminal dideoxynucletide. The emitted 

light is then captured by a Charged Coupled Device (CCD). The signal under goes 

programmatic analysis and sequence data is outputted.

13. ABI 3100 (Applied Biosystems)

The ABI3100 machine is similar in principle to the ABI377 (it automates the analysis of 

PCR products). The machine is capable of a higher rate of throughput than the ABI377. 

More specifically, it controls the temperature of the medium through which the PCR 

product is migrating. This makes it useful for SSCP analysis.

14. Enzymatic Restriction Site DNA Digestion

14.1. Theory

Restriction enzymes are able to cleave DNA sequences at specific recognition sites. 

This ability allows them to be usefully employed in a variety of DNA manipulating 

processes. For example, mutations may abolish or create new recognition sites in DNA 

sequences, and can then be detected as differential band patterns visualized by 

agarose gel electrophoresis.

A generic reaction is presented below (for H/nfl), but individual reactions may vary (e.g. 

some reactions require the addition of BSA). The manufacturers instructions were 

followed in all cases.

14.2. Method (example)

A 20|il reaction contained 17pl PCR product, 1pl restriction enzyme (e.g. H/nfl) and 2pl 

of manufacturer supplied enzyme buffer. The solution was incubated at 37°C for 60 

min. The digestion products were resolved by electrophoresis on an agarose gel and 

visualised using ethidium bromide and U.V. transillumination.

H/nf1
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H//7f1 (Recombinant Hin^  ̂ gene product, 10,000U/ml: in 50mM KCI, 10mM TrisCI 

(pH7.4), 0.1 mM EDTA, ImM DTT, 200pg/ml BSA, 50% glycerol. New England 

BioLabs)

Enzyme buffer (lOx NEBuffer2 supplied with enzyme, working concentration: 

SOmMNaCI, lOmM TrisCI, lOmM MgCI, ImM DTT, pH 7.9 @ 25°C).

15. DNA extraction from paraffin embedded tissue

Archived formalin fixed tissue was obtained in paraffin blocks. The tissue was 

sectioned using a microtome (10pm) a mounted on sterile glass slides. If micro 

dissection was required the tissue was stained with Toluidine Blue (1% toluidine blue 

in 50% isopropanol, Merc) and an adjacent section was stained with Haematoxylin 

and Eosin (Harris’s Haematoxylin, Merc).

The tissue was micro disected or scrapped of the microscope slide using a sterile 

needle. The scrapings were incubated with digestion buffer (50 - 200pl depending on 

quantity: 50pl Proteinase K (stock 20mg/ml), 500pl stock PCR buffer, 4.45 ml ddH20) 

for three days at 55°C, with daily vortexing. Following the digestion the proteinase K 

was inactivated by heating to 95°C for 10 min. The sample was centrifuged (13,000 

r.p.m.) for 15 min. The supernatant was transferred to a clean tube.

16. Frozen sample preparation

Fresh tissue was obtained and prepared for frozen section tissue processing. Fresh 

tissue specimens were wrapped in aluminium foil. They were then placed on a stage 

and rapidly lowered into isopentane cooled by liquid nitrogen. They were then 

transferred to liquid nitrogen. The foil was removed. The samples were then embedded 

in OCT (Bayer Diagnostics) and cut to the required thickness (6 - 15pm) on a freezing 

microtome.
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17. Formalin Fixation of Tissue

Fresh tissue was obtained (e.g. colonic polyps). The tissue was fixed by immersion in 

Neutral Buffered Formalin (NBF: formalin 4%, PBS pH 7.4). The length of time of 

fixation varied depending on the size of the specimen and whether DNA extraction was 

required. Longer fixation times render the tissues resistant to DNA extraction. Post 

fixation the tissue was embedded in paraffin (via graduated ethanolic dehydration and 

progressive immersion in xylene), if sections for microscopy were required.
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Table 1: Reagents
The table lists the highlighted reagents used and expands their chemical definitions as relevant.

Reagent/Material Comment
agarose gel solution

BamHI
BDT

BSA
CaCl2 IM  (stock)
Chloroform
Ddel
DMSO
DNA length ladder 
dNTP mix

EDTA

Electrophoresis buffer 
(IxTB E )
Ethidium bromide 
Ethyl-alcohol 70% 
PCS
Freeze mix 
HEPES

H ind i
Hinfl
Isopentane
Kpnl
Loading buffer 
LCM

liquid nitrogen 
LymphoprepT^"^
MgClz
MboII
microSTOP®
Neutral buffered 
formalin 
NP-40 0.1%

NLB (nuclear lysis 
buffer)
OCT
Oligonucleotide primer
solution
PBS

PCR buffer 

Phenylchloroform

1% gel: 1 g agarose in 100ml Ix  TBE; 2% gel: 2g agarose in 100ml Ix  TBE 
(Biogene)
restriction enzyme (New England Biolabs)
BigDyeTerminator^'^(Applied Biosystems) a proprietary preparation supplied 
as a 5x stock concentration that is diluted to a working concentration x2.5 
(50:50 mixture o f magnesium chloride buffer [400mM Tris.HCl (pH 9.0), 
lOmM MgCl]). The solution contains fluorochrome labeled dideoxynucleotides 
(A, C, G, T) and deoxynucleotide triphosphates dATP, dCTP, dITP, dUTP, and 
Amplitaq DNA polymerase
Bovine serum albumin, lOmg/ml (stock concentration),New England Biolabs
Calcium chloride solution,2.94g in 20ml ddHzO
BDH
restriction enzyme (New England Biolabs) 
dimethylsulphoxide (Sigma) 
lOObp ladder (Promega)
2.5mM each o f dCTP, dATP, dTTP, dGTP (used as a xlO stock concentration). 
Biogene Ltd
ethylenediaminotetra acetate. 2 H 2 O as either the disodium or dipotassium salt 
0.5 M Na2EDTA (pH 8.0) 186.1 g Na2.(H20)2.EDTA 800ml H2 O adjust pH to 
8.0 with NaOH, complete volume to IL  
Ix  TBE (0.09 M Tris borate, 0.002 M EDTA)

1 Omg/ml (stored in the dark)
100ml: 30ml absolute ethanol to 70ml ddH20 
Fetal calf serum (CRUK)
10% DMSO:90% FCS
N-2-hydroxyethyIpiperazine-N' 2 ethanesulphonic acid, a buffer (pKg 7.47) that 
buffers the physiological range (7.2 -  8.2) 
restriction enzyme (New England Biolabs) 
restriction enzyme (New England Biolabs)

restriction enzyme (New England Biolabs) 
x6 (diluted with the sample) (Promega)
Lymphocyte Collection Media: RPMI + HEPES 1400ml 
3.3% tri-sodium citrate 336ml (13.2g in 400ml ddH20 
Mercaptoethanol 5pM 14ml (2|il 0.5M stock to 200ml ddH20), Filtered and 
sterilised, store +4°C

lymphocyte separation media (Nycomed)
25mM stock concentration for dilution in PCR (Qiagen) 
restriction enzyme (New England Biolabs) 
high purity formamide and basic red colour (Microzone) 
formalin 4%, PBS -  pH7.4

200|il Nonidet-P40 (BDH) in 200ml ddH20.

lOmM Tris, 400mM NaCl, 2mM NaEDTA Autoclaved, stored at 4 °C (0.6g 
Tris (Sigma), 11.70gNaCl (BDH),0.37g Na2 -EDTA(BDH) +500ml ddH20). 
Optimal Cutting Temperature (Bayer Diagnostics)
200pM solution (CRUK)

Phosphate buffered saline (8g NaCl, 0.2g KCI, 1.44g Na2 HP0 4  and 0.24g 
KH2PO4 in 800ml H2O, adjust pH to 7.4 with HCl, complete volume to IL  with 
H2O)
Tris.HCl lOOmM (pH 8.8), 500mM KCI, Tween-20 1% (xlO stock 
concentration)
BDH
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Proteinase K buffer

Proteinase K solution 
QIAquick PCR 
Purification K it 
RPMI 1640 2% (Gibco) 
-  a mixture o f cations 
and amino acids

RPMI/HEPES 3.7%

Saturated Ammonium
Acetate
ScrFI
SDS 10%

T.E buffer

Taq Polymerase

TaqI
TBE

2mM Na-EDTA/ 1% SDS (2ml 0.5M NajEDTA, 50ml 10% SDS, 448ml 
ddHzO)
2mg Proteinase K (BDH) in 1 ml Proteinase K buffer 
Qiagen

Ca(NO3 )2 .4 H2 0  100 mg/1; KCI 400 mg/1; MgSO^ 48.84 mg/1; NaCl 6000 mg/1; 
Na2 HP0 4  (anhydrous) 800 mg/1; L-Arginine (free base) 200 mg/1; L-Asparagine 
50 mg/1; L-Aspartic acid 20 mg/1; L-Cystine (2HC1) 65.15 mg/1; L-Glutamic 
acid 20 mg/1; L-Glutamine 300 mg/1; Glycine 10 mg/1; L-Histidine (free base) 
15mg/l; L-Hydroxyproline 20 mg/1; L-Isoleucine (Alio free) 50mg/l; L-Leucine 
(Methionine free) 50 mg/1; L-Lysine HCl 40 mg/1; L-Methionine 15 mg/1; L- 
Phenylalanine 15 mg/1; L-Proline (Hydroxyl L-Proline free) 20 mg/1; L-Serine 
30 mg/1; L-Threonine (Alio free) 20 mg/1; L-Tryptophan 5 mg/1; L-Tyrosine 
(Na salt) 28.83 mg/1; L-Valine 20 mg/1
207.8g RPMI powder (Gibco), HEPES lOOg, NaHCO] 74g Penicillin 1.2g, 
Streptomycin 2g pH 7.0 adjusted with NaOH volume 20 L (CRUK, Cell 
Services)
148g NH4 AC in 100ml H 2 O

restriction enzyme (New England Biolabs)
sodium dodecyl sulphate (aka. sodium lauryl sulphate) lOOg SDS in 900 ml 
H 2 O, pH 7.2 adjusted with HCl, complete volume to IL  
(Tris/EDTA buffer pH 8.0 -  lOmM tris.Cl pH 8.0, ImM EDTA pH 8.0: 0.5ml 
IM  Tris.Cl, 0.1 ml 0.5M EDTA, 49.4 ml ddH2 0 ).

5 units/pl 
Promega
restriction enzyme (New England Biolabs)
Tris Borate EDTA IM  solution 0.09M Tris-borate, 0.002 M EDTA for a x5 
stock concentration (diluted as required) 54g Tris base, 27.5g boric acid, 20ml 
0.5 M EDTA (pH8.0)______________
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Chapter 3: Analysis of colonic FAR geno-phenotype 

relationship

1.Introduction

The broader aim of this thesis was to examine evidence for modifier genes that are 

acting in human populations of FAP patients. Assuming that a phenotypic trait is 

quantitative in nature, it is possible to demonstrate genetic modifier effects by simple 

correlation studies. The strength and pattern of association give an indication about the 

type of inter-individual relationship. If genetic modifiers exist then it is expected that 

close relatives will have more similar disease than distant relatives, i.e. their correlation 

coefficients will be higher. For qualitative traits the analysis is slightly more complicated 

and it is conditional probability that is examined, e.g. given that sib A has a phenotypic 

character, it is expected that the probability that sib B also has the phenotypic 

character is higher than the probability that their cousin also has the character.

In the real world, data sets are much more complex and influenced by events that 

potentially confound relative pair analysis. In theory, the effects of genetic modifiers 

influencing colonic FAP severity can be detected by the simple correlation study 

described above. However, it is clear from the published literature (see Chapter 1, 

Introduction) that there is a relationship between APC mutation position (and possibly 

type) and disease severity. Variable expression of colonic FAP reflects the influence of 

different germline APC mutations (see Chapter 1). It has been shown, for example, that 

mutations in exon 9 and towards the 5’ and 3’ ends of the APC gene are associated 

with an attenuated phenotype (Chapter 1 Appendices: 1.2,1.3,1.4, p 91-92). With 

respect to classical FAP, the greatest numbers of colorectal polyps are probably 

produced by germline mutations close to codon 1309. However, apart from these 

specific sites within the APC gene, the dependence of polyp number on genotype is
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unknown. Furthermore, on general principles, it is expected that the colonic polyp 

burden will increase with age, although again, the precise details of this process are 

unknown.

Prior to analysing for modifier gene effects, I sought to precisely define the nature of 

the phenotype-genotype relationship. I have tried to answer three basic questions that 

are potentially major confounders of statistical analysis.

1. What is the relationship between APC mutation position and colonic FAP severity?

2. What is the relationship between age and colonic FAP severity?

3. What is the relationship between gender and colonic FAP severity?

The age relationship was examined in two ways, an analysis of paired sibling data and 

as part of a multiple regression analysis. I have used multiple regression analysis and 

AN OVA to examine the relationship between mutation position and gender.

2.Methods

2.1. Data collection

In total, 221 patients (124 male, 97 female) with classical FAP (>100 colorectal 

adenomas) who had undergone prophylactic colectomies were entered into this study, 

having been systematically ascertained through the St. Mark’s Hospital Polyposis 

Registry, Harrow. The germline APC mutation was known for 175 patients who were 

therefore employed for the analysis of genotype-phenotype associations. The median 

age of patients at colectomy was 21.1 years and 45% were aged between 14 and 21 

years old at time of colectomy (inter-quartile range 17.8-29.7 years).

2.2. Relationship between genotype and age

Macroscopic polyp count was related to age at colectomy. Sibling pairs (n = 57) were 

compared: the proportional change in their severity was correlated (as the log ratio)



with their difference in age. The polyp count of the older sibling at colectomy was the 

numerator, the polyp counts of the younger sibling the denominator. The resultant ratio 

was then log transformed. Using this approach there is no requirement to correct 

directly for APC germline mutation effects because these cancel, i.e. the analysis is not 

biased by the differences between different types of APC mutation.

( 1 )  S e v e r i t y o l d e r  sib at colectom y ~  S e v e r i t y y o u n g e r  sib at colectomy S e v e r i t y s i b l in g  ag e  difference

On average the severity of the older sibling tends to equal the severity of the younger 

sib plus age effects. Logarithmic transformation linearises the resultant ratio scale, (and 

also has other interesting effects on the distribution of colonic polyposis severity, see 

below). The log ratio represents the relative difference between individuals. The 

numerator-denominator relationship is important because if polyps progress with age 

the expectant ratio is greater than one. Furthermore, differences between individuals 

tend to normality even if they are drawn from non-normal distributions because of the 

Central Limit Theorem (Armitage and Berry 1994).

2.3. Relationship between genotype and phenotype

Germline APC mutations were denoted by their nucleotide and/or codon position using 

the APC cDNA reference sequence (Genbank NM_000038). To analyse the 

relationship between genotype and phenotype, APC mutations were grouped 

according their position within the functional domains of the gene. The presumption 

was that truncating mutations in the same region of the gene are likely to result in 

similar phenotypic effects. The domains defined were:

(i) Pre-armadillo region (Pre-arm, codons 170 - 452).

(ii) Armadillo repeat region (Arm, codons 453 -  767).

(iii) Armadillo repeat region-plus (Arm+, codons 453-1019).

(iv) p-catenin binding region (p-cat, codons 1020-1169).
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(v) Pre-Mutation cluster region (Pre-MCR, codons 1170-1250).

(vi) Mutation cluster region (MCR, codons 1250-1400).

(vii) 20 amino acid repeats (20 aa, codons 1262 -  2033).

(viii) Post-MCR (codons 1401-1580).

Affected members of the same family were all assumed to have an identical APC

mutation, whether or not the mutation had been established within all affected family

members. Differences in the severity of polyposis (number of adenomas at colectomy) 

between regions were assessed using ANOVA. In order to adjust for multiple testing, 

the Bonferonni correction was applied to significance levels because the heuristic 

grouping was unplanned.

3.Results

3.1. Germline APC mutation position distribution.

The germline APC mutation position distribution was similar to that reported in the 

literature (Bodmer 1999). The underlying distribution was uniform with ‘hotspots at 

codons 1061 and 1309 (Graph 1).

Graph 1 : Germline APC mutation frequency distribution (nucleotide position, frequency).
The largest independent groups were the nt 3183 del 5bp and 3927 del 5 bp. Other groups are relatively 
over represented because o f pedigree size.

c l0 6 1

.25  -

0 - oGoD IbD dD

c l 309

□Ql □
1----1—

4 5 0  697
—I-------------------------- 1--
166 0  3 1 8 3

A P C  m utation position
3 9 2 7  4 4 5 0

120



3.2. The colonic polyposis severity distribution and log transformation

When discussing colonic FAP during this thesis I will use four descriptive terms to refer 

to colonic FAP severity: polyp count, standard count, log(count), Zcount. My reasons 

for doing so are outlined below and also in Chapter 4. The formal definitions are listed 

in the accompanying glossary and also in the text.

The overall colonic FAP severity distribution is non-normal after correction for colonic 

size (Graph 2: Shapiro-Wilk's: W = 0.79, Pnormai < 0.0001), i.e. the standard count. 

Logarithmic transformation improves the non-normality substantially (Graph 3: Shapiro- 

Wilk’s: W = 0.99, Pnormai = 0.13), 1.0. log(count). The standard count distribution is 

roughly Poisson. Alternatively it could be thought of as being comprised of several 

overlapping sub-distributions. Data transformation was necessary for analysis of this 

data set. This was used for the ANOVA and regression analysis, see below.

Graph 2; Colonic FAP severity frequency distribution
This histogram summarises the frequency distribution data for colonic FAP. The data distribution is non
normal, approximately Poisson. The abscissa is the standard count ([Polyp count/colectomy specimen 
lengthjx 100) the ordinate, frequency.
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Graph 3: Colonic FAP distribution after logarithmic transformation.
After log transformation (base 10) the standard count gains a normal distribution and is now called the 
log(count).

.212389

I
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Log(count)

3.3. Comparison of Sibling pairs for age effects

The relationship between the difference in colonic polyposis severity (log ratio) and 

difference in age at colectomy is seen in Graph 4. The graph shows the relationship 

between log ratio of the macroscopic count and the difference in age at colectomy. The 

Pearson product moment coefficient (r) was 0.002 and the index of association (r̂ ) 

5.28x 10'®. This was not statistically significant. Unsurprisingly, the residual variation 

was strongly significant (P < 0.001). There are, potentially, some confounding factors 

that may have affected the observed relationship between age and macroscopic 

adenoma count. Firstly, the decision on when to perform colectomy is not a random 

one. The usual practice at St Mark’s is for colectomy to be performed in late 

adolescence, with the exact date tailored to an individual's needs, for example, school 

terms or exam timetables. This is reflected in the young age of my sample (mean = 

25.1, median = 21.1: r = 12.8 -  64.2). Secondly, as the age difference of colectomy 

increases, it becomes increasingly likely that the older sibling has a delayed diagnosis 

or a less severe type of disease. Thirdly, for some siblings sociological factors may 

delay both age at diagnosis and operation age. The likely effect of these factors would 

be to lower the observed difference in adenoma ratio with age.
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Graph 3.4. Sib pair severity-age correlation.
The abscissa shows (age at colectomy o f older sibling - age at colectomy o f younger sibling). The 
ordinate shows the log {(older sibling macroscopic count/younger sibling macroscopic count)}. This 
method allows comparison within families with the same mutation and between families with different 
APC mutations; it shows that there is no significant trend for increasing numbers o f polyps in the sibling 
who was older at colectomy.
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3.4. Regression analysis

The relationship between colonic polyposis, APC mutation position, age and sex was 

analysed by multiple regression analysis and ANOVA. The general approach was of 

statistical modeling with refinement after identification of statistically significant co

variables. The results for the different co-variates are presented below.

3.4.1. Age

Simple regression analysis between age and log corrected severity data (log[count]) 

was not statistically significant (r = 0.0627 P = 0.349). Graph 5a shows this 

relationship. Regression under more complex models did occasionally show 

statistically significant age related effects. However these would sometimes include 

negative correlations with age. I drew the conclusion that they represented chance 

associations because they were all above the threshold generated by the Bonferoni 

correction (i.e. 0.05/n) -  see Table 1.
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Table 1 : Age, Severity and APC mutation position.
This table summarises the data between colonie FAP severity, age and APC mutation group. The overall 
correlation was weak (r =  0.0627) and non-significant (P= 0.347). The groupings are included to 
demonstrate variability o f the associations under different modeling constraints

Grouping Pearson Coeff. P N
Unk 0.181 0.252 42

Pre-arm 0.411 0.012 37
A rm (+) 0.299 0.102 31

|3-cat 0.209 0.103 62
Pre-MCR 0.680 0.031 10

M CR -0.113 0.528 33
Post-MCR 0.047 0.896 10

exon 4 -0.996 0.057 4
exon 6 0.441 0.059 19
exon 8 -0.156 0.844 4

exon 10 -0.760 0.136 5
exon 11 0.578 0.229 6
exon 13 0.139 0.652 13
exon 14 0.830 0.082 5

exon 15 0.273 0.015 79

Furthermore, as a parameter age at operation was not normally distributed (see graph 

5b: Shapiro-Wilk W = 0.878, Pnormai < 0.0001). Non-normality continues even when the 

FAP population is stratified (whether by APC mutation group or exon). Non-normality of 

data causes problems for linear regression because outlying data points may influence 

the regression equation or correlation coefficient inappropriately.

Graph 5a: Log corrected 
count vs. age at colectomy 
(age, severity)
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Graph 5b: Age at colectomy frequency distribution (age, frequency)
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I Investigated the possibility that some groups may show an relationship with age while 

others did not. Two groups Pre-arm and Pre-MCR had P values less than the 5% 

boundary, although these were well above that indicated by Bonferoni correction. The 

age distribution for the Pre-arm group was non-normal (Shapiro-Wilk's W = 0.871 P = 

0.0005 and graphs 6a and 6b ). Exclusion of patients over the age of 40 reduced the 

level of statistical significance to Ppre-Arm = 0.035. Exclusion of this group is valid 

because FAP patient survival over the age of 40 is likely to be influenced by disease 

severity. Furthermore, data in this range (40 years+) may exert undue influence 

because of their high leverage (Graph 6c). After these patients were excluded the 

regression coefficient was 0.016. The effect of this rate of change is modest (approx.

51 polyps per year)̂ ®. There was no evidence of a need for additional models to 

account for variation in severity (e.g. non-linear regression) -  see Graph 6d (residual 

vs. predicted). The Pre-MCR group was small and a relationship similar to the Pre-arm 

group applies, it was not investigated further.

The year-on-year increase in polyp burden was calculated using log values and then back 
transformation. The calculation was rate o f change = (Polyps age 40 -  Polyps age 20)/time. That is 
[antilog(0.016*40 + const) -  antilog(0.016*20 + const)]/20. In reality under this model the rate o f polyp 
accumulation increases with time.
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Graph 6a. Age versus severity for Pre-Arm group (n = 37): years, log(count)
This graph plots age (years) against severity (log[count]). The vertical line marks 40 years o f age, note 
that only 5 data points are to the right o f this. The year-on-year increase in polyp burden is approximately 
32 polyps per year ([Severity40 -  Severity20]/20 years =  [ 1629 -  990J/20). The regression co-efficient is 
statistically significant (P =  0.012, b =  0.0108). The validity o f this regression is discussed above.
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Graph 6b: Frequency distribution for age in Pre-arm group (age, frequency)
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Graph 6c; Points with influence on the Pre-arm age-severity regression.
This graph plots normalised residual squared (abscissa) against leverage (ordinate); it aims to identify 
points with high influence on the age-severity regression for Pre-arm. The vertical and horizontal lines 
show the average values o f leverage and the (normalised) residuals squared. Several points are notable 
because they exert undue influence, i.e. high leverage but with average residuals (or below average). This 
indicates that the regression line passes close to them but that they are distinct from the main population 
o f patients. Their ages are all above 40.
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Graph 6d: Residual severity (Log[count]) versus regression fitted values for Pre-arm group, after age- 
severity regression.
This graph demonstrates the adequacy o f linear regression to estimate age effects for colonic polyposis 
severity in the Pre-arm group. There is no obvious pattern remaining once the regression equation has 
accounted for age-related and fixed effects. The impression from the graph I confirmed by formal 
statistical testing: no evidence for regression specification error (Ramsey RESET F =  1.33 P =  0.28); no 
heteroscedasticity (Cook-Weisberg -  0.04, P =  0.85).
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3.4.2. Sex

There was no relationship between colonic FAP severity (log[count]) and gender. 

ANOVA was performed to examine the relationship, between log(count), APC mutation 

group and sex. A term for interaction between APC mutation group and sex was 

included. No statistically significant relationship involving sex was observed (F = 3.31,

P = 0.07). Thus, terms for sex were excluded from further analysis.

3.4.3. APC mutation position and colonic polyposis severity

Table 2 shows summary data for colonic FAP severity data grouped by APC gene 

domains. The most severe disease was associated with mutations within the MCR 

(mean polyp count = 3459). Mutations within the pre-armadillo region and 3' to the 

MCR generated moderate polyposis (mean polyp counts = 1087 ± 937 and 1454 ±

1551 respectively), while mutations in the remaining domains generated mild colonic 

polyposis (Armadillo(+) mean = 646 ± 766; (3-cat mean = 703 ± 1024; Pre-MCR mean = 

550 ± 870). These values were derived from log transformed (log[count]) data and are 

purely designed to indicate approximate severity on a ‘real-world’ scale. Because of the 

complexity of the data I took a ‘bottom-up’ approach to analysis. I started by 

comparison of nearby mutations and then worked progressively outwards developing 

larger groups for comparison and analysis. I did this because I felt that it reflects the 

biologically plausible hypothesis that mutations near to one another will have similar 

severity effects.
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Table 2: Colonie severity \>y APC mutation group.
This table summarises the data for regions and their respective degrees o f severity. Two sets o f data 
are given, the log transformed data and corresponding polyp counts (geometric mean).

Regional Analysis n Mean Count Standard
Deviation

Mean Log (count) SD Log(count)

Pre-Armadillo 37 1087 937.4 3.037 0.314
Armadillo 26 647 592.1 2.811 0.374

Armadillo+ 32 646 766.3 2.826 0.380
P-catenin 62 703 1024.3 2.847 0.337
Pre-MCR 10 550 870.6 2.741 0.427

MCR 33 3459 1821.9 3.539 0.239
20aa rpt 41 2767 1930.8 3.442 0.316

Post-MCR 10 1454 1551.5 3.163 0.387

Therefore, my starting hypothesis was that mutations close to one another would 

produce similar degrees of disease severity. To test this I compared disease severity of 

two common mutations (at codons 1309 and 1061) with their respective gene regions. 

Thirty-three of the affected individuals harboured mutations within the MCR of APC. 

Twenty-three of these were carriers of the 1309 del 5bp mutation. There was no 

difference in the number of colorectal adenomas in these patients compared to those 

who possessed other MCR mutations (P = 0.66). Similarly, there was no difference in 

severity (log[count]) between the 29 patients with the common mutation at codon 1061 

and the remaining 33 in the p-catenin binding domain group (P = 0.98).

I next analysed for evidence of a relationship between mutation nucleotide position and 

disease severity (log[count]) within the APC domain regions by linear regression. The 

data are summarised on Table 3.
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Table 3:Correlation o f colonic polyposis severity within-y4fC region by mutation position groups.
This table shows the r  ̂values generated by correlation o f APC mutation against colonic polyposis 
severity by the functional regions o f APC gene and their corresponding statistical significance (P) values. 
Statistically significant values are in bold; the level o f significance was taken as 3.125 x 10'  ̂after the 
Bonferoni correction had been applied (i.e. 0.05/[n =16]). r  ̂is the square o f the Pearson-product moment 
coefficient. The P values were derived from the t-test o f linear regression.

Region standard count 

r" P

Log(count) 
r  ̂ P

Pre-Armadillo 0.080 0.073 0.085 0.064
Armadillo 0.116 0.089 0.092 0.131

Armadillo+ 0.003 0.754 0.010 0.578
P-catenin 0.009 0.513 0.000 0.927
Pre-MCR 0.047 0.436 0.004 0.816

MCR 0.000 0.988 0.005 0.705
20aa rpt 0.201 0.003 0.229 0.002

Post-MCR 0.654 0.003 0.751 0.001

Large scale severity-mutation nucleotide position regression across the gene is 

inappropriate (see discussion) but within domain ‘feature’ dosing effects, e.g. number of 

p-catenin binding domains, could potentially be identified by this methodology. Only two 

areas showed a relationship between nucleotide position and colonic FAP severity within 

a domain group the 20 amino acid group and the ‘post-MCR’ region. Both regions 

showed a trend of decreasing severity with progressive 3’ displacement of mutation 

position. The change probably reflects alterations in p-catenin degrading capability, 

which is situated in that part of the gene, but there are alternative hypotheses (e.g. 

involvement with nuclear export signals). Because the 20aa region showed within region- 

severity trends it was excluded from further analysis.

I then compared domain groups to examine the relationship between gene features and 

disease phenotype. ANOVA was performed to determine whether the differences 

between the different domains reached statistical significance. Log transformation of the 

standard count was performed. This normalised the data and more importantly reduced 

the variance difference between the different groups. The differences in regional variance 

were formally tested by multiple F testing -  see Table 4. I felt Bonferroni correction was 

appropriate for the multiple variance comparisons because of the multiplicity of testing 

and the quasi-random nature of the groupings. There were no significant differences
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between the regional variances after logarithmic correction of the standard counts (Table 

4 ).

Table 4: Comparison o f variances for different regions; colonic polyposis severity.
This table summarises the variance data comparisons for the different APC regions. The F test has been 
computed and the corresponding P values are listed. The threshold o f statistical significance was taken as 
less than 0.00089 after the Bonferoni correction is applied (0.025 4- 28).

Group Pre-Arm Arm Arm+ P-cat Pre-MCR MCR 20aa rpt

Arm 0.159
Arm+ 0.126 0.474
P-cat 0.326 0.261 0.224

Pre-MCR 0.068 0.277 0.286 0.115
MCR 0.070 0.013 0.008 0.029 0.005

20aa rpt 0.479 0.171 0.140 0.345 0.073 0.064
Post-MCR 0.174 0.418 0.433 0.251 0.392 0.025 0.183

Globally, ANOVA detected statistically significant differences between the domain 

regions of APC. The mutation cluster region was statistically very different from all 

other mutations (F = 41.02, P < 0.0001). Its geometric mean count was 3459 polyps. 

When the Mutation cluster region was excluded from the analysis there was still a 

strong significant difference between the remaining groups (F = 5.15 P = 0.0002). 

Further sub-analysis revealed that the unidentified mutation group, Pre-armadillo group 

and post-MCR group were statistically indistinguishable from one another (F = 0.89, 

P=0.414). Similarly, the armadillo+, p-catenin binding domain and Pre-MCR region 

were statistically indistinguishable (F = 1.76, P = 0.176).

Three strata of APC mutation groups were identified on the basis of the above analysis. 

The most severe phenotype was associated with the MCR. The next consisted of the 

unidentified APC mutation group (Unk), pre-armadillo group and post-MCR group. The 

mildest disease was associated with identifiable mutations in the region spanning Arm 

to p-cat (inclusive) -  this group could be considered a unitary entity. Although the mild 

and moderate groupings are statistically distinct, the absolute difference between them 

was relatively small. Their respective geometric means were 1118 (pooled; Unk, Pre-
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Arm and Post MCR) and 654 (pooled :Arm, p-cat and Pre-MCR). These were 

substantially dwarfed by the severity of the mutation cluster region (3459).

4.Discussion

I have examined the data from 223 FAP colectomies. Consistent with earlier work 

genotype-phenotype correlations were demonstrable for classical' APC mutations. 

Surprisingly there was no evidence for a strong relationship between age at colectomy 

and colonic FAP severity. I was not able to demonstrate an association between 

gender and polyposis severity.

4.1. Age and colonic FAP severity

There is a general expectation that polyps become more numerous with age, both in 

sporadic and FAP associated colons. The failure of this study to detect age related 

change deserves comment. Sporadic adenomas become more prevalent with age 

(Johannsen et al. 1989, Williams et al. 1982). On first principles, one expects the 

developing FAP colon to be polyp free early on in life and then to gradually develop a 

population of adenomas. There are no data available in the literature as to how this 

process occurs in humans. It is possible to envisage a number of models -  linear, 

growth curve, exponential -  that could generate a population of FAP adenomas. 

Practically, distinguishing between alternatives in human subjects is very difficult, not 

least because of the limitations of endoscopy to assess disease severity in a 

quantifiable manner (Wallace et al. 1999).

Interpretation of these data was limited by a number of factors. The standard deviation 

of age at operation was 10.4 years. Given that the process of adenoma development is 

a slow one there may have been insufficient variation in age to detect minor age 

related changes. Age was non-normal in its distribution and this can influence the 

strength and validity of regression analyses. 91% of the patients in this study had had 

their colectomy by the age of 41.4 and 75% by 30.5 years. In the non-MCR groups this
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was important because few of these patients had cancer at operation. Inspection of 

Graph 4a shows that as the FAP population aged the population variance (as a whole) 

declines but that mean severity remains, roughly, in the middle of the range for the 

distribution. It suggests that older patients with milder disease (through delayed 

diagnosis) may influence the results. A patient cannot have severe polypsis at young 

age and expect to survive until old age.

To try and separate the various influences I segregated FAP patients into mutation 

groups (e.g. Pre-arm, etc.) and then reanalysed age effects by linear regression 

analysis. The problems of non-normality generating outlying data with influential 

residuals and/or leverage did not go away using such an approach. Furthermore, the 

problems were compounded by loss of statistical power. Subdivision can generate 

problems assigning appropriate statistical thresholds (hence requiring correction, e.g. 

Bonferoni). The main grouping I used {ARC domains) only demonstrated a statistically 

significant association with age (i.e. P < 0.05) in two groups Pre-arm and Pre-MCR 

(see Table 1). Neither of these reached statistical significance when Bonferoni 

correction was applied (i.e. P < 0.0071 i.e. 0.05/7: Ppre-Arm = 0.011, Ppre-MCR = 0.31). 

Detailed analysis of the Pre-Arm demonstrated a complex statistical picture. A few data 

points had undue influence on the derived correlations. These mostly came from 

patients over the age of 40 years. I have therefore been cautious in my intrepretation of 

the data. Generally, there was no evidence for an age effect in colonic polyp number 

about the time of colectomy.

Even when I was able to identify an age-severity relationship the utility of the 

regression line was limited. This is because extrapolation to young ages produced 

biologically implausible results, e.g. for the Pre-arm group a baby would have about 

500 polyps. The validity of the regression analysis is restricted to adults around the 

time of colectomy and is statistically small. For practical purposes the age-severity
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relationship was, and can be, ignored. This was the main finding for the purpose of my 

further analyses

It is intriguing to speculate what the true nature of the age-severity relationship is. 

Animal models have indicated that the colon has differential susceptibility to 

carcinogens and disease modifying drugs. The intestine is more vulnerable to polyp 

induction in the neonatal period (in mice) than at later points in life (Shoemaker et al. 

1995, Reitmair et al. 1996, Sansom et al. 2001). This ‘window’ coincides with the time 

of crypt genesis when the crypt fission index is highest (Park et al. 1995, Brunsgaard 

1997, Wasan et al. 1998). Therefore, perhaps in humans polyp number is specified 

early in life and is relatively fixed from then on. Whether, the neonatal mouse and 

neonatal human are directly comparable is a moot point. The role of developmental 

context has other implications for modifiers. For example, environmental modifiers are 

usually considered by dose-response relationships. Different vulnerabilities at specific 

time points may confound that relationship and its analysis. The genetic modifier 

scenarios are also made more complex. Neonatal mammals are usually breast-fed. 

Therefore, the mother’s genotype and environmental exposure could in theory 

influence the child’s later disease severity.

In contrast with this study, analysis of sporadic adenomas shows an age relationship. 

Prospective necroscopy series have demonstrated a relationship between age and 

frequency of adenomas (Williams et al. 1982, Johannsen et al. 1989). Adenomas 

become more prevalent with age. How the true incidence of sporadic adenomas varies 

with age and large bowel site is difficult to assess. Williams et al. (1982) found no 

overall relationship between colon site and adenoma frequency but did find a 

relationship between colon site and adenoma size. Adenomas in the proximal and 

distal large bowel were more likely to be greater than 1cm diameter than elsewhere. 

Endoscopic studies are often biased by their inclusion criteria, e.g. per anal bleeding 

may bias towards larger left sided adenomas. Endoscopic technology is also limited by
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video image resolution constraints, colonie preparation and operator technique. 

Therefore, small adenomas are more likely to be missed than other lesions (Wallace et 

al. 1999).

Not all FAP manifestations change with time. Polkinghorne et al. (1990) demonstrated 

that CHRPE does not progress with age. Neuroepithelial cells are terminally 

differentiated. The retinal epithelial cell-fate-pattern abnormality that constitutes 

CHRPE is therefore determined very early in life, in utero. Could something similar be 

happening in the colon? Could polyp number determination represent deranged cell 

fate specification? This could explain the failure to observe a substantial rate of change 

in colonic severity in adult years. It would also have implications for drug strategies that 

seek to delay the development of polyposis.

4.2. Sex

A number of epidemiological studies have implicated gender as a risk factor for colonic 

neoplasia. Women have an excess incidence of right-sided colon cancer at young age 

(< 55 years). They also appear to have a higher cancer incidence than men under the 

age of 55, although the absolute risk in this cohort is small (< 7% of CRC occurs below 

age 55) and further decreases with younger age. The magnitude of the relative risk of 

gender (50% in most studies) needs to be evaluated in the context of other risks (e.g. 

family risk, migratory risk) that are much greater. In older population subgroups, men 

show a higher incidence of left-sided colon and rectal cancer (DeCosse et al. 1993, 

Alley and McNee 1986). The relationship between sex and colorectal cancer incidence 

has been reported as varying with year of birth and has been reported as falling (dos 

Santos Silva and Swerdlow 1996). The relative excess of colorectal cancer in women 

at young ages appears to be falling. The decline could be due to change in population 

hormone exposure (i.e. the oral contraceptive pill, decreasing parity). However, I think 

the more likely explanation is the identification of hereditary colon cancer syndromes 

(FAP, HNPCC) and the better uptake of screening by women than men. Given the low
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incidence of colorectal cancer under the age of 55 (5 per 100 000: DeCosse et al. 

1993), even a few cases prevented by screening could have a dramatic impact on the 

statistics in the age group 50 years and below.

The above citations support the hypothesis that hormonal exposure influences 

colorectal cancer incidence. Oestrogen can interact with molecular pathways 

implemented in colon cancer. For example, oestrogen can increase gene transcription 

via API enhancer elements, as well as its classical response element (Paech et al. 

1997). Furthermore, the API interaction is interesting because neoplastic 

transformation can be accompanied by increase in API activity (Vallone et al. 1997). 

The CyclinDI promoter also contains an API site (Tetsu and McCormick 1999). 

Together, these observations suggest a pathway where by oestrogens can directly 

interact with cell cycle machinery that is a component of the WNT signaling pathway.

My data did not identify any relationship between adenoma number and gender. I have 

examined adenoma number, whereas most epidemiological studies have evaluated 

colorectal cancer. Therefore, initiation may be less influenced than progression by 

hormones (gender as proxy).

4.3. Genotype-phenotype correlations

This study has shown that there are significant correlations between APC mutation 

position and disease severity. These data confirm and extend previous reports of 

genotype-phenotype correlations. The associations are present when the APC 

mutations are grouped together by APC functional domains. Within the groups linear 

regression did not demonstrate any further relationship between APC mutation position 

and disease severity, except two (20aa, excluded from further analysis, and Post- 

MCR). The power to detect a relationship in this study may have been low because 

some of the groups were small in size. Collectively these data support the hypothesis 

that nearby mutations are equivalent and will produce similar disease severities (in the

136



absence of other factors). Therefore, if patient A’s and patient B’s mutations are close 

to one another their severities can be directly compared.

Three tiers of corrected count severity were identified. The MCR group represented the 

severest tier, with a mean severity of 3459 (geometric mean). The next tier was 

represented by Unk, Pre-arm and Post-MCR its mean severity was 1118 (geometric 

mean). Their severity is modestly greater than the remaining groups (Arm+, p-cat and 

Pre-MCR), whose severity was 654 (geometric mean).

Analysis of genotype-phenotype associations is complex. I have assumed that all of the 

identified mutations produced stable truncated product, clearly this does not apply to 

the Unk group. None of the pedigrees with identifiable mutations came from gene 

regions associated with attenuated polyposis bar one (a patient with nt 1129 ins AGTA, 

exon 9 ; severity: 1290 polyps). All of the pedigrees in this study produced classical 

colonic FAP, i.e. greater than 100 polyps. Even so, a small minority of the patients had 

very mild disease, that in other contexts could be described as attenuated colonic 

polyposis. Five patients had uncorrected polyp counts of 100 or less (range 100-73 

polyps). Two of the five came from the same pedigree, whose members were 

otherwise classical for FAP (mean sevehtypedigree: 488 polyps; r: 7 3 -  1133; n = 5; 

mutation 3249 ins t). The remaining patients were from families with clearly classical 

polyposis. This suggests that the severity distribution for classical FAP may partly 

explain the phenomena of attenuated FAP, i.e. a small proportion of patients will have 

mild disease simply by chance. Furthermore, the conventional criteria of 100 polyps 

may be slightly too high. However, it does not explain attenuated disease clustering in 

families, because if attenuated FAP is purely a function of the severity distribution, then 

clustering within families should be infrequent. For example, the probability of finding 

two attenuated FAP members within a family of five affected members is very low, e.g.
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P(2 attenuated in a family of 5) = 0.013 This is, in itself, an argument for extralocus 

factors modifying disease severity, e.g. modifier genes.

I chose to group APC mutations by functional domains rather than by exons. Because 

most mutations produce stable protein product, I felt it more biologically plausible to 

group by functional features of the gene. Data analysis under such a model is complex. 

For example, feature dosing (p-catenin binding repeats) requires within domain 

analysis. Regression analysis across the entire gene, i.e. as a single block, is 

inappropriate because some domains may ‘step-up’ disease severity as they are 

transgressed (e.g. the transition from Pre-MCR to MCR). Linear and multiple 

regression have the assumption that the explanatory variable data is normally 

distributed and that severity transitions are graduated. The graduated transition is 

critical. A step change in severity represents a mathematical singularity; it cannot be 

accommodated using statistical algebra^®. These requirements are not fulfilled by APC 

gene mutations and FAP severity data (see graph 6) as a whole, but may be in part 

(i.e. on a per sub-group basis).

The underlying APC mutation distribution is uniform with ‘hotspots’ at codons 1061 and 

1309. Furthermore, because of variation in pedigree size some APC mutations are 

more influential than they should be. This too is complex. For example, observations 

made on patients with identical germline mutations theoretically will give a better 

estimate of the severity for the mutation than an isolated value, assuming that the 

observations are independent. However, this may be confounded if the patients are 

related because they may share genetic or environmental modifiers. For this reason, I 

grouped APC mutations and then performed ANOVA, which had the less limiting 

requirement of variance equality between groups (i.e. groups can be considered

Panenuated (Î 6. < 100 polyps) = 4/103, after restriction to Arm+, P-cat and Pre-Arm (the mildest groups) 
because attenuated FAP is not a feature o f the severe polyposis mutations. Therefore P(2 of 5| mild 
severity group) follows from the binomial distribution , 0.013.

A ll regression attempts to measure ôy/ôf(x), singularities occur when ôf(x) = 0.
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categorical variables rather than using APC mutation position, a quantitative 

variable)^^.

These data demonstrate that the effect of APC germline mutation can be modelled and 

accounted for. When this is done the severity data for an individual can be 

decomposed into two parts: germline mutation effect and residual effect. The effects of 

modifier genes (if any) are to be found by examination of this residual. The data 

demonstrate that mutations that are near to each other can be grouped. The groups 

can be defined in terms of gene features. The comparison of the severity of colonic 

polyposis only requires knowledge of the germline APC mutation position. As long as 

the patient has under gone colectomy in early adult life then its is reasonable not to 

adjust for either gender or age at operation. These were the provisos that I relied on for 

my subsequent analyses.

In some respects ANOVA and multiple regression analysis are synonymous and have related properties 
Draper and Smith (1981). Applied regression analysis. New York, Wiley..

139



Chapter 4: Analysis of intra-familial variation in FAP 

severity

Foreword

I acknowledge the invaluable help of Dr. Richard Houlston who performed the 

computations for the segregation analysis using the program PAP.

1.Introduction

An almost essential requirement of the evidence for modifier gene action (indeed for 

any genetic disease) is that disease severity, or state, should vary within families in a 

manner consistent with gene action. For simple genetic diseases (autosomal dominant, 

recessive etc.) this can be demonstrated by segregation analysis. FAP disease severity 

analysis is a little more complex because the major gene action must be accounted for 

before the residual variation is examined for evidence of non-APC genetic influence.

Having examined in detail the relationship between APC genotype and phenotype for 

classical colonic FAP, I went on to look for evidence of modifier genes in that 

population. The approach taken was a comparison of affected relative pairs; these 

were grouped by familial relationship and their disease severities correlated (after 

correction for germline APC mutation). Formal segregation analysis was also 

employed.

2.Method

2.1. Data collection

This analysis developed from the data set used in chapter 3 (Analysis of colonic FAP, 

genotype-phenotype associations). One hundred and sixty-six individuals from 55 

dominant pedigrees were available for analysis; in 128 of these patients, an APC

140



mutation had been identified. As before APC mutations were grouped by APC 

domains; Unk, Pre-arm, Arm+, p-cat, Pre-MCR, MCR, Post-MCR.

2.2. Evidence for modifying genes

In general, closer relatives from a FAP kindred would tend to share alleles at a modifier 

locus and thus have more similar phenotypes. To examine for intra-familial effects 

independent of germline APC mutation, I first computed correlation coefficients 

between different types of relative pairs within families (siblings, parent-offspring and 

second-degree relatives). Data were log-transformed and corrected for germline 

mutation on the basis of the observed distribution, thereby improving the normality of 

the different groups and reducing the differences in regional variances (details not 

shown). This transformation generates what I will call the Zcount (zj.

-

(where X| is the log(count); pg is mean for APC domain group; Sg is standard deviate for 

APC domain group). All standard statistical analyses were undertaken using the 

program STATA (Version 7.0; Stata Corporation, 702 University Drive East, College 

Station, Texas 77840 USA).

To assess the evidence for a major-gene component against polygenic effects, a 

segregation analysis under a mixed model (Morton and MacLean 1974) was performed 

using the program PAP, Version 4.0 (Hastedt S. 1994). Evidently, since only individuals 

with FAP could be scored for number of polyps, unaffected individuals were treated as 

unknown. Significance tests were based on standard likelihood ratio tests (that is, to 

test competing hypotheses, minus twice the log likelihood calculated under the general 

model was subtracted from the likelihood when one or more parameters were held
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constant, the difference being distributed as a with a number of degrees of freedom 

equal to the number of free parameters).

3.Results

To compare individuals with different germline APC mutations Z transformation was 

performed. This transformation is useful because the data are normalised, i.e. each 

datum has its mean for region subtracted and is then divided by the region’s standard 

deviation. The resulting distribution of Z values for each APC region then has a mean 

of zero and a standard deviation of one. This allows genotypes associated with 

different degrees of severity to be directly compared. The only statistical requirement is 

that the distributions each be normally distributed.

I then evaluated the normality of the data after Z transformation and partitioning by 

APC mutation group. There was no evidence for non-normality when the entire 

population of data was considered after Z transformation. This is important because 

normality is a requirement of correlation/regression. The data are summarised in Table 

1 .

Table 1; Normality o f Zcounts
This table summarises the evaluation o f data normality for the Zcount data. Mutation group refers to the 
APC mutation groupings developed in the colonic FAP genotype-phenotype correlation chapter. Zcounts 
were tested for normality using the Shapiro-Wilk's test. Abbrev: n -  observations; W -  test statistic (range 
0 - 1 , 1 =  normal distribution); V = is alternative expression o f W (approx. 1 is normal) ; z = normal 
deviate o f the respective W and (?) its corresponding significance level.

Mutation group n W V z P
Unk 42 0.955 1.856 1.305 0.096
Pre-arm 37 0.983 0.651 -0.898 0.815
Arm+ 31 0.976 0.781 -0.511 0.695
p-cat 62 0.970 1.684 1.125 0.130
Pre-MCR 10 0.918 1.257 0.401 0.344
MCR 33 0.940 2.039 1.481 0.069
Post-MCR 11 0.943 0.926 -0.136 0.554

I next performed multiple correlations to examine the relationship between members of 

relative pairs that had been grouped by their familial relationship, e.g. sibs, cousins etc. 

The Pearson product moment correlation coefficients are summarised in Table 2.
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There was a highly significant correlation (r = 0.42) in the severity of disease between 

the sibling pairs. The correlation between parent-offspring pairs (r =0.29) was also 

significant but weaker, whereas the correlations between more distantly related 

relatives were much weaker and non-significant (Table 2). This pattern of familial 

correlation is consistent with a genetic component influencing FAP severity, but not 

related to APC mutation. The larger correlation groups are presented in graphs 1,2,3,4.

Table 2: This table summarises the correlation coefficients for the different groups o f relative pairs. 
Relative pairs are listed under canonical relationship. The column headed by “Genetic identity by 
descent” lists the average amount o f gene sharing at loci unlinked to APC, because by definition only 
affected members were studied. The significance level o f the correlation coefficient is listed.

Canonical relationship

Sibling 
Parental 

Avuncular 
[*' cousin 

2"‘*cousin once removed 
2"‘'cousin

Genetic identity by Number
 descent___________

50%  70
50%  66
25%  33
12.5% 34
6.3%  35
3.1%  28

Correlation

0.42
0.29
0.26
0.08
0.21
0.28

p-value

0.0002
0.010
0.115
0.618
0.234
0.157

Graph 1; Correlation o f sibling disease severity (zg,zy)
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Graph 2: Parent-offspring correlation (Zp, z j .
The severity o f the child was regressed against the severity o f the parent. The predicted values from the 
equation are shown for reference.

o (Zp.Zc)

3 -

Zc

-3 -

A  A Ô

A Fitted values

A A

° O O
Oo

8 ° o

Graph 3: Avuncular correlation (z^, z„)
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Graph 4: Correlation between cousins (Za,Zb).
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Observation of the parent-offspring correlation (Graph 2) indicated that two points on 

the left of the graph may have had undue influence,i.e. they were outliers. The 

correlation value for this group was lower than that of the sibling group (0.29 vs. 0.42), 

although the difference was not statistically significant. A plot of leverage against the 

normalised residual squared (Graph 5) reinforced the impression that these two 

outlying points had a high influence. These data were generated by a single family. The 

two children generated two comparisons by contrast with their father. The children had 

typical severity for their mutation type (standard countA = 701, standard counts = 439) 

from their respective Z counts^®. They were of young age at colectomy (AgeA = 18.6 

years. Ages = 23.9). In contrast their father had very mild disease (standard count = 68 

polyps) at the age of 45.8 years. I re-analysed the data after excluding the two parent- 

child pairs, interestingly the correlation coefficient rose to 0.316 (P = 0.011), which is 

much closer to that of the sibling pairs. Whether, outlier exclusion is valid in this case is 

open to debate.

Graph 5: leverage versus normalised residual squared, for offspring-parent regression.

.150301

.014932 -

2.9e-09
Normalized residual squared

.115688

20 Za = - 0.0035, Zb = - 0.6068, Zp = -3.0146, APC mutation position 3249
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Formal segregation analysis was then performed; the results are summarised in Table 3. 

Single gene models fitted the data better than a simple polygenic model. Of the two 

single-gene models, the dominant model fitted the observed data better than the 

recessive model. There was, however, evidence from the segregation analysis to 

suggest that a single-gene genetic model is not adequate to explain the distribution of 

polyps in families and that a more complex model is required. Both single-gene models 

fitted the data less well than the mixed model (%^=7.7, comparing a dominant model with 

a mixed model; %^=9.2, comparing a recessive model with the mixed model).

Table 3. Segregation analysis for within-family FAP variation
This table summarises the comparison o f a number o f genetic models with the model o f the null 
hypothesis (i.e. that there are no genetic effects additional to APC). The level o f statistical significance is 
reported as a negative log likelihood value (theoretical range: negative infinity to 1), which means that 
significance is evaluated over range 0 to plus infinity. Large positive values are statistically significant.

Model Gene frequency Polygenic heritability 2LogL*
Dominant 0.54 - 12.5
Recessive 0.15 - 11.0
Polygenic - 0.47 7.0

Mixed 0.66 0.25 20.2

*log-likelihoods are relative to the model with no familial effect.

4.Discussion

The correlation data demonstrate that colonic FAP disease severity varies within 

families in a manner that is consistent with the action of additional genetic loci, modifier 

genes. An alternative hypothesis is that the differences could be caused by shared 

family environment.To resolve between environment and genetic modifiers will be 

difficult in the FAP population. The classical method of doing this relies on the analysis 

of twins. Monozygotic twins would be expected to show higher concordance with 

severity than dizygotic twins. There were no monozygotic twins available for the 

analysis of FAP severity in this study. FAP is a rare disease, therefore, accruing 

sufficient numbers of monozygotic twins for future analysis is likely to be impractical.
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This study found that the correlation between siblings was higher than parent-offspring 

pairs (r = 0.42 v r = 0.29). The difference was not significantly different given the 

sample sizes used in this study. However, the trend deserves comment. One 

explanation is that parent-offspring pairs are less likely to share the wild type APC 

allele than do sibling pairs. The sibling pairs will be identical by descent at their 

wildtype APC locus 50% of the time (i.e. they inherit one of the two normal copies of 

APC from their unaffected parent). In contrast the chance that the parent-offspring pair 

will be identical by state at their wildtype APC locus is dependent on whether the 

affected parent and unaffected parent share a wildtype APC allele. That is partly a 

function of the frequency of APC alleles in the population.

A differential correlation between sibling pairs and parent-offspring pairs due to 

‘wildtype’ APC allele variation has biological plausibility. There are APC polymorphisms 

(e.g. APCI1307K, APCE1317Q) that have been related to elevated colorectal cancer 

risk in specific populations. Laken et al. (1997) demonstrated that Ashkenazi Jews with 

colorectal cancer have an increased prevalence of APCI1307K. The other APC 

polymorphism that may be a low penetrance cancer susceptibility allele is the E1317Q 

variant (Frayling et al. 1998, Lamlum et al. 2000). E1317Q has been associated with an 

increased risk of multiple colorectal adenomas compared to its frequency in population 

controls.

Whatever the merits of the cases for the APC missense variants (APCI13071K, 

APCE1317Q), they are too infrequent in the population to account for the variation 

seen in this study. APCI13071K is limited to Jewish Ashkenazi and APCE1317Q is 

present in 4.3% of European population controls (Rozen et al. 1999, Prior et al. 1999, 

Laken et al. 1997, Frayling et al. 1998, Lamlum et al. 2000). However, there are other 

APC polymorphisms that are more frequent (e.g. APCD1822V) and have less well 

characterised risk profiles. Therefore, I included two common non-conservative APC
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polymorphisms in my analysis of candidate modifier genes because of the above 

finding (see Chapter 7).

An alternative explanation for the correlation between parent and offspring does not 

involve APC. The exclusion of two outlying points raised the correlation (0.316, P =

0.011). The two outliers were related to a common parent.The children had typical 

severity for their mutation type but their father had very mild disease.These data 

illustrate some of the difficulties I encountered when analysing the data set. Firstly, the 

father’s disease severity is very mild, this may have had an influence on the age of his 

diagnosis and operation. Secondly, I expect there to be a relationship between age and 

severity given the age difference between the parent and offspring. Although in this 

instance that would be likely to increase the data contrast. I think that caution is 

appropriate when evaluating the parent’s severity, the parent’s age was more than 

twice the upper standard deviate for the whole age-frequency distribution (i.e. in the top 

2.5% of the distribution). The age relationship is frustratingly elusive in general and 

none was detected for the region containing this family’s APC mutation (p-cat), so the 

effect of age in this family is unquantifiable. Thirdly, there is an issue of data 

independence. In a statistical sense the comparisons within multiple individual families 

have less independence (i.e. have fewer degrees of freedom) than comparisons of 

individuals from families consisting of two affected people. Correlation studies such as 

these assume data indépendance. The issue of statistical indépendance theoretically 

affects all relative pair groups so should cancel out. Correlation studies are a simple 

but relatively crude way to analyse the data, therefore formal segregation analysis was 

performed.

Formal segregation analysis was performed and this confirmed the correlation study’s 

data. Formal genetic modeling indicated that the most likely explanation for the 

observed data set was that a dominant gene (i.e. APC) interacted with another gene(s) 

to produce the range of disease severities (i.e. a mixed model). The epidemiological
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data supports the hypothesis that modifier genes exist for FAP. The segregation 

analysis supported the concept that modifier genes were acting to alter the severity of 

colonic phenotype.

As with all statistical analyses there are sources of error that may affect segregation 

analyses: ascertainment bias, population admixture and study power. Ascertainment 

bias is unlikely to have affected this study substantially because pedigrees involved 

had been derived from a population based polyposis registry. The primary mode of 

inheritance for FAP is well established and therefore the effects of a (hypothetical) 

modifier gene are unlikely to have altered the chance that an individual would be 

diagnosed with FAP. Phenocopy is generally not considered a problem for the 

diagnosis of FAP, although mutant MYH compound heterozygotes may produce a 

phenotype similar to attenuated FAP (Al-Tassan et al. 2002). All of the pedigrees in this 

study had a clearly established dominant mode of inheritance. Patients who had mild 

FAP came from pedigrees that were otherwise clearly classical FAP families or for 

whom a APC gene mutation had been identified (128 of 166).

The power of segregation studies is difficult to quantify. The number of observations 

used in this study was relatively small (166 individuals from 55 pedigrees). Many of 

the pedigrees only consisted of two affected individuals. The power the study alters the 

type of model that can be detected. Genes with large effects (i.e. APC) are easier to 

describe than genes that make lesser contributions. In a sense, the segregation 

analysis indicates that a simple autosomal dominant is insufficient to fully explain the 

variation seen in the severity of FAP, rather than accurately resolve the precise 

combination of alleles involved in the mixed model. There was no obvious source of 

population admixture operating in the affected FAP population. Although, cultural 

practices may distort genetic analyses in sometimes bizarre ways.
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Formal segregation analysis does not directly account for age and germline mutation 

effects. These were corrected for before it was performed. However there is a risk that 

the corrections may be influenced by the genetic factors that the segregation analysis 

is trying to detect. Therefore a different data set may give different answers. There is 

no simple way to correct for this apart from obtaining more data.

Ultimately no modelling exercise can distinguish between environmental and genetic 

factors. The best that they can provide is a circumstantial set of evidence that indicates 

where other investigative (e.g. linkage studies, candidate gene association studies) 

approaches may be employed to identify genes responsible for human disease 

(disease variation). The positive findings of the correlation study and segregation 

analysis I felt justifed a candidate gene association study to identify potential modifier 

genes.
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Chapter 5: Analysis of duodenal polyposis

1. Introduction

The aim of this chapter was to analyse duodenal disease risk in patients with FAP. 

Duodenal FAP is a complex problem that is likely to be more troublesome in the future 

because patients with FAP are now living longer (Galle et al. 1999, Heiskanen et al. 

2000, Belchetz et al. 1996). Advances in surgical management, endoscopy and 

genetics have allowed more patients to survive the risk of colorectal cancer. The 

relationship between duodenal FAP and modifier genes is potentially more complex 

than that of the colonic FAP situation. This is because duodenal cancer is a rare 

disease in human populations (DiSario et al. 1994, Severson et al. 1996, Howe et al. 

1999). If the sporadic disease is under genetic influence then the predisposing alleles 

must either be rare or of lower penetrance than is the case for the common cancers 

with heritable components (i.e. breast and colon cancer).

The surgical duodenal access is difficult and carries a much higher mortality than 

colectomy (5% vs 1% Sarmiento et al. 2002, Nagai et al. 1999, Bottger and 

Junginger 1999). Surgical risk must be offset against a duodenal cancer risk that is not 

absolute in FAP patients. The difficulty of surgical access also creates a further 

problem: phenotype analysis is dependent on the accuracy and precision of endoscopy 

and endoscopic biopsy. Optimal surveillance of the duodenum requires the use of a 

side-viewing endoscope. The adequacy of endoscopy in the colon is variable; a 

function of a number of factors (Wallace et al. 1999). Therefore, is the same true of 

duodenal endoscopy?

The values are loose aggregates based on the cited references and represent the best possible outcomes 
reported. I have not drawn a distinction between Pancreas Sparing Duodenectomy (PSD) and 
Pancreatoduodenectomy (PD) because both types o f operation may be required for the management o f 
severe duodenal polyposis.
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The likely answer is that the sensitivity and specificity of endoscopy are partly 

dependent on the stage of (duodenal) disease and the required contrast. For example, 

sensitivity and specificity of endoscopy for the diagnosis of colon cancer or duodenal 

cancer is likely to be much higher than it is for distinguishing between ‘low density’ 

FAP^  ̂or attenuated FAP .

Collectively the above problems raise a series of questions that have to be addressed 

before modifer genes can be considered:

1. How much of the risk of duodenal cancer can be accounted for by a patient’s age 

and APC mutation position?

2. Does knowledge of APC mutation position and patient age give clinically useful 

information?

3. Is duodenal cancer preceded by useful clinical markers and do they have a 

definable relationship with age and APC mutation position?

Duodenal FAP severity can be measured using a clinico-pathological staging system -  

the Spigelman Stage (Spigelman et al. 1989). Patients are assessed using four criteria 

-  duodenal polyp number, maximum polyp size, adenoma morphology and degree of 

dysplasia. Each of the variables is assigned a score, the scores are summed and a 

Stage derived.

Duodenal FAP severity is likely to be progressive because age of onset of duodenal 

cancer is in the fifth and sixth decades of life. However there seems to be a degree of 

stability for many patients. Only mild degrees of duodenal polyposis are seen in young 

patients (i.e. under 20 years of age) -  Groves et al. 2002, Bjork et al. 2001. Therefore, 

it is biologically plausible that increasing degrees of duodenal polyposis proceed 

duodenal cancer. Furthermore, the identification of patients with severe duodenal 

polyposis (Spigelman Stage III and IV) may identify a high risk subset that go on and

Low density polposis is defined as a standard count o f > 100 polyps but < 250.
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develop duodenal cancer. Thus Stage III and Stage IV may represent an opportunity 

when prophylactic surgery could be considered, because the risks of surgery are less 

than the risk of conservative management.

2. Methods

Hospital records of patients attending St Mark’s hospital were examined for the results 

of duodenal endoscopies on FAP patients. Approximately 1200 endoscopies have 

been performed on FAP patients at St Mark's since 1990. St Mark’s FAP duodenal 

endscopy records have been electronically stored on a database since the late 1980s. 

The endoscopy records were examined, incomplete records were not used. All patients 

were ascertained from familes with classical FAP. A set of 347 endsoscopy records 

were available for analysis. Each patient was represented by only one record. The 

records were analysed independently by the author. Dr Michelle Gallagher (St Mark’s 

Hospital) and Dr. Chris Groves (St Mark’s Hospital) and a consensus data set derived 

that assigned to a patient a Spigelman Stage and date of endoscopy. Histology reports 

where available were included in the analysis.

The Spigelman Stages were entered onto a database along with a patient's 

demographic data and APC mutation type and position. The data were analysed by 

logistic regression analysis that specifically addressed the following questions:

1. What is the relationship between age and risk of severe duodenal disease?

2. What is the relationship between APC mutation position and severe duodenal 

disease?

3. What is the relationship between gender and risk of severe duodenal disease? 

Severe duodenal disease was defined as Spigelman Stage III or IV and, thus, could be 

considered a binary trait. The Spigelman Stage IV patients were also considered in 

isolation (this is indicated at the appropriate points below).
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3. Results

3.1. Patients and disease severity

347 patients were included in the study (165 male, 182 female) their mean age at most 

recent endoscopy was 43 years (standard deviation = 13 range: 17-79 years). 25 

patients had Spigelman Stage IV disease and a further 30 had Stage III disease; thus 

55 were defined as severe and 292 mild. Patients with Stage 0 duodenal polyposis 

were defined as mild.

The APC mutation position was initially grouped as previously: Unk, Pre-arm, Arm+, p- 

cat, Pre-MCR, MCR, post-MCR. On the basis of the observed relationship with severity 

risk and small sample size some of the groups were merged. The new groupings are 

summarised in Table 1. The data distribution (Stage vs. mutation group) is summarised 

in Table 2.

Table 1 ; APC mutation groupings for the duodenal data

Old group New Group
Unk 0
Pre-arm 1
Arm+ 1
p-cat 2
Pre-MCR 1
MCR 1
Post-MCR 3

Table 2: Data summary for Spigelman Stages versus mutation category.

Group
0

Sigelman Stage 
I 11 III IV

Total

0 24 1 74 17 7 123
1 25 6 104 8 5 148
2 8 0 35 4 6 53
3 2 0 13 1 7 23

Total 59 7 226 30 25 347
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Risk of severe duodenal disease was modelled using logistic regression analysis under 

a variety of models with progressive stepwise refinement by exclusion of explanatory 

variables that had non-significant parameters.

The starting equation was of the form:

P(disease severity = 1) = EXP(pi.Age + p2-(Age)  ̂+ pa.Mutation group + p4 .sex) 

where Mutation group^ ,̂ severe = 1 mild = 0.

The point estimates for the parameters (Pi, P2 etc.) associated with the various 

covariates (e.g. age, sex etc.) were estimated using the method of maximum likelihood. 

The likelihood generating function is simply the probability of a parameter given an 

observed data set (i.e. P(0|y), 0 = (31, p2, etc, y = observed variable)^^. Similarly the 

overall ‘fit’ of the data to the parameters can be assessed collectively as the Log 

likelihood. The larger and more negative the number the greater the statistical 

significance. The overall statistical signifiance of the model was analysed by use of the 

likelihood ratio test, which compares the probability of observing the data set given the 

estimated parameter 0 (0 = pi, p2, ...pn) compared with 0 = 0 (i.e. the null model). The 

test can be evaluated as a ^  statistic with the appropriate degrees of freedom.

3.2. Logistic Regression for severity: Spigelman Stage III or IV

Table 3 summarises the results of the logistic regression of severity risk against several 

explanatory variables and their associated parameters. The individual components of

Mutation group was encoded as a series o f binary dummy variable row vectors (e.g. Unk = [000], Pre- 
Arm = [001], Arm+ = [010], p-cat =[011], Pre-MCR = [100], MCR = [110], Post-MCR = [111] each 
with its own parameter (Punk, Ppre-Am,, pArm+, Pp-cat, Ppre-MCR, Pmcr, Ppost-MCR)- The computations were 
performed using row x column vector mathematics.

Formally the parameters are considered a as a vector o f parameters and a vector o f observations.
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the model are presented. The model was better at predicting severe disease than the 

nuisance parameter alone (P < 0.00001), i.e. that the risk was simply that of the 

proportion of severe cases.

Table 3: Logistic regression for severe duodenal disease (Stage III and IV). Covariate is the explanatory 
variable used in the model. OR (Odds ratio) is derived from the parameter estimated by the model 
associated with the corresponding covariate. SE -  standard error. Z -  normal deviate. P = statistial 
significance o f the parameter compared with the null model. Cl -  confidence interval for the OR value. 
The overall log likelihood o f the model was -132.467. The model is a better estimator o f risk o f severe 
disease than the null model, Likelihood ratio test = 38.47, P < 0.00001, d.f. = 6, n = 347. Risk was
measured as the year on year change in age.

Covariate OR SE z P Cl (95%)
Age 1.2908 0.1205 2.73 0.006 1.075- 1.550
Age Squared 0.9977 0.0009 -2.21 0.027 0.996 -  0.999
Group 1 0.4388 0.1676 -2.16 0.031 0.207 -  0.927
Group 2 1.1759 0.5173 0.37 0.713 0.496 -  2.785
Group 3 3.5431 1.9195 2.34 0.020 1.225- 10.245
Gender 0.8338 0.2418 -0.63 0.531 0.472- 1.472

3.3. Relationship with age (severity = Spigelman Stage III or IV)

Severe disease became more probable as the age of the patient increased. The 

relationship with age was non-linear. The rate of change is presented as the year on 

year increase in risk. Both Age at endoscopy (OR 1.29, r: 1.07 -  1.55, P = 0.006) and 

the square of the age (OR 0.99 r: 0.996 -  0.999, P = 0.027) at endoscopy were 

asssociated with a statistically significant change in the risk of severe disease. The 

square of age was included to model non-linear age related effects. The mean age at 

diagnosis for patients with Stage IV disease was 52 years. The age data is 

summarised in Table 4.
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Table 4: Age and duodenal stage summary data.
Abbrev. Stage -  Spigelman Stage, n -  observations, s -  standard deviation

Stage n mean s range
0 59 39 13 17-66
I 7 43 7 34 -53
II 226 42 13 18-78
III 30 48 11 29-71
IV 25 52 12 3 6 -7 7

3.4. Relationship with sex: severity = Spigelman Stage III or IV

There was no statistically significant relationship between gender and risk of severe 

disease (OR 0.834, range: 0.472 -  1.472, P= -0.53). The explanatory variable gender 

was therefore dropped from the regression equation.

3.5. Relationship with APC mutation position

When various APC mutations were pooled, statistical associations between APC 

mutation position and disease severity risk were apparent. Pooling was justified as a 

form of stepwise model refinement after non-significant groups were identified. For 

example, if two groupings are not statistically significant different it is reasonable to 

pool their members into one combined group. Patients with mutations in the Post-MCR 

region (i.e. Group 3; beyond nucleotide 4200) were associated with a raised risk of 

severe duodenal disease (OR; 3.543 range 1.23 -10.25, P = 0.02) compared with 

patients with unknown mutations or mutations in the p-cat region. Some groups 

demonstrated a protective effect (Pre-arm, Arm+, Pre-MCR, MCR: Group 1) they had a 

lower risk of severe disease (OR 0.439, range: 0.208 - 0.9276, P = 0.031). The effect 

of the APC mutation position is demonstrated in Figure 1. The graph shows the 

predicted relationship between age and APC mutation group. Three groups can be 

seen: a high risk group composed of individuals with Post-MCR mutation, an
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intermediate risk group (Unk and (3-cat) and the lowest risk group (Pre-Arm, Arm+, Pre- 

MCR, MCR).

Figure 1 : Predicted risk o f severe duodenal disease vs. Age.
The relationship between severe duodenal disease risk and age has been stratified by APC mutation 
group. The top curve is Post-MCR, the middle Unk and (3-cat and the lower line the remiander (Pre-arm, 
Arm+, Pre-M CR, M C R ).
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The utility of the model can be assessed using an operator response curve that relates 

the ability of the model to predict severe disease (sensitivity) to its ability to exclude 

unaffected patients (specificity) -  Petersen et al. 1954, Tanner and Swets 1954, Metz 

1978. The utility of the model is represented by the area under the curve (0.73). Perfect 

model would have an area under the curve of 1, a model with no utility an area under 

the curve of 0.5. There is no statistical test available to compare the models.
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Figure 2; Receiver operator response (ROC) curve for the model (Stage III/IV  = severe disease)
The utility o f the model is represented by a curve that deviates into the top left-hand comer o f the graph 
space (AUG = 1). A  model (or diagnostic test) with no utility would have a an AUG o f 0.5. Abscissa = 1 
specificity (false positive rate), ordinate = sensitivity (cases detected/ total cases).

Area under ROC curve = 0.7316
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3.6. Logistic Regression for severity: Spigelman Stage IV

A broad grouping of severity (i.e. Spigelman Stage III or IV) demonstrated a 

relationship with mutation position and age. Duodenal cancer frequently develops on a 

background of Spigelman Stage IV duodenal polyposis. Spigelman Stage IV cases are 

relatively infrequent 25 of 347 (7%). Spigelman Stage IV disease is endoscopically 

robust in the sense that it is easier to distinguish between the Stage IV duodenum and 

the Stage II (or less) duodenum than it is between the Stage III and Stage II (or less). 

The power of a model to detect a statistically significant relationship between a 

parameter and the dependent variable (e.g. Spigelman Stage IV disease) is partly 

dependent on the frequency of the latter variable. For example, some covariates may 

perfectly predict a result by chance because of their small size. Therefore, I examined 

the relationship between Spigelman Stage IV disease and the covariates to see if the 

initial relationship suggested when Stage III and IV were analysed together was still 

valid. The results are summarised in Table 5.
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Table 5: Logistic regression analysis for severe duodenal disease (Stage IV vs. 0,1,11,111).
This table summarises the duodenal disaese severity data when patients with Stage IV disease were 
labelled as severe disease. Significant associations are seen for APC mutation position and a linear 
relationship with age. The probability o f the estimated parameters from the observed data reached -70.93 
(log likelihood). The model was statistically significant when compared with the null model (i.e. the 
nuisance parameter alone when all other parameters = 0): LR 37.8, P < 0.00001.

OR SE Z P Cl (95%)
Age 1.347 0.189 2.11 0.034 1.021 -  1.775
Age Squared 0.998 0.001 -0.63 0.103 0.995- 1.000
Group 1 0.646 0.397 -0.71 0.476 0.194-2.152
Group 2 2.681 1.633 1.62 0.105 0.813-8.845
Group 3 16.424 11.434 4.02 0.0001 4.196-64.281
Gender 0.901 0.387 -0.24 0.809 0.388 -  2.095

The same essential relationship was observed. Patients with APC mutations beyond 

nucleotide 4200 had a much higher risk of severe duodenal disease (OR 16.4 r: 4.19 

64.23, P < 0.0001). The relationship with age changed slightly the risk of disease 

increased with age but was not related to the square of the age. The predictive utility 

of the model to identify patients with severe duodenal (Stage IV disease) also 

increased (AUC ROC = 0.80): Figure 3.

Figure 3: ROC curve for the model (Stage IV = severe).
When the model classifies severe disease as Stage IV  disease the predictive utility increases.
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3.7. Modifier Genes and Spigelman Stage of Duodenal polyposis

The model was a fairly useful predictor of severity of disease under the constraints of 

the explanatory variables. There was relatively little unexplained risk. Therefore the 

‘room’ for modifier gene action was small. Given that the data set was small and the 

population incidence of duodenal cancer is low it was unlikely that there was sufficient 

power to detect modifier genes operating in duodenal FAP, so further analysis was not 

performed.

4. Discussion

The main finding of this study is that germline APC mutations beyond nucleotide 

position 4200 are associated with a greater risk (P = 0.020) of severe duodenal 

disease (Stage III or IV) than elsewhere. The statistical strength of the relationship 

increased when Stage IV disease was considered in isolation. Patients with mutations 

in either the Pre-Arm, Arm+, Pre-MCR or MCR regions were associated with a lower 

risk of severe duodenal disease than the other groups, although the effect was only 

significant at the 3% level (P = 0.031) and was not statistically significant when Stage 

IV disease was considered in isolation. Colonic disease shows a clear relationship 

between germline APC mutation site and colonic disease severity (Chapter 3). There is 

a parallel relationship between germline APC mutation site and second hit (Lamlum et 

al. 1999). Therefore, the same principle may hold for type or position of somatic 

mutation in upper gastrointestinal polyps, i.e. there may be a distinct mutation cluster 

region for duodenal FAP polyps. It has recently been shown that germline mutations 

after codon 1400 are associated with allelic loss in these tumours (Groves et al. 2002).
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It is intriguing why the APC genotype-phenotype correlations and disease penetrance 

are different for the colonic and duodenal sites. A possible explanation may lie with the 

effects of the resulting truncated proteins on (3-catenin levels within the cell. Clonal 

selection may benefit most from a level of p-catenin that is raised above normal, yet is 

not excessive. Intra-cellular p-catenin concentration is likely to be a function of the 

number of 20aa repeats present on a truncated APC species (Rubinfeld et al. 1997, 

Munemitsu et al. 1995). Mutations beyond codon 1400 retain at least two 20aa 

repeats. The extra p-catenin binding/degradation repeat -  as would typify mutant APC 

in upper gastrointestinal polyps -  would result in a lower level of beta-catenin in the 

cell. Thus, the progenitor cells in upper gastrointestinal polyps may require a lower, 

specific level of beta-catenin for them to produce a tumour. Other explanations for the 

differing MCRs include effects on stability of the truncated protein, although 

explanations in terms of hypermutability of certain regions of APC appear less likely.

There was a clear relationship between age that is probably non-linear. When the 

combined data set (Stage III and IV equal severe phenotype) was analysed the risk of 

severe disease was associated with both age and the square of age (P = 0.006 and P 

= 0.027 respectively). The latter indicating a non-linear relationship with age. The 

relationship disappeared when Stage IV duodena were considered in isolation. This 

may be because the transition from Stage III to Stage IV is subject to different rates of 

clonal evolution. Alternatively it may simply be because the data set was relatively 

small and that there was insufficient power to detect the full relationship.

The relationships presented are subject to certain caveats that are partly a function of 

the mechanism of analysis, i.e. point estimation by the method of maximum likelihood 

(ML). ML methods provide unique estimates for parameters associated with covariates 

within the model. However the estimates may not be totally independent of the 

covariates. A different set of covariates may produce an alternative explanatory model

that has a greater or lesser utility depending on circumstance. For example, suppose
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that modifier gene status for duodenal FAP was known for all members of the data set 

and that the covariates representing them were included in the analysis. The observed 

relationship in such a case might be different for age, sex and APC mutation position. 

Conceptually, this the same as saying that the derived model has additional covariates 

but that their parameters are fixed. The utility of the model must therefore be evaluated 

with respect to the biological plausibility of the explanatory covariates. In my opinion, it 

makes more sense to consider the effects of APC germline mutation position and Age 

before invoking other factors (e.g. environment, modifier genes).

There are potential sources of bias for the study group. All the patients were recruited 

from St Mark’s Hospital, Harrow, the tertiary referral centre for the UK. Patients may 

have been referred for management of their duodenal disease because local facilities 

did not have sufficient experience to manage severe duodenal polyposis. This may 

have caused an increase in the apparent frequency of severe duodenal disease in this 

patient cohort. Thus there may have been bias of ascertainment. The Stage IV 

incidence in this study was 7.2% similar to detected rates of duodenal cancer reported 

by other studies (3 -  8.2% -Galle et al. 1999, Vasen et al. 1997, Arvanitis et al. 1990).

Conversely patients with severe duodenal disease may be under-represented in this 

sample because of death due to duodenal cancer, or other cancer. The Polyposis 

Registry makes strenuous efforts to trace the FAP patient population but it is possible 

that non-colonic cancer deaths are not recognised as complications of FAP in the non

specialist centres.

Observational retrospective studies of this type are the only practical way to evaluate 

duodenal cancer deaths in the FAP population because of the small number of severe 

cases. The overall proportion of Stage IV duodena is small 25/347 (7.2%). The figure 

rises to 15.85% (55/347) when patients with Stage III disease are included as well.

Even if all these patients were available for genetic analysis their relatively small
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number limits the available statistical power for, for example, candidate association 

studies. The problem is compounded because duodenal cancer has a very poor 

prognosis so the opportunity to obtain samples for genetic testing is further diminished.

Future analyses to investigate whether or not additional genetic loci play a role in the 

risk of severe duodenal disease may have to take the epidemiological evidence for 

modifier genes as an act of ‘faith’ . Given the rareity of the complication candidate gene 

association studies will be required. Practically, it may be simpler to take samples 

prospectively with the expectation that a proprotion of the patients will develop severe 

disease. However, the process of data accumulation would be very slow. An alternative 

would be to attempt to get DMA from patients with Stage IV disease and then define a 

suitable control group.

Knowledge of the position of the germline APC mutation may benefit the clinical 

management of duodenal FAP. For example, the interval of screening could be 

influenced by the mutation position, with more frequent screening being offered to 

certain patients, particularly those with germline APC mutations distal to codon 1400.

This may be useful because patients who are investigated empirically may be over 

investigated and thus face procedure related morbidity; there are also health care cost 

implications. Conversely because the overall risk of severe duodenal disease (Stage 

IV) is low, patients who are likely to develop the disease may be under investigated (if 

the frequency of endoscopy is set for the average population risk). Clearly, the results 

of previous endoscopies are used by clinicians; patients have the frequency of their 

endoscopy increased if found with severe endoscopic appearances and vice-versa.

These data and the derived model may help the management of individual patients.

For example, if one were prepared to accept a cutoff of 0.1 (i.e. a predicted risk of 

greater than 10% equates to severe disease) and examined patients over the age of
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45, for their risk Stage IV disease, then the model would have a sensitivity of 72% and 

a specificity of 57%. The positive predictive value of the model -  P(Stage IV | predicted 

risk > 10%) -  is 20% and the negative predictive value 93%. The figures may not seem 

particularly impressive but they would for example reduce the need for endoscopy fairly 

substantially in the low risk patient group. In the higher risk group five patients would 

have to be endoscopied to identify one Stage IV duodenum. Conversely the mean 

population risk for the over 45 age group is 18/140 (12%). Approximately, 10 

endoscopies are required to diagnose one Stage IV duodenum, thus there is a 

potential saving of about 50% in the required endoscopy numbers. The model alone is 

not a substitute for assessment of risk based on previous endoscopy, but may be a 

useful adjunct to the management of FAP patients.

In summary these data suggest that much of the risk of severe duodenal disaese 

(Stage IV) can be identified using age and APC mutation position. Knowledge of these 

variables may help the clinical management of FAP patients.
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Part 2: Histopathological studies
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Chapter 6: Analysis of microscopic and macroscopic 

colonic phenotype

1.Introduction

The colonic FAP phenotype was originally defined by greater than 100 adenomatous 

polyps in the colectomy specimen (Bussey 1975). Colonic phenotype identification and 

disease segregation in an autosomal dominant manner were the foundation that was 

used to identify the APC locus (Herrera et al. 1986, Bodmer et al. 1987, Groden et al. 

1991). With time it has been recognised that the colonic phenotype is a variable 

feature of allelic heterogeneity Spirio et al. (1992), modifier genes (MacPhee et al. 

1995) and possibly locus heterogeneity (Al-Tassan et al. 2002). Although disease 

variation is recognised macroscopically it is uncertain what this represents 

microscopically

The traditional method of estimating polyp burden was to use a template of known 

area, count the ‘macroscopically’ visible polyps within and then derive total polyp 

burden by correcting for the dimensions of the specimen. A ‘macroscopic’ polyp can be 

recognised by naked eye if it is greater than 1mm diameter. Microscopic analysis of 

colonic FAP mucosa reveals the presence of variable numbers of uni-, di- and 

oligocryptal adenomas that are not visible to the naked eye (Figure 1).

Figure 1. A  dicryptal microadenoma. Dicryptal
The image illustrates the how small some adenomas can be microadenoma
in FAP. The image shows a section o f mucosa (x 10 000), 
which contains two dysplastic crypts and overlying 
dysplastic epithelium.

epithelium^
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Oligocryptal adenomas are sometimes synonymous with Aberrant Crypt Foci ^^(AGF) - 

Grade 4 (McLellan et al. 1991). Their presence raises several quesions of relevance to 

the study of modifier genes:

1. What is the relationship between microadenomas and macroscopically visible 

adenomas?

2. Is it possible to estimate the total colonic adenoma population?

3. Does the proportion of microadenomas to macroscopically visible adenomas vary 

between patients; could it be a mechanism for varying the frequency of progression 

from microscopic adenomas to larger lesions?

A plausible assumption is that two patients with identical germline APC mutations 

should have very similar adenoma burdens, there will always be 'chance' variation. 

Under such an assumption, a conceivable mechanism of variation could be if individual 

A has larger polyps on average than individual B. That is they have the same number 

of adenomas but different size-frequency distributions. Because their total adenoma 

population sizes are identical the difference is due to variation in progression factors -  

the difference in number is apparent rather than real. Conversely, the difference 

between them could represent change in the absolute size of the adenoma population; 

the variation would then be a function of different rates of adenoma initiation.

Inaccuracy of severity estimation has been reported for colonoscopic data (Wallace et 

al. 1999). The likely reasons are video resolution, operator experience and failure to 

use ‘dye-spray’ techique. This problem is compounded by other factors, such as the 

presence of flat adenomas (Muto et al. 1985, Wolber and Owen 1991, Kubota and 

Kino 1993, Adachi et al. 1991).

FAP AGP are synonymous with dysplastic microadenomas. Lesser grades o f AGP are not seen in PAP 
although they are in wildtype colons or animals treated with carcinogens.
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I have therefore examined the pattern of colonic polyposis variation using a 

microscopic assessment, to see if variation in severity is present microscopically. To do 

this I developed a simple polyp counting technique that expressed the number of 

visible adenomas in a histology section against the number of colonic crypts as their 

ratio -  adenoma crypt ratio (ACR). The ACR was then correlated with the macroscopic 

estimate of polyp number from the colectomy specimen. To generate a data set I used 

archived material. In order to validate the retrospective work a prospective study was 

undertaken.

2.Methods

2.1. Calculation of adenoma crypt ratio (ACR)

To quantify the severity of colonic polyposis, the adenoma-crypt ratio was calculated. 

The adenoma-crypt ratio was defined as the ratio of adenomas to normal crypts in 

colonic FAP mucosa. The number of adenomas in a histological section was counted 

and this number was then divided by the number of colonic crypts of normal 

morphology in the section; the resultant ratio is the adenoma-crypt ratio (ACR). My 

method of estimating the ACR is outlined below.

Normal colonic crypts were counted as they lay against the line of the muscularis 

mucosa, which can be seen in Figure 2.

Figure 2. Counting crypts in 
longitudinal alignment 
The image illustrates a 
longitudinally orientated section o f  
colonic mucosa. Crypts were 
counted as they 'lay' against the 
muscularis mucosae (1 - 17). The 
crypts are all normal.

In this section of colonic 

mucosa the colonic crypts

Colonic crypt

Submucosa

12 13 14 15 16 17

Muscularis mucosae
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extend into the mucosa toward the muscularis mucosa, in the section the colonic crypts 

have been sectioned along their longitudinal axis and the entire length of the crypt is 

visible. The majority of the crypts extend to the muscularis mucosa. The crypts are 

counted as they “line-up” against the muscularis mucosa, as the numbering in Figure 2 

indicates. Crypts were only counted if they dipped into the deepest third of the mucosa.

All normal crypts in the section were counted, although, inevitably some sections were 

not ideal for assessment, usually for one of two reasons -  the plane of orientation or 

autolysis artefact. Figure 3 demonstrates _ - : v

the problems of orientation.

Figure 3. Counting crypts in transverse orientation.
The image illustrates colonic crypts that have been ■■r,
sectioned transversely. They were counted as they lay  ̂ ... /- 1 4

against the muscularis mucosae (1 - 16). J  \  r  \

As long as muscularis mucosa was present 

on a section the ACR could be calculated,

the colonic crypts were counted as they 'lay' against the muscularis mucosa, as 

indicated in Figure 3. Autolysis of colonic specimens tends to affect the luminal surface 

of the colonic lumen more than the deeper layers of the mucosa. If autolysis was very 

severe then it could be impossible to calculate the ACR (this was unusual).

Adenomas were recognised by the presence of dysplastic colonic crypts. The features 

that indicate that a cell was adenomatous were: nuclear enlargement (nuclear to 

cytoplasm ratio >30%), pseudo-statification, nuclear darkening, loss of mucin from the 

cell, and, mitotic figures in abnormal positions (upper third of the colonic crypt) (Konishi 

and Morson 1982, Morson and Bussey 1983).

All adenomas in a given section were counted. Each adenoma was counted once 

regardless of its size and considered to represent a monoclonal expansion of a single

170



crypt. I assumed that contiguous dyspastic crypts were part of one adenoma. 

Adenomas were counted in a unitary manner to try to minimize size-sampling error. 

Adenomas were only counted if they were attached to the bulk of the mucosal section. 

Thus adenomas that appeared to 'float-free' on the microscope slide were not included. 

This was done to try and reduce over sampling of the larger adenomas; their larger 

surface area increases their chance of inclusion on a particular microscope slide.

There was the potential for two problems, firstly, defining the boundary between normal 

and non-normal crypts and, secondly, distinguishing between closely adjacent 

adenomas. In practice, however, neither of these issues is a major obstacle to the 

calculation of the adenoma crypt ratio. Figure 4 shows an adenoma of polypoid 

morphology. Colonic crypts in the deeper layers of large polyps can look deceptively 

normal, they were not however included in the colonic crypt count for the section. 

Instead a line of was projected from the lateral edge of the adenoma and this line, as 

marked on Figure 4, was projected towards the muscularis mucosa. The point at which 

it intercepted the muscularis mucosa was taken to form the boundary between normal 

colonic crypts and adenomatous crypts.

Figure 4. Adenoma boundaries.
The image shows a small adenoma. The 
deeper parts o f dysplastic colonic crypts 
may look deceptively normal, although 
they are often much larger than normal. To  
draw a distinction between the adenoma 
associated crypts and normal crypts in the 
vicinity o f adenomas, lateral lines o f 
'tangent' were used to indicate the 
boundary.

Sometimes the lateral lines of projection crossed prior to their interception with the 

muscularis mucosa, this often happened if the orientation of the section was not truly 

perpendicular to the longitudinal axis of the colon/ colonic crypt, or, if the adenoma was 

small e.g. a unicryptal adenoma. Figure 5 indicates how lines projected from the lateral 

edges were used to discriminate normal from non-normal colonic crypts.
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Figure 5. Adenoma boundaries.
In comparison to Figure 4. the image shows a much 
smaller adenoma. The lines o f projection cross 
superficial to the muscularis mucosae. 1 considered 
crypts deep to the lines to be normal.

Very closely adjacent adenomas could be 

difficult to distinguish individually, usually this 

occured in colonic specimens with dense 

polyposis, such as carriers of the 1309 A5bp 

mutation. This problem occured in about 10% 

of individuals, but was usually not a major 

problem. The criterion I used to separate different adenomas was the presence of a 

separating innominate groove. Figure 6 demonstrates an innominate groove.

Muscularis
mucosae

Figure 6. Innominate groove.
The innominate groove was used to separate closely 
adjacent adenomas. In the image two innominate grooves 
separate normal colonic crypts.

Innominate groove(s)

2.2. Retrospective analysis: adenoma-crypt ratio correlated with reported 

macroscopic count

The records at St Mark’s Hospital were examined systematically for pathology reports 

that contained a macroscopic adenoma count of an FAP colectomy specimen. 

Histology sections from the colectomy specimens, which had such reports available, 

were then located, although for some, archival material was absent. The ACR was
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calculated for the available sections from the colectomy specimen. Sections not 

analysed included appendiceal, ileocolic sections and sections showing heavy artefact. 

Only sections from the colectomy specimen were analysed, so for example, if a patient 

had had a total colectomy and then, several years later, a restorative proctocolectomy, 

only sections from the first operation were analysed.

The following information was collected from the pathology report: date-of-birth, date- 

of-operation, colonic specimen length, colonic adenoma count. From this data the 

following were derived age-at-operation and standard count.

Adenoma-crypt ratios were calculated for 44 individuals and then correlated with 

macroscopic data. Where possible an individual section’s ACR was correlated with its 

colonic regional location.

2.3. Prospective analysis: macroscopic count, adenoma-crypt ratio

FAP patients' colectomy specimens were analysed prospectively to calculate the total 

macroscopic adenoma count and ACR, by using strict randomized sampling. This was 

done to validate retrospective analysis. Although , it should be noted that the majority 

of tissue sampling performed at St Mark’s was not done primarily to exclude 

malignancy (only 20% of St Mark’s colonic FAP specimen’s have contained cancers 

(Debinski et al. 1996), usually pathology reports stated that “representative areas" had 

been sampled, and also many tissue sections were not referenced to colonic position. 

Colonic number estimations had been made to a defined protocol for many years. Even 

so, I felt prospective confirmation of the retrospective data necessary. FAP patients 

who underwent colectomy for FAP at St Mark’s hospital over the years 1999-2001, 

were included in the study. 10 FAP colorectal specimens were obtained and the 

following data measurements made: colonic length, colonic width and random 

macroscopic naked eye polyp counts (9 cm  ̂template). Random tissue blocks were 

also taken (20) for sectioning and determination of ACR.
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3.Results

3.1. Retrospective analysis

Mean adenoma:crypt ratio was 0.0167 (variance = 0.000215, range = 0.001307 - 

0.06515). Mean macroscopic polyp count was 1745 (variance = 1682, range= 250 - 

7500). The correlation between macroscopic polyp count per unit area and microscopic 

adenoma:crypt ratio was close (see Figure 7).

Figure 7: Adenoma 
crypt ration vs. 
Macroscopic polyp 
density. This figure 
shows the relationship 
between adenoma crypt 
ratio and reported 
macroscopic polyp count 
( n = 44). The 
macroscopic polyp 
density corrects for 
different colonic lengths 
(analagous to the 
standard count).

Adenoma-Crypt Ratio Vs Macroscopic Polyp Density

y = 1131.6x + 0.7461 
o  R" = 0.7526ar(/>c

o
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Adenoma-Crypt Ratio

The number of microadenomas was proportional to the macroscopic count (Pearson 

coefficient = 0.82). The index of association (r̂ xy) was 0.752, this was highly statistically 

significant (p<0.001). The residual variation was not statistically significant. The data for 

mutation type, colonic polyposis severity and adenoma-crypt ratio are summarized in 

Appendix 6.1. (p 180)

Despite this strong association, a small number of patients showed discordance 

between macroscopic and microscopic counts. For example a boy and girl, siblings 

aged 17 and 21 (index numbers 18 and 19 respectively. Appendix 6.1, p 180), had an 

almost two fold difference in macroscopic polyp count. Their adenoma:crypt ratio was 

the same, possibly suggesting pathologist counting error rather than true discordance.
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Similarly a 14-year-old boy and 14-year-old girl, siblings (index numbers 25 and 26, 

Appendix 6.1, p 180) had a three-fold difference in macroscopic count but virtually 

identical adenoma-crypt ratios. On the other hand, two brothers aged 13 and 17 (index 

numbers 8 and 9 respectively. Appendix 6.1, p 180) and siblings aged 18 and 17 

(cases 22 and 23, Appendix 6.1, p 180) had similar macroscopic polyp counts, but 

more than twofold differences in their adenoma-crypt ratios.

Further regional analysis of the slides was performed to see whether adenoma:crypt 

ratio varied according to location in the colon. Two factor analysis of variance (ANOVA) 

was performed on 13 slide sets, which contained sections from all regions of the colon 

(caecum, ascending, transverse, descending and sigmoid). The results are 

summarised in Table 1.

Table 1 : Regional analysis o f adenoma distribution in FAP colectomy specimens.
Two factor analysis o f variation is summarized in the data table. Key; SS -  sum o f the squared difference 
from the mean; MS- population variance estimate ; F value -  Fisher’s statistic (variance ratio). *= p < 
0.01: the variation between patients is significantly different owing to the effects o f different 
mutations and other germline variation, but neither variation within patients nor the residual is significant.

Group SS DF MS F value
Between-patients 488.2 12 40.69 8.30*
Within-patients 16.04 4 4.01 0.82

Residual 235.4 48 4.90
Total 739.7 64 11.56

Variation observed was attributable solely to between-patient factors and not between- 

region factors. The distribution of adenomas at the microscopic level throughout the 

large bowel did not deviate significantly from random.

3.2. Prospective Analysis

In order to validate the results of the retrospective analysis, a prospective analysis of 

FAP colectomy specimens was performed using strict randomised sampling. 10 

samples were available (9 colons and 1 rectum). The mean standard count was 2008
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(range: 122 -  10822; standard deviation 3191). The mean ACR was 0.0131 (range:

0.0018 -  0.0710; standard deviation 0.0207). The data are summarised in Table 2.

Table 2; Prospective data for the comparison o f ACR and macroscopic FA? disease severity. ACR: 
adenoma crypt ratio. Corrected ACR: 1/Va CR - see below, * rectum only.

Id id ACR Corrected ACR Standard count
a HNh857501-24-6-198 0.001833 23.35713 122
b JL 0.002076 21.94596 467
0 DC 0.00285 18.73333 250
d KD* 0.005485 13.50244 585
e GW1957 0.007593 11.47606 1100
f JH1969 0.009116 10.47371 2089
g DP 0.009123 10.46968 2503
h □GOOD 0.009388 10.32094 1311
i DW 0.013457 8.620238 828
j H855067-10-011974 0.07099 3.753204 10822

The observed data distribution for both variables was non-normal (ACR: Shapirio-Wilk's 

test W = 0.535 Pnormai = 0.00001 ; Standard count: Shpirio-Wilk's test W = 0.586 Pnormai =

0.00004). Non-normality was present because observation j was an outlier. This was 

likely to have been due to the effect of the germline mutation. Both data variables were 

transformed. The standard count was transfomed as before by logarithmic 

transformation (log[count]: Shapirio-Wilk W = 0.986 Pnormai = 0.990). A suitable 

transformation for the ACR was transformation by the inverse square root, the derived 

data is refered to as the corrected ACR. (IZsqrt(ACR): Shapirio-Wilk W = 0.918, Pnormai 

= 0 .346)2®.

The correlation between the corrected ACR and log [count] was statistically significant (r 

= - 0.892, P = 0.0005). The relationship is demonstrated graphically in Figure 8a for 

comparison the uncorrected data is shown in Figure 8b.

2̂  The retrospective data were analysed without data transformation. I f  the transformations used for the 
prospective data were applied to the retrospective data the correlation would have been r = -0.766 P < 
0.0001. Although transformed data are more robust in the statistical sense, I prefer the uncorrected data 
for the retrospective analysis because it is a ‘real world’ scale.
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Figure 8a: Corrected ACR vs. 
Log(count).
The variables are distributed normally a 
linear correlation is evident.

Figure 8b. ACR vs. standard count. 
This graph is shown for comparison 
with graph 8a. Although a linear trend 
is evident the extreme rightside data 
point is influencing the data, hence the 
need for normalisation.
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I was also interested in the

distribution of maroscopic polyps and variation in the ACR around the colon. A oneway 

analysis of variance ANOVA was performed. There was no relationship detected 

between polyp number and colonic region (ascending colon, transverse colon and 

descending colon) -  Table 3a and 3b.

Table 3a. Comparison o f colonic regional variation in polyp number by ANOVA. The data was log 
transformed prior to analysis. Nine colons were available for study. SS -  sum o f squares; d f-  degrees o f 
freedom; MS -  mean square; F -  variance ratio; P -  significance level. There is little evidence o f a 
relationship between adenoma number and colonic region. The residual (within region) component o f 
variation is large, a function o f germline mutation effect.

Source SS df MS F Prob>F
Between regions 0.0205 2 0.0102 0.03 0.975
Within regions 9.7616 24 0.4067
Total 9.7820 26 0.3762

A similar analysis was performed for ACR number and colonic region.
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Table 3b. Comparison o f colonie regional variation in ACR by ANOVA. The data was transformed 
(inverse square root) prior to analysis. There is little evidence for a relationship between ACR and colonic 
region.

Source SS df MS F Prob>F
Between regions 19.636 2 9.818 0.20 0.822
Within regions 1194.850 24 49.785
Total 1214.486 26 46.711

4.Discussion

The data presented show a significant, linear correlation between macroscopic and 

microscopic adenoma counts in the FAR colon. The bulk of the variation in 

macroscopic count is accounted for by variation in microscopic count (index of 

association, r̂  = 0.75), that is, the linear relationship between the two parameters is a 

close one, and there was no evidence for additional factors acting on the 

microadenomas to determine macroscopic polyp count. This strong association holds 

despite potentially confounding effects of non-random retrospective polyp counts, 

performed, for example in regions of denser macroscopic polyposis.

The relationship observed in the retrospective data set was confirmed in a prospective 

analysis that employed strict randomisation. These data are consistent with the 

hypothesis that progression from microadenomas to macroscopic size is essentially 

random. Variation in the severity of colonic FAR therefore results from differences in 

numbers of microadenomas rather than in progression from microadenoma to 

microscopic lesion. Thus, if different ARC mutations provide different selective 

advantages, and if modifier genes act on colonic FAR, their main effects appear to be 

on tumour initiation rather than progression.

I found no statistically significant change in adenoma-crypt ratio as the colon was 

traversed. Neither was there a relationship with macroscopically visible polyps. These 

data are consistent with that of Johannsen et al. (1989) who were unable to identify a 

relationship between colonic region and polyp number. Their methodology examined
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consecutive necrospy cases and was therefore not biased in the way that endsocopy 

studies are. Endoscopy studies are more likely to find large polyps of left-sided 

distribution because of the sensitivity of video imaging equipment and the bias 

introduced by patients symptomatic with per anal bleeding. Proximal colonic polyps 

tend to present at later stages and with iron deficieny anaemia. The failure to detect a 

relationship between colonic region and disease severity (ACR or macro count) is 

consistent with the hypothesis that the initiation of both sporadic and FAR adenomas 

are spontaneous events, although weak regional effects cannot be excluded

These data relating microscopic and macroscopic FAR will have practical value for 

researchers into FAR and colorectal cancer for a number of reasons. Firstly, 

macroscopic data may now be compared between centres allowing data validation 

using microscopic counts. This is not currently possible, as most whole colon 

specimens are usually destroyed once pathological examination is complete. Secondly, 

from the error range of the data presented, minimum difference criteria can now be 

estimated for measuring the severity of the colonic polyposis phenotype for each 

genotype. Thirdly, it will be possible to estimate the severity of colonic polyposis on 

colectomy specimens where macroscopic polyp counts have not been performed. 

Finally, microscopic adenoma counts may be useful indicators of the validity of polyp 

regression, as is sometimes seen after colectomy, sulindac and the COX 2 inhibitor 

celecoxib, indicating whether the phenomenon is one of real polyp loss, or simply an 

alteration in polyp size so that the clinical observer no longer notices some of the 

polyps? The risk of cancer may be reduced if only a reduction in polyp size was 

achieved, but an even greater preventative effect might be achieved if actual polyp loss 

occurred.
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Appendix 6.1 ;This table summarises the data for the 44 individuals on whom adenoma-crypt ratios were 
estimated. Individuals are numbered for identification. To give an indication o f sibship, siblings are listed 
sequentially in small groups and familial relatedness within a group indicated by either t  or e.g. 
patients 1,2 and 3 are siblings but not related to other patients carrying marker $. Individual’s referred to 
in the main text are asterixed *. IRA = total colectomy and ileorectal anastomosis. Op. - operation. Age - 
age at operation

Mutation
Position

Identificatio 
n number

Sex Age Op. Adenoma/ Microscopic Macroscopic

Unknown 1Î m 24 IRA 0.0109 45 1400
Unknown 2 Î m 26 IRA 0.0167 92 1550
Unknown n f 36 IRA 0.01701 21 1230
Unknown 4 t f 33 IRA 0.01121 45 800
Unknown 5t m 20 IRA 0.00677 11 400
C1660T 6 Î f 19 IRA 0.00333 15 400
C1660T n m 31 IRA 0.01038 7 2130
5bpA]309 8 t* m 13 IRA 0.02102 84 3500
5bpA1309 9 t* m 17 IRA 0.04942 150 3500
1240 InsC 10Î m 18 IRA 0.001879 10 539
1240 InsC 11Î m 17 IRA 0.001307 3 250
2684 C:G 12 f 19 IRA 0.00634 13 500
2684 C:G 13t f 20 IRA 0.00544 9 585
Exon 15 14t m 21 IRA 0.00598 67 550
Exon 15 15Î m 32 IRA 0.008164 27 750
Exon 15 16Î m 18 IRA 0.007196 24 800
Exon 15 17Î f 31 IRA 0/007478 28 500
Unknown 18t* f 21 IRA 0.00855 33 500
Unknown 19t* m 17 IRA 0.00832 13 960
Exon 15 20Î m 17 IRA 0.00822 40 650
Exon 15 21$ f 17 IRA 0.005417 19 500
4bpA3254 22t m 18 IRA 0.00796 12 500
4bpA3254 23 t* f 17 IRA 0.00253 7 450
Unknown 24* m 14 IRA 0.04298 143 3000
Unknown 25$* f 14 IRA 0.02671 71 1000
Unknown 26$* m 14 IRA 0.02153 89 3000
1951 InsG 27t f 21 IRA 0.00859 29 500
1951 InsG 28t f 23 IRA 0.00689 35 650
C697T 29 m 16 IRA 0.00283 8 740
Unknown 30 m 26 IRA 0.004514 3 660
Unknown 31 m IRA 0.0110 8 840
5bpA1309 32$ f 15 IRA 0.01737 66 2750
5bpA1309 33$ m 14 IRA 0.0387 121 7500
5bpA1309 34$ f 14 IRA 0.02629 98 3600
5bpA1309 35$ m 13 IRA 0.0377 136 5000
5bpA1309 36$ m 12 IRA 0.0293 113 4200
5bpA1309 37$ f 14 IRA 0.03377 182 5000
5bpA1309 38$ f 13 IRA 0.0226 36 2750
Exon 15 39$ m 28 IRA 0.005308 21 500
Exon 15 40$ m 29 IRA 0.0158 83 1500
5bpdl309 41 m 14 IRA 0.0147 48 2250
5bpA1309 42 m 14 IRA 0.0421 101 3000
5bpA1309 43 f 17 IRA 0.06515 112 5000
Unknown 44 f 17 IRA 0.019670 74 460
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Chapter 7: Analysis of candidate modifier genes: an 

association study

1.Introduction

There are several approaches that can be taken to identify loci that alter disease 

severity or risk (i.e. modifier genes) these include: linkage analysis, allele sharing 

methods, association studies and experimental model crosses (Lander and Schork 

1994). For loci that are unlikely to confer more than a two-fold increase in disease risk 

(or severity) linkage analysis is inpractical because of the sample size required (Risch 

and Merikangas 1996). It has been suggested that allele sharing approaches using 

discordant sibling pairs are more powerful than conventional linkage because they can 

be performed with fewer patients (Houlston and Tomlinson 1998) but even these make 

considerable demands on sample size. Simple association studies are the most 

powerful approach for low penetrance alleles (Risch and Merikangas 1996). They are 

however subject to bias that does not affect alternative approaches, i.e. linkage 

disequilibrium to nearby genes and population admixture. The major problem is that no 

genome wide screen is possible. I have performed a candidate gene association study 

because of the available sample size.

The large amount of genetic variation present in the human genome creates problems 

when analysing relatively small data sets (from rare diseases) for minor to moderate 

effects. For example, random studies would be expected to show a relationship 5% of 

the time (i.e. 5000 SNPs would have an association, assuming 100 000 SNPs in the 

human genome) if a threshold of statistical significance of 0.05 is taken (the norm).This 

creates practical problems for rare diseases were relatively modest effects are being 

analysed. The number of observations becomes impractically large. That said
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statistical thresholds need not be raised unduely if there is strong prior evidence of 

effect.

1.1. Selection of Candidate Polymorphisms

Candidate polymorphisms can be divided into several groups; carcinogen metabolism 

genes, DNA repair genes, Tumour Suppressor genes. Oncogenes, WNT pathway 

genes and other genes identified from epidemiolgical studies. Selecting candidate 

genes is difficult because there are so many plausible candidates. It is not difficult to 

develop fairly plausible theories for many genes to play a role in the genesis of cancer.

I have taken a heuristic approach and started with genes that been found to be 

associated with cancer. Many of these are carcinogen metabolism genes.

The polymorphisms that I examined are outline in brief below. I also discuss three 

variants that were not evaluated experimentally but because of the literature are worthy 

of mention.

1.1.1. Candidate Polymorphisms examined

1. N-acetylation conjugation polymorphisms

2. S-glutathione conjugation polymorphisms

3. Folate metabolism polymorphisms

4. Cell adhesion molecule polymorphisms

5. Cell cycle control polymorphisms

6. APC polymorphisms

1.1.2. Polymorphisms not examined

1. Phase 1 polymorphisms

2. Inducible cycloxygenase variation

3. sPLA polymorphisms

The polymorphisms are discussed briefly below.
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Cancer has been associated with exposure to environmental carcinogens. Classically 

the associations have been with occupational sources (e.g. aniline dyes and bladder 

cancer) and smoking (polycyclic carbons). Researchers have examined other 

chemicals prevalent in the diet or environment and have suggested that heterocyclic 

amines (from cooked meat) may be associated with colon cancer.

The most likely genes responsible for variation in human genetic cancer risk are the 

carcinogen metabolism genes. The metabolism of chemicals foreign to the body 

(xenobiotics) is governed by a complex set of enzymatic reactions. The enzymes that 

perform this function have variants that work at different rates. They are often present 

at different frequencies in different types of human population (Hein 2000). They are 

suspected as being responsible for the genetic risk some populations have for 

particular types of cancer. Genetico-epidemiological association studies have in some 

cases supported the hypothesis that enzyme polymorphisms may be associated with a 

differential risk of cancer. Although, others have not demonstrated a relationship 

(Houlston and Tomlinson 2001).

1.2. Overview of xenobiotic (carcinogen) metabolism

Environmental carcinogens are molecules such as arylamines (e.g. aniline dyes: see 

Figure 1) and heterocyclic amines (e.g. 2-amino 1-methyl 6-phenylimidazo [4, 5 - b] 

pyridine (PhIP): see Figure 2). These molecules are aliphatic and have to undergo 

metabolism before they can be excreted from the body. PhIP is a heterocyclic amine 

(HCA) found in fried/grilled meat and cigarette smoke. Environmental carcinogens 

directly or indirectly damage DNA; the process is complex and consists of three 

elements: bioactivation, detoxification and chemical modification of DNA. Bioactivation 

and detoxification are regulated by Phase 1 and Phase 2 enymatic reactions.
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Figure 1. Environmental carcinogens 
The image illustrates the structure o f aniline an 
arylamine dye. The image on the right is pryridine a 
heterocyclic amine.

Aniline Pyridine

Figure 2. 2-amino 1-methyl 6-phenylimidazo [4,5 
-  b] pyridine (PhIP).
The image illustrates the structure o f PhIP a 
putative carcinogen. It contains a pryridine ring 
and is thus a heterocyclic amine.

PhIP

HCAs and arylamines are absorbed into the body and then undergo Phase 1 reactions 

mediated by cytochrome P450ia2 (CYP1A2) in the liver. Phase 1 reactions can 

generate a variety of compounds but most reactions are oxidative in nature: N - and C- 

hydroxylation, N- and O- dealkylation, oxidative deamination. A minority of compounds 

undergo reductive conversion.

Phase 2 reactions increase the water soluabilty of xenobiotics by conjugation. Phase 1 

generates N -hydroxy, thiol- or amino- groups these are substrates for Phase 2 

enzymes. In fact xenobiotics with suitable ‘handle’ may be directly conjugated, e.g. the 

amine group of aniline (see Figure 1). A range of conjugation reactions are possible 

that conjugate using sulphydryl, methyl, acetyl, g Icy I, and glutamyl groups. The water 

soluable products are then excreted in the urine or may enter entero-hepatic circulation 

(Rang and Dale 1991).

Carcinogens can undergo both detoxification (e.g. arylamines) and bioactivation (e.g. 

HCAs). Carcinogens either directly bind to DNA or do so after enzymatic modification. 

They do so by forming covalent attachments to nucleotides and then disrupt either 

base-pairing or superhelix conformation. The net result may be the stabilisation of 

intermediate mutation products during DNA replication (Garcia et al. 1993).
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The above sequence of events is complicated by differential rates of enxyme activity 

produced by the different polymorphisms and consideration of whether a carcinogen 

undergoes enzymatic bioactivation or detoxification. The interplay of factors generates 

a diverse range of biological responses to the different xenobiotics and may be 

responsible for some of the inconsistencies reported in the literature. An example of 

this can be seen when the evidence for NAT2 genotype and cancer risk is considered. 

NAT2 is a Phase 2 enzyme that N-actylates N-hydroxy derivatives of Phase 1 

reactions. Its genotypes produce a binary phenotype in the population characterised by 

fast and slow rates of activity (NAT2 fast, NAT2 slow), although there is some overlap 

of activity. HCAs such as PhIP have to be metabolised to activate their carcinogenic 

actions. CRC risk is associated in some studies with NAT2 fast phenotype and 

exposure to PhIP. Conversely, NAT2 fast phenotype can protect against some types of 

cancer, e.g. bladder. This is because arlyamines undergo detoxification by NAT2 

directly. Thus, the risk of bladder cancer is compounded by NAT2 slow phenotype. 

Therefore, carcinogenic potential may result from the interplay of gene and 

environment. A similar logic may be used to explain site specificity with in the body.

1.3. NAT^ and NAT2 (N-acetyltransferase 1 and 2).

As described above NATs are involved in Phase 2 reactions that metabolise 

xenobiotic compounds.

1.3.1. 71*10 -  N-acetyltranferase 1 (rapid acetylator phenotype)

A/A71 is a Phase 2 conjugating enzyme that de-toxifies arylamines. NAT^ phenotype is 

polymorphic in human populations. This was first identified in vivo using the drug p- 

aminosalicylic acid. Two types of phenotype are recognised fast and slow. Slow 

metabolisers have a V̂ ax approximately 50% that of rapid acetylators (Hein et al. 

2000).

Vmax = maximum rate o f enzymatic reaction.
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NAT^*^0 genotypes produce more rapid acétylation phenotypes. Bell et al. (1995) 

found that the NAT^*^0 polymorphism was associated with a 1.92 adverse increase in 

the risk of colorectal cancer but other studies have not confirmed this (Houlston and 

Tomlinson 2001, and references therein). Furthermore, NATV^O has been associated 

with a lower age of onset of HNPCC cancers (Moisio et al. 1998). NAT^*^0 

polymorphisms are found in the 3’ untranslated part of the gene and consist of two 

SNPs, a T1088A and a C1095A substitution. Given that the polymorphism is in the 3' 

untranslated region, a plausible explanation for the effects associated with the 

polymorphism is that it alters gene expression (Hein et al. 2000).

1.3.2. NAT2 - fast and slow phenotype (8p23.1 -  8p21.3)

Similar to NAT^, NAT2 is a Phase 2 conjugating enzyme. Humans can be divided into 

two populations on the basis of their isoniazid phenotype -  fast and slow acetylators. In 

young adults there is an excellent correlation between A/A72 geneotype and 

assignment to either fast or slow phenotype (Smith et al. 1997). The fast phenotype 

corresponds to presence of the the most frequent allele /VA 72*4, either as a 

heterozygote or homozygote. The other alleles in the population reduce enzyme 

activity.

Heinimann et al. (1999) found slow acetylator status to be protective against the onset 

of colon cancer in HNPCC patients but others (Frazier et al. 2001) were unable to 

confirm this in their study of HNPCC. In a meta-analysis of low penetrance 

susceptibility alleles for colon cancer Houlston and Tomlinson (2001) found that the risk 

of colorectal cancer was raised in the rapid acetylator group in 9 of 15 studies. Only 

three of these were statistically significant and they were based on phenotyping. On the 

available evidence they concluded that /VA 72 variation could contribute at most a 1.7 

fold increase in CRC risk.
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1.4. S-glutathione conjugation enzymes

Glutathione S-transferases (GSTs) are a family of Phase 2 enzymes that catalyse the 

reaction of glutathione with organic compounds to form water soluable thioethers 

(Figure 3) and sometimes mercapturic acid (Figure 4) - Mannervik (1985). There is 

substantial interindividual variation in the level of these enzymes in red blood cells (6- 

fold) - Scott and Wright (1980). Mammalian GSTs are subclassified into cytosolic and 

microsomal classes. The cytosolic class is then further subdivided into the following 

classes: a, k , p , 0, n, a .  The cytosolic subclasses can be further subclassified in some 

cases, e.g. GSTpl -  5.

Figure 3 . A  generic thioether.
R and R’ are carbon chain moieties. In the context o f 
Glutathione S-transferase either R or R’ is glutathione. 
Glutathione is the tripeptide cysteine-glycine-glutamic acid. 
The sulphydryl group o f cysteine reacts with electrophilic 
moieties on substrate molecules.

R R'

A thioether

Figure 4. Mercapturic acid.
Mercapturic acid is the end product o f glutathione conjugation 
and is formed by the N-acetylation o f cysteine or cysteinyl 
residues (i.e. conjugated to a substrate). Mercapturic acid is 
formed by the cleavage o f glutamic acid and glycine from 
glutathione. The residual cysteine/cysteinyl moiety is then N- 
acetylated and excreted in the urine. R -  substrate, e.g. Poly 
Chlorinated Biphenyl (Dioxin).

R'

H NH

COOH

'Mercapturic acid'

1.4.1. GST\L  ̂ null allele -  non-conjugator phenotype (1p13.3)

The GSTpl null allele is a putative cancer risk allele. Gene mapping identified that the 

GST\i group of genes exist in the human genome as a cluster on chromosome 1 pi 3.3 

(Pearson et al. 1993). GSTpl has a null allele probably produced by unequal



homologous crossover (Xu at al. 1998). Conversely, individuals heterozygous for a 

tandem GST[l gene duplication have been identified (McLellan et al. 1997). This 

supports the concept that the null allele is produced by unequal homologous 

recombination between the different GSTp alleles.

The GST[l 1 null allele has a population frequency of 0.7 (Board et al. 1990) and the 

therefore GSTpl is absent from 50% of individuals in some populations. Houlston and 

Tomlinson (2001) performed a meta-analysis of CRC risk alleles. They found that 5 of 

12 studies found an increase in colorectal cancer risk in association with the GSTjil 

null allele, although only two were statistically significant. Some studies have found that 

DNA adduct levels are higher in GST\L  ̂ null homozygotes if they are smokers than in 

population controls, suggesting that gene-environment interactions are important 

(Godschalk et al. 2001, Firozi et al. 2002).

1.4.2. GS7191 null allele -  non-conjugator phenotype (22q11.2)

GSTO polymorphism is responsible for the variation of mono- and dihalomethane 

metabolism and other similar molecules (e.g. alkyl halides, Dichloromethane : DCM, 

ethylene oxide: EO). Monohalomethanes occur naturally but compounds such as DCM 

and EO are important industrial chemicals used as methylating agents, solvents and 

pesticides (Pemble et al. 1994). 60% of the human population can conjugate the above 

chemicals 40% cannot owing to a GST01 null allele. Conjugator status can be 

deleterious or benefical depending on chemical exposure context. For example DCM 

metabolism (in conjugators) proceeds via S-chloromethyl glutathione and formaldehyde 

as a final product. This pathway is mutagenic in some model systems. Non-conjugators 

face increased exposure to direct carcinogens that are metabolised by this enzyme.

The meta-analysis of reported study data with respect to human CRC and GST01 is 

inconclusive (Houlston and Tomlinson 2001). They reported that two studies showed 

an adverse risk profile associated with GST01 null allele but that adverse risk was
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associated with the GST01 positive allele in some studies. Some studies showed no 

relationship.

1.5. Folate Metabolism Polymorphisms

Folate metabolism abnormalites have been implicated in the aetiology of human neural 

tube defects, vascular disease and the development of malignant neoplasia 

(Rosenblatt and Whitehead 1999, van der Put et al. 1997,Frosst et al. 1995).

MTHFR encodes an enzyme that converts 5,10-methylenetetrahydrofolate (MTHF) to 

5-methyltetrahydrofolate. Methyltetrahydrofolate is a methyl donor in the conversion of 

homocysteine to methionine (catalysed by Methionine synthase). Defective MTHFR 

function renders individuals liable to hyperhomocysteinuria and mimics the effects of 

dietary folate insufficiency.

Absolute absence of MTHFR activity is rare but when present produces mental 

retardation (Sibani et al. 2000). Whether such individuals have a raised cancer risk is 

undetermined. Relative abnormalities of folate metabolism may be much more frequent 

in the population. Absence of methyl- donors intracellularly may cause abonormalities 

of DNA méthylation and hence gene expression dysregulation. Alternatively, depletion 

of MTHF may cause imbalance of cellular deoxynucleotide concentrations. It has been 

suggested that accumulation of deoxyuridylate DNA and subsequent removal may 

engender DNA strand breakage (Houlston and Tomlinson 2001). NAT^ is reported to 

have an endogenous role catabolising the folate metabolite p-aminobenzoyl glutamate 

(p-ABGIu). p-ABGIu is excreted in the urine as the N-acetyl form (Sim et al. 2000).

1.5.1. MTHFR - 5' 10' methylene tetrahydrofolate reductase (1p36.3)

MTHFR variants have been implicated in colorectal carcinogenesis. MTHFR variants 

represent some of the strongest candidates for low penetrance susceptibility alleles 

(Houlston and Tomlinson 2001). The two most frequent polymorphisms are the C677T
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substitution that converts alanine to valine at amino acid 222 and the A1298C (van der 

Put et al. 1998) that converts glutamic acid to alanine at amino acid 429.

MTHFRC677J (ValA/al) homozygotes produce an enzyme that has lower activity 

(30%) and is thermolabile. It does this in recombinant systems because of a tendency 

to disperse into monomers and lose its cofactor (FAD) on dilution (Yamada et al. 2001). 

Yamada et al. (2001) were unable to find any difference between the wildtype protein 

and that produced by the MTHFRA1298C allele in a recombinant system. In contrast to 

the in vitro data, van der Put et al. (1998) demonstrated that MTHFRA1298C extracted 

(ex vivo) from leucocytes was associated with lower enzyme activity. The 

MT/-/FRA1298C produces a thermostable enzyme. The discrepancy between the 

published studies may reflect different levels of protein stability in vivo compared with in 

vitro.

ValA/al may be protective against colorectal cancer (Houlston and Tomlinson 2001). 

Therefore, the C677T has both protective and adverse risk associations but it is 

unclear why the allele persists in the population. Cancer risk associated with the folate 

metabolism polymorphisms are unlikely to generate much of a selection advantage 

because cancer is typically a disease of later life. A possibility is that the 677T allele 

influences maternal or fetal survival in low folate environments (Rosenberg et al. 2002, 

Isotalo et al. 2000). Alternatively, its presence may be a feature of genetic drift.

1.6. Cell cycle control polymorphisms: CYCUN  D1 (11q13)

The CYCUN D1G870A polymorphism was included in this study because cyclinD^ is a 

direct downstream target of p-catenin and may be variant in the population. CYCUN 

D1 is implicated in the pathogenesis of colon cancer. The CYCUN D1G870A 

polymorphism interferes with the splicing of exon 4/5 probably reducing transcript 

levels (Kong et al. 2000). Porter et al. (2002) found that this mutation was more 

frequent in familial colorectal cancer cases than controls. This may have been because
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of an interaction with HNPCC mutations. Their findings were similar to those of Kong et 

al. (2000) and Bala and Peltomaki (2001) who found that CYCUN D1 G870A may 

modify the age of onset of colon cancer in HNPCC. However in different disease 

contexts no relationship has been found (Correa, et al. 2001).

1.7. Cell Adhesion Polymorphism: E-CADHERIN promoter (16q22.1)

Variation in the cellular dose of E-cadherin caused variation in the severity of intestinal 

polyposis in animal models (Smits et al. 2000). Down regulation of E-cad herin is 

associated with some types of intestinal, breast, bladder and lung cancer (Fabre and 

Garcia de Herreros 1993, Becker et al. 1994, Hennig et al. 1995, Perl et al. 1998). The 

E-CADHERIN A-160C promoter polymorphism may alter expression of E-cadherin (Li 

et al. 2000) and is, therefore, a plausible candidate modifier gene for PAP.

1.7. APC polymorphisms

Rare APC polymorphisms have been associated with raised colon cancer risk e.g 

APCI1307K, APCE1317Q (Woodage et al. 1998, Lamlum et al. 2000). These 

polymorphisms are too infrequent to account for much of the population risk variation 

for ‘sporadic’ colon cancer and their mechanism of action is uncertain.

The analysis of colonic PAP severity and within family relationship indicated that the 

severity correlation was higher between sibling pairs than parent-offspring pairs. The 

difference was not statistically significant but the numbers of pairs were relatively small. 

Therefore, this raised the possibility that the ostensibly ‘wildtype’ APC allele could be 

influencing disease severity. There are two relatively frequent non-silent APC 

polymorphisms in Western populations that could be responsible for the observation. 

These are APCD1822V and a polymorphism near the untranslated 5’ part of the 

genê ®, either could conceivably alter gene expression or function.

28 rs2019720
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1.8. Candidates not examined

Three genes where considered as potential candidate modifiers but not included in this 

study: CYP^ A2, sPLA2, C0X2. There are many candidate genes but these three are 

singled out either because of the role in animal models {sPLA2, C0X2) or because 

their role in carcinogen metabolism {CYP^A2).

The murine homolog of sPLA2 (1p35) was identified as Mom-1, the modifier of 

intestinal polyposis severity in the Min mouse model (Dietrich et al. 1993, MacPhee et 

al. 1995, Cormier et al. 1997). Early analysis of human FAP patients was encouraging; 

Tomlinson et al. (1996) and Dobbie et al. (1997) suggested that a human modifier of 

FAP was present on chromosome 1 p35. However, detailed analysis of the human 

population revealed insufficient allelic variation at sPLA2 to account for the amount of 

phenotypic variation seen in human FAP populations (Riggins et al. 1995, Tomlinson 

et al. 1996, Dobbie et al. 1996, Nimmrich et al. 1997). Although there are 

polymorphisms associated with sPLA2, the frequent ones are silent (i.e. conservative 

SNPs). The sPLA2 locus does not undergo loss in human colorectal cancer (or in the 

mouse), therefore variants would have to have functional effects on expressed protein 

if they were to have any effect. There is no evidence for such variation and thus the 

locus was excluded. Furthermore, the Mom-1 locus in the mouse may consist of more 

than just sPLA2 (Cormier et al. 2000) and the locus is not far from putative CRC risk 

alleles such as MTHFR (1p36) or GSTp (1 pi 3.3).

COX2 is an inducible enzyme that catalyses the rate limiting step of prostglandin 

synthesis. Modulation of prostaglandin synthesis can alter the severity of intestinal 

polyposis in Min mice (Oshima et al. 1996, Sasai et al. 2000 , Oshima et al. 2001). 

However, there are too few polymorphic variants in the human population to generate 

variation in FAP severity. Thus, the locus was not examined.
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CYP1A2 (15q22 -  qter)has been assciated with elevation of cancer risk (Sivaraman et 

al. 1994, Le Marchand et al. 2001) and it exerts a strong interactive effect with cigarette 

smoke. Furthermore, elevated levels of DNA adducts have been found in cancer 

patients who smoke and who also carry the rapid CYP1A2 phenotype (Firozi et al. 

2002). CYP1A2 is a Phase 1 enzyme (part of the P450 family) that detoxifies and 

bioactivates environmental carcinogens. It is a plausible candidate. I did not examine it 

because its activity is strongly induced by environmental toxins (e.g. cigarette smoke, 

dioxin) and some medical drugs (e.g. phenobarbitone) - Rang and Dale (1991). 

Because of the relatively young age at colectomy of my patients their environmental 

exposure to cigarette smoke would have been small. Therefore it is unlikely that there 

would have been sufficient exposure to environmental carcinogens to account for the 

observed variation. From a practical point of view, information on environmental 

exposure (i.e. smoking) was unavailable.

Colonic FAP is a quantitive trait with high penetrance and a pattern of variation 

consistent with the action of modifier genes. Modifier genes are on theoretical grounds 

good candidates for low penetrance population cancer risk alleles. This is because 

FAP adenoma-dysplasia-carcinoma sequence is identical to that found in the majority 

of sporadic colorectal cancers (CRC). I have examined a variety of putative CRC risk 

genes to see if their polymorphisms associate with colonic FAP severity

2.Methods

2.1. Patients

Patient’s DNA and clinical details were ascertained via the St Mark’s Polyposis. All 

patients were from families with established classical polyposis. DNA came from 

several sources peripheral blood sample, established cell line or fixed tissue. DNA was 

extracted as described in the materials and methods section. DNA was resuspended in 

ddH20.
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2.2. Severity

Severity was assessed as described previously: polyp count, standard count, 

log(count), Z count. As is explained later standard count pertains to Model 0 and Model 

1 : log(count) is used by Model 2.

2.3. Genotyping

A variety of methods were employed to genotype the candidate modifier genes. Mostly 

this consisted of PCR amplification followed by restriction enzyme digestion with 

visualisation on agarose gels. A genotyping facility was employed for some of the 

analysis.The individual primers and conditions are summarised in Appendix 7.1, p 217.

2.4. MTHFRC677T

This polymorphism was detected using the method of Frosst et al. (1995). PCR product 

was generated using the fonA/ard and reverse primers listed in Appendix 7.1, p 217.

This creates a 198bp fragment. If the 677T polymorphism is present then the fragment 

is suceptible to cleavage by the restriction enzyme Hinfl, it generates fragments of 

175bp and 23bp. The products were visualised on a 3% agarose gel. A set of control 

DNA samples were used to validate the accuracy of the restriction digestion by direct 

sequencing.

2.5. MTHFRA1298C

This polymorphism was identified using the method of (van der Put et al. 1998). The 

12980 mutation abolishes a restriction site. A fragment of the gene was amplified using 

PCR (primers and conditions are listed in Appendix 7.1, p 217). The AA genotype 

generates 5 fragments after MboW digestion (56, 31,30,28 and 18bp); the CC genotype 

generates 4 fragments (84, 31, 30 and 18bp). The fragments were resolved on a 4% 

agarose gel (4%) and visualised with ethidium bromide and U.V. transillumination. A 

set of control DNA samples were used to validate the accuracy of the restriction 

digestion by direct sequencing.
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2.6. A/A71*10 allele

This genotype was determined after the method of Beil et al. (1995). Briefly, PCR 

product was generated using primers N1208 (forward) and N1536R (reverse) -  see 

Appendix 7.1, p 217, for conditions. The restriction enzyme MboW was then used to 

digest the PCR product. The digested PCR product was then electrophoresed in a 4% 

agarose gel. Products were identified using ethidium bromide and U.V. 

transillumination. The major polymorphisms of NAT^ were recognised as major band 

products of the following lengths: A/A71*10, 131 bp; /VA 71 *4, 105bp and 71 bp;

/VA71*11, 122bp. The data were analysed as /VA71 *10 (heterozygotes and 

homozygotes) vs. all others.

2.7. NAT2 fast and slow phenotype

/VA72 phenotype was inferred after genotyping using the method of Smith et al.

(1997). A 547bp fragment of the gene was amplified (nt 367 -  913). This was then 

digested in aliquots using the restriction enzymes listed in Appendix 7.1, p 217. Fast 

and slow acetylator status was then determined from the combined restriction pattern 

of the four enzymes. The fast acetylator status is indicated by the presence of the 

/VA72*4 allele (homozygote or heterozygote). Four restriction enzymes were used 

Kpn\, BamH\, Dde^a^\6Taq\ these were used to resolve /VA72*4/5, /VA72*7/4,

/VA 72*5/4, /VA 72*6/4. Each was visualised independently on an agarose gel (2%) using 

ethidium bromide and U.V. transillumination.

2.8. GST\L  ̂ null homozygotes (non-conjugator)

GST\i genotypes were grouped into positive and negative (null homozgote) using the 

method of Fryer et al. (1993) and conjugator status then infered. Homozygotes for 

GS7jLi1*null allele do not generate PCR product in response to exon specific primers 

and are therefore easily recognised on an agarose gel as an absent band. The method 

does not distinguish GSTpl null heterozygotes. A positive control PCR reaction was 

also included to confirm the reliability of the sample DNA.
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2.9. GS761 null homozygote (non-conjugator)

GS7B1 null homozygosity was identified in a similar manner to GS7|i1 null 

homozygosity using the methodology of Pemble et al. (1994). Individuals who are 

phenotypically non-conjugators are homozygous GS701 null. Homozygosity for 

GSTB1*null can be recognised as an absent band after PCR amplification using 

primers complementary to a section of the gene (see Appendix 7.1, p 217). A positive 

control PCR reaction was also included to confirm the reliability of the sample DNA.

2.10. CYCUN DA G870A

CyclinDI polymorphism status was determined using the method of Porter et al.

(2002). A genotyping facility was used for this purpose. A 167bp PCR product was 

generated using the primers and conditions in Appendix 7.1, p 217. The polymorphism 

was resloved after restriction enzyme digestion (ScrFI). A proportion of the samples 

was also sequenced and visualised using an ABI3700.

2.11. E-CADHERIN A-160C

The E-CADHERIN promoter polymorphism genotype was determined using the 

method of Porter et al. (2002). A genotyping facility was used for this. A 259bp PCR 

product was generated using the primers and conditions in Appendix 7.1, p 217. The 

polymorphism was resloved after restriction enzyme digestion (HincW).

2.12. APC polymorphisms.

The APC polymorphisms were identified using Pyrosequencing™ technology using a 

genotyping facility (CRUK, Genotyping facility). Pyrosequencing™ is sequencing by 

synthesis that uses a PCR amplified DNA template (see Appendix 7.1, p 217, for 

details of primers). Nucleotide incorporation is coupled to light emission by Luciferase, 

which is detected using a Charged Couple Device. The sequencing reaction is 

performed in a cyclical manner on template that is immobilised to a reaction plate. Only 

one type of nucleotide is added in any one cycle so sequence can be determined when 

light emission is compared to the nucleotide added.
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The APC SNPs were potentially linked to the APC mutation, therefore haplotypes were 

reconstructed on a per pedigree basis. Non-informative families and individuals were 

excluded from the analysis.

The APC promoter polymorphism was resolved to a tetra-haplotype state for statistical 

analysis, i.e. T-mut/T-wt, C-mut/C-wt, T-mut/C-wt, C-mut/T-wt. Similarly the D1822V 

polymorphism was resolved to a di-haplotype state because the polymorphism is 3’ to 

virtually all detected APC mutants, i.e. mut/wt-T, mut/wt-A, which leaves D1822V 

functionally hemizygous^®.

2.13.Statistical Analysis

These data were analysed under a series of statistical models that reflected prior 

knowledge of APC gene mutation and candidate gene action:

1. Model 0

2. Model 1

3. Model 2

Model 0 presupposed that APC has a pure tumour suppressor action and therefore that 

all gene mutations produce the same severity of disease in the absence of other 

modifing influences, e.g. modifier genes and environment. Although, the Model 0 

assumptions are unlikely to be true, it is included as a baseline.

Model 1 presupposed that different germline mutations cause different severities of 

disease but that the APC gene mutations can be grouped by APC domain: Unk, Pre

arm, Arm+, p-cat, Pre-MCR, MCR, Post-MCR (see Glossary and Chapter 3 for

Assuming that all mutations produce null or truncated product.
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definitions). No other correction was applied. The rationale for grouping was based on 

the work in Chapter 3.

Because of the relatively small sample size, I was concerned that over division of 

patients into groups would compromise statistical power. I therefore modified the 

groupings to maximise their size while still reflecting their quantitive or qualitative 

differences. APC mutations can, at a minimum, be grouped into one of three types: 

MCR, Unk and MAIN. MCR and Unk were as described before. A new group, MAIN, 

was devised and this represents patients with identifiable non-MCR APC mutations. All 

of the patients in this study came from pedigrees that had classical FAP. None of the 

patients had mutations from APC gene regions associated with attenuated FAP. My 

reasons for grouping in this way are further expounded in the discussion.

Model 2 extends Model 1 by log transformation of the patient severity data. The main 

reason for doing this was to minimise the difference in variance between the APC 

mutation groups. It also normalises the data.

The general approach was to use ANOVA. A term for interaction was included where 

appropriate, e.g. between APC germline mutation group and candidate genotype. 

Candidate genes were considered in isolation and considered to be unlinked (see 

discussion for fuller commentary) with the exception of the APC polymorphisms. The 

candidate genes were assumed to have purely additive interactions, i.e. no gene-gene 

interactions. Therefore, tests for genetic interaction between the candidate genes were 

not carried out. A level of P less than 0.05 was considered to be statistically significant. 

Issues of multiple testing are discussed below.

3.Results

Constitutional DNA samples were obtained from FAP patients. The DNA came from 

several sources: blood, cell-lines and formalin fixed tissues. Blood or cellline sourced
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DNA was available from 118 patients. DNA was extracted from fixed tissue in a further 

85 patients. Germline APC mutations were in the range nt 509 to 4392. Genotyping 

data is tabulated in Appendix 7.2, p 218.

The patients included in this study were representative of the whole population of FAP 

patients, in terms of their disease severity. The mean standard count was 1519 polyps 

(s.d. = 1548 , range: 66 -  7979). The data are summarised in Table 1.

Table liComparison of APC mutation group severities.
APC mutation groups: 0 -  unidentified; 1 -  identified non-MCR; 2 - MCR

Severity type APC mutation group Observations Mean Std. Dev Min Max
Unk 35 1358 1135 86 4639

Standard count MAIN 98 1133 1098 66 6367
MCR 18 3934 2147 730 7979
Unk 35 2.963 0.425 1.934 3.666

Log(count) MAIN 98 2.897 0.378 1.822 3.804
MCR 18 3.519 0.288 2.863 3.902

The power of the study was sufficient to stand a good chance of detecting an 

approximate doubling in colonic polyp number (standard count) associated with a 

particular modifier allele. Two independent samples (each n = 17) have an 80% chance 

of detecting a difference (d) in their means such that a/d = 1, assuming they both have 

the same standard deviation (a)^°. The exact power calculations are complex because 

ANOVA was used. The study had much higher power to detect germline differences 

than differences atributable to modifier genes. The power of the study varied 

depending whether dichotomous or tichotomous alleleic states were studied and also 

varied with the allele frequency. The study had less power to detect effects associated 

with rare alleleic states.

The calculation is based on that provided by Armitage and Berry ( 1994) that compares two samples 
drawn from two normal distributions, with a common variance. This can be applied to ANOVA when one 
compares only two groups (for algebraic reasons this is directly equivalent to a two sample t-test). I used 
a comparison o f standard counts.

200



3.1. Model 0: APC a pure tumour suppressor (No ARC genotype- 

phenotype correlations)

None of the candidate genes was associated with an increase in the severity of colonic 

FAP under the assumption that APC functions as a pure tumour suppressor gene (see 

Table 2), i.e. that there are no genotype-phenotype correlations. No statistical 

significant difference in severity was detected for any of the polymorphisms. NAT^ fast 

allele reached a significance level of 0.078.

Table 2; Summary o f ANOVA for candidate gene association under Model 0.
Abbreviations (for all tables): GRP mutation group 0,1,2; Partial SS -  partial sum o f squares; d f -
degrees o f freedom; MS -  mean square; F -  F statistic.

Candidate Gene Number o f patients F P
MTHFRc>t677 94 1.06 0.35
MTHFRc>al298 94 0.16 0.85
NATl 78 2.63 0.078
NAT2 93 0.61 0.43
GSTp 93 0.04 0.85
GSTt 95 0.10 0.75
CyclinDI 119 0.47 0.63
Ecad 110 1.25 0.29
APC promoter 81 (informative) 0.08 0.97
APC 1822 87 (informative) 0.02 0.65

3.2. Model 1: APC gene with genotype phenotype interactions

The APC genotypes were divided into three groups: Unk, MAIN, MCR. ANOVA was 

performed with terms for interaction between APC gene region and candidate gene 

genotype. When the analysis was performed two genes showed a strong statistical 

association (NAT2, GSTp), 2 showed a borderline association (MTHFR C1298A, NAT 

1) while the remainder showed no relationship (MTHFR C677T, GST0, cyclinDI, Bead, 

APC polymorphisms, data not shown). In all cases there was an expected strong 

relationship between severity and APC germline mutations within the MCR.

NAT2 phenotype was associated with differing severities of colonic FAP in this 

population (P = 0.0006). Fast NAT2 phenotypes were associated with more severe
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colonie FAP (see Table 3a-c). The fast NAT2 phenotype was associated with an 

approximate doubling of colonic polyp number in patients with APC mutations in the 

MCR or for whom conventional mutation detection fails to identify a mutation (i.e. Unk). 

The remaining group show a trend to increasing polyp number. There was evidence of 

an interaction between NAT2 phenotype and APC mutation position (P = 0.006). This 

means that relative change that occurs when NAT2 phenotype was combined with 

APC mutation group was not the same for all APC mutation groups, e.g. relative 

change: MCR -  2.09, MAIN -  1.75, UNK -  1.06.

Table 3a; NAT2 ANOVA under Model 1
This table summarises the ANOVA for NAT fast vs. slow phenotype. Abbrev.: SS -  sum o f the squares; 
MS -  mean square; d f -  degrees o f freedom; F -  Fisher’s variance ratio estimator (The F statistic) ; P -  
probability. The ‘Model’ in the Source column refers to all the descriptor parameters collectively (NAT2, 
GRP, GRPxNAT2, residual), not Model 1. GRPxNAT2 refers to the interaction o f APC mutation type 
and NAT2 phenotype.

Source Partial SS d f MS F P
Model 80833851.7 5 16166770.3 10.78 <0.00001
NAT2 18973938.2 1 18973938.2 12.65 0.0006
GRP 73464544.6 2 36732272.3 24.50 <0.00001
GRPxNAT2 16410408.1 2 8205204.05 5.47 0.0058
Residual 128944017 86 1499349.03
Total 209777869 91 2305251.30

Table 3b: NAT2 x APC mutation group severity data (standard count).
Standard count is the number o f polyps per standard colon (i.e. corrected for surface area)

APC mutation Group (GRP) NAT2 fast NAT2 slow
Unk 1516 865
MAIN 1148 1080
MCR 5391 2582

Table 3c: NAT2 phenotype x APC mutation groups frequency data

APC group NAT 2 fast NAT 2 slow Total
Unk 12 9 21
MAIN 35 25 60
MCR 4 7 11
Total 51 41 92
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The GST[i genotype was also associated with variation in the severity of colonic FAP 

(Tables 4a -  c). Positive GSTp genotypes (i.e. non-homozygous null alleles) were 

significantly associated with more severe forms of colonic FAP (P = 0.0002). Similar to 

NAT2, positive GST\i genotypes had an approximate doubling of their colonic FAP 

polyp burden if their germline APC mutation was either within the MCR or not 

detectable by conventional mutation detection procedures. Again there was evidence 

of GSTp genotype -  APC mutation group interaction (P = 0.001).

Table 4a: GSTp ANOVA under model 1

Source Partial SS df MS F P
Model 85733712.6 5 17146742.5 12.15 <0.00001
GSTp 20979923.2 1 20979923.2 14.86 0.0002
GRP 80369183.0 2 40184591.5 28.46 < 0.00001
GRPxGSTp 21056054.8 2 10528027.4 7.46 0.0010
Residual 121414196 86 1411792.97
Total 207147908 91 2276350.64

Table 4b: GSTp. x APC mutation group severity data.

APC group negative positive
Unk 761 1617
MAIN 1111 997
MCR 2962 6484

Table 4c: GSTp genotypes x APC mutation groups frequency data

APC group GSTji negative GST|i positive Total
Unk 10 11 21
MAIN 30 30 60
MCR 9 2 11
Total 49 43 92

A statistically borderline effect was observed between NAT^ and APC mutation group 

(F = 3.83, P = 0.0133). The interaction was characterised by trend reversal when 

Unk/MAIN was contrasted with MCR. MAIN and Unk APC mutations were associated 

with increasing severity of colonic FAP when the x/A/AT1*non-10 genotype (x = 

NATVr^on-^0 or NAT^*^0) was present (see Tables 5a - c). Homozygotes {NAT^*
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W NATV  10) had milder polyp counts than did those who were non-homozygotic for 

NATV^O. Heterozygotes were intermediate in severity. In contrast the relationship 

reversed when the germline APC mutation was in the MCR. Homozygotes {NATV 

^0/NATV^0) had more (mean = 5392 polyps) than did non-homozygotes (mean = 

2829). The MCR subgroup was small and none of them were heterozygotes 

(NAT1*10/NAT1*non-10). Exclusion of the MCR subgroup rendered the analysis 

statistically non-significant (F = 2.03, P = 0.14).

Table 5a: N AT l ANOVA under Model 2

Source Partial SS d f MS F P
Model 70540118.5 7 10077159.8 7.92 <0.00001
NATl 1455834.46 2 727917.229 0.57 0.5668
GRP 58902802.5 2 29451401.2 23.16 <0.00001
GRPxNATl 14619354.6 3 4873118.21 3^3 0.0133
Residual 89019636.1 70 1271709.09
Total 159559755 77 2072204.61

Table 5b: NATl xAPC  mutation group severity data.

APC mutation type 131/131 131/105 105/105
Unknown 661 1056 1277
Known-non-MCR 436 805 1153
MCR 5392 n/a 2829

Table 5c: NATl x APC mutation group frequency data.

APC mutation group N AT l 131/131 NAT 131/105 NAT 105/105 Total
Unknown 2 5 14 21
Known-non-MCR 4 16 29 49
MCR 3 0 5 8
Total 9 21 48 78

MTHFR C1298A demonstrated a significant interaction effect (F = 2.78, P = 0.045) 

between MTHFRC^298A genotype and APC mutation group: Unk, MCR or MAIN. 

However the MTHFR C1298A showed little relationship independent of APC germline 

mutation-phenotype severity effects. A trend was observed. AA genotypes have more 

polyps than do either AC or CC genotypes. The relationship is lost for MCR APC 

germline mutations when the AC heterozygotes demonstrated the severest disease.
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The proportion of CC homozygotes was small (2/93); this partially confounded 

statistical analysis. To try and overcome this problem, AC heterozygotes were 

combined with CC homozygotes. This dichotomised the data set potentially raising the 

power to detect a relationship. No significant relationship between MTHFR C1298A 

group and severity was observed although a significant interaction term was seen (F = 

3.15, P = 0.047).

3.3. Model 2; APC phenotype normalised for APC gene mutation.

The severity data was corrected by logarithmic transformation (generating the 

log[count]) and then ANOVA was performed. NAT2 fast phenotype was associated with 

greater colonic FAP severity than the NAT2 slow phenotype (F = 3.68, P = 0.0583, 

borderline significant). The size of this effect was less than that of the APC germline 

mutation position (F = 11.91 P < 0.0001, comparison of Unk, MAIN, MCR). There was 

little evidence for an interaction between APC mutation group and NAT2 phenotype (F 

= 2.19, P = 0.118). Inspection of the means for the mutation groups showed that the 

greatest effects were found in the Unk and MCR groups (Table 3b). The strength of 

statistical association between NAT2 phenotype and colonic FAP severity then rose (F 

= 5.21, P = 0.030) when MAIN was excluded from the analysis.

The remaining group (MAIN) had identifiable non-MCR germline mutations; this group’s 

apparent lack of association with NAT2 phenotype may have been caused by within 

group heterogeneity. A subanalysis of MAIN revealed that both Arm+ and p-cat had 

trends consistent with NAT2 fast phenotype increasing severity (i.e. NAT2 fast /Arm+: 

standard count =1002; NAT2 slow/Arm+: standard count = 423; NAT2fast /p-cat: 

standard count = 1182; NAT2 slow/p-cat: standard count = 670). These two groups 

were of reasonable size (n = 8 and n = 28, respectively). In contrast, the Pre-Arm group 

showed little relationship with colonic FAP severity and NAT2 phenotype (standard 

countfast= 1659 vs. standard countsiow = 1769, n = 17). I repeated the ANOVA excluding 

the Pre-Arm group. There was an overall relationship between NAT2 phenotype and
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severity (F = 4.78, P = 0.032). Thus, for the majority of APC mutations NAT2 fast 

phenotype was associated with an increase in disease severity (approx. double).

After log transformation, colonic FAP severity had a borderline relationship with GSTp 

genotype and significant relationship with APC mutation group (Fgst î = 3.73, Pqsth = 

0.0568; F g r o u p  = 1171, P g r o u p  < 0.0001; GROUP = Unk, MCR, MAIN). Furthermore 

there was a statistically significant interaction between APC mutation group and GST|j. 

genotype (F = 4.46, P = 0.0144). The reason for the interaction is seen in Table 4b.

The relationship between GSTp genotype, MAIN and disease severity is different from 

that of MCR and Unk. When MAIN was excluded from the analysis the relationship 

between GSTp genotype and disease severity strengthened (Fgsth = 6.54, PGST̂  = 

0.0163). The relationship between APC genotype and disease severity remained (F = 

18.24, P = 0.0002), while the term for interaction became non-significant (F = 0.04, P = 

0.839).

Similiar to the NAT2, a sub-analysis of MAIN demonstrated that the Pre-arm group had 

a different relationship with GSTp. When the Pre-arm group was excluded the 

remaining groups (UNK, MAIN, MCR) had a stronger relationship with GSTp genotype 

(F = 4.63, P = 0.034).

4.Discussion

These experiments have demonstrated that under certain plausible assumptions 

variants of genes implicated in sporadic colorectal cancer are associated with variation 

in FAP disease severity. Furthermore, these data suggest that APC mutation groups 

may have a differential susceptibility to modifer gene effects. The biological plausibility 

of this is discussed below. The strength of association varies depending on prior 

hypotheses about APC gene function; therefore, two questions arise about the vaildity 

of these data. Firstly, is ANOVA a robust method for this statistical analysis? Secondly,
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are my prior assumptions about APC gene function consistent with the observed data 

and current theories of APC mutation?

ANOVA is probably the method of choice for comparing multiple groups and their 

interactions when the test data are represented by a quantitative variable and 

explanatory data are qualitative in nature. Multiple grouping of data may lead to chance 

associations that lie below the conventional threshold for statistical significance 

(Armitage and Berry 1994). ANOVA directly circumvents this problem. These data are 

not grouped randomly and the candidate genes examined were not chosen randomly. 

Therefore, correction of significance thresholds, e.g. the Bonferoni correction, is 

inappropriate. ANOVA has two restrictions: assumed normality of data about individual 

group means; and equality of variances between groups. The latter is the more 

stringent requirement. For these data neither of these two issues is a major problem 

once the corrected count is log transformed (see Table 1 for a comparison of summary 

severity data). Although the overall severity distibution is non-normal (i.e. all the APC 

mutation groups considered together) the individual component distributions are of 

sufficient normality to allow ANOVA.

ANOVA is not the only statistical approach that I could have been used. It would have 

been possible to perform multiple regression analysis, after coding mutation groups 

and genotypes by using dummy variables. Potentially, that would have allowed a 

continuous variable like age to be factored into the analysis. However, I was not able to 

find a convincing relationship with age or sex in the larger previous analysis so these 

terms were not included in my analysis. Furthermore, in many respects ANOVA can be 

considered a form of regression analysis (Draper and Smith 1981)^\ So, if age effects 

are ignored, ANOVA and multiple regression analysis amount to the same thing.

In fact ANOVA is performed behind the scenes when multiple regression analyses are performed in 
modem statistical packages (e.g ST AT A  version 7.0).
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I have used ANOVA on standard counts and log(counts). It would have been possible 

to analyse the data after Z transformation using the methodology of Chapter 4. My 

initial approach was not to do this. The reason for this is that ANOVA corrects for 

differences in severity produced by APC mutation position directly (assuming 

appopriate terms are entered). Because of this, qualitative relationships between terms 

(i.e. interaction terms) are easier to identify and evaluate. These are much harder to 

identify if Z transformed data are analysed because one is forced to include terms for 

APC germline mutation (i.e. after transformation has been performed to exclude them!). 

Z transformation is only designed to correct for purely quantitative differences. ANOVA 

allows correction both quantitatively and qualitatively (via an interaction term). 

Theoretically, the two approaches should give the same (or very similar) results.

A more conservative interpretation of the data (Model 2) was made after logistic 

transformation. In this instance these data are more normal and the groups have equal 

variances (see Chapter 3, Table 2). Therefore ANOVA is robust. ANOVA of corrected 

data confirmed the associations between (i) A/A72 and (ii) GSTp and FAP severity. The 

MTHFRC^298A and NAT^ genotypes were not associated with variation in FAP 

disease severity under this model. Furthermore, caution is appropriate when attaching 

weight to isolated significant interaction terms (i.e. those of MTHFRC^298A) because 

they may represent no more than chance assocations in small data sets where some 

groups are empty because their data combinations are rare.

My second assumption concerns prior belief about the effects of APC gene mutation. Is 

it reasonable to classify APC mutations into three groups: Unk, MAIN, MCR? Is Model 

0 reasonable? I think that Model 0 can be dismissed easily because there is a 

substantial literature indicating genotype-phenotype correlations exist for APC 

mutation. I included it in the analysis to provide a baseline contrast.
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Model 1 and 2 grouped APC mutations. The first major distinction I drew was between 

identifable and unidentifable APC mutations. The types of APC mutation that are 

identifiable vary depending on the mutation analysis methodology. Very large deletions 

and (presumably) intronic mutations are difficult to detect using conventional 

sequencing (Su et al. 2000, Cao et al. 2001, Sieber et al. 2002). Furthermore mutations 

such as these may be more likely to generate null product (Laken et al. 1999). 

Therefore, although the vast majority of FAP cases are conclusively produced by APC 

mutation, identifiable and unidentifiable APC mutation subtypes may have distinct 

biological differences that may reflect distinct pathological mechanisms. It is possible 

that a small minority of what were previously considered FAP pedigrees actually 

harbour mutations in the MYH gene (Al-Tassan et al. 2002). Furthermore, the 

identifiable APC mutation subset can be further resolved into subgroups using a 

number of criteria, i.e. propensity to somatic LOH (Lamlum et al. 1999), or disease 

severity (Chapter 3). Thus, broad grouping of APC mutations is reasonable. In a larger 

study I would have preferred to have divided the MAIN group into its component parts. 

In this study some of these would have been very small (e.g. Pre-MCR and Post-MCR 

each had 4 patients).

There has been considerable debate about the nature of APC mutation, i.e. dominant 

negative versus pure tumour suppressor action (haploinsufficiency). The severity of 

peri-codon 1309 mutations (i.e. the MCR group) and their propensity to somatic LOH 

suggest either a dominant-negative mechanism of action (unlikely with LOH) or that a 

clone’s selective advantage has an optimal p-catenin binding dose. The finding that two 

genes involved in carcinogen metabolism are associated with differential severities of 

FAP in this cohort suggests that this group is more sensitive to the effects of altered 

cellular carcinogens. Possibly elevation of intra-cellular carcinogens raises the rate of 

DMA breakage and mitotic recombination. Variation in DMA strand break-rate is a 

simple mechanism that could produce variation in severity, while maintaining uniformity 

of somatic loss.
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Conversely, in patients with unidentified germline APC mutations, e.g. large deletions, 

the equivalent of somatic LOH has already occurred, therefore the rate of DMA damage 

around codon 1309 could be the rate limiting factor that causes the selective 

advantage necessary for clone selection. This could still be governed by exposure to 

intracellular carcinogens, and their modifying genes. These patients would have less 

severe disease because the ‘target’ region for their somatic hit is so much smaller than 

that of the MCR patients. Thus although the two groups have different disease 

severites their somatic-germline APC mutations may be complementary and modified 

by the same class of modifier gene. Alternatively, DMA mutation at other loci may 

explain the relationship. For example, a raised carcinogen concentration could cause 

mutation at another locus, the product of the locus could directly, or indirectly, 

differentially interact with mutated APC.

The Pre-arm group appears to be resistant to both NAT2 fast phenotype and GSTp 

genotype (null homozygotes), neither of which are linked (8q13 and 1p13 respectively). 

It is striking that this was the group that had the most convincing evidence for age- 

severity relationship in Chapter 3. There was however no obvious segregation of NAT2 

phenotype with age in the Pre-Arm group. Pre-arm has a moderately severe mean 

colonic FAP phenotype. Therefore, it is puzzling why this group is resistant to NAT2 

fast phenotype GST\i genotype. On first principles I would have expected that this 

group to be more sensitive to envionmental carcinogens. In conclusion, potentially 

different classes of modifier gene may act in FAP.

NAT2 fast phenotypes allow higher concentrations of heterocyclic amines such as 2- 

amino 1-methyl 6-phenylimidazo [4, 5 - b] pyridine (PhIP) to accumulate. PhIP is 

produced by cooking meat protein at high temperature (frying, grilling, barbeque etc.) 

and also cigarette smoke. Once activated to an electophilic derivative (acetoxyamine) it 

covalently bonds with DMA forming adducts (Frandsen 1992). The commonest DMA
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products is dG-C8-PhlP (Snyderwine et al. 1993). The mutation profile of pure PhIP 

has been determined by administering this carcinogen to experimental animal models, 

cell cultures and bacteria. In the rat (Kakiuchi et al. 1995) found that diet administered 

PhIP caused specific deletion of a single guanine base at GGGA motifs within the APC 

gene. However others have found that G>A and G>T mutations occur in other cancer 

scenarios (Ushijima et al. 1994, Endo et al. 1994). Therefore, the mutation signature 

associated with PhIP exposure is variable but usually involves guanine residues. It has 

been suggested that the formation of adducts stabilises slipped mutagenic 

intermediates that can occur during DMA replication (Garcia et al. 1993). The human 

APC sequence has infrequent GGGA motifs and none occur within the MCR on the 

transcribed strand. Analysis of carcinogens metabolised by NAT2 is confounded by 

interspecies differences in enzyme function, for example substrate specificities may 

vary (Hein et al. 2000). Therefore, carcinogenic compounds may behave differently in 

different species. The situation is directly analogous to inter-species comparisons of 

pharmaceuticals, which are often metabolised by the same set of enzymes. The role of 

HCAs in CRC risk is not, therefore, fully elucidated in humans. If A/A 72 is a modifer 

gene then it would be interesting to see whether somatic mutation in patients with fast 

phenotypes has an excess of mutations involving guanine. Furthermore, it may modify 

the severity of colonic disease produced by MYH mutation, which is involved in the 

guanine base excision repair pathway (Al-Tassan et al. 2002).

GSTp is a Phase 2 congugating enzyme, as is /VA 72. This study found that the GSTp 

homozygous null genotype was associated with a fewer adenomas at colectomy, i.e. it 

has a protective affect. The exception to this occurs for APC mutations in the Pre-arm 

part of the gene. Patients from groups Arm+ and (3-cat had fewer polyps if they were 

homozygous GST\i null. The finding that GSTp null homozygotes had fewer ademonas 

was surprising. The enzyme’s biological role is to detoxify xenobiotic compounds so on 

first principles I would have expected the null homozygote to be associated with more 

adenomas. However, a possiblity is that some HCAs (e.g. PhIP) undergo
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glucuronidation as a Phase 2 reaction (Alexander et al. 1991), instead of acétylation 

(e.g. by NAT). The N-hydroxy-glucuronide of PhIP enters the entero-hepatic circulation. 

Possibly, it may then undergo hydrolysis by intestinal bacteria re-generating 

hydroxylamine. This would then be a substrate for NAT2 in the intestinal mucosa. 

Furthermore, the concentration of PhIP may be elevated in the distal bowel because of 

the colon’s water resorbative function. An alternative explanation is that the null GST\i 

is in linkage disequilbrium with a nearby polymorphism or gene mutation that is 

exerting an effect.

There are important caveats to the above theories. Firstly the number of patients in this 

study is small. Replication of the findings in a larger set of patients is therefore 

required. Secondly, the statistical inference is strongly dictated by pre-existing belief 

about the effect of germline APC mutation, vis-a-vis dominant negative or no genotype- 

phenotype association. Further work is required to substantiate the relationship 

between mechanism of action and germline mutation. Thirdly, there remains the 

question of why other plausible carcinogen metabolism genes were not associated with 

alteration of APC disease severity. Possibilities include spatial and temporal variation in 

expression patterns or chance.

The two genes implicated as potential modifier genes for colonic FAP in this study have 

been identified in other colon cancer contexts. Heinimann et al. (1999) found that NAT 

2 rapid acetylator phenotype was protective and associated with an older age of onset 

of colorectal cancer in HNPCC kindreds but Frazier et al. (2001) were unable to 

confirm this. FAP animal models have demonstrated that intestinal polyposis 

propensity is susceptible to beef extracts (Mutanen et al. 2000) and more specifically 

heterocyclic amines such as PhIP (Schut and Herzog 1992, Steffensen et al. 1997, 

Collett et al. 2001). My study shows that NAT2 rapid acetylator phenotype is 

associated with an approximate doubling of colonic adenomas in subgroups of an FAP 

patient population. My data are in agreement with some studies on sporadic colorectal
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cancer that have shown that risk is raised in the rapid acetylator group, although not all 

such studies show this effect. Houlston and Tomlinson (2001) performed a meta

analysis of potential low penetrance cancer risk alleles and concluded that most 

polymorphisms are unlikely to confer more than a 1.7 fold increase in cancer risk. The 

degree of change in my study is very similar to this (approx. 2 fold increase). This may 

be because I have studied adenoma number rather than CRC risk perse. The other 

explanation may be related to the developmental context of adenoma development. 

NAT2 phenotype is partly influenced by age. For example, the inter-individual variability 

of drug metabolism shows clear relationship with age (Rang and Dale 1991). Older 

individuals are more variable than young fit adults in the speed at which they 

metabolise drugs. This occurs for a variety of reasons: age related decline in organ 

performance, hepatitis, parasitic infestation etc. Many of the enzymes that metabolise 

drugs also metabolise carcinogens (e.g. NAT2 polymorphism was originally identified 

as the cause of bimodality in the metabolism of isoniazid^^). Therefore, of patients who 

have fast phenotypes,the most rapid NAT2 fast phenotypes are more likely to occur 

early in life. This may mean that FAP patients have a greater susceptibility to NAT2 fast 

phenotypes because of the pre-conditioning effect of their germline APC mutation, i.e. 

APC genotype and NAT2 phenotype interact. In contrast the normal population may 

have a lesser effect because as they age their relative metabolic ‘fitness’^̂  declines 

and could slow the rate at which somatic mutation is occuring as the exposure to 

carcinogens decreases.

Age and disease related change in organ performance may weaken the correlation 

between genotype and phenotype. This may partly explain why population studies 

have sometimes been inconsistent when reporting on CRC risk alleles.

Isoniazid is an anti-TB drug that shows a side effect risk profile that can be related to NAT2 phenotype 
Huang et al. (2002) and Ohno et al (2000).. Slow acetylators have a higher risk o f isoniazid associated 
hepatitis.

Fitness in this context means maximal metabolic performance.
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Not only do populations vary genotypically they may vary in other important disease- 

exposure ways. For example, generally, the rates of infectious illness in developing 

populations (e.g. endemic hepatitis, parasitic infestation) are greater than in the 

developed world. This may have an effect on population metabolic fitness that is not 

easily controlled for in studies that rely on large scale genotyping to determine 

phenotype and hence infer carcinogenic exposure. Case-control studies may be 

confounded because controls are often drawn from hospital patient populations that 

have been defined by a non-malignant diagnosis. Many human illness alter hepatitic 

function, directly or indirectly. For example, of the papers reviewed by Houlston and 

Tomlinson (2001), that examined the relationship between CRC risk and NAT2, at least 

40% (6/15) had controls taken from patients either in hospital or attending clinics. 

Furthermore, most data on human metabolic genotype-phenotype correlations is 

gleaned from young healthy volunteers. Therefore, analysis of otherwise fit young 

adults (with FAP) may be more valid with respect to NAT2 phenotype than other 

approaches (case-control studies in hospital patients).

The GSTp genotype also showed heterogeneity within the group MAIN, in a manner 

similar to that of NAT2. In this study the null allele was associated with fewer colonic 

polyps. In contrast studies of sporadic colorectal cancer have tended to show that the 

null allele is associated with a raised risk of sporadic colon cancer -  5/12 (Houlston and 

Tomlinson 2001). A study on HNPCC patients found that GST\i and GST6 null 

homozygotes was assciated with proximal tumours (Moisio et al. 1998). Resolution of 

the above apparent contradictions may involve consideration of cancer initiation as 

opposed to cancer progression. To the best of my knowledge no other study has 

examined the relationship between putative modifier genes and colonic adenoma 

burden in FAP. Most studies on have focused on sporadic cancer risk. It may be that 

risk alleles operate in a complex manner e.g. in a stage specific manner. This may for 

example explain why no clear relationship was detected between MTHFR genotype 

status and disease severity. Adenoma number is however one important determinant
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of cancer risk severity in FAP patients, so these data may be of use in planning 

surgery in FAP patients or disease severity reduction strategies.

In summary I have found that NAT2 and GST\i genotypes are differentially associated 

with colonic FAP severity. These genes have been implicated as risk ‘genes’ for 

sporadic colorectal cancer. These data support the hypothesis that NAT2 especially 

and GST\i possibly are responsible for low penetrance risk alleles in the general 

population.

215



Appendix 7.1 : Polymorphisms tested in the candidate gene association study, primers and conditions
Abbreviations: Mg, magnesium ion conc. mM; Anneal Temp., annealing temperature (°C); enzyme, restriction enzyme i f  used; context, flanking DNA; dbSNP, reference ID for the 
polymorphism, EBAG - ethidium bromide ^arose gel, * - biotinylated primer.

Polymorphism Context dbSNP forward reverse enzyme/ sequencing 
primer

Mg
(mM)

Anneal
Temp.

Resolution

MTHFRc677t gggagC/Tcgatttc rsl801133 tgaaggagaaggtgtctgcggga aggacggtgcggtgagagtg Hinfl 2.0 62 EBAG
MTHFRal298c tgaagC/Aaagtg rsl801131 ctttggggagctgaaggactactac cactttgtgaccattccggtttg MboII 2.5 63 EBAG
NATl *10 taaA/T aaatgt A / Ct 

t (compound 
SNP)

rs 1057126 
rsl5561

gactctgagtgaggtagaaata acaggccatctttagaa MboII 2.0 52 EBAG

NAT2 Fast Vs Slow 
(Compound 
biallelic state: 
C481T, A803G, 
G590A, G857A)

n/a gctgggtctggaagctcctc ttgggtgatacatacacaaggg Kpnl
Ddel
Taql
BamHl

2.0 60 EBAG

GST01*null GSTtl*0 whole 
gene deletion

n/a ttccttactggtcctcacatctc tcaccggatcatggccagca n/a 1.5 57 EBAG

GSTml *null GSTml *0 whole 
gene deletion

n/a ctgccctacttgattgatggg ctggattgtagcagatcatgc n/a 1.0 66 EBAG

CCDNl 870g/a gacccG/Agtaag rs603965 gtgaagttcatttccaatccgc gggacatcaccctcacttac ScrFl 1.0 57 ABI 377/AB1 
3700

CDHl -160c/a gggtcaC/Acgcgtc rs 16260 agtgagctgtgatcgcaccact ccacccggcctcgcatagacg H ind i 1.0 67 ABI377
APCpromoter gtttgtcT/Catgg rs2019720 ♦gtgaacagggtggcaaacag ggcctaacagagggagaaaaa aactaacaaagacactggt 3.0 53 ABI PSQ96
APCvl822d caaggA/Tcttc rs459552 * cagacaacaaagattcaaagaaac tcaaaagcaaaacttcctctg gaaaaataattccaag 3.0 53 ABI PSQ96

APCgl493a ttttgccacG/Agaa rs41115 * aatgctgcagttcagagggt cactcaggctggatgaacaa actttattacattttgccac 3.0 53 ABI PSQ96
APCgl678a aggaggA/Ggcac rs42427 taacaatcgaatcccctcca *ttctgccttctgtaggaatgg gagaaggagttagaggagg 3.0 53 ABI PSQ96

N)

o



Appendix 7.2: Data table for candidate gene association study.
This able contains the genotyping data identified during the candidate gene association study. Patients are grouped together in families and gross phenotype colectomy polyp data is 
included,i.e. age at operation and polyp count (corrected for colon mucosal surface area).
The following polymorphisms were examined: MTHFR C677T; MTHFR C l298A; NAT\ \ NATl', GSTQ', GST[\.‘, CCND\ G870A; ECAD C-160A; 5’ APC promoter; /iPC V1822D; 
APC G1678A; APC G1493A. See text for full details.The polymorphism nomenclature is described fully elsewhere. Capital letters indicate nucleotides.

Sex Age ID Polyp
Count

MTHFR
C677T

MTHFR 
Cl 298A

NAT\ NATl GSTU GSTY CCND\ ECAD 5 'APC APC 
c l 822

APC
1678

APC
1493

f 29 4 iii 20 n/a n/a AC 131/105 fast negative negative AG CC GG TT N/a TT
m 28 4 iii 22 n/a n/a AA n/a fast negative positive n/a CC GG TT N/a TT
f 25 4 iii 23 n/a n/a AA 131/131 fast n/a negative AG CC GG TT AA TT
m 24 4 iv2 1107 CC AC 131/105 n/a positive positive AG CA AG TA AA TT
m 26 4 iv3 1167 CC AC 105/105 fast positive positive AG CC AG TA AA N/a
f 33 4 iv 4 952 CT AA 131/131 fast negative negative AG CC AG TT AA TT
m 20 4 iv 5 370 CT AA 131/131 fast negative negative AA CC AG TT AA TT
f 36 4 iv 7 1295 CT AA 131/105 slow negative positive AA CC AG TT AA TT
m 19 4 V 8 193 n/a AA 105/105 slow negative positive GG N/a AG TA N/a TT
m 51 10 iii 10 n/a N/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
m 50 10 iii 19 636 N/a n/a n/a n/a n/a n/a AG CC n/a n/a n/a n/a
m 41 10 iii 24 109 N/a n/a n/a n/a n/a n/a GG n/a n/a n/a n/a n/a
m 22 10 iv 15 n/a N/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
f 24 10 iv 21 600 CT AC 131/105 fast positive positive AG CC AG TT AA TT
m 17 10 iv 27 201 CC AC 131/131 fast positive positive GG CC AA TT AA TC
m 25 10 iv 43 320 CC AC 131/105 slow negative positive AG CA AG TT AA TT
m 26 10 iv 47 1591 CC AA 131/105 fast positive positive AA CC AA TA AA TT
f 21 10 iv 48 1143 CC AA n/a fast n/a negative AA CA AA TA N/a TT
f 19 10 V 22 260 TT AA 131/105 fast positive negative AA CC AG TT AA TT

m 31 10 V 29 2219 CT AA 131/105 fast positive positive AG CC AG TT AA TT
f 18 10 V 43 526 CC AC 131/105 slow positive negative AG CC AG TT AA TT

m n/a 10 V 62 n/a CC AC 131/105 fast positive negative AG CA AG TT AA TT
f 18 10 V 63 87 N/a n/a n/a n/a n/a n/a GG CC n/a n/a n/a n/a
f 25 18 iii 1 271 CT AC 131/105 slow positive positive GG CC N/a TA N/a TT
f 25 18 iv 1 644 N/a n/a n/a n/a n/a n/a GG CA n/a n/a n/a n/a
m 18 19 iv 1 5000 CT AA 131/131 fast positive positive AA CC GG TT AA N/a
m 17 19 iv 2 n/a CC AC 131/131 slow negative positive GG CA GG TA N/a TT
f 15 19 iv 3 n/a CT AA 131/131 slow negative positive AG CA GG TT AA TT
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f 15 19 iv 5 n/a CC AA 131/131 slow negative positive AA CA GG TT AA TT
f 14 19 iv6 n/a CC AA 131/131 slow negative negative AG N/a GG TT AA TT
f 15 19 V  3 3198 CC CC 131/131 slow negative negative AG CC GG TT AA TT

m 14 19 V  9 7979 CC AC 131/131 fast positive positive GG CC AG TA AA TT
m 12 19 V  11 3465 N/a n/a n/a n/a n/a n/a n/a CA n/a n/a n/a n/a
m 13 19 V  12 4310 N/a n/a n/a n/a n/a n/a GG CA n/a n/a n/a n/a
f 14 19 V  13 3636 N/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
m 17 41 iv 3 n/a n/a AC 105/105 fast negative positive GG CA AG TT AA TC
f 14 41 V  1 4762 N/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
m 12 41 V  3 3818 CT AA n/a fast negative positive AG CA AA TT GG CC
f 33 50 ii 4 n/a CC AA 131/131 fast negative positive GG N/a AG TT AA TT
f 34 50 iii 1 526 CC AC 131/131 fast positive positive AG CA AG TT AA TT
m 18 50 iv 1 719 n/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
m 40 54 ii 7 n/a CC AA 131/105 fast negative positive GG CA AG TA AA TC
m 38 54 ii 8 n/a n/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
m 28 54 iii 2 333 n/a n/a n/a n/a n/a n/a n/a CA n/a n/a n/a n/a
m 29 54 iii 3 490 CT AA 131/105 slow positive positive AG CC GG TT AA N/a
f 20 54 iii 9 539 CC AA n/a fast positive positive AG CA AG TA GA N/a
f 23 54 iii 10 561 CC AA n/a fast negative negative AA CA AG TA AA TC
m 18 54 iv 11 641 n/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
f 20 54 iv 14 6367 CT AA n/a fast positive positive AG N/a AG TT AA TT
f 13 57 ii 4 n/a n/a n/a n/a n/a n/a n/a GG n/a n/a n/a n/a n/a
m 21 57 ii 6 n/a n/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
m 14 57 iii 5 1619 n/a n/a n/a n/a n/a n/a AG CA n/a n/a n/a n/a
m 17 57 iii 6 278 n/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
m 32 60 iii 1 670 n/a n/a n/a n/a n/a n/a n/a N/a n/a n/a n/a n/a
f 31 60 iii 2 463 TT AA 105/105 slow negative negative AG CC AG TA AA TT
m 18 60 iii 5 667 TT AA 105/105 fast n/a n/a GG N/a AG TT N/a TT
f 34 63 ii 9 n/a CC CC n/a fast negative negative GG CA AG TT AA TT
f 35 63 iii 1 n/a CC AC 105/105 fast positive positive n/a n/a GG TT AA TT
m 18 63 iv2 900 CT AA 105/105 fast positive positive AG CC AG TT AA TT
f 21 63 iv4 543 CC AA 105/105 slow negative positive AG CC AG TT AA TT
m n/a 75 iii 3 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
f 24 79 iii 2 n/a CC AA 105/105 slow negative positive AG CC GG TT AA TT
m 19 79 iv 2 164 CC AA 105/105 n/a positive positive AA CC GG TT AA TT
f 16 79 iv6 112 CC AA n/a fast positive positive GG CC AG TA GA TT
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m 20 79 iv 7 748 TT AA 105/105 fast positive negative AA CC AG TT AA TT
f 19 82 iv4 762 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
f 18 82 V 16 1802 n/a n/a n/a n/a n/a n/a n/a CA n/a n/a n/a n/a
f 19 84 ii 2 4286 n/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
m 17 84 ii 3 3365 n/a n/a n/a n/a n/a n/a GG n/a n/a n/a n/a n/a
m 14 84 iii 1 4762 n/a n/a n/a n/a n/a n/a n/a CC n/a n/a n/a n/a
m 26 86 iv 1 n/a CC AA n/a slow negative positive AG CC AG TT AA TT
m 21 86 iv2 1600 CC AA 105/105 slow negative positive AG CC N/a TT AA N/a
f 15 86 V 1 1020 CC AC 105/105 slow negative negative n/a CC AA TT AA TT
m 14 86 V 2 2564 CC AA 105/105 slow negative positive n/a CC AG TT AA TC
m 36 94 iii 2 600 n/a n/a n/a n/a n/a n/a GG n/a n/a n/a n/a n/a
f 32 94 iii 3 2833 n/a n/a n/a n/a n/a n/a n/a CA n/a n/a n/a n/a
m 19 100 iii 1 696 CC AC 105/105 slow positive positive n/a CC N/a TT AA TC
m 18 100 iii 2 229 CT AA n/a fast positive positive AG CC AG TT AA TC
m 17 100 iv 1 446 CC AC n/a slow positive positive AG CA N/a TT N/a TT
m 16 100 iv2 316 CC AA 131/131 fast positive negative GG CA GG TT AA TT
f 19 100 iv 5 968 N/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
f 49 136 iv2 1892 CC AC 105/105 fast positive negative AG CC GG TT N/a TT
f 24 136 V 1 1511 CT AA 105/105 fast negative n/a AG CC AG TT AA TT
f 23 136 V 2 957 CC AC 105/105 fast positive negative AG CC AG TT AA TT
m 29 152 iv5 320 N/a n/a n/a n/a n/a n/a AG CC n/a n/a n/a n/a
m 27 152 iv 6 1386 N/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
m 26 152 iv 7 700 TT AA n/a fast negative negative AG AA AA TT GA TC
f 17 152 V 5 943 N/a n/a n/a n/a n/a n/a AA n/a n/a n/a n/a n/a
f 25 152 V 14 848 N/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
f 21 152 V 16 261 N/a n/a n/a n/a n/a n/a n/a CA n/a n/a n/a n/a
f 17 205 iii 4 5000 n/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
m 31 212 ii 5 2381 N/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
f 18 212 iii 13 392 CC AA 131/105 slow negative positive AG CA GG TT AA TT
f 15 212 iii 14 865 CT AC 105/105 fast negative positive GG CC GG TT AA TT
m 16 212 iii 16 740 CT AA 105/105 fast negative positive GG CC GG TT AA TT
m 37 230 iii 2 684 CC AC 131/105 slow negative positive n/a CC AG TA GA TT
m 27 230 iii 3 947 CC AC 131/105 slow negative positive n/a CC AG TA AA TT
m 27 230 iv 2 690 CT CC 105/105 slow negative negative AG CA AA TA AA TT
f 23 236 vi 10 86 CC AC 131/105 fast negative positive AG CA GG TT AA TT
f 14 236 vi 11 1676 CT AA 105/105 fast n/a negative n/a AA N/a TT N/a TT
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m 39 244 ii 3 2430 CT AA 131/105 slow positive positive GG CA GG TT AA TT
m 20 244 iii 6 490 CT AA 105/105 slow negative positive n/a N/a AG TT N/a N/a
m 16 244 iii 8 365 CT AC 131/105 slow positive positive nA CC AG N/a N/a N/a
m 18 244 iii 9 435 TT AA 105/105 slow positive positive GG CA AG TA AA TT
m 20 272 iii 5 2184 CT n/a n/a n/a n/a n/a GG CC N/a TT GA TC
m 18 272 iv 3 1971 TT AA 105/105 slow negative positive n/a CC AA TA GA CC
m 14 272 iv 4 6991 CT AC 105/105 slow negative positive AG CC AA TA GA CC
m 45 274 ii 2 66 CC AC 131/105 fast negative negative AG CC AA TT GA TC
m 18 274 iii 3 702 CC AA 131/131 fast positive negative AG CC AA TT AA TT
f 23 274 iii 4 438 CC AC 131/105 fast positive negative n/a CC AA N/a AA N/a
f 19 274 iv 1 1491 CC AA 105/105 fast positive negative GG CC AA TT GA TC
m 35 319 iii 1 431 n/a n/a n/a n/a n/a n/a AG CC AA N/a AA TT
m 55 348 iii 4 1837 n/a n/a n/a n/a n/a n/a AG CC n/a n/a n/a n/a
m 28 348 iv 2 707 n/a n/a n/a n/a n/a n/a GG n/a n/a n/a n/a n/a
f n/a 352 iii 8 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
m 33 353 ii 6 1182 N/a n/a n/a n/a n/a n/a n/a CA n/a n/a n/a n/a
f 20 353 iii 4 758 CT n/a 105/105 n/a negative positive AG CC N/a TT GA TT
f 14 353 iii 5 615 TT AA 105/105 slow negative positive AG CA AG TA AA TT
f 14 353 iii 8 1127 CC AC 105/105 slow negative negative GG CC N/a TT AA TT

m 30 367 iii 3 988 N/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
m 18 367 iv 4 1918 CT AC 105/105 fast positive positive AG CC AG TT GA TC
m 36 382 iii 3 968 CC n/a n/a n/a n/a n/a AG CA AG TT AA TT
f 43 391 I 1 1000 N/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
m 20 391 ii 1 492 N/a n/a n/a n/a positive n/a AG n/a n/a n/a n/a n/a
m 28 391 ii 3 825 CC AC 105/105 slow positive negative GG CC AA TA GA TC
f 17 391 ii 4 227 CC AC 131/105 fast positive negative GG CC AA TA GA TC
m 21 391 ii 5 1308 CC AA 105/105 fast positive negative GG CC AA TA N/a TC
m 48 396 iii 5 1913 n/a n/a n/a n/a n/a n/a GG n/a n/a n/a n/a n/a
f 42 421 iv 10 3152 CT AC 105/105 slow positive negative AG CC AG TA GA TT
f 36 421 iv 20 3609 CC AA n/a fast n/a positive AG CC AG TT AA TT
f 34 421 iv21 3214 N/a AA 131/105 slow negative negative GG CC GG TT AA TT
f 20 421 V  6 1659 CC AA n/a fast negative positive AG CA GG TT AA TT
m 20 421 V  13 1465 CC AC n/a fast negative negative AG CA GG TT AA TT
f 21 421 V  14 3901 CC AC 105/105 slow negative positive AG CC GG TT AA TT
f 18 421 V  15 1808 CC AC n/a slow positive negative AA CC AG TT AA TT

m 16 421 V  16 1088 CC AA n/a slow negative negative AG CA GG N/a N/a TT
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m 16 427 iv 1 4639 n/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
m 15 427 iv 2 3247 n/a n/a n/a n/a n/a n/a AG CA n/a n/a n/a n/a
m 22 430 iv 1 713 CC AA 105/105 n/a negative positive AG AA AG TA AA TC
f 18 430 iv 2 368 N/a AA 105/105 fast negative positive AA AA AG TA AA TC

m 40 434 ii 2 1200 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
f 22 446 iii 3 789 N/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
f 21 446 iii 4 575 CC AC 105/105 slow negative negative GG CA GG TT AA TT
f 16 446 iv 6 1151 N/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
f 16 458 V  3 7813 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
m 29 497 ii 1 648 CT AC 131/105 slow n/a positive AA AA AG TT AA TT
m 25 497 ii 4 323 CT AA 105/105 fast positive positive AA AA AG TT N/a TT
m 38 501 iii 2 1771 N/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
m 17 501 iv4 962 N/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
m 19 501 iv 5 443 CC AC 105/105 slow negative positive AG CA AG TT N/a TT
m 18 501 iv6 892 CC AA 105/105 fast negative positive GG CC AG TT AA TT
f 19 520 iii 1 776 n/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
m 17 520 iii 2 393 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
f 41 523 V  4 2206 n/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
m 24 523 vi 7 796 n/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
f 64 527 ii 4 4167 TT AA 105/105 fast positive positive GG CC AA AA N/a TC
m 25 527 iii 6 2224 CT AA 105/105 fast positive negative AG N/a AA TA GA TC
f 20 548 iii 1 1679 CT AC n/a fast negative negative AA CA AA TA AA TT
m 17 548 iii 2 880 CT AA 105/105 slow negative positive AG N/a AA TA AA TC
m 59 554 iii 2 979 CC AC 105/105 slow negative positive GG CA N/a TT AA TT
f 33 554 iv 2 1344 CC AC 105/105 slow negative positive GG CA AA TT GA TT
m 28 554 iv 4 1367 CC AA 105/105 slow negative negative AG CC AA TT AA TC
f 54 590 iii 5 1156 CC AA n/a slow positive positive AG CC AG AA AA TC
f 48 590 iii 6 1125 CC AC 105/105 fast negative positive GG CC AG AA AA TC
f 27 590 iv 18 235 CT n/a 105/105 n/a n/a n/a AG CC AA TA GA TC
f n/a 590 iv 20 n/a CT AA 105/105 fast negative positive AG N/a AG TA N/a TT
f 36 600 iii 6 132 n/a n/a n/a n/a n/a n/a AG n/a n/a n/a n/a n/a
m 25 600 iii 7 1926 CC AA 105/105 fast positive positive AG CC GG TT AA TT
f 34 610 V  1 4768 n/a AA n/a fast negative negative CC GG TT AA TT
f 17 610 vi 1 730 n/a AA n/a slow negative positive AG N/a GG TT AA TT
m 37 620 iii 3 2875 n/a n/a n/a n/a n/a n/a AG CC AG TT AA TT
f 14 620 iv 1 646 n/a n/a n/a n/a n/a n/a AG N/a AA TT GA TC
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m 46 634 iv 2 3865 CC n/a 105/105 fast negative negative AG CC AG TA AA TC
f  13 634 V 5_____ 1029______ CC______ n/a_____ n/a fast negative positive n/a_____ CC_____AA AA GA____ TC



Chapter 8: Analysis of somatic APC gene inactivation 

Foreword

This chapter presents data on somatic mutation at the APC locus. I will introduce a new 

grouping for APC mutations: Unknown, Group 20aaRx0, Group 20aaRx1and Group 

20aaRx2. The reasons for this are expounded in the discussion and are related to 

other recently published work. For convenience, the corresponding groupings are:

Grouping from earlier chapters Grouping
Unknown Unknown
Pre-arm aa 170- 452
Arm+
P-cat

aa 453 - 1019 
aa 1020- 1169 20aaRx0 < 1282

Pre-MCR aa 1170- 1249
MCR aa 1250- 1400 20aaRxl 1282- 1396
Post-MCR aa 1401 + 20aaRx2 1396+

1.Introduction

Animal models have shown that change in genetic background, or environment, alters 

the pattern of somatic APC mutation (Reitmair et al. 1996, van der Houven van Oordt 

et al. 1997, Shoemaker et al. 1998, Smits et al. 2000, Kuraguchi et al. 2000, Lal et al. 

2001). Potentially the situation is similar in humans, because close relatives of cancer 

patients show increased risk of colon cancer. Furthermore, identical twins have a 

greater concordance for colon cancer than do non-identical twins (Lichtenstein et al. 

2000), thus, indicating that sporadic colon cancer risk is modified by common genetic 

factors. FAP may offer the opportunity to identify these genes, because a large number 

of adenomas is present in typical colectomy specimen. The demonstration of variation 

in somatic APC mutation, in humans, in response to changing genetic background (i.e. 

inter-individual variation) helps to support the case for modifier gene action in human 

populations. Indeed, its absence tends to argue against modifier effects, because APC 

mutation is an early feature of colonic neoplasia and variation in severity is linked to
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germline APC mutation, and because the macroscopic polyp count is proportional to 

microscopic estimates of polyp number.

Somatic APC mutations are generally found in a part of the gene called the mutation 

cluster region (MCR: nt 3750 -  4200) - (Miyaki et al. 1994). The region is characterised 

by ‘hotspots’ of mutation, e.g. codons 1309, 1450. The region appears the same for 

somatic APC mutations observed in both FAP and sporadic colonic adenomas. The 

identification of the MCR suggests that the truncated APC protein product has residual 

function. Mutations home to the MCR because they give greater clonal selective 

advantage than elsewhere in the gene, implying residual functional action of mutant 

gene product. Alternatively, it can be argued the MCR and associated hotspots 

represent nucleotide sequences that are intrinsically less stable and therefore more 

likely to mutate. For example, codons 1309, 1488 and 1490 are associated with 

oligonucleotide repeats although, other hotspots (e.g. 1378, 1450, 1464) are not.

Previous analysis of FAP APC somatic inactivation has demonstrated a relationship 

between germline APC genotype and somatic APC mutation genotype (Lamlum 1999). 

Specifically, mutations around codon 1309 are predisposed to somatic inactivation of 

APC by loss of heterozygosity (LOH). It is uncertain how far laterally this effect 

extends; the original citation involved 7 patients with codon 1309 mutations and a 

patient with a 13 bp insertion at codon 1296. Albuquerque et al. (2002) presented data 

that support Lamlum et al. (1999)'s findings. The only other large study of human APC 

somatic inactivation was by Miyaki et al. (1994). They originally identified the mutation 

cluster region from 359 lesions from 70 FAP patients; they identified 180 somatic APC 

mutations. However, 75 of the FAP associated somatic APC mutations came from only 

one patient, the remaining 105 mutations coming from 74 FAP patients (ratio 1.4:1). 

They also did not test for LOH. This probably explains why they did not identify the 

pattern that Lamlum et al. (1999) identified.
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Variation in somatic APC mutation is a reasonable place to look for the genetic effects 

of modifier genes. This is because the 'second hit' at APC is likely to be the earliest 

acquired somatic mutation a colonocyte requires to develop into a polyp (Fearon and 

Vogelstein 1990). Furthermore, colonic FAP severity appears more likely to be a 

function of variation in polyp initiation rather than progression (Chapter 6). The 

available evidence suggests that both copies of APC are inactivated in colonic 

neoplasia. Therefore, it is reasonable to propose that somatic mutation at APC is the 

rate limiting step for adenoma development. Somatic APC mutation variation in 

individual patients may also suggest specific classes of modifier gene action. For 

example, consistent types of somatic inactivation may be indicative of carcinogen 

metabolism defects or nucleotide repair pathways; these would then be places to look 

for candidate genes.

If genetic modifiers of human FAP exist, then variation in the pattern of somatic APC 

mutation may be present in human FAP populations. To look for evidence of this, I 

performed analysis of APC somatic mutation in multiple colonic polyps taken from 

multiple FAP patients. Thus, the aims of the study wereil) to confirm the relationship 

between germline codon 1309 mutations and LOH, 2) to identify further germline- 

somatic APC mutation correlations, 3) to identify types of variation in APC second hit 

and 4) to relate the phenomena to changes in colonic adenoma number.

2.Methods and materials

Multiple colonic FAP polyps were taken from the St Mark’s Polyposis Registry 

pathology archive. I specifically sought FAP patients who had multiple polyps available 

for analysis and for whom germline mutation was known and who also had colonic FAP 

severity estimated. FAP polyps had previously been removed from surgical colectomy 

specimens and then immediately frozen in liquid nitrogen (see Chapter 2 for details). 

Where available, germline DNA was extracted from blood taken from the patient (see 

Chapter 2 for details). A small number of patients did not have blood available for DNA
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extraction. In these, DNA was extracted from normal colonic mucosa taken and frozen 

at the same time as the polyps were archived.

DNA was extracted from frozen polyps (see Chapter 2). DNA was also extracted from 

some fixed tissue (see Chapter 2). All polyps had H&E sections taken. DNA was 

prepared from sections stained with Toludine blue. The H&E sections were examined 

by light microscopy to confirm their adenomatous nature (and hence suitability) for 

inclusion in the analysis. A random sample (50) also had their maximum diameter 

measured (mm). Polyps containing dysplastic crypts (adenomas) were microdissected 

and then processed for DNA extraction (see materials and methods chapter). Extracted 

DNA was resuspended in water and diluted to a working concentration (lOng/pl) for 

subsequent processing.

The polyp and control DNA was analysed for APC mutations. DNA from fixed tissue 

was only suitable for analysis of LON. The APC gene was divided into regions for PCR 

amplification based on the primers listed by Groden et al. (1991). Minor modification 

and primer redesign was employed for exon 15 regions G and I. The gene was 

examined by amplification of DNA segments by PCR -  exons 5 -1 4  and 15A- 151. 

These regions constitute the MCR and the location of over 95% of all APC mutations. 

DNA samples were loaded into arrays and all samples had the above regions amplified 

by PCR. The PCR cycle conditions, primer sequence and annealing temperatures used 

a summarised in Table 1.

Table 1 : APC -  primers and PCR conditions.
This table summarises the PCR primers and reaction conditions used in the analysis o f APC mutation 
detection. A ll reactions consisted o f 35 cycles o f PCR. PCR product sizes are listed as approximates 
based on gel observations for primers located in intron regions o f APC. Fluorochromes; tet; fam; hex. 
Labeled primers were used for SSCP analysis. Unlabeled primers were used for sequencing analysis.

APC coding 
seq. nt span

PCR Primer sequence 
size

Label Name ref. Mg++ Annealing 
conc. mM temperature

(°C)

Combination

531 -  645 -2 4 8  ctttttttgcttttactgattaacg tet apcex5f 1.5 57 exon 5
tgtaattcattttattcctaatagctc tet apcex5r exon 5

6 4 5 -7 3 1 -2 0 0  ggtagccatagtatgattatttct hex apcex6f n/a n/a exon 6
ctacctatttttatacccacaaac hex apcex6r exon 6

732 -  834 -2 5 0  aagaaagcctacaccatttttgc fam apcex7f 2.0 57 exon 7

228



gatcattcttagaaccatcttgc fam apcex7r exon 7
835 -  933 -1 9 0  acctatagtctaaattataccatc tet apcex8f 2.0 57 exon 8

gtcatggcattagtgaccag tet apcex8r exon 8
exon 9/9a -4 9 5  agtcgtaattttgtttctaaactc hex apcex9f(i) 1.5 55 exon 9

ctttgaaacatgcactacga tet apcex9r(iii) exon 9
1 3 1 2 -1 4 0 8 -2 2 0  aaacatcattgctcttcaaataac hex apcexlOf 2.0 57 exon 10

taccatgatttaaaaatccaccag hex apcexi Or exon 10
1 4 0 9 -1 5 5 8 -2 2 0  gatgattgtctttttcctcttgc tet a p c e x llf 1.5 55 exon 11

ctgagctatcttaagaaatacatg tet a p c e x i1r exon 11
1 5 5 9 -1 6 2 6 -1 8 0  ttttaaatgatcctctattctgtat hex apcexi 2f 2.0 58 exon 12

acagagtcagaccctgcctcaaag hex apcexi2r exon 12
1 6 2 7 -1 7 4 3 -3 0 0  tttctattcttactgctagcatt fam apcexi3 f 1.5 55 exon 13

atacacaggtaagaaattagga fam apcexi3r exon 13
1 7 4 4 -1 9 5 8 -3 2 5 tagatgacccatattctgtttc hex apcexi4 f 1.5 55 exon 14

caattaggtctttttgagagta fam apcexi4r exon 14
1 7 5 9 -2 2 7 7 417 gttactgcatacacattgtgac fam apc15afor 1.5 55 exon 15a

gctttttgtttcctaacatgaag fam apc15arev exon 15a
2 2 1 7 -2 5 5 3 346 agtacaaggatgccaatattatg tet apci 5bfor 1.5 55 exon 15b

acttctatctttttcagaacgag tet apc15brev exon 15b
2474 -  2871 399 atttgaatactacagtgttaccc hex apc15cfor 2.0 59 exon 15c

cttgtattctaatttggcataagg hex apc15crev exon 15c
2 7 7 9 -3 1 6 1 382 ctgcccatacacattcaaacac fam apc15dfor 1.5 55 exon 15d

tgtttgggtcttgcccatctt fam apc15drev exon 15d
3 0 8 2 -3 5 1 1 420 agtcttaaatattcagatgagcag tet apci 5efor 1.5 55 exon 15e

gtttctcttcattatattttatgcta tet apc15erev exon 15e
3 4 1 5 -3 8 5 3 428 aagcctaccaattatagtgaacg hex apc15ffor 1.5 55 exon 15f

agctgatgacaaagatgataatg hex apci 5frev exon 15f
3 7 6 7 -4 1 4 8 382 aagaaacaatacagacttattgtg fam apci 5gfor 1.5 55 exon 15g

atgagtggggtctcctgaac fam apc15grev exon 15g
4077 -  4497 420 atctccctccaaaagtggtgc tet ap ci 5hfor 1.5 55 exon 15h

tccatctggagtactttctgtg tet apc15hrev exon 15h
4 4 1 2 -4 9 2 0 508 agtaaatgctgcagttcagagg hex apc15ifor 2.0 56 exon 15i

ccgtggcatatcatccccc hex apc15irev exon 15i
3738 - 4200 462 tgccacttgcaaagtttcttc - forMC15g 1.5 57 exon 15g+

cgaacgactctcaaaactatcaa - revMC15g exon 15g+
4391 - 4943 552 agagtggacctaagcaagctg - nu15lfor 1.0 57 exon 151+

ggtgtcccttcaacacaataca - nul 51 rev exon 151+

The APC mutation identification was done in two phases -  fluorescent SSCP screening 

followed by sequencing. SSCP was used to identify regions of interest within the APC 

gene. Aberrant conformer mobility bands identified by SSCP were then examined by 

sequencing. Exon 15H frequently contains a polymorphism that can confound SSCP 

analysis. Therefore all polyps had this region examined by direct sequencing.

LOH was identified by examination of flanking microsatellite sequences (D5S346, 

D5S421, D5S655, D5S489 and D5S82) and direct examination of SSCP and 

sequencing products for loss of wildtype bands. Flanking microsatellite sequences
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were used only if they were informative for a particular patient. Where necessary, 

quantification of area-under the curve was employed, although LOH was usually 

obvious by eye.

3.Results

3.1. Patients and tissue samples

In total, 165 polyps from 34 patients with classical FAR were available for analysis of 

somatic APC mutation (13 female, 21 male). A further 48 polyps were used solely for 

analysis of LOH. Thus, a total of 213 polyps underwent analysis for LOH. All of the 

polyps were adenomas; none of them contained cancer. Quantitative phenotype (i.e. 

an estimation of colectomy specimen number polyp) data were available from 30 

patients (18 male and 12 female). Each of the patients had a variable number of polyps 

available for analysis (mean for somatic analysis = 4.6, median = 3.5 ,range: 1-25). 

Control DNA was obtained for analysis of germline mutation. The germline APC 

mutation had not been identified in 16 of the patients at the outset of the investigation, 

although in some cases linkage had been demonstrated to 5q. All of the patients 

fulfilled the criteria for classical FAR.

3.2. Screening and identification of APC mutations

The majority of the polyps (205/213) gave DNA of sufficient quality to permit analysis; 8 

polyps (5%) were removed. Somatic APC inactivation was observed in 103 (48 LOH 

and 55 mutations) of the remaining 205 polyps, giving a detection rate of 50%. A range 

of different types of somatic APC mutation was identified -  Table 2, Image series 1.

The commonest type of somatic APC mutation was small deletions (29/55 - exclusive 

of LOH). The proportion of point mutations identified in this study was 29% (16/55). The 

commonest type of point mutation was C>T substitutions; the remainder were G>T 

transversions. The reminder of the identifiable second hits from the frozen polyps were 

LOH (48/205), small insertions (6/55) and a somatic reduplication event. A further three
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polyps had clear evidence of mutation on fluorescent SSCP analysis. However it was 

not possible to analyse these further because of limited DNA availability.

Table 2: Identified second hits: summary o f mutations.
This table summarises the identified mutations from FAP polyps. Each polyp has a unique reference for 
in text citation. The context column supplies additional information relevant to understanding the 
pathology o f the mutation. The corresponding germline mutation is supplied for reference. Abbreviations: 
LOH -  loss o f heterozygosity; del -  deletion; bp -  base pairs; ins -  insertion; > point mutation. A ll 
sequence references are in nucleotides; codon changes are included where relevant.

Polyp ref. Context 2nd hit in APC Germline APC mutation (nt)
1.295 LOH 3927 del 5 bp

2.362.a LOH 3907 subc>tQ1303X
3.362.b LOH 3907 sub c>tQ1303X
4.19.a LOH 3927 del 5 bp
5.19.b LOH 3927 del 5 bp
6.86.a LOH 3927 del 5 bp
7.86.b LOH 3927 del 5 bp
8.554.a TTTTGAGagTCG 4192 del 2 bp (AG) 509 del 4 bp (ATAG)
9.554.b AAAACACcTCC 4316 del 1 bp (C) 509 del 4 bp (ATAG)
10.554.C GTTc/tAGG 4132 O T  Q1371X 509 del 4 bp (ATAG)
11.136.a AGAAaTAAAA 3919 del 1 bp (A) 648 subG>TR213L
12.136.b CAGATMGTAC 4160 ins 2 bp (AT) 648 subG>TR213L
13.352.a insertion/duplication 4303 1485 ins 1 bp (A)
14.561.a TTTATacTAC 4466 ins 2bp (AC) 1495 sub O T  R499X
15.561.b GAGAGagTGG 4393 del 2 bp (AG) 1495 sub C>T R499X
16.561.c GACTGc/tAGGG 4012OTQ1338X 1495 sub C>T R499X
17.561.C AAACACCtCCA 4317 del 1 bp (T) 1495 sub C>T R499X
18.561.d AAAAGAaaaeaTT 3927 del 5 bp 1495 sub O T  R499X
19.561.e GCAg/tAAAA 3916G>TE1306X 1495 sub O T  R499X
20.561.f CAAGcgagAAG 4348 del 4 bp (CGAG) 1495 sub O T  R499X
21.561.g AAAAGAaaaeaTT 3927 del 5 bp 1495 sub O T  R499X
22.561.h AAAAGAaaaeaTT 3927 del 5 bp 1495 sub O T  R499X
23.561.i CCGTTc/tAGA 4216OTQ1406X 1495 sub O T  R499X
24.56 l. j AAAAGAaaaeaTT 3927 del 5 bp 1495 sub O T  R499X
25.561.k AGATAgCCC 4277 del 1 bp (G) 1495 sub c>t R499X
26.561.1 TTTATtACA 4466 del 1 bp (T) 1495 sub O T  R499X
27.561.m AAAACÂçCTCC 4316 del 1 bp (C) 1495 sub O T  R499X
28.561.n LOH 1495 sub C>T R499X
29.576.a GGAAAaGTA 4484 ins 1 bp (A) 1842 ins 1 bp (C)

30.576.b 4306 del 13 bp 
(AGTAAAACACCTC) 1842 ins 1 bp (C)

31.576.C 4446 del 10 bp (TCCAGATGCT) 1842 ons 1 bp (C)
32.152.a GAGAGagTGGA 4393 del 2 bp (AG) 3183 del 5 bp (ACAAA)
33.230.a AAGCaGAA 4312 del 1 bp (A) 3183 del 5 bp (ACAAA)
34.230.b ACCCtGCAAA 3905 del 1 bp (T) 3183 del 5 bp (ACAAA)
35.556.a CTCTctGAGCCT 4527 ins 2bp (CT) 1745 del 1 bp (t)
36.556.b T AAAagA AAAG 3924 del 2bp (AG) 1745 del 1 bp (T)
37.556.C AGCe/tAAGTT 3964 G>TE1322X 1745 del 1 bp (T)
38.556.d CTGGAc/tAAAC 4285 C>TQ1429X 1745 del 1 bp (T)
39.272.a LOH 3863 del Ibp(G)
40.562.a CTTtATTA 4463 del 1 bp (T) Unknown
41.562.b CAAGc/tGAGAA 4348 O T  R1450X Unknown
42.562.C TAAAaCACCT 4312 del 1 bp (A) Unknown
43.562.d GAG AGagT GG 4394 del 2 bp (AG) Unknown
44.562.e AGTTTTe/tAGAG 4188 G>TE1396X Unknown
45.562.f AGTTTtGAGA 4188 del 1 bp (T) Unknown
46.562.g sscp abnormal Unknown
47.562.h CCAAGc/tGAG 4348 C>TR1450X Unknown
48.560.a CTT caaagcGAG 2621 del 6 bp (CAAAGC) immediate 3927 del 5bp
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49.560.b CTACAc/tGAA
X (TGA)

847 O T  R283 3927 del 5bp
50.560.C CCTc/tGAAGG 904 C>T R302X 3927 del 5bp
51.560.d CCTc/tGAAGG 904 C>T R302X 3927 del 5bp
52.560.e CTACAc/tGAA 847 O T  R283X 3927 del 5bp
53.560.f LOH 3927 del 5bp
54.560g TTATAtcGCAT 3488 ins 2 bp (TC) 3927 del 5 bp
55.590.a TAGCAg/tAAAT 3915 g>t E1305X Unknown
56.590.b AGGAGacCCC 4138 del 2 bp (AC) Unknown
57.296.a GACTGc/tAGGG 4012c>tQ1338X 2805 sub c>g Y935X
58.600.a GAAGAAg/tAAC 3451g>t E1151X Unknown
59.623.a GAGAGagTGGA 4393 del 2 bp (AG) intron 6/7 -3 C>G (splice defect)
60.623.b AAAAGAaaapaTT 3927 del 5bp intron 6/7 -3 C>G (splice defect)
61.623.C AAAAGAaaapaTT 3927 del 5bp intron 6/7 -3 C>G (splice defect)
62.653.a 4250 del 1 bp (G) 1820 ins 2 bp (AT)
63.653.b. sscp abnormal 1820 ins 2bp (AT)
64.501 .a. ACCCTGCcAAAT 3908 ins C 4392 del 2bp (GA)
65.501.b sscp abnormal 4392 del 2bp (GA)
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Image Series l(A -D )

A ) APC sequence around codon 1309. The 
sequence contains a somatic mutation E I3 0 6 X  
(arrow).

E1306X
somatic

B)5 bp deieltion at codon 1309 germline.The arrow 
indicates the frameshift. Frameshift

C) 5 bp deletion at codon 1309 somatic. 
The frameshift is clearly visible.

D ) A germline 5bp deletion 1309 mutation and 
somatic LO H.
The sequence looks deceptively normal but 
compare with A-C (the same region), a 
A A A A G  nucleotide tract is missing.

In the course of the investigation germline APC mutations were also identified for 

previously ‘unknown’ FAP patients. The following germline mutations were identified:
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560iii1 ,nt 3927 del 5bp; 296iv1 C > G nt 2805; 272iv4 3863 del 1 bp (G); 5561113 1745 

del 1 bp (T); 653iv3 1820 ins 2bp (AT). Patient 623iii3 was found to have a C>G 

transition in intron 6/7 3 basepairs before the splice junction and is likely to create 

premature splicing of exon 7 and then cause a 2 bp frameshift. Patient 510iii3 had 

previously been identified as having an unclassified exon 15H mutation; further 

sequencing revealed this to be a reduplication of exon 15H the 3’APC sequence from 

nt 4261 recommencing at nt 4329.

3.3. Relationship between polyp size and probability of detecting somatic 

APC mutation

Somatic APC mutations are very early events in the development of colonic polyps. 

Theoretically somatic APC mutations may generate different clonal selection 

advantage, so potentially; polyp size could confound analysis of somatic APC mutation. 

Therefore, an analysis was performed to examine the relationship between polyp size 

and mutation type. The null hypothesis was that polyp size would be independent of 

probability of somatic APC mutation. The largest diameter of the polyps was measured, 

to give an index of polyp size. Polyp diameter was normally distributed (Shapirio-Wilk's 

test P = 0.91, W = 0.99). ANOVA was performed on mean polyp diameter for the 

different subtypes of APC somatic event (no mutation detected vs. deletion vs. LOH vs. 

insertions vs. point mutations). There was no demonstrable relationship between polyp 

size and somatic APC mutation (F = 0.99, P = 0.42).

3.4. Relationship between germline APC mutation and somatic APC 

mutation

3.4.1. Relationship with LOH

It has previously been reported that germline APC mutation can determine the type of 

somatic APC mutation and specifically that LOH is more likely in association with 

mutations at or around codon (Lamlum et al. 1999). Forty-eight polyps in this study 

showed LOH by analysis of flanking microsatellite repeats or by direct demonstration of
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loss of wildtype allele using fluorescent SSCP and/or DNA sequencing. Six of the 

polyps were from patients who had germline 1309 del 5 bp mutations and a further 42 

were associated with mutations close to this locus. In order to evaluate the relationship 

between germline APC mutation position and probability of LOH, polyps were stratified 

by germline mutation into four groups and the frequency of LOH compared (Table 3). 

Germline APC mutations were grouped (after the method of Albuquerque et al. 2002), 

on the basis of the number of 20aa repeats predicted to be in the retained truncated 

protein product. LOH segregated with the germline mutations that were close to 

nucleotide 3927, Group 20aaRx1, this was highly statistically significant (%̂ = 106.6, 3 

d.f., P < 0.0001). This group was characterised by 1 remaining 20aa repeat in the 

germline mutant allele (i.e. codons 1282 - 1395). Inspection of this group revealed that 

its members’ mutations spanned the range codon 1287 to codon 1323.

Table 3; Proportion o f LOH by germline APC mutation position
This table shows the relationship between germline APC mutation position and LOH. Germline APC 
mutations were segregated depending on the number o f 20aa repeats predicted to remain in the truncated 
protein. The boundaries were (x, mutation position): 0, x < codon 1282; 1, 1282 =< x < 1396; 2, 1396 =< 
x <  1512 .

LOH Number o f 20 aa repeats in germline APC mutation 
‘Unknown’ 0 1 2

Total

Absent 29 75 22 31 157
Present 0 1 45 2 48
Total 29 76 67 33 205

I was interested to see if there were other germline-somatic APC mutation 

relationships. The population of protein-truncating somatic APC mutations was 

distributed over the range 282 -  1509 (IQR: 1309 -  1449; median 1396; n = 49). 

Hotspots for somatic mutation were observed at nucleotide positions 1309 (n = 6),

1449 (n = 3) and 1464 (n = 3). There was no other obvious relationship between site of 

germline mutation and somatic APC mutation, apart from the relationship between APC 

1309 del 5 bp (nt 3927) mutations and LOH.
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Graph 1: APC somatic mutation position frequency distribution 
This graph shows the positional 
distribution o f somatic mutations (n 
= 55). The two vertical lines show 
nucleotides 3750 and 4500 that are the 
conventional limits o f the M CR . The 
positions o f nt 3927 and 4350, two 
particularly common mutation sites are 
marked on the x-axis for reference. A  
normal frequency distribution is also 
superimposed.

.304348 -

o
2

3927 4350 50002000
P o s itio n

3.4.2. Interindividual variation - proportion of somatic mutations

It was apparent from inspection of the data that two groups of patients were present in 

the FAP population of this study, after exclusion of patients who were only represented 

by one polyp and those who were members of the 20aaRx1 group (i.e. around codon 

1309) . One group was characterised by a relatively high rate of somatic APC mutation 

restricted to the APC mutation cluster region. The second group displayed a low 

incidence of somatic mutation in this region. The groupings are manifest as an 

approximately bimodal distribution on a frequency-proportion of mutation detected 

graph (see Graph 2).

Graph 2: Frequency 
distribution o f somatic APC 
mutation for FAP germline 
mutation patients, exclusive o f 
those in the 20aaRl group. 
Patients with only one polyp 
analysed were excluded.

416667

P ro p o rt io n  o f  a d e n o m a s  w ith  s o m a tic  A P C  m u ta tio n
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To formally test the bimodality of the distribution Fisher's exact test was performed 

after exclusion of patients who contributed less than 5 polyps to the study and also 

those whose germline mutation contained 1 20aa repeat (because of its association 

with high rates of LOH, group 20aaRx1). The patients were grouped on the observed 

basis of the proportion of adenomas showing somatic mutation - High and low 

(boundary 0.45) - Table 4. Pooling of the high and low groups revealed a statistically 

significant association, Fisher's exact test P < 0.0001. It could be argued that 

unplanned grouping (i.e. high vs. low) on purely empirical grounds is subject to bias. 

Therefore a test for heterogeneity of the proportions was performed in the same 

sample set. This revealed that statistically significant differences existed between the 

patients (%̂ = 26.7, 9 d.f., P = 0.002).

Table 4. Characteristics of patients showing high and low rates of somatic APC mutation.
Id. patient Id -see Table 6. Group - grouping into patients with low and high rates of somatic 
APC mutation.
Id Polyps with somatic mutation Germline mutation Group
554iii2 3/5 (60%) nt 509 del 4 bp high
556iii3 4/6 (66%) nt 1745 del 1 bp high
561iiil 15/25 (60%) R499X high
562iiil 8/12 (66%) unknown high
623iii3 3/5 (60%) intron 6/7 -3 bp C>G high
493iiil 0/5 (0%) nt 4230 del 1 bp low
501iii2 4/18 (22%) nt 4392 del 2 bp low
510iii3 0/7 (0%) 15H reduplication low
600iii6 1/7 (14%) unknown low
653iv3 1/7 (14%) ntl820 ins 2bp low

3.4.3. Interindividual variation - qualitative effects

There was also evidence of clustering in qualitative ways. An example of mutation 

subtype clustering was seen in patient 560iii1. This patient was initially identified as an 

‘unknown’ germline APC mutation patient and then identified in this study as 

harbouring a 1309 del 5 bp deletion. This patient contributed 10 polyps to this study 

only one of which showed LOH despite the patient's polyps being associated with a 

high rate of somatic APC mutation detection (i.e. 7/10 polyps had identifiable somatic 

APC mutations). The probability of this is unlikely when one applies the overall 

expected rate of LOH for the APC germline mutation position (P = 0.017, binomial
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distribution, assuming a prior probability of 0.67). Furthermore, this patient displayed a 

high rate of somatic APC mutation (7/10) and the identified somatic mutations in this 

patient were all 5' to the MCR (i.e. the most 3’ was at nt 3488) and 4/7 clustered in 

exon 8. Many of the mutations were of the form R to X (polyps 49-52, Table 2). The 

probability of this was low (P < 0.0001, Fisher's exact test); the patient had 4 of 6 R to 

X nonsense changes that were identified by SSCP. A similar phenomenon may have 

occurred in patient 562iii1 who had 2 of 12 polyps showing the somatic mutation R to 

X (Fisher's exact test P = 0.016). A further example concerns the two largest deletions 

(10 and 13 bp) which both occurred in the same patient (576iv1).

3.4.4. Interindividual variation - probability of mutation detection and severity

I was interested to see if the probability of mutation detection varied as a consequence 

of APC germline mutation position, especially after grouping the germline mutations by 

the number of 20aa repeats. The proportion of mutations detected was related to APC 

germline mutation position. The rate was significantly different between the groups 

when they were considered together (/^ = 39.0, P < 0.0001) -  see Table 5). The overall 

rate of somatic APC inactivation was 50% (103/205). For patients with germline 

mutations that contained 1 20aa repeat (Group 20aaRx1) the rate of second hit 

identification was high 51/67 (76%), although many of these events were LOH. Once 

Group 20aaRx1 had been removed there was still evidence for heterogeneity between 

the different subgroups. Polyps from patients with germline mutations that contained 

two 20aa repeats (Group 20aaRx2) were associated with a lower rate of detected 

somatic APC mutation: 12% (4/33, inc. LOH). This was statistically significant when 

compared with the groups 'Unknown' and Group 20aaRx0 (%̂ =13.1 P = 0.001). There 

was no significant difference detected when group 'Unknown' was compared with 

20aaRx0. Group 20aaRx2 was composed of four patients, two of whom were closely 

related (parent and child). In contrast the Unknown group and Group 20aaRx0 

contained 8 and 9 patients, respectively. Therefore, it was possible that the apparent

238



low rate of APC mutation in Group 20aaRx2 was caused by somatic mutations outside 

of the APC region that was screened.

Table 5: Proportion o f somatic APC mutations detected by APC region.
This table demonstrates the relationship between germline APC mutation position and proportion of 
somatic APC events detected (inc. LOH). FAP germline mutation groups were divided as before.

Somatic APC Number o f 20aa repeats in germline mutation Total
inactivation Unknown 0 1 2

Detected 11 37 51 4 103
Not detected 18 39 16 29 102

29 76 67 33 205

3.4.5.Relationship between phenotype severity and somatic APC mutation

The relationship between somatic APC mutation and colonic phenotype severity was 

examined (Table 6).

Table 6; Summary data for somatic inactivation
This table summaries the severity data and frequency o f identification o f APC second hit (Hits). Patients 
were stratified into Albuquerque's mutation groups (u, 0, 1,3) .*  polyps were only suitable for analysis o f 
LOH. Z - severity as standard normal deviate. 20aaR - number o f 20aa repeats predicted to be retained by 
gemline mutant. Polyps - number o f polyps examined

Pedigree Gen. N Germline Mutation Standard
count Z sex Polyps Hits 20aaR

4 iv 7 unknown 1294 0.2109 f 1 0 u
19 v 4 nt 3927 del 5 bp 3500 0.0801 m 2 2 1
83 ii 1 unknown 1136 0.0682 f 1 0 0
86 V 1 nt 3927 del 5 bp 1020 -2.0134 f 2 2 1
100 ii 1 nt 3201 del 4 bp 695 -0.0147 m 1 0 0
136 V 2 R213L 956 -0.1640 f 4 2 u
152 V 16 nt 3183 del 5 bp 261 -1.2645 f 1 1 0
230 V 2 nt 3183 del 5 bp 689 -0.0257 m 4 2 0
272 V 4 nt 3863 del 1 bp 6990 1.2552 m 1 1 1
295 V 4 nt 3927 del 5 bp 3571 0.1145 m 1 1 1
296 V 1 Y935X - - f 4 1 0
351 ii 2 unknown - - m 4 0 u
352 ii 12 1485 ins 1 bp 1691 1.0603 m 4 1 0
362 ii 4 Q 1303X 3500 0.0801 f 2 2 1
421 V 6 Q 233X 1659 0.6032 f 2 0 0
493 ii 1 4230 del 1 bp 2041 0.3796 m 5 0 2
501 ii 2 4392 del 2bp 1770 0.2203 m 18 4 2
501 V 4 4392 del 2bp 961 -0.4645 m 3 0 2
510 ii 3 15H reduplication - - m 7 0 2
552 V 9 unknown - - m 2 0 u
554 ii 2 nt 509 del 4 bp 979 -0.13194 m 5 3 0
556 ii 3 1745 del 1 bp 1833 1.1511 m 6 4 0
560 ii 1 3927 del 5 bp 6060 1.0128 f 10 7 1
561 ii 1 R499X 1729 1.0853 m 25 15 0
562 ii 1 unknown - - m 12 8 u
564* ii 2 nt 3969 4356 0.4519 f 48 36 1
576 V 1 1842 ins 1 bp 452 -0.4285 m 3 3 0
590 ii 6 unknown 1125 0.0572 f 2 2 u
600 ii 6 unknown 132 -2.2842 f 7 1 u
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613 iv 3 nt 665 del ag 1153 0.0970 m 1 0 0
623 ill 3 intron 6/7 -3  c>g 1676 1.0503 m 5 3 0
634 V 5 3186 del 2 bp 1028 0.4849 m 3 0 0
634 iv 2 3186 del 2 bp 3865 2.1748 f 1 0 0
653 iv 3 1820 ins 2bp 1380 0.8313 m 7 1 0

Grossly, as the proportion of identifiable somatic APC mutations (inc. LOH) increases 

so does the colonic polyp number. This is because the probability that an individual 

polyp will have LOH - easily identifiable - is strongly related to the position of its 

germline mutation, see Table 3 and 5. When the effect of germline mutations around 

codon 1309 (i.e. Group 20aaRx1/MGR) is excluded the relationship between proportion 

of polyps with identifiable second hits and colonic severity is less clear (Table 7), there 

was no detectable significant difference (ANOVA: F = 0.09, P = 0.76).

Table 7. Severity vs. apparent propensity to detected second hit at APC.
The patients were assigned to according to the number o f APC mutations identified. A patient was only 
included i f  they contributed a minimum o f 3 polyps (boundary 0.45). Severity was the standard count (i.e. 
corrected for surface area). The data do not include patients with germline mutations within the 20aaRxl 
repeat.

Proportion o f somatic APC inactivation Mean Std. Dev N.
High 1286 642 7
Low 1188 552 7
Total 1237 578 14

4.Discussion

This study has examined the relationship between germline APC mutation and somatic 

APC mutation in 205 adenomatous polyps from 34 FAP patients. The relationship 

between colonic FAP severity and frequency of somatic APC inactivation was also 

examined.

4.1. Sensitivity of mutation detection

The overall rate of mutation detection (inc. LOH) in this study was 50%. This is 

comparable to other studies. Miyaki et al. (1994) detected somatic APC mutations in 

180 of 359 (50% not including LOH) colorectal tumours (adenomas -  invasive 

carcinoma). Lamlum et al. (1999) detected somatic mutations in 30% of mutations from 

non-codon 1309 areas, while in this region they detected LOH in 39 of 49 (80%) 

lesions. Albuquerque et al. (2002) identified APC second hits in 80% of FAP polyps in
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their study of six patients, one of whom had a codon 1309 5 bp deletion. In this study 

the rate of LOH associated with Group 20aaRx1 was 67% (51/67), the figure is similar 

to that reported by Lamlum et al. (1999). Furthermore the figure rises to 76% when all 

types of mutations are included and even this may be an underestimate because 12 of 

the polyps from this region were only suitable for analysis of LOH and not subjected to 

SSCP analysis. Studies may vary as a function of the type of germline APC mutation 

being investigated. Overall the methodology employed was sensitive and able to detect 

somatic mutations, but even so it was clear that there was variation in the rate of 

mutation detection (see below).

4.2. Codon 1309 and nearby mutations: Group 20aaRx1

Mutations around codon 1309 were grouped together under the title "Group 20aaRx1". 

Mutations around codon 1309 are associated with a consistently high rate of LOH. 

These data entirely support the earlier observation Lamlum et al. (1999). I have related 

the main structural feature of the APC protein in this area (the first 20aa repeat) to the 

probability that LOH will occur. This raises the question as to what are the boundaries 

of this region. Albuquerque et al. (2002) have suggested that somatic APC mutations 

are selected for an optimal (3-catenin dose within the cell and that this is provided by 

the presence of only one 20aa repeat in the cell. The logical boundaries were therefore 

the first codon to include the first 20aa repeat (codon 1282) and the last codon capable 

of excluding the second 20aa repeat (codon 1396). Hence the region was named 

20aaRx1. The members of group 20aaRx0 were predicted to contain no 20aa repeats 

in their truncated APC. The members of the group 20aaRx2 were predicted to contain 

two 20aa repeats. Grouping APC mutations in this way follows from the work of 

Rubinfeld et al. 1997). They showed that loss of 20aa repeats progressively impairs 

the host cell's ability to down regulate p-catenin.

All the polyps from patients with germline mutations that were within 20aaRx1, were 

associated with a high frequency of detectable second hit events - usually LOH. The
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data in this study suggest that the phenomenon occurs from codons 1287 to 1323 as 

an inner limit. The logical outer limit may be codon 1282 to codon 1396, although 

Lamlum et al. (1999) reported two patients who had a low rate of LOH (< 10%) despite 

nonsense germline mutations at codon 1392. If the hypothesis that the first 20aa repeat 

is optimal for LOH as a second hit, then these patients would have been expected to 

show a higher rate of LOH, although it is possible that their germline mutations did not 

completely eliminate the function of the second 20aa repeat.

One patient from within this region departed from this rule, with only lo f 10 adenomas 

showing LOH. This is statistically significant (P = 0.0003, binomial theorem), assuming 

a conservative prior probability estimate for LOH frequency as 0.67 (i.e. calculated from 

all polyps within region in this study). It is notable that this patient still had a high rate of 

somatic APC inactivation, excluding failure to detect LOH as a cause of the 

observation.

4.3. Clustering

These data demonstrate clustering of somatic APC mutation. Patients could loosely be 

classified into one of two groups, characterised by either a low (< 30% mutations within 

the MCR) or high rate of identifiable somatic APC mutation (> 60%). This study 

heuristically assigned a boundary of 0.45 many patients were clearly above or below 

this level. This effect is not restricted to any particular germline APC genotype -  apart 

from the 20aaRx1 group. The effect is reminiscent of that seen in animal models, 

where alteration of genetic background causes a change in the frequency of LOH.

One case in this report, 560iii3, deviated sharply from the norm for the 20aaRx1 group 

of FAP patients. This individual’s polyps showed a greatly reduced incidence of LOH. 

Conversely the detected mutations in this patient seemed to be selected away from the 

traditional mutation cluster region. A possible explanation for this may the 'just-right' 

signalling hypothesis proposed by Albuquerque et al. (2002), i.e. somatic and germline
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mutations combine to give a clone an optimal ability to downregulate p-catenin. This 

patient’s somatic mutational profile is a reversal of that seen in the majority of FAP 

patients. Normally, many FAP patients will have polyps that show two APC mutations, 

a germline mutation outside the MCR and a somatic mutation within the MCR. This 

exceptional codon 1309 patient has polyps that have the germline mutation within the 

MCR and somatic mutation outside. This suggests that optimal clonal selection 

requires a specific ‘balance’ of APC mutations.

Other cases showed somatic APC mutation clustering; for example, patient 576iv1 

contained the two largest deletions detected (10bp and 13bp). Miyaki et al. (1994) 

identified only 5 deletions of this size (greater than 9bp) from a series of 359 FAP 

tumours (0.014%). The chance therefore of two such lesions from 3 polyps is low (P = 

0.0004, binomial distribution assuming prior probability of 0.012 (2/165)). Furthermore, 

the data are likely to be reliable because ascertainment of deletions of this size is likely 

to be high using SSCP -  because the difference in PCR product lengths is relatively 

large.

Collectively these data suggest that clustering occurs in a non-random manner. They 

support the hypothesis that APC mutation can be modified. The most likely explanation 

for this is variation in genetic background -  modifier genes.

4.4. Germline mutations exclusive to the 20aaRx1 group

Germline APC mutations 5' to the 20aaRx1 group were characterised by somatic APC 

mutation within the traditional MCR and a low rate of LOH. The relationship was less 

clear for germline APC mutations 3' to the 20aaRx1 group (i.e. 20aaRx2 group). In this 

study all the polyps from the 20aaRx2 group were associated with much lower rates of 

LOH and somatic mutation. Lamlum et al. (1999) also found a patient (1083A in their 

paper) in this region who did not have any detectable somatic mutations or LOH. In 

contrast Albuquerque et al. 2002) reported a patient with a mutation at codon 1436
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whose polyps were associated with a high rate of point mutation 5' to the MCR (first 

20aa repeat). Interestingly many of their patient's polyps^ were of the type R to X (e.g. 

CGA to TGA) and so they could have argued that a cluster phenomenon was acting in 

their patient (Fisher’s exact P = 0.001). The R to X mutation is suggestive of 

spontaneous deamination (via 5 methylcytosine) that may follow méthylation of CpG 

dinucleotides. Possibly, patient 562iii1 follows a similar pattern in my study (Fisher’s 

exact P = 0.016). Given the low overall rate of somatic mutation detection in the 

20aaRx2 group, it may be that other genetic mechanisms contribute the silencing of the 

wildtype allele in this patient group, e.g. defective DNA méthylation. The limited 

quantities of DNA available restricted APC mutation analysis to the 5’ half of the APC 

gene and flanking microsatellite repeats. Some changes such as whole exon deletions 

or intronic mutations would be missed by such methodology.

4.5. Relationship with severity

No relationship between frequency of somatic APC mutation and colonic FAP severity 

was detected, although the power of this study to detect such effects was modest. The 

exception to this was the 20aaRx1 group. The relationship between LOH, the 20aaRx1 

group and severity may be related to somatic mutation rate, because the chance of 

somatic mutation detection is higher in this area -  about 80% of lesions have 

identifiable mutations. However, the relationship is complex because the rate of LOH 

appears to be balanced with that of other types of somatic mutation within this region. 

Patient 560iii3 had 6060 colonic polyps after correction for surface area, this figure is 

slightly above the mean for the region. Her somatic mutations were mostly point 

mutations, which were 0 to T transitions. The transitions had occurred at CpG islands 

and are suggestive of spontaneous mutation. So at face value the rate of LOH appears 

to be balanced with that of non-LOH identifiable mutations, implying that somatic APC 

mutations occur at a constant rate in adenomas -  conditional on germline mutation.

Although not directly commented on in the Albuquerque paper 7 o f the 9 R to X mutations occured in
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Outside the 20aaRx1 region there was no relationship between fraction of detected 

APC mutations and severity. Both within and between family variation in FAP disease 

severity exist and generate a wide range of colonic FAP severities. Possibly this is a 

consequence of the modest power of the study. Alternatively if, the fraction of polyps 

with somatic mutations is unrelated to severity, one has to contemplate the possibility 

that FAP severity is unrelated to apparent APC somatic mutation rate. This then raises 

the question, what is the rate-limiting step for adenoma formation? The available 

evidence supports the proposal that APC mutation is the earliest somatic event 

(Fearon and Vogelstein 1990). A possibility is that colonic adenoma number 

determination is unlinked to somatic mutation rate, although still determined by APC 

mutation -  APC is a multifunctional protein. Animal studies have demonstrated that 

adenoma number susceptibility varies at different developmental time points and that 

APC has a clear embryological role, e.g. homozygous mutants are lethal in utero. 

Perhaps cellular dosage plays a role specifying pattern, and once the pattern is set 

somatic mutation is then required for expression of cellular phenotype. The 

susceptibility to adenomas then depends on aberrant tissue patterning to generate a 

fixed number of ‘open doorways’ in utero, through which, the phenotypic appearance of 

adenomas, in later life can occur. The ‘stepping through’ by somatic APC mutation is 

then the weaker determinant of polyp number. As a theory, this fits with the phenotype 

observation that adenoma burden does not appear to progress post-early adult life (see 

Chapter 3), i.e. the number of doorways is fixed. It can also help to explain the 

observation that early adenomas are sometimes polyclonal Novelli et al. (1996), 

aberant tissue patterning is more likely to be polyclonal than monoclonal. Furthermore, 

in some respects it is easier to explain variation in tissue specification pattern than it is 

to explain age dependent variation in somatic mutation rate, which has to decrease 

with age to explain most FAP data. Although, indices such as the crypt fission index 

decline with age. Abnormal tissue patterning leading to elevated risk of malignant 

neoplasia is not without precedent, e.g. hamartomous polyp syndromes,

their patient 6, who contributed 27 polyps o f the total 133 polyps.
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adenocarcinoma arising in urachal remnants. It also emphasises that selection 

pressure is driven, initially, by the germline mutation. Therefore apparent somatic 

mutation rate may always appear to be in balance regardless of exact type of mutation. 

There is another potential explanation (see below), a locus distinct from APC under 

goes mutation and this forms the rate limiting step for adenoma formation.

4.6. Conclusion

These data confirm earlier work demonstrating a distinct somatic mutation pathway for 

germline mutations around codon 1309. All germline mutations within the 20aaRx1 

group seem to conform to a pattern characterised by a high somatic mutation rate that 

is usually represented by LOH. There was evidence of somatic mutation clustering that 

is unrelated to the position of germline APC mutation. It is conceivable that in some 

cases additional distinct mechanisms are operating to silence the wildtype APC allele. 

The data are consistent with animal model data that demonstrates that somatic APC 

mutation is influenced by factors distinct from the APC locus. The most likely 

explanation is the presence in the population of modifier genes and environmental risk 

factors. ,
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Chapter 9: Discussion

1. Hypothesis and supporting data

This thesis has examined evidence for the hypothesis that modifier genes in the human 

population alter the severity of human colonic FAP and duodenal FAP. Severity was 

assessed as the number of polyps present in the resected colon specimen. There were 

four types of data: 1) genotype-phenotype correlations; 2) observational/measurement 

data that indicate that human colonic FAP severity varies in a manner consistent with 

the action of modifier loci; 3) data which provide possible causes for the observed 

variation,(candidate gene studies); and 4) data which examine variation in the pattern 

of somatic APC mutation.

Chapter (3 and 4) presented data that refined the relationship between germline APC 

mutation and disease phenotype. Nearby mutations were shown to produce similar 

disease phenotypes. These data were used to develop rational mutation groupings, 

whereby APC mutations can be related to gene features, e.g. 15aa p-catenin binding 

domains. Both the colonic and duodenal phenotype vary according to APC mutation 

position. The degree of phenotype variation was approximately the same for all the 

mutation groups examined. These data allow a reasonably accurate prediction of 

disease severity to be made for any patient with a classical APC germline mutation 

(codon 170 to 1580). Even after allowance is made for germline APC mutation there 

remained substantial variation in phenotype severity.

The remaining variation could partly be attributed to age effects when the duodenal 

data were examined but no relationship with age for the colonic data could be 

identified. The most likely explanation for failure to detect a relationship with age is that 

the relationship between colonic adenoma number and age is non-linear. Presumably,
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colonie polyp number undergoes a phase of expansion before plateauing in early adult 

life. The data reflect animal models, which have shown a differential susceptibility to 

adenoma formation with age (Shoemaker et al. 1995), and also data from studies of 

the crypt fission, which slows with age (Wasan et al. 1998).

The relationship with disease severity differed between duodenum and colon. Possibly 

this reflects subtly different cellular roles that APC plays in different tissues or variation 

in the cellular requirement for (3-catenin. Alternative groupings for germline APC 

mutations have been suggested (Albuquerque et al. 2002). Germline APC mutations 

around codon 1309, my MCR group, are synonymous with Albuquerque's 20aaRx1 

group: similarly my post-MGR and Albuquerque’s 20aaRx2 are also equivalent. The 

boundaries of the groups differ (slightly) but the constituent members are unchanged 

using either classification.

A distinction can be drawn between mutations 5' to MCR. Albuquerque's 20aaRx0 

group contains 4 of my subgroups: Pre-arm, arm+, (3-cat, Pre-MCR. I found evidence 

for heterogeneity using my grouping (e.g. Pre-arm mean severity = 1087 vs. Armadillo+ 

mean severity 646) this indicates that grouping APC mutations simply by 20aa repeat 

number may be an oversimplification. I also found heterogeneity in duodenal severity 

that would not have been apparent simply by grouping according to 20aa repeat 

number.

The epidemiological data that compared the severity of disease in relatives with FAP 

(Chapter 4) demonstrated that close relatives have more similar disease than distant 

relatives. There are only two explanations for the pattern of variation: modifier genes 

and/or environment. In my view the genetic modifier explanation is more likely given 

that sporadic CRC risk has a hereditary component (Lichtenstein et al. 2000), that 

modifier genes can act in animal models (MacPhee et al. 1995), (Dietrich et al. 1993) 

and that the FAP phenotype is penetrant by early adult life. Epidemiological data which
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show that disease severity varies in a manner consistent with the action of modifer 

genes are necessarily indirect. The epidemiological approach cannot identify the 

causative genes directly. Epidemiological evidence was, however, necessary if the 

hypothesis was to be investigated further.

The case for modifier genes and their possible mode of action was further strengthend 

by observation of the relationship between macroscopic and microscopically visible 

adenomas. Variation in the macroscopic adenoma burden indicated variation in the 

size of the total adenoma population (Chapter 6).This suggested that variation in the 

rate of adenoma initiation generates variation in the size of the adenoma population. It 

has been shown that the colonic crypt population is generated in early life by a process 

of crypt fission (Wasan et al. 1998). In animal models there is evidence that adenoma 

initiation can occur at different rates, young animals exposed to carcinogens develop 

more adenomas than do older animals, indicating that there is a window of 

susceptibility (Shoemaker et al. 1995, Reitmair et al. 1996 and Sansom et al. 2001). 

The evidence together,favours the mechanism that the bulk of adenomas in human 

FAP are generated early in life. Genetic modifiers can reasonably explain variation in 

such a scenario. The alternative - that environment is causing the variation in severity - 

would require a re-appraisal of how environmental factors are considered to operate. 

The generally accepted model of environmental carcinogen action is of low level 

chronic exposure. If environmental modifiers contribute to variation in FAP colonic 

adenoma number then they would have to operate acutely, early in life or perhaps even 

in utero.

Chapter 7 presented the results of an association study that sought to relate disease 

severity with polymorphisms in a number of plausible candidate modifier genes. Two 

candidate genes showed significant associations: NAT2 fast phenotype and GST\i null 

genotype. These genes have been implicated as sporadic CRC risk genes (Houlston 

and Tomlinson 2001). Consistent with that, they both produced an approximately 2-fold
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change in FAP severity, a level very similar to that predicted for sporadic CRC risk 

genes. Both of these candidate genes may exert an effect by interaction with an 

environmental carcinogen. Therefore, a strict dichotomy between modifier genes and 

environment may be an oversimplification for understanding how colonic FAP severity 

is modified. In isolation, these genes do not prove the hypothesis that modifer genes 

alter FAP severity. Proof would require independent prospective studies and 

biochemical elucidation of the pathways involved. It is possible, for example, that the 

alleles were in linkage disequilibium with other modifier genes.

It is plausible to assume that if modifier genes act in human FAP then they will have 

effects on the pattern of somatic APC mutation, because this is probably the rate 

limiting event in adenoma initiation (Fearon and Vogelstein 1990). Two principal types 

of relationship were apparent from the data in Chapter 8: variation in the rate of LOH 

and somatic mutation clustering. Patients whose germline APC mutation are close to 

codon 1309 tend to undergo LOH as the mechanism of wildtype APC allele 

inactivation. This pattern is restricted to APC germline mutations that are encompassed 

within the 20aaRx1 group of Albuquerque et al. (2002), i.e. their germline mutation 

contains one 20aa repeat. The majority of germline APC mutations fall outside this 

group and cause the truncated APC product to have no 20aa repeats, i.e. they belong 

to the 20aaRx0 group. Polyps from these patients will have somatic APC mutations 

that retain one or two 20aa repeats. However, although my data were broadly in 

keeping with Albuquerque et al. (2002) 's 'just-right' hypothesis there were FAP patients 

who seem to be disposed to low rates of detectable somatic APC mutation (if the 

mutation screen is restricted to the 5' half of exon 15). This probably reflects underlying 

differences between individuals in the type of somatic APC mutation that they undergo 

and the limits of the mutation detection assays, for example, gene silencing secondary 

to promoter méthylation was not examined. A simple explanation is that genetic 

background (i.e. modifier genes) was altering the pattern of second hit at APC.
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If modifier genes alter the pattern of APC second hit then it is reasonable to expect an 

associated variation in disease severity. Grossly, the higher rates of LOH, associated 

with the 20aaRx1 group, can be linked to severe colonic phenotype. Apart from this no 

other relationship between severity and somatic mutation was demonstrated. There 

may have been insufficient power in the study. However, the true relationship may be 

more complex because one of the codon 1309 patients appeared to break the rules by 

having a low rate of LOH but a high rate of somatic mutation and a disease severity 

slightly above the mean for its group. Many of this patient's somatic APC mutations 

were at CpG dinucleotides suggesting a 'spontaneous' origin. It is unlikely that mutation 

rates are intrinsically balanced, i.e. that the rate of LOH equals, say, the rate of 

transition events at CpG dinucleotides. So the relationship between somatic APC 

mutation and colonic adenoma number variation is enigmatic.

2. Future studies

Chapter 3 refined the relationship between APC mutation position and phenotype 

severity. The accuracy of derived model is limited by the number of observations from 

which it was derived. Few data were available on patients with mutations in exon 9 and 

no data available on patients with mutations 5' to exon 4 of 3' to codon 1580.1 am 

cautious about extrapolation of my results to those regions. It is possible that the 

extremes of the APC gene are influenced by modifier factors that are more intrinsic to 

APC nucleotide sequence e.g. the probability of reinitiation of translation as 

demonstrated in vitro by Heppner Goss, et al. (2002). For future work, larger datasets 

that contain quantitative information on colonic adenoma number (i.e. based on polyp 

counting) and APC mutation will be invaluable. Ideally, the relationships need to be 

confirmed in a prospective series that would also gather information on pre-operative 

exposure, e.g. diet, NSAID use etc. Although attenuated FAP is infrequent ( < 5% 

cases) the quality of colonic phenotype data may be better because pathologists have 

to work harder to establish the diagnosis, i.e. better quality information is traded for 

quantity of information. Furthermore, the recent identification of MYH mutations Al-
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Tassan et al. (2002) as a cause of multiple colonie polyps raises the possiblity that 

locus heterogeneity contributes to attenuated FAP (< 100 polyps) or low density FAP (< 

250 polyps). Possibly genes that modify FAP will also modify MYH although the nature 

of MYH phenotype variation has yet to be established. Therefore, the numbers of 

patients with 0-100 polyps available for study may increase.

The search for modifier genes could continue (for example, MYH mutants would be 

interesting candidates). However, candidate association studies will always be limited 

because they cannot be used for whole genome surveys. Theoretically discordant 

sibling pairs could be studied using a form of linkage study (Houlston and Tomlinson 

1998), but there are considerable practical difficulties generating a patient set of 

sufficient size. Furthermore, the colonic FAP severity distribution is continuous; this 

makes defining discordance difficult and arbitrary.

If modifier genes act to alter rates of adenoma initiation then a logical place to examine 

their effects is in the pattern of somatic mutation. Practically, sufficient numbers of 

samples may be collected in relatively short periods of time, if a sampling frame of 

many polyps from individual patients were followed. The total available data set in the 

literature is still small and few patients are represented by mulitple polyps. Confirmation 

of the clustered nature of somatic APC mutation in FAP should be sought in larger 

datasets. This may for example allow characterisation of somatic mutation 'fingerprints' 

that could be used as criteria for future association studies to identify modifier genes.

The absence of a detected relationship with age is another of the enigmas that 

characterise FAP. The explanation may lie with a greater understanding of the role that 

APC plays in the early development of the colonic mucosa/epithelia in general. To the 

best of my knowledge this is a relatively unexplored area that may offer some insight 

into fundamental biology as well as pathology. For example, it is known that crypts 

multiply by a process of fission (Park et al. 1995) and (Wasan et al. 1998) but the
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process before this is poorly understood at the molecular level, e.g. when the 

progenitor crypts first grow into the sub-mucosa. Presumably endoderm-mesodermal 

interactions are important at this time, could APC play a role? The FAR disease 

spectrum certainly contains features that are defined as mesodermal, e.g. extra-teeth, 

bone cysts. Possibly, epidermal cysts that are a feature of FAR are perhaps a 

consequence of dysfunctional ectoderm-mesoderm interactions involved in the 

induction of hair follicles, so dysregulation of tissue patterning at key developmental 

stages may have neoplastic consequences later in life depending on tissue context. A 

possible approach would be to generate of a transgenic mouse that contains a null 

allele, which is under inducible control. So that the lethality of homozygous APC 

mutation could be examined. The loss of APC could then be studied in a 

developmental stage specific manner, e.g. the window of susceptibility to adenoma 

formation could be better studied.

This thesis has presented limited analysis of duodenal data. Duodenal polyps and 

desmoids are major sources of mortality and morbidity in FAR. Patients may benefit 

from further analysis of these features.

3. Summary

Having established how phenotype depends on germline APC genotype, this thesis 

has provided evidence that supports the hypothesis that modifier genes act to alter the 

severity of colonic FAR. Two plausible candidates genes, (A/A 72 and GSTp) have been 

suggested. Variation has been found within families, microscopically, macroscopically 

and also in the pattern of somatic inactivation of APC. Given that sporadic CRG has a 

partly heritable component and that modifier genes have found in animal models of 

FAR, I think it is reasonable to conclude that modifier genes operate in human colonic 

FAR.
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Post Ph.D. viva addenda

Following the viva examination (March 31 2003) my examiners asked for various points to be clarified. 
They are contained in this appendix; typographic errors have been directly amended in text.

1. Publications arising from my research that this thesis was generated from.
The following articles have been published in peer reviewed journals:

Explaining differences in the severity o f FAP and the search for modifier genes.
Houlston R, Crabtree MD, Phillips RKS and Tomlinson IPM 
GUT 48: 1-5; 2001

Variability in the severity o f colonic polyposis in FAP results from differences in 
tumour initiation rather than progression and depends relatively little on patient age. 
Crabtree MD, Tomlinson IPM, Talbot IC and Phillips RKS 
GUT 49: 540-543; 2001

Explaining variation in familial adenomatous polyposis: relationship between genotype 
and phenotype and evidence for modifier genes
Crabtree MD, Tomlinson IPM, Hodgson SV, Neale K, Phillips RKS, Houlston RS 
GUT 51:420-423:2002

Mutation cluster region, association between germline and somatic mutations and 
genotype-phenotype correlation in upper gastrointestinal familial adenomatous polyposis 
Groves C, Lamlum H, Crabtree M, Williamson J,Taylor C, Bass S, Cuthbert-Heavens D, 
Hodgson S, Phillips R, Tomlinson I.
American Journal o f Pathology 160:6 2055 - 2061

Whole-gene APC deletions cause classical familial adenomatous polyposis, but not 
attenuated polyposis or "multiple" colorectal adenomas
Sieber OM, Lamlum H, Crabtree MD, Rowan AJ, Barclay E, Lipton L, Hodgson S, 
Thomas HJ, Neale K, Phillips RK, Farrington SM, Dunlop MG, Mueller HJ, Bisgaard ML, 
Bulow S, Fidalgo P, Albuquerque C, Scarano MI, Bodmer W, Tomlinson IP, Heinimann K 
Proc Natl Acad Sci USA 99: 5 2954 - 2958

Refining the relationship between 'first hits' and 'second hits' at the APC locus: the'loose fit' 
model and evidence for differences in somatic mutation among patients with FAP.
MD Crabtree, OM sieber, L Lipton, SV Hodgson, H Lamlum, HJW Thomas, K Neale, 
RKS Phillips, K Heinimann, IP M  Tomlinson 
Oncogene (in press)

2. Acknowlegements 

Polyp number estimation
It has been standard practice at St Mark's Hospital to estimate polyp number in resected colonic FAP 
specimens since the early 1970s. Polyp counting began before this on an ad hoc basis. This is done using 
an area-template method (9cm sq.) and then correcting for colon dimensions. I did not estimate the polyp 
numbers myself. Dr H Bussey and Dr B Morson performed much o f the original counts; other 
pathologists have continued their work. Some o f the polyp counts were used directly by Dr Bussey for his 
seminal work [1].

Duodenal severity estimation
The estimation of duodenal severities were made by the endoscopy staff o f St Mark's hospital. They used 
the method of [2].

3. Patient population data for the genotype-phenotype studies

The table below lists the patient data used for the genotype-phenotype correlation study. APC mutation 
position "0" means that the causative mutation had not been identified. Sex code: 2 female, I male.
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Identity
reference

Colon
length

Colon
polyp
count

APC
mutation
position

Sex Age at 
operation

4iv 2 140 1550 0 1 24.2
4lv 3 120 1400 0 1 26.4
4 iv 4 84 800 0 2 33.4
4iv 5 108 400 0 1 20.8
4iv 7 95 1230 0 2 37.0
4 V 8 58 112 0 1 19.0

10 111 19 110 700 1660 1 50.7
10 111 24 95 104 1660 1 41.5
10 iv 21 145 870 1660 2 24.6
10 iv 22 120 950 1660 1 42.3
10 iv 27 112 225 1660 1 17.6
10 iv 43 125 400 1660 1 25.7
10 iv 47 88 1400 1660 1 26.0
10 iv 48 70 800 1660 2 21.2
10 V 22 100 260 1660 2 19.3
10 V 29 96 2130 1660 1 31.8
10 V 43 76 400 1660 2 18.5
10 V 63 90 78 1660 2 18.8
12 iii 2 90 7150 3927 1 32.5
18 iii 1 120 325 847 2 25.2
18 iv 1 91 586 847 2 25.2
19 iv 1 100 5000 3927 1 18.8
19 V 3 86 2750 3927 2 15.9
19 V 4 100 3500 3927 1 17.4
19 V 9 94 7500 3927 1 14.6
19 V 11 101 3500 3927 1 12.9
19 V 12 116 5000 3927 1 13.2
19 V 13 99 3600 3927 2 15.0
41 V 1 105 5000 3927 2 14.6
41 V 3 110 4200 3927 1 13.0
42 Vi 2 70 2750 3927 1 13.2
50 iii 1 95 500 1240 2 34.3
50 iv 1 75 539 1240 1 18.6
50 iv 3 60 250 1240 1 20.4
53 iii 2 85 490 2684 2 18.4
54 ii 9 60 534 3394 1 47.5
54 iii 2 120 400 3394 1 28.3
54 iii 3 102 500 3394 1 29.2
54 iii 6 104 1500 3394 1 29.0
54 iii 9 90 485 3394 2 20.4
54 iii 10 98 550 3394 2 23.1
54 iv 11 92 590 3394 1 18.1
54 iv 14 60 3820 3394 2 20.8
57 iii 5 105 1700 0 1 14.4
57 iii 6 108 300 0 1 17.5
60 ii 2 65 1210 3183 1 28.7
60 iii 1 112 750 3183 1 32.3
60 iii 2 108 500 3183 2 31.6
60 iii 5 120 800 3183 1 18.9
60 iv 3 89 589 3183 1 18.9
63 iv 2 100 900 0 1 18.3
63 iv 4 92 500 0 2 21.2
70 iii 2 100 500 3682 2 18.9
70 iii 4 108 550 3682 1 17.5
70 iii 5 110 650 3682 1 17.8
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75 iii 4 59 450 3254 2 18.3
79 iv 2 110 180 3609 1 19.7
79 iv 6 107 120 3609 2 16.9
79 iv 7 107 800 3609 1 20.3
82 iv 4 105 800 694 2 19.1
82 V 16 53 955 694 2 19.0
84 ii 2 105 4500 4221 2 19.7
84 ii 3 104 3500 4221 1 17.8
84 iii 1 63 3000 4221 1 14.0
86 iv 2 90 1440 3927 1 21.7
86 V 1 98 1000 3927 2 15.4
86 V 2 117 3000 3927 1 14.1
93 iii 2 100 1200 3183 2 36.1
93 iv 3 88 400 3183 2 19.4
94 iii 2 105 630 0 1 36.4
94 iii 3 90 2550 0 2 32.3
94 iv 7 104 2000 0 1 16.3
97 iii 5 108 275 2291 2 18.0

100 iii 1 115 800 3201 1 19.8
100 iii 2 102 234 3201 1 18.7
100 iv 1 112 500 3201 1 17.5
100 iv 2 95 300 3201 1 16.5
100 iv 5 95 920 3201 2 19.1
136 iv 2 39 738 646 2 49.3
136 V 1 91 1375 646 2 24.8
136 V 2 88 842 646 2 23.3
136 V 13 60 868 646 1 27.2
152 iv 5 125 400 3183 1 29.7
152 iv 6 101 1400 3183 1 27.1
152 iv 7 100 700 3183 1 26.1
152 V 5 75 707 3183 2 18.0
152 V 6 53 285 3183 2 16.1
152 V 14 112 950 3183 2 25.3
152 V 16 88 230 3183 2 21.2
152 Vi 1 90 285 3183 2 16.1
156 iv 2 89 1070 1690 2 24.8
183 iii 3 95 520 3462 1 23.1
205 iii 4 80 4000 3927 2 17.2
212 ii 5 105 2500 3391 1 31.1
212 iii 13 102 400 3391 2 18.2
212 iii 14 104 900 3391 2 15.5
212 iii 16 73 540 3391 1 16.1
225 iii 5 107 650 1951 2 23.9
225 iii 6 115 500 1951 2 22.2
230 iii 2 117 800 3183 1 37.8
230 iii 3 95 900 3183 1 27.5
230 iv 2 116 800 3183 1 27.0
236 Vi 10 99 85 0 2 23.1
236 Vi 11 85 1425 0 2 15.0
244 ii 3 107 2600 0 1 39.8
244 iii 6 102 500 0 1 20.6
244 iii 8 96 350 0 1 16.6
244 iii 9 115 500 0 1 18.9
244 iv 3 90 1890 0 2 17.3
244 iv 10 95 1700 0 2 14.1
271 iv 1 132 900 847 1 16.1
272 iii 5 103 2250 3863 1 20.3
272 iv 3 76 1498 3863 1 18.1
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272 iv 4 87 6082 3863 1 14.8
274 II 2 110 73 3249 1 45.8
274 III 3 114 800 3249 1 18.7
274 ill 4 80 350 3249 2 23.9
274 iv 1 76 1133 3249 2 19.2
274 iv 2 69 86 3249 2 21.3
292 iii 1 112 6000 3927 1 15.8
292 iii 3 117 4000 3927 2 13.5
293 iii 2 87 1200 3927 1 14.7
295 iv 4 84 3000 3927 1 14.7
304 ii 3 126 3000 3976 1 42.4
319 iii 1 58 250 0 1 36.0
348 iii 4 98 1800 3183 1 55.9
348 iv 2 99 700 3183 1 28.7
350 iii 2 65 1000 1753 1 43.7
352 ii 7 80 1300 1485 1 46.6
352 ii 11 115 1600 1485 1 29.7
352 iii 12 81 1370 1485 1 32.2
352 iii 13 79 448 1485 2 25.6
353 ii 6 110 1300 3203 1 33.7
353 iii 4 66 500 3203 2 20.7
353 iii 5 65 400 3203 2 14.4
353 iii 8 112 1262 3203 2 14.6
362 iii 3 100 3500 3907 2 16.7
362 iii 4 92 4500 3907 2 13.3
367 iii 3 81 800 0 1 30.2
367 iv 4 99 1899 0 1 18.2
382 iii 3 124 1200 2387 1 36.8
382 iv 4 82 3142 2387 1 25.2
389 iv 3 60 3299 3875 2 15.5
391 1 1 100 1000 3183 2 43.4
391 ii 1 61 300 3183 1 20.9
391 ii 3 97 800 3183 1 28.3
391 ii 4 66 150 3183 2 17.8
391 ii 5 98 1282 3183 1 21.6
391 iii 1 83 305 3183 2 15.0
396 iii 5 115 2200 0 1 48.4
396 iii 7 95 1750 0 2 49.6
405 ii 1 114 300 2907 2 31.0
421 iv 10 82 2585 697 2 42.4
421 iv 12 109 1362 697 1 39.3
421 iv 20 96 3465 697 2 36.8
421 iv 21 117 3760 697 2 34.5
421 V 6 98 1626 697 2 20.3
421 V 13 68 996 697 1 21.0
421 V 14 71 2770 697 2 22.0
421 V 15 65 1175 697 2 18.3
421 V 16 68 740 697 1 16.2
426 iii 1 104 3500 3927 1 16.0
427 iv 1 97 4500 0 1 16.6
427 iv 2 77 2500 0 1 15.6
430 iv 1 120 855 4392 1 22.5
430 iv 2 100 368 4392 2 18.9
434 ii 2 100 1200 3440 1 41.0
434 iii 1 99 500 3440 1 19.8
443 iii 3 81 892 0 2 41.5
443 iii 4 82 876 0 2 47.5
446 iii 3 95 750 1355 2 22.6
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446 iii 4 87 500 1355 2 21.2
446 iv 6 88 1013 1355 2 16.8
456 iv 1 80 750 1906 1 21.1
458 V 3 64 5000 3927 2 16.7
461 iv 10 102 644 1355 1 17.5
467 iii 6 90 250 2388 2 14.7
468 iii 5 83 2660 4175 1 28.8
480 iii 1 105 1000 1469 2 26.1
487 iii 10 103 3000 3183 1 24.6
493 iii 1 98 2000 4226 1 34.9
495 ii 2 71 2000 543 2 53.9
497 ii 1 108 700 3581 1 29.3
497 ii 4 62 200 3581 1 25.5
501 iii 2 96 1700 4392 1 38.2
501 iv 4 52 500 4392 1 17.8
501 iv 5 96 425 4392 1 19.1
501 iv 6 52 464 4392 1 18.1
514 Vi 3 93 300 847 1 16.4
519 iii 6 90 2300 1333 1 32.9
520 iii 1 116 900 3183 2 19.5
520 iii 2 83 326 3183 1 17.8
523 V 4 136 3000 694 2 41.4
523 Vi 7 113 900 694 1 24.2
525 iii 1 90 100 3596 2 19.7
527 ii 4 72 3000 0 2 64.3
527 iii 6 78 1735 0 1 25.2
531 iv 1 105 1500 3781 1 34.5
536 iii 1 87 1200 739 1 28.7
548 iii 1 77 1293 0 2 20.1
548 iii 2 75 660 0 1 17.0
554 iii 2 110 1077 509 1 59.7
554 iv 2 101 1357 509 2 33.1
554 iv 4 92 1258 509 1 28.5
561 iii 1 113 1954 1495 1 30.6
564 iii 2 87 2790 3969 2 17.6
565 iv 2 100 3198 3532 1 35.8
576 iv 1 76 344 1841 1 17.2
590 iii 5 93 1075 0 2 54.7
590 iii 6 80 900 0 2 48.7
590 iv 18 95 223 0 2 27.8
590 iv 22 64 660 0 1 26.3
597 iv 1 88 801 2307 2 20.5
600 iii 6 93 123 0 2 36.2
600 iii 7 81 1560 0 1 25.1
610 V 1 91 4339 3927 2 34.7
610 Vi 1 63 460 3927 2 17.5
613 iv 1 97 2130 664 1 25.7
613 iv 3 104 1200 664 1 20.4
615 V 1 94 1290 1129 1 32.4
620 iii 3 100 2875 0 1 38.0
620 iv 1 65 420 0 2 14.2
622 V 2 81 780 3164 2 19.0
634 iv 2 104 4020 3186 1 46.2
634 V 5 104 1070 3186 2 13.5

4. Comment on the reproducibility o f the data
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Polyp number estimations.

A number o f different pathologists have estimated the polyp number over the years. Therefore, there is a 
possibility that inter-observer error may influence the data. The graph (below) shows the relationship 
between year o f operation (abscissa) and colonic polyp severity (ordinate). Linear regression over the 
whole period is non-significant (r =  0.066, P =  0.32), as is linear regression i f  the pre-1970 data is 
excluded (r =  0.071, P = 0.30). The data appears to become more variable with time but this is likely to be 
a function in the increasing number observations being made on a year-on-year basis.
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5. Photographs

The final thesis contains colour photographs as requested.

6. Chapter 6; The number o f crypts counted.

Appendix 6.1 indirectly lists the number o f colonic crypts counted as the columns headed 
"Adenoma/crypt ratio" and "Microscopic polyp count". A  revised table is listed below with the number 
o f colonic crypts directly stated.

Mutation
Position

Identification
number

Sex Age Op. Adenoma/ 
crypt ratio

Crypts
counted

Microscopic 
polyp count

Macros
copie
polyp
count

Unknown u m 24 IRA 0.0109 4128 45 1400
Unknown 2t m 26 IRA 0.0167 5509 92 1550
Unknown n f 36 IRA 0.01701 1235 21 1230
Unknown 4t f 33 IRA 0.01121 4014 45 800
Unknown 5t m 20 IRA 0.00677 1625 11 400
CI660T 6Î f 19 IRA 0.00333 4546 15 400
C1660T 7t m 31 IRA 0.01038 674 7 2130
5bpA1309 8 f* m 13 IRA 0.02102 3996 84 3500
5bpAI309 9 f* m 17 IRA 0.04942 3035 150 3500
1240 InsC 10Î m 18 IRA 0.001879 5322 10 539
1240 InsC lU m 17 IRA 0.001307 2295 3 250
2684 C:G 12 f 19 IRA 0.00634 2050 13 500
2684 C:G 13t f 20 IRA 0.00544 1654 9 585
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Exon 15 14t m 21 IRA 0.00598 11204 67 550
Exon 15 15t m 32 IRA 0.008164 3307 27 750
Exon 15 16Î m 18 IRA 0.007196 3335 24 800
Exon 15 17Î f 31 IRA 0.007478 3744 28 500
Unknown 18t* f 21 IRA 0.00855 3860 33 500
Unknown 19t* m 17 IRA 0.00832 1563 13 960
Exon 15 20$ m 17 IRA 0.00822 4866 40 650
Exon 15 21$ f 17 IRA 0.005417 3507 19 500
4bpA3254 22+ m 18 IRA 0.00796 1507 12 500
4bpA3254 23+* f 17 IRA 0.00253 2767 7 450
Unknown 24* m 14 IRA 0.04298 3327 143 3000
Unknown 25$* f 14 IRA 0.02671 2658 71 1000
Unknown 26$* m 14 IRA 0.02153 4134 89 3000
1951 InsG 27+ f 21 IRA 0.00859 3376 29 500
1951 InsG 28+ f 23 IRA 0.00689 5080 35 650
C697T 29 m 16 IRA 0.00283 2827 8 740
Unknown 30 m 26 IRA 0.004514 665 3 660
Unknown 31 m IRA 0.0110 727 8 840
5bpA1309 32$ f 15 IRA 0.01737 3800 66 2750
5bpA1309 33$ m 14 IRA 0.0387 3127 121 7500
5bpA1309 34$ f 14 IRA 0.02629 3728 98 3600
5bpA1309 35+ m 13 IRA 0.0377 3607 136 5000
5bpA1309 36+ m 12 IRA 0.0293 3857 113 4200
5bpA1309 37$ f 14 IRA 0.03377 5389 182 5000
5bpA1309 38$ f 13 IRA 0.0226 1593 36 2750
Exon 15 39+ m 28 IRA 0.005308 3956 21 500
Exon 15 40+ m 29 IRA 0.0158 5253 83 1500
5bpdl309 41 m 14 IRA 0.0147 3265 48 2250
5bpA1309 42 m 14 IRA 0.0421 2399 101 3000
5bpA1309 43 f 17 IRA 0.06515 1719 112 5000
Unknown 44 f 17 IRA 0.019670 1181 74 460

7. Robustness o f modifier data

The modifier data should be viewed as preliminary in the sense that the relationships identified should be 
confirmed in a larger independent data set. The identified relationships are strongly influenced by prior 
belief about the effects o f the different types o f APC mutation. To demonstrate effects I had to subgroup 
data a process that is potentially vulnerable to random error, although there may be strong a priori 
reasons for doing so. I felt that from a statistical point o f view I had analysed the data as far as possible. I 
did not, for example, pursue the possibility o f modifier-modifier genotype interactions on the severity o f 
colonic polyposis. In summary, I am scientifically cautious about the results o f Chapter

1. Bussey, H.J.R., Familial polyposis coli.family studies, histopathology, differential diagnosis and 
results o f treatment. 1975, Baltimore; John Hopkins University Press. xiii,104.

2. Spigelman, A.D., et al.. Upper gastrointestinal cancer in patients with fam ilia l adenomatous 
polyposis. Lancet, 1989. 2(8666): p. 783-5.
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