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Abstract

The Adenomatous Polyposis Coli (4PC) tumour suppressor gene is known to be mutated
or deleted in the early stages of the majority of sporadic colorectal cancers, and is thought
to initiate neoplasia when its mutation leads to uncontrolled intra-cellular levels of the
oncogene P-catenin. Germline mutation of APC gives rise to Familial Adenomatous
Polyposis (FAP), a pre-neoplastic syndrome characterised by the development of multiple
intestinal polyps, one or more of which invariably becomes malignant. Extra-intestinal

manifestations of this disease include potentially fatal fibromatoses (desmoids).

The Min/+ mouse is a murine model of FAP with an homologous germline mutation of
Apc. Tt also develops multiple small intestinal polyps and a smaller number of colorectal

tumours. However, it does not develop desmoid tumours.

Corrective gene therapy for cancer has now reached the stage of human clinical trials,
most based on replacement of wild type (WT) p53 function in advanced cancers that
show mutation or loss of this tumour suppressor. In the case of FAP, it has been
postulated that local replacement of WT APC may decrease the incidence or rate of
growth of intestinal polyps (and possibly desmoid tumours) by restoration of 'normal' -

catenin degradation.

This project studied in vivo transfer of APC into the gut of Min/+ and WT mice. The
safety of this treatment was demonstrated, and transgene expression was seen to correlate
with a decrease in intestinal B-catenin levels. Intra-peritoneal transfer of APC into WT
mice was also performed. This revealed high level transgene expression in tissues known

to give rise to desmoid tumours in human disease.

These promising preliminary results in model systems will have to be confirmed in
humans, and advances which improve the efficiency of transfection incorporated, before

Phase I human trials of 4PC gene therapy can be considered.
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Chapter 1

Introduction and Historical Review
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This project investigates the in vivo efficiency and clinical and molecular ‘effects of
transfer of the human tumour suppressor gene Adenomatous Polyposis Coli (APC) into an
animal model of Familial Adenomatous Polyposis (FAP). FAP is a pre-neoplastic
condition caused by germline mutation or loss of the APC gene. In the absence of
prophylactic surgery it invariably gives rise to colorectal cancer. FAP is also widely used

as a model for the genetic changes underlying sporadic colorectal carcinogenesis.

The introductory chapter gives an overview of the genetic basis of colorectal carcinoma,
focusing largely on FAP as a disease model. The APC gene and its protein product are
then discussed along with possible mechanisms of action. f—catenin, the protein that
appears to be an important effector of 4PC mutations, is the main focus of this section.
The Min/+ mouse model of FAP is then described along with other murine models of
colorectal cancer. Finally the basic concepts of gene therapy are covered, concentrating

on lipofection, the route of administration used in this project.

1.1 Colorectal Cancer

Colorectal cancer (CRC) is an extremely common cancer. The most recent international
figures show that over 783,000 new cases were diagnosed in 1990, and the annual death
rate attributable to CRC is approximately 394,000 (Boyle and Langman, 2000). If
diagnosed in the early stages tumours may be removed surgically with minimal morbidity
and mortality. However, presentation with late stage disease is common and the prognosis
for these patients has hardly altered over the last 30 years with only a 37% overall 5 year
survival (Black et al., 1993). This makes CRC the second largest cause of death due to
cancer after lung cancer. Improvements in chemotherapy, radiotherapy or surgery to date
have done little to affect these statistics, but it is hoped that a better understanding of the
underlying disease processes will lead to more effective intervention.
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There are at least two paths by which a 'normal' colonic epithelial cell can enter the
neoplastic process. The most common route or ‘classical' route is the adenoma-carcinoma
sequence where loss or mutation of the tumour suppressor gene Adenomatous Polyposis
Coli (APC) initiates the neoplastic process, and it gathers pace with the accumulation of
other mutations in vital proto-oncogenes including K-ras, deleted in colorectal cancer
(DCC) and p53 (Fearon and Vogelstein, 1990) (See Figure 1). These tumours are
invariably aneuploid with gross chromosomal abnormalities and loss of many randomly
chosen alleles (Aaltonen et al., 1993, Bocker et al., 1996). The rate-limiting step along the

pathway is probably the initiation of the adenoma.

In contrast, 10-15% of CRCs have a grossly normal cytogenetic profile but on closer
inspection they demonstrate microsatellite instability (MSI), a marker for generalised
genetic instability. They acquire mutations in the same oncogenes but in a more subtle
way, generally through errors of replication (Aaltonen et al., 1993, Bocker et al., 1996,
Huang et al., 1996). Once the process has started these replication error positive (RER+)
tumours appear to acquire new mutations at an increased rate and move rapidly from an

adenoma to a carcinoma.

There are two major inherited forms of CRC, Familial Adenomatous Polyposis (FAP) and
Hereditary Nonpolyposis Colorectal Cancer (HNPCC), accounting for 1% and 6% of all
colorectal cancers respectively. They are both a‘utosomal dominantly inherited disorders
but the underlying genetic abnormalities are very different. FAP is due to a germline
mutation in the APC gene and HNPCC is linked to germline mutations in mismatch repair
(MMR) genes, important in maintaining fidelity in the replication of DNA. Although it is
an oversimplification, FAP could be considered as disease of tumour initiation whereas

HNPCC leads to an accelerated rate of tumour progression once an initiating event has
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occurred. In depth study of these genetically defined disorders should eventually provide
a better understanding of the pathogenesis of the majority of sporadic CRC and
prophylactic therapy initially aimed at FAP or HNPCC kindreds may be applicable to

others at increased risk of colorectal cancer.

1.2 Familial Adenomatous Polyposis

1.2.1 Incidence and Characterisation of Disease

According to the Danish FAP Register, the mean annual incidence of FAP was 1.85 per
million taken over the period 1971 to 1992, with a prevalence of 32 per million by the end
of this period (Bulow et al,, 1996). The completeness of registration in Denmark is
remarkably high, 97%, so these are likely to be true population statistics for Western
Europe. FAP affects both sexes equally and is characterised by the development of
hundreds to thousands of adenomatous polyps throughout the colon and rectum in the
second and third decades of life. The diagnosis is confirmed by histological identification
of at least 100 adenomatous polyps (Bussey, 1975), although attenuated forms of disease
with a reduced level of polyposis in the presence of a causative germline mutation are

now recognised (Spirio et al., 1993).

Once initiated, each adenoma progresses individually along the adenoma-carcinoma
sequence (Fearon and Vogelstein, 1990) (See Figure 1). Without treatment an affected
individual will inevitably develop at least one colorectal carcinoma. A small proportion of
affected families (approximately 10%) have an attenuated or atypical form of the disease
where the colonic polyp load is decreased and the progression to malignant disease in the
large bowel occurs at a later age (Spirio et al., 1993, Philips et al., 1994, Campbell et al.,

1994).
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However, FAP is not just a pre-neoplastic disease of the colon but a genetically defined
multitumoural syndrome. Upper gastrointestinal tract polyps are common. Fundic gland
polyps (seen in 40% of patients) are generally benign hamartomas, but antral and
duodenal adenomas (affecting 5-10% or 90% of patients respectively) are adenomatous
polyps that carry a risk of progression to frank malignancy (Spigelman et al., 1989).
Indeed, following prophylactic removal of the colon, peri-ampullary carcinoma is one of

the two commonest causes of death in FAP (Arvanitis et al., 1990).

Extraintestinal manifestations of disease include osteomas (75%), congenital hypertrophy
of the retinal pigment epithelium (CHRPE) (75%), epidermoid cysts (50%), dental
anomalies (17%) and desmoid tumours (10-15%) (Regillo et al., 1993, Clark and Phillips,
1996, Gurbuz et al., 1994). Desmoid tumours (described below) are the other leading
cause of morbidity and mortality in patients with FAP following colectomy (Arvanitis et
al., 1990). Rare conditions are also described in association with FAP, including brain
tumours (Turcot et al., 1959), hepatoblastoma (Giardiello et al., 1992) and papillary
carcinoma of the thyroid (Plail et al., 1987). Although uncommon these too can be fatal in

affected individuals.

1.2.2 Management of FAP

In order to address controversial issues in the management of FAP, the Leeds Castle
Polyposis Group was set up in 1985 (Northover, 1987). This is an international
organisation made up of specialists with a particular interest in FAP, including surgeons,
gastroenterologists and geneticists. The group meets biennially to discuss research and

formulate management plans.
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At a national or regional level the care of subjects with FAP and their families is
generally organised within the context of a register of affected kindreds. Pedigrees are
drawn up around an index case and treatment protocols are set out for affected patients as

appropriate.

1.2.2.1 Colorectal Disease

The treatment of choice of the colon and rectum in FAP is prophylactic surgery between
the ages of 15 and 25 years. There are three main surgical options; a sub-total colectomy
with an ileorectal anastomosis (IRA), a pan-proctocolectomy with a terminal ileostomy
(PPC), or a restorative proctocolectomy with formation of an ileo-anal pouch (RPC).
Opinion has been divided as to best course of action but the majority of surgeons favour

an [RA in the first instance (Vasen et al., 1999).

An IRA is a single stage procedure with a low complication rate and negligible effect on
continence in a previously healthy group of young patients. However, it does leave 'at
risk' rectal mucosa which needs to be kept under surveillance and may require further
surgery at a later date. In contrast, RPC is often a two or three stage procedure with a
higher rate of complications, including permanent impairment of continence, intestinal
obstruction and pouch sepsis or dysfunction. Any of these can ultimately necessitate
removal of the pouch and formation of a permanent ileostomy (Keighley et al., 1993).
PPC is still performed when it is necessary to remove the rectum but it is undesirable to

restore continuity.

Where IRA is the primary operation, patients have an overall cumulative risk of
approximately 30% of developing rectal carcinoma by the age of 60 years (Nugent and

Phillips, 1992). Therefore regular endoscopic surveillance of the rectum is performed at
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3-12 monthly intervals, dependant upon the number, size and level of dysplasia of the
polyps. Disease progression signals the need for further surgery in the form of a semi-
elective proctectomy and either ileo-anal pouch formation or creation of a terminal
ileostomy. At the moment non-steroidal anti-inflammatory drugs (NSAIDS) are the only
useful adjuvant treatment for patients with enlarging rectal polyps (Nugent et al., 1993a,
Steinbach et al., 2000). The possibility of adding in corrective gene therapy to further

reduce the rate or incidence of polyp progression is tantalising.

1.2.2.2 Duodenal Disease

The management of upper GI polyps is a controversial issue. Local ablation with laser or
argon plasma coagulation therapy is used. However there is no firm evidence that these
confer a survival benefit. Surgery is a significant undertaking, traditionally associated
with considerable morbidity. The options are a pancreas-sparing duodenectomy or a

pylorus preserving pancreatico-duodenectomy (Vasen et al., 1999).

In less aggressive disease NSAIDS have been shown in clinical trials to reduce duodenal
epithelial cell proliferation and encourage polyp regression (Nugent et al., 1993a).
However, any additional prophylactic or therapeutic intervention to deter polyp
progression would be beneficial. This is another potential role for APC corrective gene

therapy in FAP.

1.2.2.3 Desmoid Disease

Desmoid tumours are benign fibromatoses arising in musculoaponeurotic tissues. They
can be aggressive in their infiltration and compression of surrounding structures, leading
to considerable morbidity and even mortality. Desmoid disease is unusual in the general

population but is a well-recognised extra-intestinal manifestation of FAP, affecting
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approximately 10% of patients, with subclinical disease present in an even greater
percentage (Clark and Phillips, 1996). The majority of desmoids in FAP are intra-
abdominal (70%), and of these 40-50% arise in the mesentery (Einstein et al., 1991,

Soravia et al., 2000)

Desmoids raise possibly the most difficult management decisions in FAP. Surgery
provides temporary alleviation of local symptoms, especially for abdominal wall tumours.
However, intra-abdominal surgery for desmoids is hazardous and is thought to be an
initiating factor in their development (Clark et al., 1999, Soravia et al., 2000). Thus it is
generally reserved for relief of obstruction or treatment of perforation. Radiotherapy may
be beneficial in decreasing post-operative recurrence rates, especially in extra-abdominal
disease (Nuyttens et al.,, 2000, Ballo et al., 1999). However, radiosensitivity of the
intestinal tract has limited its use for intra-abdominal desmoids. Medical treatment with
NSAIDS or oestrogenic compounds (such as tamoxifen) may be beneficial (Wilcken and
Tattersall, 1991, Tsukada et al., 1992) and in some cases advanced disease has been
effectively treated with combination cytotoxic chemotherapy (Skapek et al., 1998, Patel et
al., 1993). However, chemotherapy has significant side effects without a guarantee of

cure or remission.

Since it has been demonstrated that desmoids in FAP, like the intestinal adenomas, are
clonal neoplasms arising from germline mutation or loss of one APC allele and somatic
mutation or loss of the second allele (Dangel et al., 1994, Palmirotta et al., 1995, Miyaki
et al, 1993), it is possible that corrective gene therapy could offer a new form of

prophylaxis and/or treatment.
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1.2.3 Survival in FAP

In a single centre study, survival of 161 FAP patients diagnosed with colorectal
carcinoma was compared to that of 2,035 patients with sporadic colorectal cancer
matched for age, sex, stage and tumour location. There was no statistically significant
difference in survival between the two groups (Bertario et al., 1999). Other studies have
confirmed this result (Aarnio et al., 1998). This seems logical as the inherited APC
mutation predisposes to adenoma formation at an early age but subsequent events appear

to proceed in a similar fashion to those recorded in sporadic disease.

However, CRC is not the only cause of early death in individuals with FAP. Indeed,
retrospective life table analysis of over 200 individuals with FAP (who had undergone
IRA) demonstrated a relative mortality rate in excess of 3 when compared to the general
population (Nugent et al., 1993b). The three main causes of death were upper GI

malignancy, desmoids and perioperative complications.

1.3 The APC Gene in FAP

The APC gene was identified and sequenced in 1991 (Nishisho et al., 1991, Kinzler et al.,
1991, Groden et al., 1991). It is situated at Chromosome 5q21-22. The gene is large,
being composed of approximately 100,000 bp. Following transcription, the mRNA is still
almost 10,000 bp long and made up of 15 exons (Groden et al., 1991). The largest of
these is exon 15, corresponding to codons 900 to 1600. Over 300 different germline
mutations have been identified in FAP kindreds to date (Beroud and Soussi, 1996) (see
Figure 2). The majority of clinically significant mutations have been localised to codons
1055-1309 in the 5' half of exon 15 (Miyoshi et al., 1992a, Nagase and Nakamura, 1993),
although classical FAP is known to be associated with mutations as far 5' as codons 168

to 170 in exon 4 (Olschwang et al., 1993a, Fodde et al., 1992). Germline mutations
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occurring in more 5' and 3' positions within the gene are less common and often

associated with milder colonic disease (as discussed below).

Studies have demonstrated that the germline mutations underlying FAP are generally
short insertions, deletions or single nucleotide substitutions in the APC gene. The
majority of the single base changes occur at cysteine (C) residues, when C is converted to
another base. These mutations tend to produce an inappropriate stop codon leading to
premature truncation of the protein product (Nagase and Nakamura, 1993). To date, the
most common mutations responsible for classical FAP are a Sbp deletion at codon 1309
(5-9%), a Sbp deletion at codon 1061 (5%), and a 4bp deletion at codon 1068 (2.5%)
(Mandl et al., 1994, Nagase and Nakamura, 1993). However, novel mutations continue to
be identified (Monakov et al., 1998, Delatycki et al., 1998, O'Sullivan et al., 1998) and it
is becoming increasingly clear that even the frequency of common mutations varies with

the population studied (Schnitzler et al., 1998).

1.3.1 Genotype-Phenotype Correlation

Phenotypic heterogeneity is seen both between and within FAP kindreds. The strongest
genotype-phenotype correlation is seen with classical FAP mutations, for example
mutations at codon 1309 are almost always characterised by aggressive disease, with the
development of a large number of polyps at a young age (Caspari et al., 1994, Mandl et

al., 1994).

In contrast, other mutations give rise to more variable extracolonic manifestations of
disease with a relative oligopolyposis. Mutations 5' of codon 157 in exon 4 were the first
to be described as giving rise to ‘attenuated adenomatous polyposis’ (AAPC) with under

100 colonic polyps and a late onset of colorectal disease (Spirio et al., 1993). It rapidly
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became clear that, despite identical germline mutations, the number of colonic polyps and
the incidence and severity of other tumours showed a striking variation within each
AAPC kindred (Giardiello et al., 1997). Similarly, although relatively few mutations have
been recorded in the most 3' third of the APC gene, codons 1896 to 2844 (Beroud and
Soussi, 1996), those which are recognised also give rise to an attenuated polyposis
phenotype with variable expression of extra-intestinal features (Friedl et al., 1996, van der
Luijt et al., 1996, Brensinger et al., 1998, Gardner et al., 1997). Occasional constitutional
mutations in the alternatively spliced portion of exon 9 are another group of germline
mutations known to give rise to less florid colorectal disease (van der Luijt et al., 1995).
The reason for colonic disease attenuation in all of these mutations appears to lie in their

effect on the protein product of the APC gene (as discussed below).

The retinal lesion CHRPE, is associated with truncating mutations stretching from codon
413 in exon 9 upto codon 1387 or 1444 in exon 15. More 5' mutations are not associated

with CHRPE (Olschwang et al., 1993b, Davies et al., 1995) (see Figure 2).

Desmoid disease is strongly associated with mutations between codons 1445 and 1578,
i.e. in the region just 3' to that associated with retinal abnormalities. Whereas the overall
prevalence of desmoids is 4-13% in patients with FAP, almost all patients with mutations
within this region have early onset of severe desmoid disease and associated osteomas,
epidermoid cysts and upper gastrointestinal polyps (Caspari et al., 1995, Davies et al.,
1995), a combination of features sometimes known as Gardner Syndrome (Gardner and

RC, 1953, Gardner and Plenk, 1952).
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1.3.1.1 Applications to the management of FAP

Reliable genotype-phenotype correlation, allowing accurate disease prediction, would be
useful to guide specific patient surveillance and treatment protocols. At the moment this
is not possible, but certain guidelines have been suggested. For example, colonoscopic
rather than sigmoidoscopic screening is beneficial in kindreds with non-classical 5° or 3’
mutations where there is likely to be an increased frequency of oligopolyposis and rectal
sparing (Burt et al., 1995). Subjects within these families may also benefit from upper
gastrointestinal surveillance at an early stage, even before the development of colorectal

polyposis.

1.3.2 'APC Negative' FAP

Standard screening methods (single strand conformational polymorphism, direct DNA
sequencing and the protein truncation test) have failed to detect an 4PC mutation in
approximately 20% of kindreds clinically affected by FAP (Heinimann et al., 1998, van
der Luijt et al., 1997). Probands within these 'APC negative' families are generally
diagnosed at a greater age than their '4PC positive' counterparts and have a less severe

phenotype, similar to that of AAPC (Spirio et al., 1993, Heinimann et al., 1998).

However, monoallelic mutation analysis (MAMA) in these patients, revealed that the

majority have significantly reduced expression from one APC allele (Laken et al., 1999).

In the small group of individuals with FAP who still appear to be truly 'APC negative' it is
likely that gene mutations at unidentified distant loci produce a neoplastic phenotype
similar to that seen in FAP without the need for structural alteration in the APC gene.
Indeed, occasional AAPC-like families have been described where linkage studies have

definitively excluded the APC gene as the cause of disease (Stella et al., 1993).
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Heritable mutations in the -catenin gene (CTNNBI) or other members of the Wnt signal
transduction pathway (described below) may be able to substitute for germline 4PC
mutations. However, to date, mutation analyses of peripheral blood DNA extracted from
'APC negative' individuals (using SSCP and direct DNA sequencing) has failed to show
any hereditary alteration in the main contender, CTNNBI (Dobbie and Muller, 1999, Cao

et al., 1999).

1.3.3 Somatic APC Mutations in FAP

At birth every cell in an individual with FAP, or in a Min/+ mouse, is heterozygous for
mutant and WT alleles of APC or its murine homologue Apc respectively. However, only
a tiny percentage of these cells ultimately give rise to a tumour. One or more additional
somatic events are necessary for neoplastic progression. It has long been recognised that

the majority of tumours have mutation or loss of both APC alleles.

A study of 63 adenomas and carcinomas taken from a mixed population of FAP and
sporadic human colorectal tumours demonstrated that more than 80% had at least one
mutation in the APC gene and more than 60% showed mutation or loss of both alleles.
More than 75% of all the mutations occurred in exon 15. (Miyoshi et al., 1992b). A later
study of FAP adenomas as small as 3mm in size showed that over 40% of these adenomas
had mutation or loss of both APC alleles, whereas somatic K-ras mutations were rare in

tumours under 1cm in diameter (Ichii et al., 1993).
Circumstantial evidence has long suggested that certain germline 4PC mutations have a

selective advantage over others, and that the second somatic ‘'hit' is not a completely

random event:
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e The 'hotspot' for germline mutations in FAP (codons 1055-1309) occurs in a small
region of the gene overlapping that where the majority of somatic mutations in both
FAP and sporadic CRC are seen (codons 1286-1503, termed the Mutation Cluster
region or MCR).

e Mutations further 5’ or 3’ of this are not only less common but also generally give rise
to an attenuated disease phenotype (see Figure 2).

Indeed, a recent study supports the hypothesis that the somatic event required to initiate

tumourigenesis is pre-determined by the site of the germline APC mutation. Lamlum et al

looked at >200 adenomas from 26 FAP and AAPC kindreds with mutations in the first

half of the gene. Using a protein truncation test to identify 4PC mutation sites, over 78%

of adenomas with germline APC mutations at codons 1,296 or 1,309 showed allelic loss

of the wild-type allele, whilst under 4% demonstrated an exon 15 truncating mutation in

the second allele. In contrast germline mutations 5° of codon 1,194 or 3’ of codon 1,392

were rarely associated with allelic loss (under 2%) but approximately 30% of these

tumours carried a second somatic mutation in exon 15 (Lamlum et al., 1999). Thus it
appears that at least one mutation in the germline 'hotspot' or somatic MCR is required for

tumourigenesis

Somatic allelic loss (which can arise in a number of ways) is more likely to occur as a
random event than is a truncating mutation within a short specific sequence of exon 15.
Thus individuals with germline mutations within the 'hotspot' are more likely to develop a
second defect in APC than those with non-classical germline mutations who generally

need to acquire a somatic truncating mutation in the MCR.

In other words, mutations close to codon 1,300 have the strongest selection advantage in

intestinal epithelium. Those within the MCR but away from codon 1,300 are slightly less
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powerful, and the least genetically advantageous mutations are those outside the MCR.
Simple loss of function of APC is insufficient to explain this phenomenon. APC is a
complex protein with multiple roles. The strongly selected region of the APC gene in
colorectal neoplasia is the area known to be involved in the binding and degradation of

the B-catenin protein (discussed below).

Turning to desmoid disease in FAP, germline mutations between codons 1,445 and 1,578
are strongly associated with desmoid tumours (Davies et al., 1995, Caspari et al., 1995)
(see Figure 2). Lamlum et al also demonstrated that 11 desmoids with germline mutations
5’ of codon 1,400 were associated with truncating somatic mutations of APC distal to
codon 1,425. However 5 out of 6 desmoids with a more strongly selected germline APC
mutation 3’ of codon 1, 449 showed WT allelic loss (Lamlum et al., 1999). This mirrors
the results seen in colorectal tumours but suggests that loss or alteration of another

function of APC may be important in desmoid disease.

1.4 The APC Gene in Sporadic Colorectal Tumours.

Approximately 60% of sporadic colorectal adenomas and carcinomas contain a somatic
mutation of the APC gene. Over 48% of these tumours have abnormalities in both alleles
of APC (Powell et al., 1992). These mutations are similar in both type and position to the
germline and somatic mutations already described in FAP, being largely small insertions,
deletions or point mutations resulting in a frameshift and early truncation of the protein
product. In fact, two thirds of all somatic mutations in colorectal tumours taken from a
mixed population of FAP and non-FAP patients occur in a region covering only 8% of the
entire coding sequence of the gene, codons 1286-1513. This has been termed the
"Mutation Cluster Region' (MCR) (Miyoshi et al., 1992b). It overlaps with the 'hotspot' for
germline mutations in FAP (codons 1055-1309). (see Figure 2).
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APC mutations occur in the smallest of sporadic adenomas (under Smm in size), well
before k-ras mutations are commonly detected (Vogelstein et al.,, 1988), and they are
present at a constant frequency in tumours of increasing size and grade (Powell et al.,
1992). Identical APC mutations are also found in aberrant crypt foci (Smith et al., 1994).
These small areas of intestinal epithelium, with irregular glandular architecture but no

dysplasia, are thought to be the earliest precursors of adenomas.

1.4.1 APC Polymorphisms

Genetic polymorphism is the existence of genes in more than one form, each form being
maintained by the pressures of natural selection. Two important polymorphisms have

been described for the APC gene.

The APC 11307K polymorphism (where thymidine is converted to adenosine at codon
1307) occurs only in Ashkenazi Jews at a population incidence of 5-6%. Its incidence is
even greater in Ashkenazim CRC sufferers, and is as high as 28% in Ashkenazi Jewish
CRC patients with a family history of the disease (Laken et al., 1997, Rozen et al., 1999).
The polymorphism gives rise to an (A)s repeat in the MCR. Polyadenosine sequences are
prone to mutation and colorectal tumours occurring in individuals with this
polymorphism often have a somatic mutation of APC within the (A)s tract, generally
accompanied by loss of the wild-type allele (Gryfe et al., 1998). Thus, if APC is the
'gatekeeper' to CRC (Kinzler and Vogelstein, 1996), the APCI1307K polymorphism acts
as a 'susceptible gatekeeper'. Alternatively, it is possible that the polymorphism itself,
with the subsequent change of amino acid residue from isoleucine to leucine, may have a
direct functional effect on the APC protein. Even a subtle alteration in the binding of (-
catenin, which occurs in this region, may be adequate to increase the incidence of polyp
formation.
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E1317Q is a similar APC polymorphism seen in British individuals with multiple non-
FAP colorectal adenomatous polyps (Frayling et al., 1998). This is a germline missense
guanine to cytosine transversion at codon 1317. The resultant amino-acid transversion

occurs in the APC domain involved in the regulation of 3-catenin.

These are possibly only two of many low penetrance cancer predisposition alleles which
increase the risk of cancer. The effect in an individual family may be low and of variable
penetrance, but if there are multiple such polymorphisms the effect on the population

could be much greater.

1.5 The APC Protein

Wild-type APC has been identified in a variety of tissues, including colon, breast, lung,
lymphoid tissue, prostate and cervix (Smith et al.,, 1993, Bhat et al., 1994). In contrast,

truncated forms of the protein are only found in ‘normal’ tissues in subjects with FAP.

The full length protein, like the gene encoding it, is a large molecule, made up of 2,844
amino acids with a molecular weight of approximately 310 kDa (Groden et al., 1991). It

is found as part of an insoluble aggregate within the cell (Smith et al., 1993).

Mutant APC proteins have been identified in the majority of sporadic colorectal tumours,
in cell lines derived from this material and in occasional tumours from elsewhere within
the gastro-intestinal tract (Dihlmann et al., 1997, Chop et al., 1995, Smith et al., 1993,
Horii et al., 1992b, Horii et al., 1992a). Eighty percent of colonic tumour cell lines lack
any normal APC on immunohistochemistry or immunoblotting (Dihlmann et al., 1997,
Chop et al., 1995, Smith et al., 1993). However, this must be interpreted with some
caution as immunodetection of APC can be technically challenging (discussed below).
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1.5.1 Dominant Negative and Dose Dependant Effects of The Protein
Heterodimer

The amino terminal of APC, approximately the first 900 residues, consists of proline-free
heptad repeats of hydrophobic residues (apolar-X-X-apolar-X-X-X), characteristic of
o helical coiled coils that allow protein-protein interaction (Groden et al., 1991, Bonneton

et al., 1996) (see Figure 2).

Biochemical studies have demonstrated that amino acids 1-45 alone allow efficient
parallel helical homodimerisation of two APC proteins (Joslyn et al., 1993). In vitro, the
first 171 residues are sufficient and the first 45 amino acids are absolutely required for

dimer formation (Su et al., 1993a) (See Figure 1).

A large volume of work supports the hypothesis that the APC protein also functions as a
homodimer in vivo. Studies of CRC cell lines with varying combinations of 4PC alleles
initially demonstrated that, in the presence of wild-type APC, mutant proteins migrate
from the cytosolic compartment to join their full length partners in the membrane bound
fraction of the cell (Smith et al., 1993). Subsequent work (looking at immunoprecipitation
of the protein from lymphoblastoid cell lines of FAP patients heterozygous for APC), has
revealed that the wild type protein and a smaller truncated form interact in vivo at the

amino terminal (Su et al., 1993a).

Most APC mutations give rise to proteins over 171 amino acids in length, ie. large
enough to allow homodimerisation with their wild-type counterpart (Nagase and
Nakamura, 1993, Beroud and Soussi, 1996, Miyoshi et al., 1992a, Miyoshi et al., 1992b,
Powell et al., 1992). This binding may inactivate or significantly decrease the activity of

the wild-type protein, a so-called 'dominant negative' effect (Su et al., 1993a).
43



Germline mutations 5' of codon 158, upstream of the homodimerisation boundary, give
rise to an attenuated disease phenotype (AAPC). It has been postulated that very short
APC proteins produced as result of such mutations are unable to compete effectively for
entry into the homodimer complex (Spirio et al., 1993). Indeed, researchers have
consistently failed to identify intracellular APC proteins smaller than 80kD (Smith et al.,
1993). Thus there may be a reduced level of APC within the tissues of individuals with
these 5’ mutations but the normal protein that is present probably retains its functional

activity, a 'dosage' effect

1.6 Mechanism of Action of APC

The wild-type protein contains several functional domains as shown in Figure 2.
Following the amino-terminal coiled-coil repeats (involved in protein homodimerisation)
comes a short series of armadillo repeats which bind B and y catenin, and then a longer
series (7 to 20) of 15 amino-acid repeats involved in the down-regulation of B and y
catenin. The carboxy-terminal of the protein contains a large number of basic amino acids

that bind to microtubules and other assorted proteins (discussed below).

1.6.1 B-Catenin

The major role of APC in tumourigenesis is now felt to be in its regulation of the protein
B-catenin. This is a 92kD protein and a member of the 'Armadillo' family; a group of
proteins with a common central domain, a minimum of 6 imperfect 42 amino acid
repeats, termed 'arm' motifs. The armadillo protein of Drosophila was the first family
member to be described (Riggleman et al., 1989), but a close homology to the vertebrate
proteins [-catenin and y-catenin (plakoglobin) was soon noted (McCrea et al., 1991,

Franke et al., 1989).
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In the last 10 years many proteins containing characteristic arm motifs have been cloned
and sequenced (Peifer et al., 1994, Hatzfeld, 1999). Interestingly APC is also a member
of this family (Kinzler et al., 1991, Groden et al., 1991). These proteins typically combine
structural roles, as cell-contact and cytoskeletal-associated proteins, with signalling
functions. This breadth of action is largely due to their ability to interact, through the

armadillo domain, with a number of distinct partners (Hatzfeld, 1999).

1.6.1.1 The Role of B-Catenin in Cell-Cell Adhesion and Cell Motility
The adherens junction is a region of the cell membrane specialised to facilitate homotypic
cell-cell interactions. It is organised around calcium dependant transmembrane

glycoproteins of the cadherin family, E-cadherin being present in epithelial cells (Hirano

et al., 1987).

The extracellular amino-terminal domains of cadherins on adjacent cell membranes
interact directly (Blaschuk et al., 1990, Nose et al., 1990). The highly conserved
cytoplasmic portions of the E-cadherin homodimer then bind specifically to the armadillo
domain of B-catenin (Nagafuchi and Takeichi, 1988, Jou et al., 1995). The amino-
terminal of B-catenin binds to a-catenin, which in turn mediates interaction with the actin
cytoskeleton via a-actinin or through a direct interaction with actin filaments (Knudsen et

al., 1995). In this way a strong cell-cell bond is formed (see Figures 3 and 4).

Nevertheless, there is a dynamic element to the cadherin-catenin-cytoskeletal complex
that allows cell movement during development and wound healing. Under these
conditions, epithelial migration is accompanied by tyrosine phosphorylation of -catenin,
separation of the cadherin-catenin complex and an increase in the free cytoplasmic pool

of B-catenin. (Muller et al., 1999).
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1.6.1.2 The Role of B-Catenin In Signal Transduction and Its Interaction With APC

In 1987 Wieschaus and Riggleman identified the Drosophila armadillo gene as a key
member of the 'Wingless' signal transduction pathway that decides on anterior/posterior
patterns in Drosophila embryo segments (Wieschaus and Riggleman, 1987). A similar
role for B-catenin in vertebrate signal transduction was suggested when the high level of
homology (71%) between the proteins became apparent (Heasman et al., 1994, Funayama
et al., 1995). This conservation of a signal transduction pathway during evolution

suggests that it plays a central role in cellular development.

In the vertebrate signalling cascade a Wnt ligand (a cysteine rich secreted molecule
associated with the extracellular matrix) binds to its receptor of the 'frizzled' family of
transmembrane proteins and phosphorylates and thus activates a homologue of
'dishevelled' (Yang-Snyder et al., 1996). ('Frizzled' and 'dishevelled' were originally
described in Drosophila.) This phosphoprotein in turn phosphorylates and inactivates a
serine/threonine kinase, glycogen synthase kinase-3p (GSK-3B) which is otherwise

constitutively active (see Figure 3).

APC and GSK-3f proteins complex together in cells where there is an accumulation of
free B-catenin. GSK-3 phosphorylates APC at conserved motifs (S-XXX-S) in the seven
repeated 20 amino acid sequences (see Figure 2), allowing binding and serine
phosphorylation of free cytoplasmic B-catenin by APC and GSK-3B respectively
(Rubinfeld et al., 1996, Yost et al., 1996). This alteration in phosphorylation targets the

whole complex for degradation by the ubiquitin/proteasome pathway (Aberle et al.,

1997).
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The common mutant forms of APC, lacking these phosphorylation sites and B-catenin
degradation sites, can bind but not down-regulate B-catenin (Morin et al., 1997) and
therefore levels of free cytoplasmic -catenin are uncontrolled. The free B-catenin protein
associates with the amino terminal of cellular transcription factors such as T cell factor
(TCF) 1 or 4, or lymphoid enhancer factor 1 (LEF 1) (Molenaar et al., 1996, Behrens et
al., 1996), to form a bipartite transcription factor that enters the nucleus (Huber et al.,
1996) and promotes transcription of Wnt responsive genes such as c-myc (a potent
cellular oncogene), cyclin DI (a cell cycle regulator), PPARS, c-jun and fra-1 (all
involved in transcriptional activation) (He et al., 1998, Tetsu and McCormick, 1999, He

et al., 1999, Mann et al., 1999).

Thus it appears that a major function of APC lies in the regulation of intracellular levels
of B-catenin and the P-catenin/TCF transcription complex. Mutations in APC have a
direct effect on the Wnt signal transduction pathway and may increase transcription of a

variety of cellular genes.

Wnt signalling inactivates GSK-3B and thus prevents degradation of B-catenin. In a
similar manner, signalling via cell surface receptor tyrosine kinases, such as the epidermal
growth factor receptor (EGF-R) leads to phosphorylation and inactivation of GSK-3f
through the phosphoinositide 3-kinase (PI3-K) pathway (Eldar-Finkelman et al., 1995).
Thus signalling via receptor tyrosine kinases may both enhance the release of B-catenin

from the adherens junction and stabilise the free protein within the cell.

1.6.1.3 Are the Two Roles of B-Catenin Inter-Related ?
A range of experimental data suggests that the role of -catenin in cell-cell adhesion is

distinct and separate from its role in signal transduction (Orsulic and Peifer, 1996,
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Siegfried et al,, 1994, Gumbiner, 1995). However, the final phenotype of a cell is

probably influenced by the relative functional activity of each pool of protein.

1.6.1.4 The Importance of B-Catenin Alterations in Tumourigenesis

1.6.1.4.1 The Limited Ability of CTNNBI Mutations To Substitute For 4 PC Mutations

The frequency of APC mutations in sporadic colorectal cancer has lead many to question
the aetiology of the minority of tumours (20-40%) that have two apparently normal 4PC
alleles. In 1997, Morin et al demonstrated that 3 out of 5 colorectal tumours lacking APC

mutations contained a -catenin gene (CTNNBI) activating mutation (Morin et al., 1997).

To further clarify the relationship between mutations in APC, CTNNBI, y-catenin
(CTNNG1I), GSK-3p and Tcf-4 genes in sporadic CRC, Sparks et al studied 24 primary
human adenocarcinomas, 16 adenomas and 33 cell lines derived from adenocarcinomas
(Sparks et al., 1998). None of 46 APC deficient tumours contained an activating mutation
in CTNNBI, but 48% of 27 tumours with intact APC carried mutations in C7TNNBI.
Mutations in A4PC or CTNNBI were mutually exclusive, and no tumours lacking
mutations in these genes had abnormalities in the CTNNG1 or GSK-3 /3 genes, suggesting

that B-catenin is unique in its ability to substitute for 4 PC mutations.

However, only a small percentage of sporadic CRCs lack APC mutations (Powell et al.,
1992). Analysis of 92 randomly selected sporadic CRCs and 57 CRC derived cell lines,
demonstrated a CTNNBI mutation in only two primary tumours and one cell line, all of
which also demonstrated microsatellite instability (Kitaeva et al., 1997). This suggests
that although B-catenin plays a vital role in the development of the majority of colorectal

tumours, mutations in CTNNBI per se are not a common initiating event in the adenoma-
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carcinoma sequence. Rather, alterations in the expression or phosphorylation state of this
oncogene are generally down stream events following another genetic insult, such as APC
mutation or defective mismatch repair. Indeed, a study of 43 CRC derived cell lines
known to contain an 4PC mutation or deletion demonstrated that all of them exhibited

uncontrolled activation of the B-catenin/TCF transcription pathway (Korinek et al., 1997).

The percentage of B-catenin mutations in small sporadic adenomas (12.5%) is greater
than that in large adenomas (2.4%) or invasive cancers (1.4%) (Samowitz et al., 1999).
When compared to the stable level of APC mutations seen in tumours as they progress
along the adenoma-carcinoma sequence (Powell et al., 1992), this suggests that an APC
mutation actually has a greater selective advantage than a mutation in CTNNBI, probably

due to other tumour suppressor functions encoded by the APC gene.

1.6.1.4.2 The Effect Of Qualitative Alterations In B-catenin on Tumour Adhesion

In vitro studies of signalling through the EGF-R, hepatocyte growth factor receptor
(HGF-R), and c-erbB-2 receptor (Her-2/neu) have demonstrated immediate tyrosine
phosphorylation of B-catenin (Hoschuetzky et al., 1994, Shibamoto et al., 1994, Kanai et
al., 1995). Increased signalling via all of these receptors is known to occur in epithelial
tumours in vivo. Activation of the tyrosine kinase pp60"~**° is also a frequent early event
in colorectal carcinogenesis (Cartwright et al., 1990), and in vitro transformation of
Madin-Darby canine kidney (MDCK) epithelial cells with the oncogene v-src leads to
tyrosine phosphorylation of [-catenin, reduced cellular adhesion, epithelial
dedifferentiation and enhanced cellular invasion (Behrens et al., 1993). Increased levels
of tyrosine phosphorylated B-catenin have also been seen in invasive breast cancer cell

lines when compared to weakly invasive lines (Sommers et al., 1994).
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In vivo, up-regulation of tyrosine phosphorylation of B-catenin has been observed in

primary human colorectal cancers when compared to normal mucosa (Takayama et al.,

1998).

E-cadherin and APC compete for B-catenin binding (see Figure 4). Their binding is
mutually exclusive (Hulsken et al., 1994). Thus increased expression of APC at a cell
membrane (see below) may indirectly affect cell-cell adhesion, and increase cell motility.
Alternatively, tyrosine phosphorylation of PB-catenin could initiate a decrease in E-
cadherin mediated cell adhesion, allowing increased migration, and secondarily providing
increased substrate for APC to bind and down-regulate. The details of this important area

in tumour biology have yet to be clarified.

Co-localisation of APC and B-catenin at actively migrating epithelial cell membranes has
been observed on immunofluorescence, but only in a subgroup of APC protein clusters,
supporting a transient rather than permanent association between the two proteins at this

site (Nathke et al., 1996).

1.6.1.4.3 The Effect of Quantitative Alterations In B-Catenin on Tumour Stage and

Grade.

As cellular accumulation of B-catenin is a common initiating event in what could prove
to be a plethora of downstream pathways, it has been postulated that the cellular level

and/or distribution of -catenin should correlate with tumour stage and/or grade.

Takayama et al showed a reduction in staining for E-cadherin, B-catenin and a-catenin in

primary colorectal tumours. The reduction of B-catenin expression was significantly
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correlated with dedifferentiation, Dukes stage, lymph node metastasis and liver metastasis
(Takayama et al., 1998). In contrast, Ghadimi et a/ found no significant reduction in

expression of B-catenin in his series of sporadic CRC (Ghadimi et al., 1999).

Perhaps these apparently disparate findings are not altogether surprising. A decrease in
cellular levels of B-catenin within a developing neoplasm may give rise to a less adhesive
tumour with greater potential for metastatic spread. In contrast tumour initiation per se
may result from an elevation in B-catenin levels as a primary event or, more commonly,
secondary to loss or mutation of APC. It has been demonstrated that loss of membranous
B-catenin expression, and widespread nuclear expression of B-catenin correlate with
increasing dysplasia in adenomas and decreased survival following diagnosis and surgery

for colorectal carcinoma (Hao et al., 1997, Hugh et al., 1999).

1.6.2 Other Postulated Functions for APC

1.6.2.1 APC and Cell Cycle Progression

Overexpression of the normal APC protein in NIH 3T3 cells slows progression of the cell
cycle from GO/G1 to the S phase. Overexpression of a truncated isoform of the protein
does not have such a strong inhibitory effect on cell cycling, and decreases the effect of
the wild-type protein when the two isoforms are administered together. This cell-cycle
inhibitory effect of APC is abolished by simultaneous overexpression of cyclin E/cyclin
dependant kinase (CDK) 2 or cyclin D1/ CDK 4 (Baeg et al., 1995), suggesting that APC

has a direct effect on the activity of these cyclin-CDK complexes.

The APC/B-catenin/TCF pathway may also mediate this effect on cell cycling. B-
catenin/TCF complexes directly activate transcription of cyclin DI (Tetsu and

McCormick, 1999). This cyclin is known to be over-expressed in many colon carcinomas,
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and hastens progression through the cell cycle (Arber et al.,, 1996, Quelle et al., 1993).

Thus WT APC suppresses cyclin D1 transcription and provides a 'break’ to cell cycling.

1.6.2.2 APC and Crypt Fission

In Min/+ mice, morphologically normal intestine demonstrates elevated levels of crypt
fission and greater asymmetry of crypt division than does the normal intestine of control
mice. The same microscopic changes are present in the grossly normal intestine of FAP

patients when compared to a control group (Wasan et al., 1998).

Crypt fission is a spatio-temporal duplication process, unique to the intestinal tract. There
are close homologies to axis duplication in embryonic cells, where the central role of -
catenin has been well-documented (Heasman et al., 1994). Thus changes in crypt fission,
and a resulting strong intestinal phenotype, may be the most obvious result of an

imbalance in the APC/B-catenin system throughout the body.

1.6.2.3 APC and Cell Migration

Mutations in APC lead to the accumulation of enterocytes near the crypt-villus transition
zone in the intestine (Polakis, 1995). At a biochemical level, the carboxy-terminal
residues of APC (amino acids 2130-2843), associate with cytoplasmic microtubules and
promote the assembly of microtubule arrays in vitro (Munemitsu et al., 1994). In vivo,
endogenous wild-type APC has also been identified at the ends of microtubules
protruding into actively migrating membrane structures, suggesting that APC is involved

in directed cell migration (Nathke et al., 1996).

However, despite these interesting observations, amino-acid substitutions in the carboxy

terminus of the protein are seldom seen in clinical cases of FAP or sporadic CRC.
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There is recent evidence to suggest that APC exerts an effect on cell migration via
another route. The cell surface receptor CD44 is an important mediator of cell-
extracellular matrix interactions (Aruffo et al, 1990). B-catenin/TCF complexes
upregulate its transcription (Wielenga et al., 1999), potentially leading to enhanced cell
motility, tumour progression and metastases (Wielenga et al., 1993). Thus WT APC may

act to control the expression of CD44.

1.6.2.4 APC and DLG/EB1

The final residues of APC (amino acids 2560-2843 and 2771-2843) bind EB1 and DLG
proteins respectively (see Figure 2) (Matsumine et al., 1996, Su et al., 1995). EB1 appears
to be a component of the microtubule cytoskeleton although its function is unclear.
(Berrueta et al., 1998, Juwana et al., 1999). DLG is the human homologue of Drosophila
discs large tumour suppressor protein, a guanylate kinase similar to those seen in non-

receptor protein tyrosine kinases and signal transduction proteins (Woods and Bryant,

1991).

However, extreme 3' mutations or truncations of APC rarely give rise to clinical disease
(Friedl et al., 1996, van der Luijt et al.,, 1996, Smits et al., 1999). Mutation or loss of
heterozygosity at the EBI locus is rarely seen in colorectal tumours (Jais et al., 1998), and
a recently described mouse model of FAP lacking EB1 and DLG binding sites but

retaining some of the B-catenin binding sites does not develop polyps (Smits et al., 1999).

1.6.2.5 APC and Apoptosis
Overexpression of WT APC in the CRC cell line HT-29 leads to cell death through
apoptosis (Morin et al., 1996). Transfection of a similar CRC cell line with a recombinant

adenovirus (Ad-CBR) constitutively expressing just the central third of APC (the region
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of the B-catenin binding repeats) has also been shown to prevent nuclear translocation of
B-catenin, inhibit B-catenin/TCF mediated transactivation of downstream targets, and
cause significant growth arrest and cellular apoptosis. Thus it appears that the f3-catenin-
binding domain of APC is sufficient for its tumor suppressor activity in vitro, and that
apoptosis may be an important mediator of this action (Shih et al., 2000). However, in
other studies, full length APC has been expressed in SW480 CRC cells (containing a
single endogenous mutant allele of the gene) with no detrimental effect on cell growth

(Hargest and Williamson, 1995, Munemitsu et al., 1995).

In vivo, the histologically normal epithelium of Min/+ animals shows an increased level
of B-catenin in enterocytes, and a decreased rate of enterocyte proliferation and apoptosis
when compared to WT littermates (Mahmoud et al., 1999a). Following treatment with
non-steroidal anti-inflammatory drugs (NSAIDS), the tumour load in these Min/+ mice
decreases, cellular expression of B-catenin drops and both proliferative and apoptotic
indices return towards normal (Mahmoud et al., 1998b, Mahmoud et al., 1998a,

Mahmoud et al., 1999a).

1.7 The Interaction of NSAIDS and APC

NSAIDS are known to decrease polyp load in individuals with FAP, and in animal
models of CRC (Giardiello et al., 1993, Barnes and Lee, 1998, Jacoby et al., 1996,
Boolbol et al., 1996). They have also been shown to have an epidemiological effect on the
incidence of sporadic CRC (DuBois and Smalley, 1996). These effects have largely been
attributed to inhibition of cyclooxygenase 2 (COX-2) and a resulting decrease in cellular
production of prostaglandins (Reddy et al., 1996, Tsujii et al., 1998). This is supported by
the demonstration of decreased tumour burden in Apc?/5* knockout mice who also carry

a COX-2 knockout (Oshima et al., 1996), and the observation that human CRC shows
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elevated levels of COX-2 when compared to adjacent normal mucosa (Eberhart et al.,

1994, Sano et al., 1995).

However, it now appears that NSAIDS have anti-neoplastic effects that are independent
of COX-2 activity (Piazza et al.,, 1997a, Piazza et al., 1997b). For example, NSAIDS
induce change in proliferation, cell cycle phase distribution, and apoptosis in CRC cell
lines devoid of COX activity, and restoration of COX induced prostaglandins into these
cell lines does not restore the original state (Hanif et al., 1996). Indeed NSAIDS may act
in many ways, and at all levels of the APC/B-catenin/TCF signalling pathway (see Figure

5).

Sulindac has been shown to increase the expression of APC mRNA in malignant colonic
epithelial cells in vitro (Schnitzler et al., 1996). Aspirin and sulindac act in the pre-
neoplastic intestinal tissue of Min/+ mice to decrease an abnormally elevated level of
enterocyte B-catenin back towards WT values, and to restore a normal rate of enterocyte
crypt-villus migration (Mahmoud et al., 1997, Mahmoud et al., 1998b). The mechanism

behind this decrease in 3-catenin has not been elucidated.

In addition, the nuclear receptor PPARS (peroxisome proliferator-activated receptor ), a
ligand-dependant sequence specific transcription activator, is a common target for both
APC and NSAIDS. The PPARS promoter contains two TCF-4 binding sites. In the
presence of uncontrolled signal transduction through the APC/B-catenin/TCF pathway,
levels of PPARS increase. PPARS then stimulates transcription of other cellular genes, as
yet unknown. NSAIDS act both to repress the PPARS promoter and to inhibit the binding
of PPARS to its DNA targets. This appears to be the mechanism of action of sulindac

sulphide-induced apoptosis of CRC cell-lines (He et al., 1999).
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Therefore, it appears that NSAIDS act synergistically with WT APC to maintain

suppression of transcription of certain genes that would otherwise prevent apoptosis.

1.8 Animal Models Of Colorectal Cancer
1.8.1 The Min/+ Mouse

The Min/+ mouse is without doubt the most extensively studied animal model of polyp
formation in FAP and sporadic CRC (Hull et al., 1999, Wasan et al., 1997, Fichera et al.,
1997). It was first derived in a mutagenesis project at the University of Winsconsin in the
late 1980s (Moser et al., 1990). C57BL/6J (B6) mice treated with a chemical mutagen,
ethylnitrosourea, were seen to develop a progressive anaemia, due to the presence of
intestinal polyps. The mutant gene was called Min (Multiple Intestinal Neoplasia). It was
transmitted in an autosomal dominant, fully penetrant, fashion when affected male mice
were crossed with B6 females to give a heterozygous Min/+ mouse. However,
homozygous Min/Min progeny, produced by the intercross of two affected animals, failed
to gastrulate and died in utero. Tumours were present throughout the intestine by 2 to 3
months of age, the total polyp load being 30-40, with the greatest concentration of polyps

in the distal illeum.

It was soon shown that the Min locus mapped to the Apc gene, the murine homologue of
APC. The murine and human coding sequences are 86 and 90% identical at the nucleotide
and amino acid levels respectively. The Min mutation is a non-sense germline mutation at
codon 850, converting a leucine codon (TTG) to a stop codon (TAG) and causing
premature truncation of the Apc protein product (Su et al., 1992). This mutant protein
lacks the B-catenin binding site which stretches from codon 1014 to 1201 (Su et al.,
1993b). It is very similar to 4PC mutations documented in human colorectal tumours

(Nishisho et al., 1991, Groden et al., 1991).
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As an experimental system Min/+ mice have severai advantages over human subjects.
Each animal develops multiple polyps with an identical germline defect and they are
raised under 'standard’ conditions eliminating uncontrolled variation between individuals.
As a result, they have been widely used to study genetic and environmental factors

affecting polyp progression.

Mom-1 (Modifier of Min-1), on the distal arm of mouse chromosome 4, strongly modifies
tumour load (Dietrich et al., 1993). The homologous site for this gene within the human
genome is chromosome 1p35-36, a region that displays frequent somatic loss of
heterozygosity in a variety of human tumours including colonic neoplasia (Leister et al.,
1990). The gene for secreted phospholipase 2A (Pla2g2a) has now been mapped to the
Mom-1 locus and shown to display 100% concordance between allele type and tumour
susceptibility in mice (MacPhee et al., 1995, Cormier et al., 1997). Its mechanism of
action is not clear, although it appears to act at a cellular or crypt restricted level with no
obvious systemic effect (Novelli et al,, 1999). However, allelic variation in Mom-1
probably explains under half of the genetic variance in tumour load with the same APC
mutation. It is likely that other modifier genes, with weaker but cumulative effects, have

yet to be identified.

Pure bred colonies of Min/+ mice, such as the one used in this project, now show
significantly less polyps than those initially described by Amy Moser, and survive for
longer (Wasan et al., 1997), suggesting that environmental factors are also important in
tumour progression. Investigation has revealed a significant increase in Min/+ tumour
load and reduced survival in response to increased dietary fat content (Wasan et al,
1997). This reflects the epidemiological trend of increasing human CRC incidence in line

with animal fat content in the diet (Willett et al., 1990).
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Over ten years ago it was noted that there is significant clustering of duodenal adenomas
around the ampulla of Vater in FAP and there is a correlation between the level of
duodenal polyp dysplasia and mucosal exposure to bile (Spigelman et al., 1989). A recent
experiment exposed Min/+ mice to increased dietary levels of the unconjugated bile acid
chenodeoxycholate and demonstrated a subsequent increase in duodenal tumour load
along with increased B-catenin expression in duodenal tissue. This strongly supports the
role of unconjugated bile acids as tumour promoters in the presence of an initiating Apc
mutation (Mahmoud et al., 1999b). It may in part explain the greater incidence of Min/+

polyps within the small bowel (20-30 tumours) than the colon (1-4) (Wasan et al., 1997).

The vast majority of adenomas in Min/+ mice, like those in FAP, demonstrate mutation
or loss of both Apc alleles. Somatic allelic loss is generally secondary to complete loss of
murine chromosome 18 during mitosis (Levy et al., 1994, Luongo et al., 1994). However,
it is possible that the concomitant loss of other oncogenes and tumour suppressor genes
also located on chromosome 18, such as mutated in colorectal cancer (MCC) or deleted in

colorectal cancer (DCC) respectively, are just as important in tumour initiation.

To address this issue further, a conditionally immortal colonic epithelial cell line

heterozygous for the Apc™™

mutation (IMCE) was infected with a replication defective
ras virus, ¥,-v-Ha-ras. The IMCE-Ras cells were immediately transformed and rendered
tumourigenic without loss of the WT Apc allele (D'Abaco et al.,, 1996). Thus synergy
between a single defective Apc allele and an activated ras oncogene can initiate tumour

growth although neither mutation alone is sufficient. These two mutations are often co-

existent in colorectal tumours (Vogelstein et al., 1988).
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In vivo Min/+ mice treated with N-ethyl-N-nitrosurea show a significant increase in
tumour burden (Shoemaker et al., 1995), and a proportion of these additional adenomas
retain the WT somatic Apc allele (Shoemaker et al., 1997). Activation of the ras
oncogene is not common in Min/+ mouse adenomas but the second insult may not need to
be confined to ras. Thus it appears that mutation or loss of both Apc alleles is not

absolutely required for tumour initiation.

In a similar vein, Bertagnolli's group have demonstrated that histologically 'normal' Min/+
small bowel epithelium (heterozygous for Apc) already exhibits elevated levels of B-
catenin on immunohistochemical analysis and that this is associated with decreased levels

of enterocyte proliferation, apoptosis and crypt-villus migration (Mahmoud et al., 1997).

1.8.1.1 Use of The Min/+ Mouse in Studies of Gene Transfer To Date

Work has been carried out over the last ten years looking at transfer of the full length
human 4PC gene into the rectal epithelium of rodents using lipofection (Westbrook et al.,
1994, Arenas et al., 1996, Fichera et al., 1997, Hargest et al., 1998). These studies have
demonstrated expression of the transgene at the mRNA level in the rectal epithelium of a
number of treated animals. However, Westbrook's group in Chicago were unable to
demonstrate rectal expression of the transgene for greater than four days after a single
treatment. When they proceeded to gene transfection in the Min/+ mouse, quantitative
PCR was used to show that only 3% of the DNA extracted from treated epithelium was
derived from exogenous APC after a single treatment, although six weeks of repeated
therapy increased this figure to 10% (Fichera et al., 1997). Subsequent work considered
the clinical effect of this same treatment using a protocol where four week old Min/+
mice were repeatedly treated with rectal 'gene enemas' every 72 hours for two months

prior to euthanasia. Once again the expression of the transgene was only detected up to 72
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hours following the final treatment and there was no evidence of any alteration in disease

status (as determined by the number of intestinal adenomas) (Arenas et al., 1996).

In contrast, work within our group has demonstrated that transfection of this same gene
and vector at higher concentrations into a cell line containing only a single mutant copy
of the APC gene produces high level expression of the transgene with relative suppression
of the endogenous message (Hargest and Williamson, 1995). Moving on to look at gene
expression within the colonic epithelium of WT mice a large dose of plasmid (70pug) was
administered as a gene enema in a large volume of lipofection solution (0.5ml). The
transgene was expressed in up to two thirds of animals with no obvious detrimental
effects and encouragingly it was detected into the fourth week after treatment (Hargest et
al., 1998). Intestinal epithelium is continually turning over, thus even those epithelial cells
located in the deepest part of the crypt at the time of treatment should be shed into the
lumen of the bowel within seven to nine days. The continued expression of the transgene
as mRNA more than ten days beyond this point suggests that a group of intestinal stem
cells may have been transfected, possibly due to expansion of the crypts with a larger
volume of enema and exposure to a higher dose of plasmid (Sandberg et al., 1994,

Hargest et al., 1998).

1.8.2 Other Mouse Models of FAP

The Apc1638N mouse carries a targeted germline mutation at codon 1638 of the 4pc gene
(Fodde et al., 1994). The mutant protein, expected to be 185kD in size, cannot be
identified by immunoblotting, and is thought to be unstable. These mice develop a small
number of upper GI polyps and large numbers of extra-abdominal desmoids and
cutaneous cysts. They are therefore a good model of AAPC and extra-intestinal disease
(Smits et al., 1998). The attenuated intestinal phenotype and increased survival also
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makes 4Apc1638N a good model for prolonged interventional studies and to identify
genetic and environmental modifiers in tumour development (van der Houven van Oordt

et al., 1999, Williamson et al., 1999).

In order to produce a mouse model of FAP with colonic polyps, a Japanese group has
developed a mouse carrying enzyme specific cutting and recombination sites (loxP) on
either side of exon 14 of Apc. The mice are normal until the colorectal region is infected
with an adenovirus carrying the enzyme that acts at the loxP sites. Upon viral infection
and enzyme expression exon 14 is deleted and the mice develop colorectal adenomas
within weeks (Shibata et al., 1997). Further work in this interesting model is awaited with

interest.

In 1995 Oshima er al produced the Apc*’'®, a mouse with an Apc germline truncating

mutation at codon 716 (Oshima et al., 1995). Heterozygotes (4dpc*”'**"

) develop multiple
polyps throughout the intestinal tract, mostly in the small intestine. With the publication
of studies showing a decrease in polyp load in Min/+ animals in response to NSAIDS
(Beazer-Barclay et al., 1996, Jacoby et al., 1996) this Japanese group studied the effect of

crossing Apc"’'®

mice with mice lacking one or both functional alleles of the COX-2 gene
(Ptgs2). Apc*"'®"" Ptgs2™ and Apc™"'®*"" Ptgs2”" mice showed statistically significant
decreasing numbers of intestinal polyps when compared to Apc™"'¢*" Ptgs2*"* littermates

(Oshima et al., 1996). This demonstrated an unequivocal role for COX-2 in the polyp

progression.

1.8.3 Mouse Models of HNPCC

MSH2 is an MMR gene commonly mutated in HNPCC (Fishel et al., 1993, Liu et al.,

1994). Mice that are homozygous null for this gene (Ms#2™) have been produced. These
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mice develop lymphoma (in 80%) and intestinal tumours (in 70%) within one year. The
intestinal tumours are associated with inactivation of 4pc (Reitmair et al,, 1996b). In
order to examine the association between MMR gene defects and Apc mutations, male
Min/+ mice (Apc™) were crossed with female Msh2” mice. Apc™” Msh2” mice
developed a significantly greater number of adenomas than the other genotypes. The
tumours were also larger and developed more rapidly, and the mice had a decreased life
span. In contrast to the tumours normally seen in Min/+ mice, these rarely demonstrated
loss of heterozygosity of Apc, suggesting that somatic mutation rather than allelic loss of
WT Apc is the second 'hit' (Reitmair et al., 1996a). This fits in well with the hypothesis
that mismatch repair gene defects can initiate intestinal tumourigenesis through the
introduction of replication errors into critical genes such as Apc. Further study of the
Msh2" and Apc*™” Msh2”" mice may elucidate environmental and genetic factors affecting

HNPCC.

Numerous other mouse models of CRC have been described, including those with

specific mutations in one or more of the other MMR genes (de Wind et al., 1999).

1.9 Gene Therapy

In its simplest form, gene therapy is any situation where nucleic acid is used as a
pharmaceutical reagant. It is generally taken to mean the placement and expression of
genes into tissues as a means of treatment or prevention of disease. Gene therapy can be
used as an isolated treatment, but is increasingly proposed in conjunction with other
therapeutic modalities (such as chemotherapy and/or radiotherapy) in an attempt to
enhance their effectiveness (Fujiwara et al., 1994b, Gjerset et al.,, 1995, Licht et al.,
1995). This project is concerned with the use of gene therapy in the treatment and

prophylaxis of CRC.
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1.9.1 The History of Human Gene Therapy

Over the last 15 years the annual published Medline references to gene therapy have risen
exponentially, from approximately 20 in 1985, to 200 in 1990 and 2000 in 1999. This
reflects advances in the fields of lipid production, viral manipulation, viral replication,
and gene cloning. Indeed, the human genome project has recently published a first

working draft of the entire human genome sequence.

The potential beneficial effects of gene transfer were apparent over 20 years ago, when it
was shown that cloned genes (such as B-globin, which is mutated in thalassaemia) could
be inserted into cell lines and transcribed and translated to produce a functional protein
not normally expressed by the cell (Mulligan et al., 1979). Mercola and Cline soon went
on to show that the herpes simplex virus thymidine kinase gene (HSV tk) could be
introduced into the bone marrow cells of mice ex-vivo and that the viral sequence was
expressed in vivo when the cells were re-introduced into the irradiated donors (Mercola et
al.,, 1980, Cline et al., 1980). Following on from this experiment, in 1980, Cline and
colleagues attempted to transfect bone marrow cells of thalassaemic patients with a
'normal' human B-globin gene ex vivo, and re-infuse them into the host, in an attempt to
restore B-globin function. Unfortunately the study failed and the whole issue of human
gene therapy and its control came into question (Wade, 1980, Wade, 1981). As a result of
the subsequent investigation, the Recombinant DNA Advisory Committee (RAC) and the
Gene Therapy Advisory Committee (GTAC) were set up in the United States and Great

Britain respectively in order to control all human gene therapy trials in these countries.

The first federally approved trial of human somatic gene therapy was finally carried out in
the United States ten years later. Severe combine immunodeficiency (SCID) is a

potentially fatal disease caused by germline mutation of the enzyme adenosine deaminase
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(ADA). It is characterised by the presence of non-functional T-cells and recurrent
overwhelming infections. In 1990, two children with SCID were treated by infusion of
autologous T cells transfected ex-vivo with the 'normal' ADA gene, using retroviral
mediated gene transfer. This trial was successful both in terms of clinical response and T-

cell function (Blaese et al., 1995).

An escalating number of human gene therapy trials are now in progress. The majority are
in cancer gene therapy as these patients have a terminal disease, often fail to respond to
conventional therapy and are suitable for phase I and II trials of toxicity and therapeutic

efficacy.

1.9.2 Gene Delivery

At the moment, the greatest barrier to effective gene therapy is the absence of an ideal
gene delivery system. The perfect system requires a once only treatment with specific and
complete targeting of all abnormal tissue and a high efficiency of exogenous gene
transduction. It should be a safe treatment, with minimal side effects, and one that induces
a minimal host immune response. The vehicle used to introduce a gene of interest into the
target tissue is called a vector. There are many potential vectors. They are most easily

considered as viral and non-viral vectors.

1.9.2.1 Viral Vectors

1.9.2.1.1 Retrovirus

Replication incompetent retroviruses are commonly used as vectors in animal and human
trials of cancer gene therapy (Ram et al., 1997, Roth et al., 1996, Devereux et al., 1998).
The viral genes necessary for replication are deleted and replaced with the therapeutic

gene, along with its 5' promoter and controlling sequences.
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Retroviruses target actively dividing cells. Although this makes them unsuitable for gene
transfer into stable tissues, it is useful in targeting tumours. The virus is also able to
integrate stably into the host chromosomal DNA and could thus be expected to exert its
effect not only in transfected cells but also in all daughter cells. However, retroviruses are
less efficient transfection vectors than adenoviral constructs, and safety considerations

remain a major concern (Vile and Russell, 1995).

The random nature of retroviral integration in the host genome raises the possibility of
insertional mutagenesis. However, over 1600 patients have been treated in clinical trials
of retroviral gene therapy to date without evidence of a single recombination event
(Schagen et al., 2000). There is also a theoretical risk of recombination between the
vector and helper viruses (present in packaging cell lines) to produce a replication-

competent, pathogenic virus.

1.9.2.1.2 Adenovirus

Adenovirus serotypes 5 or 2, and recombinant derivatives thereof, are probably the most
popular vectors for gene therapy. They are trophic for a wide variety of mammalian cell
types (Kremer and Perricaudet, 1995) and can enter cells at any stage of the cell cycle.
Once internalised by endocytosis, the adenovirus is able to disrupt the endosome and
evade destruction. Thus it is highly efficient at cell transduction. Adenovirus is also
produced at a high titre by packaging cell lines (10'' compared to approximately 107 for
retrovirus producing cell lines). Despite these advantages, adenoviral vectors, like

retroviruses, are dogged by problems.

First or second generation replication defective viruses (where early viral genes are

deleted and replaced with novel genetic information) are traditionally used in gene
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therapy. However, recombination events between the deleted adenoviral genes and
complementary sequences integrated into packaging cell lines can produce replication-
competent, pathogenic organisms (Lochmuller et al, 1994). In addition, externally
introduced replication competent adenoviruses (RCAs) can contaminate the production
line. RCAs replicate in an uncontrolled fashion in immunocompromised individuals, and
generate an inflammatory response in immunocompetent patients. Screening for RCAs is
therefore mandatory prior to clinical use (Dion et al., 1996), and has increased the cost

and time required for the production of safe adenoviral vectors.

Even in the absence of recombination events, the immune response of the host to an
adenoviral vector plays a central role in clinical outcome. Although in one respect the
immune response to the vector may enhance any bystander effect (see section 1.9.3.1.1),
it also potentially hastens viral loss and it may induce significant inflammation in normal
tissue. This makes repeated dosing with the same viral serotype dangerous. Unfortunate
individuals have even developed overwhelming adverse reactions following a single
treatment, probably due to pre-existing immunity acquired through an earlier respiratory

infection (Lehrman, 1999, Chirmule et al., 1999).

At a practical level, the size of exogenous DNA insert is limited to approximately 4-5Kb
in conventional adenoviral vectors. This can present a problem when complete genes and
their controlling sequences need to be transfected. In addition, adenoviral vectors do not
integrate into the host DNA (Schagen et al., 2000), so the duration of transgene

expression is limited to the time taken to clear the virus.

66



1.9.2.1.3 Adeno-associated virus (AAV)

AAYV is a small (5Kb) replication defective parvovirus in which the majority of the
intrinsic viral sequence is removed and replaced with a gene of interest. This decreases
the antigenic nature of the vector but the amount of DNA that the virus can transfer is
limited. In the presence of a helper virus (adeno or herpes virus), AAV enters a wide
range of mammalian cells, regardless of mitotic state. Unfortunately the requirement for a
helper virus increases the risk of recombination events and reduces the viral titre (to

approximately 10%).

AAV has been used to administer oral gene therapy, as it appears capable of entering
intestinal epithelium (Rabinowitz and Samulski, 1998) and resists extremes of
temperature and pH. Indeed, persistent expression of B-galactosidase was detected in the
lamina propria and in the intestinal brush border of enterocytes for upto 4 months after
oral administration the gene encoding it within an AAV vector. The vector itself was

present for 6 months (During et al., 1998).

1.9.2.1.4 Other Viral Vectors

HSV, Sendai, vaccinia, polio, lentiviruses and other viruses have been investigated with
respect to their potential role as gene delivery systems. They are not the forerunners in

laboratory based or clinical trials.

1.9.2.2 Non-Viral Vectors
Non-viral gene delivery offers to eliminate the problems of viral immunogenicity and
reversion to the infectious phenotype, at the same time providing a cheap, easy to use,

plentiful supply of vector.
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Naked DNA, in plasmid form, has been successfully introduced into muscle, skin and
brain in vivo with a good clinical response, in the form of antibody production or
transgene expression (Wolff et al.,, 1990, Hengge et al., 1996, Schwartz et al., 1996).
However, the efficiency of gene transfer is not high and other non-viral vectors are under

investigation.

1.9.2.2.1 Lipofection

Liposomes contain cationic lipids that coalesce with negatively charged plasmid DNA to
form a complex. Additional neutral lipids are also present to enhance uptake into cells by
endocytosis. Thus genes of interest can be delivered into a variety of cell types, uptake
being only dependant upon cell surface exposure to the complex, and not limited by the
size of DNA qarried. The majority of endocytotic vesicles fuse with lysosomes, leading to
lysosomal destruction of the plasmid. However, some vesicles escape this fate and deliver

their contents safely to the cell cytoplasm.

The transient gene expression seen with lipofection will undoubtedly require repeated
treatments to produce a long-term effect. The safety of liposomes has been demonstrated
over many years in both cosmetic and pharmaceutical preparations. For example,
AmBisome® is liposomal amphotericin, widely used in the treatment of systemic fungal
infections. However, evidence is still accumulating about repeated use internally, but as

yet no significant problems have been identified.

Although the in vitro efficiency of lipofection is good (Felgner et al., 1987), early in vivo
studies of intravenous administration of liposome/DNA complexes failed to give the same
results (Zhu et al., 1993, Liu et al., 1995b, Aksentijevich et al., 1996). This was probably

due to serum-induced disintegration of the lipid vector and subsequent DNA release and
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degradation (Li et al., 1999). In recent years the use of more resistant combinations of
neutral and cationic lipids has increased the efficacy of this system (Templeton et al.,
1997). The addition of ligands to the positively charged outer envelope of the lipid/DNA
complex has also been shown to increase specific tissue targeting after systemic

administration (Templeton et al., 1997).

As with viral vectors, the route of administration of liposome mediated gene therapy
affects the level and site of transgene expression. Direct application of liposome/DNA
complexes to an epithelial surface, such as the rectum or the lungs, appears to increase
transfection efficiency to almost 100% (Westbrook et al., 1994, Hargest et al., 1998,
Stribling et al., 1992). Intra-peritoneal delivery of liposome /DNA complexes has been
used in animal models of peritoneal seeding from carcinoma and glioblastoma with
effective local transfection of tumour cells (Aoki et al., 1997, Kikuchi et al., 1999, Hsiao
et al., 1997). Normal tissues were largely unaffected, probably due to a decreased level of
cell proliferation relative to the tumour. Oral administration of liposome mediated gene
therapy has not yet been extensively studied. This project covers rectal, gavage and intra-

peritoneal routes of administration of the APC gene in a liposomal vector.

1.9.3 Cancer Gene Therapy

Although gene therapy was initially envisaged as a treatment for monogenic disorders,
such as cystic fibrosis or SCID, it is now most often considered in the management of
cancer and other diseases that arise from a combination of genetic and environmental
insults. Corrective gene therapy is only one approach to treatment. In fact, at present,
gene therapy is more widely used to optimise existing cytotoxic or immunological

treatments.
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1.9.3.1 Cytotoxic Gene Therapy

1.9.3.1.1 Gene Directed Enzyme Prodrug Therapy (GDEPT

A gene, whose protein product is capable of activating a non-toxic prodrug to an active
cytotoxic compound, is introduced into tumour cells. The patient is subsequently treated
with the appropriate prodrug and transfected tumour cells are preferentially killed. Non-
transfected tissue cannot activate the prodrug and remains largely unharmed. The enzyme
prodrug combinations most widely used are HSV tk with ganciclovir and cytosine
deaminase with 5-fluorocytosine. Interestingly, although only a fraction of targeted cells
are transfected, the treatment enhances cell death in a greater overall percentage of cells.
This so called 'bystander' effect is presumably due to movement of toxic metabolites into

nearby cells (Bi et al., 1993) or effects on the local vasculature (Ram et al., 1994).

Brain tumours consist of actively dividing cells on a background of non-replicating tissue
and they are often resistant to conventional treatments. Therefore, they were the first
tumours to be treated with retroviral mediated GDEPT. Rat gliomas were injected with
retrovirus carrying HSV tk and the animals were subsequenfly treated with ganciclovir.
Significant tumour regression was seen, with no effect on surrounding neural tissue (Ram
et al., 1993). Similar protocols have been used with promising effects in Phase I and II

clinical trials for the treatment of human brain tumours (Ram et al., 1997, Valery, 2000).

Adenovirus mediated GDEPT is now being trialed in the treatment of metastatic CRC.
The adenoviral vector, carrying cytosine deaminase, is injected directly into hepatic
metastases and the patients are subsequently treated with oral 5-fluorocytosine (Crystal et

al., 1997).
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1.9.3.1.2 Gene Therapy To Promote The Therapeutic Index of Cytotoxic Drugs

The transfer of drug resistance genes to haemopoeitic stem cells could in theory allow the
use of increased doses of myeloablative chemotherapy in cancer (Ward et al., 1994). The
multidrug resistance gene, MDR-1, has been widely studied in this context. It encodes a
cellular efflux pump, P-glycoprotein, which rapidly removes hydrophobic
chemotherapeutic agents from cells (Pastan and Gottesman, 1991). Autologous bone
marrow, or blood-derived stem cells, can be removed from a patient, transduced with
MDR-1 and re-infused prior to high dose chemotherapy with the appropriate myelotoxic

drugs.

Studies of this type of gene therapy in animals have been encouraging, suggesting
effective marrow resistance to chemotherapy (Hanania et al., 1995) and selective
enrichment of treated cells groups (Allay et al., 1998). Phase I clinical trials are underway
in humans with haematological malignancy and breast cancer (Devereux et al., 1998,

Hesdorffer et al., 1998, Moscow et al., 1999).

However, there are inherent flaws in this strategy that have yet to be countered. First,
protection of haemopoeitic stem cells does nothing to reduce drug toxicity in other
tissues, so the potential for dose escalation is limited. Second, but no less important,
malignant cells within the bone marrow may be transduced, reducing the efficiency of
chemotherapy and providing a selective growth advantage to this sub-group of neoplastic

cells. Finally, a significant clinical effect has still to be demonstrated.

1.9.3.2 Immunological Gene Therapy
Immunotherapy aims to boost the size and increase the specificity of the host immune

response to a tumour. This is an attractive proposition, as enhanced immune recognition
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of the primary tumour may allow amplification of the response to attack disseminated
disease. However, it is difficult to identify useful therapeutic genes as each tumour
expresses different combinations of histocompatability antigens, cytokines and tumour

specific antigens.

1.9.3.2.1 Non-specific Immune Enhancement
Non-specific immune enhancement is achieved through the introduction of genes
encoding cytokines and/or allogeneic histocompatability antigens into tumour cells or

immune effector cells.

Loss or reduction of expression of cell surface class I major histocompatability complex
molecules (MHC) is often seen in CRC (Smith et al., 1989). This may allow the tumour
to escape immune surveillance. Studies of transfer of Class I MHC into CRC hepatic
metastases have been carried out, in an attempt to boost anti-tumour immunity. Fifteen
patients were treated in a phase I study, using a liposomal vector. Transgene expression
was obtained at the cDNA, mRNA and protein level and no serious toxicity occurred

(Rubin et al., 1997). Further studies are needed to establish therapeutic efficacy.

In another clinical trial adenoviral vectors containing interleukin-2 were injected into
unresectable CRC. The aim was to enhance local cytokine production and local immune
response to the tumour, without the effects of systemic administration of cytokines (Gilly
et al., 1998). No toxicity was seen, there was increased cell surface expression of

interleukin-2 receptors and one patient showed tumour necrosis.

The main drawback to non-specific immune enhancement is the potential for unwanted

systemic effects and the initiation of autoimmune phenomena.
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1.9.3.2.2 Specific Immune Enhancement

Specific immune responses can be boosted with the use of genes encoding tumour-
associated antigens. Carcinogenic embryonic antigen (CEA) is expressed on many
colorectal cancers. A plasmid has been engineered for human administration that carries
the gene for CEA under a CMV promoter. It has been shown to induce CEA-specific
lymphoblastic transformation and antibody response in mice and protect them against

later tumour challenge with CEA-expressing CRC cells (Conry et al., 1995).

A Phase I clinical trial of this plasmid in patients with metastatic CEA-expressing CRC,
showed a good antibody response to CEA and no toxicity (Conry et al., 1997). Animal
work suggests that the antibody response could be further boosted by the co-

administration of genes encoding other cytokines (Conry et al., 1996).

1.9.3.3 Corrective Gene Therapy

The aim of corrective gene therapy is to restore a normal genotype to a malignant or
potentially malignant cell. This can be via the introduction of a tumour suppressor gene,
by inactivation of an oncogene or a combination of both approaches. Restoration of a
'normal’ phenotype is unlikely with single gene approaches, but corrective gene therapy
may be useful in enhancing the efficiency of tumour killing in response to conventional

therapeutic agents.

1.9.3.3.1 Conceptual Problems With Corrective Gene Therapy

It has been said, "No therapy directed to a single dominant or recessive oncogene is likely
to become a panacea" (Bishop, 1991). The main objection cited is that cancer is a
multistep process and correction of one genetic error is inadequate to slow, halt or reverse

this process. Concern has also arisen over the present inability of gene therapy to target
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all tumour cells, in case this leads to positive selection of a sub-group of untreated cells.
The need for lifelong repeated treatments to maintain 'normal' gene expression is also

unattractive.

Although cancer is a multistep process, there are certain genes whose mutation appears
critical in the initiation of the process or in development of the malignant phenotype. APC
and P53 tumour suppressor genes have been identified as playing important roles in the
development of CRC. P53 is also commonly mutated in many other cancers, providing
cells with resistance to apoptosis amongst other selective advantages (Steele et al., 1998).
Therefore, much experimental work has looked at the effect of replacing WT p33 into

malignant cells in vitro and into tumours in vivo.

CRC cell lines containing mutations in p53 were transfected with the WT gene in a
plasmid vector. Successfully transfected cell lines demonstrated decreased growth on soft
agar and failure to progress through the cell cycle (Baker et al., 1990). Similar
experiments transfected WT p53 into an osteosarcoma cell line lacking the endogenous
gene. Once again, expression of the WT gene suppressed the neoplastic phenotype of the

cells (Chen et al., 1990).

Non-small cell lung cancer (NSCLC) commonly contains p53 mutations. WT p53 was
introduced into orthotopic NSCLC, in a nude mouse model. Tumour formation was
suppressed in over 60% of treated mice when compared to control animals receiving only
the retroviral vector (Fujiwara et al., 1994a). Similar results have been demonstrated with
p53 gene therapy in animal models of ovarian and prostatic adenocarcinoma and
squamous cell carcinoma of the head and neck (SCCHN) (Mujoo et al., 1996, Asgari et

al., 1997, Liu et al., 1995a, Clayman et al., 1995). Thus addition of a single WT tumour
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suppressor gene is able to specifically suppress tumour cell growth in vitro and in vivo in
cells known to contain mutations in numerous other genes. This may be via a range of
effects, including improvement in apoptosis and an anti-angiogenic effect (Shao et al.,

2000, Bouvet et al., 1998a).

Corrective gene therapy with p53 also exerts a synergistic effect with chemotherapy
and/or radiotherapy in tumour cell killing. WT p53, in an adenoviral vector has been
shown to enhance apoptosis and tumour suppression in response to cisplatin in NSCLC
and CRC cell lines in vitro. Therapeutic co-operation with cisplatin and ionising radiation
has also been demonstrated in orthotopic lung cancers and glioblastomas in vive (Nguyen

et al., 1996, Fujiwara et al., 1994b, Gjerset et al., 1995, Ogawa et al., 1997).

Although critics of corrective gene therapy express concern over its present inability to
target all affected or at risk tissue, this inadequacy is accepted without question in the use
of conventional treatments, such as chemotherapy or radiotherapy. Surely any decrease in
malignant tumour burden is an advantage, even if only for symptomatic relief. In
addition, reduction in tumour load may improve the ability of the host immune response
or conventional therapies to deal with the remaining disease. Advances in vector
technology and optimisation of the bystander effect also aim to improve the efficiency of

tumour cell kill.

The effect of many current gene therapy interventions is temporary but newer retroviral
vectors and emerging replication competent viral vectors offer the future possibility of a
single treatment with continued gene expression in the progeny of treated cells. Once only
treatment could also be achieved by stem cell targeting. Stem cells in the blood can be

identified by a surface marker (CD34). This has been utilised to extract a stem cell
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enriched fraction for transfection with the 4DA4 gene in SCID (Mitani et al.,, 1993).
Unfortunately there is as yet no means of identifying intestinal stem cells, or the putative

stem cells in the majority of other organs. This is an ongoing area of research.

1.9.3.3.2 Antisense

Although most attention has focused on corrective gene therapy using WT tumour
suppressor genes, methods of inactivating mutant oncogenes have also been developed.
Antisense oligodeoxynucleotides (ODNSs) bind to complementary mRNA and prevent its
translation. Thus specifically engineered ODNs block the expression of targeted genes
(Wagner, 1994). Initial studies suggested that ODNs were highly variable in efficacy and
reliability, and associated with a variety of non-specific, cytotoxic, growth inhibitory and
cell cycle effects (Galderisi et al., 1999). However, there is experimental evidence to
show that they can suppress the growth of tumours in animal models (Sacco et al., 1998,

Cotter et al., 1994), and they are now being trialed in human disease.

1.9.3.3.3 Human Trials of Corrective Gene Therapy

Phase I trials of a retroviral vector containing WT p53 under a B-actin promoter have
been carried out in the USA, for the treatment of NSCLC where conventional therapy
failed to control disease. Nine patients were treated by direct intra-tumoural injection.
Three showed tumour regression and three showed stable disease. No significant toxic
effects were noted (Roth et al., 1996). Similar results have been seen in trials of WT p53

transfer into NSCLC using an adenoviral vector (Swisher et al., 1999).

Patients with incurable SCCHN have been treated with multiple intra-tumoural injections

of p53 in an adenoviral vector. No significant toxicity was noted. Out of 17 patients with
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unresectable tumours, two showed a partial response, and six patients showed stable
disease for over three months. One of sixteen patients with resectable tumour showed a

complete pathologic response (Clayman et al., 1998).

Human trials are currently looking at the effect of p53 gene therapy in combination with

chemotherapy and/or radiotherapy in NSCLC and SCCHN.

1.9.3.3.4 FAP and Sporadic CRC Corrective Gene Therapy

CRC should be a good candidate for corrective gene therapy as it is one of the few
cancers in which the underlying genetic alterations have been identified to any extent.
The majority of sporadic CRCs, and all those associated with FAP, are known to proceed
along the adenoma-carcinoma sequence (Fearon and Vogelstein, 1990) (see Figure 1), so
an obvious target for corrective gene therapy in these tumours is the 'gatekeeper' gene

APC.

WT APC transfection into CRC cell lines containing only mutant APC has been shown to
cause a pronounced reduction in total B-catenin levels, by increased breakdown of excess
cytoplasmic f-catenin (Munemitsu et al.,, 1995). It also leads to increased cell death
through apoptosis (Morin et al., 1996). Either or both of these effects may be sufficient to

promote tumour cell death in vivo.

1.9.3.3.4.1 Prophylactic Gene Therapy

It may be possible to target gene therapy at an early stage, to prevent the development of
sporadic or FAP related colorectal adenomata, or to prevent their progression to

carcinoma. In FAP important areas for prophylactic therapy include the rectal stump after
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IRA, the duodenum, and tissues giving rise to desmoid disease, such as small bowel
mesentery. Safety issues surrounding gene therapy are always important, but they become
vital in the consideration of prophylactic treatments, where the patients are 'healthy'

individuals rather than people with pre-existing malignancy.

1.9.3.3.4.2 Aims of this Project

High levels of exogenous gene uptake, suppression of the endogenous mutant gene and
prolonged expression of the transgene are the basic requirements for prophylactic gene
therapy and have been demonstrated in Miss Hargest's work on APC gene transfer into
WT mice. This study was set up to see if similar high levels of transgene expression could
be obtained in the intestinal epithelium of the Min/+ mouse, via rectal and upper gastro-
intestinal administration of the transgene, and to determine whether there were any

phenotypic effects resulting from gene expression.

Although FAP largely affects the colon, rectum and duodenum with relative sparing of
the remainder of the small intestine, murine disease is most severe within the small bowel
(Moser et al., 1990, Wasan et al., 1997, Arenas et al., 1996). Therefore any attempt to see
a significant alteration in an already low rectal or colonic polyp load, as a result of local
gene therapy, would require treatment of a large number of mice. This entails obvious
practical and ethical considerations. In the hope of recognising the presence or absence of
a significant effect more easily it was decided to consider additional treatment end-points.
Based on knowledge of the function of APC the surrogate end-points chosen included
expression of the protein product of the transgene and alteration in the binding and
intracellular expression of the protein 3-catenin, whose degradation is controlled by APC.
Finally it was decided to investigate the feasibility of intraperitoneal gene administration

in WT mice, as an initial step in the consideration of gene therapy for desmoid disease.
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Chapter 2

Mouse Genotyping
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This chapter describes how a crude extract of mouse genomic DNA (from an easily
accessible tissue source) was differentially amplified by two pairs of primers in the
polymerase chain reaction (PCR) to differentiate between mice which were genetically

Min/+ heterozygotes and their WT littermates.

2.1 Materials and Methods

2.1.1 DNA Extraction

2.1.1.1 Protocol

e Ear snips were taken from mice at the time of death (for initial comparative studies in
untreated animals) or at 21 days of age (prior to treatment randomisation during the
clinical trials).

e Each ear snip was placed in a labelled tube containing 50ul of ear lysis buffer
(Appendix 1) with 5ul of proteinase K and left overnight at 55°C to allow protein
digestion.

e Samples were centrifuged at 13,000g for one minute to pellet cellular debris.

e 80ul of H2O was added to dilute the sodium dodecyl sulphate (SDS) in the lysis

buffer. Samples were then boiled at 100°C for 20 minutes to destroy the proteinase K.
e After cooling to room temperature, samples were centrifuged again at 13,000g for one

minute and the supernatant was used as a source of DNA.

Long term storage was at -200C, short term at 4°C.
2.5ul (approximately 50-100ng) of this DNA solution was used as the template for the

PCR reaction.
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2.1.2 PCR Amplification

PCR is a wonderfully simple concept, first suggested thirty years ago (Kleppe et al,

1971) and first used in 1985 (Saiki et al., 1985). It allows selected regions of the genome,

or samples of nucleic acid, to be amplified in vitro by a factor of at least 106. The main
requirement in selection of a fragment for amplification is a knowledge of the nucleotide
sequences flanking it. Short oligodeoxynucleotide sequences complementary to these

flanking regions (called primers) can then be obtained commercially.

The whole process can be split into three phases, denaturation, annealing and extension.

e Primers are added to the template DNA in a solution of salts and buffers. The

temperature is ramped up to over 90°C to denature the DNA being amplified. This
reversibly separates the hydrogen bonds holding the strands together to give two
complementary single strands.

e After one to two minutes the solution is cooled towards a physiological temperature.
This allows hydrogen bonds to re-form and primers, present in excess, anneal to
complementary sequences on the template. Raising the annealing temperature and
adjusting the salt concentration of the reaction mix increases the stringency with
which primers anneal.

e Once the primers have annealed, to form a short section of double stranded DNA, a
thermostable DNA polymerase catalyses the addition of individual deoxynucleotide
triphosphates (ANTPs), complementary to template DNA, onto the 3' end of the
primer. This is the extension phase. Tag polymerase from the thermophilic organism
Thermus aquaticus is available commercially. It can tolerate temperatures up to 100°C
and is thus ideal to replicate DNA under the most stringent conditions (Chien et al.,

1976).
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The cycle is repeated 30 to 35 times, producing an exponentially increasing number of
copies of the target DNA, limited only by the amount of Taq and dNTPs in the reaction
mix. The nature of the reaction explains the phrase polymerase 'chain reaction'. It is
generally carried out in a heating block, which can be programmed separately for each

reaction.

The genotyping PCR reaction used here is a triple primer PCR designed to differentially
amplify two products dependant upon the genotype of the animal (see Figure 6). Primer
0IMR034, complementary to nucleotides 2841 to 2859 of the murine Apc sequence,
adheres to both Min/+ and WT alleles. Primer 0IMR033, complementary to nucleotides
2241 to 2258 adheres to WT alleles. Primer oIMR758 recognises the Apc sequence from
bases 2529 to 2549, containing the Apc " mutation. Under stringent conditions this
primer does not anneal to the WT Apc allele. Thus the mutant allele is amplified to give a
300bp product and the WT allele is amplified to give a 600bp product. If both alleles are
present, as in the Min/+ animal, both products are formed. If the animal is a WT mouse
only the 600bp product is seen. All primers were obtained commercially (Sigma-Genosys

Ltd, Cambridgeshire, UK).

2.1.2.1 Protocol

e 2.7ul of template DNA was placed in each PCR reaction tube with

1.25 ul 20puM stock Primer oIMR034
0.625ul 20uM stock Primer oIMR758
0.25 pl 2uM stock Primer 0IMRO033
2.5ul - 2mM dNTPs

2.5ul ldx Supertaq buffer

2.5 units 'Supertaq' polymerase
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e The reaction mixture was made up to 25ul with ddH20, and covered with mineral oil
to prevent evaporation during the denaturation phase.

e Negative control tubes, with no DNA or no 'Supertaq' polymerase, were included in
all experiments. Positive controls in the form of DNA from known Min/+ and WT
animals were also included.

e The PCR programme was run as shown (Appendix 1).

o 12.5pul of each PCR product was mixed with 2ul Orange G loading dye and loaded

onto a 2% agarose gel for analysis (described below).

2.1.3 Gel Electrophoresis of DNA

Fragments of DNA can be separated by molecular weight using electrophoresis through
agarose or polyacrylamide gels. The final position of the nucleic acid is identified in
relation to markers of known size. Agarose gels separate fragments of DNA over a broad
size range, from 200bp-50Kb. Increasing the concentration of agarose increases the
resolving power of the gel. Polyacrylamide gels have an even higher resolving power and
are used to separate smaller fragments of DNA (5-500 bp). Due to the size of nucleic

acids being handled, agarose gels were used in this project.

2.1.3.1 Agarose Gel Electrophoresis

Agarose is a linear polymer of D-galactose-O-3,6-anhydro L-galactose. It dissolves at
high temperature in aqueous buffers, such as TAE (Appendix 2). When this solution cools
it forms a matrix, the density of which is determined by the concentration of the agarose
within it. When samples of nucleic acid are loaded into the gel and an electric field is
applied across it, the negatively charged bases migrate through the matrix towards the

anode. The rate of movement is inversely proportional to the molecular size of the DNA,
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although it is affected by other variables such as the agarose concentration, the voltage

applied and the electrophoresis buffer used.

Intercalating dyes such as ethidium bromide (EtBr) are added to the gel at the end of

electrophoresis. EtBr intercalates between the base pairs and is visible under ultraviolet

(UV) illumination.

2.1.3.1.1 Preparation of Agarose Gels

e The edges of the horizontal gel plate were sealed with adhesive tape.

e A 2-3% agarose suspension in TAE was heated in an Erlenmeyer flask in the
microwave until clear. Intermittent shaking prevented superheating. 2% gels were
chosen for genotyping for ease of handling and because they give good resolution of
DNA fragments from 300-600bp in size.

e Whilst the gel solution was still hot a plastic comb was placed at one end of the gel
plate in order to produce wells within the gel into which the DNA samples could be
loaded.

e Once the gel had polymerised, it was placed in the electrophoresis tank and the
remainder of the buffer solution was added until the surface of the gel was

submerged.

2.1.3.1.2 Running Agarose Gels

e Each DNA sample was pre-mixed with a small volume (2pl) of a marker dye Orange-
G and carefully loaded into a different well. The marker dye functions to increase the
density of the sample so that it falls smoothly to the bottom of the well. Its colour both
simplifies the loading process and allows the DNA migration to be observed with the
naked eye. Ideally with a simple mixture of DNA 100-500ng should be loaded into
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each well to allow visualisation but prevent smearing. If there are a large number of
different sized fragments (as occurs after restriction enzyme digestion) up to 20-30 pg
can be loaded without a significant loss of resolution.

DNA 'ladders' consisting of a mixture of DNA fragments of known sizes (Appendix
2) were loaded at either side of the sample wells to allow estimation of sample size at
the end of electrophoresis.

The lid of the tank was closed. A voltage of 1-5 V/cm (measured as the distance
between the electrodes) was applied.

When it appeared that sufficient separation of the DNA fragments had occurred (as
estimated by the progression of the coloured samples through the gel) the power pack
was disconnected and the gel removed from the electrophoresis tank. It was soaked
for 30-45 minutes in a solution of 0.5ug/ml EtBr in TAE and then placed over a UV
light source. The position of the PCR amplified nucleic DNA bands and the markers
could be seen where the EtBr intercalated between the bases. Each gel was

photographed to provide a permanent record of each experiment.

2.2 Results

A protocol for genotyping Min/+ mice has been described (Dietrich et al., 1993, Jacoby et

al., 1996). Our protocol was based on this method but required modification as one of the

primers, oIMR758, was different. It was 3 base pairs longer than its earlier counterpart,

the extra bases being added to allow greater specificity. Conditions were altered on a

step-wise basis in sequential experiments until the optimal conditions were obtained. This

required a decrease in the final concentration of primer oIMR758, and increases in the

annealing temperature, number of cycles and concentration of dNTPs. The final

conditions are described (Appendix 1 and Section 2.1.2.1).
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Ten untreated mice from two litters were genotyped initially, for use in setting up
experimental protocols of nucleic acid extraction PCR techniques and protein analysis. At
a later stage, 72 mice in 12 litters were genotyped. Of these 29 were Min/+ and 43 were
WT. Five male Min/+ mice were kept aside for breeding purposes and 6 WT mice were
culled as they were excess to requirements. The rest were used in the trials of gene
therapy. Figure 7 shows a typical triple primer genotyping PCR result on a 2% agarose

gel.

2.3 Discussion

Initial modifications to the Detrich protocol (Dietrich et al., 1993) took some time, but
once optimised the protocol described gave clear results. In the presence of any equivocal

results or the absence of good controls, the whole experiment was repeated.
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Chapter 3

Plasmid Preparation, Purification and Administration
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3.1 Introduction
3.1.1 The Plasmid

The plasmid used in this project was APC pCMV-Neo-Bam (Baker et al., 1990, Kinzler
et al., 1991) (see Figure 8). This is based on one of the early plasmid vectors, pBR322,
and contains both ampicillin and neomycin resistance cassettes. The APC gene has been
cloned into the restriction enzyme site Bam HI and is under the control of a constitutively
active CMV promoter. This plasmid has been widely used as it is able to undergo relaxed
replication i.e. its replication is independent of cell division and cellular protein
production. It does not replicate to high copy number (only 15-20 copies per cell) but
expression can be increased by culture in chloramphenicol, which inhibits replication of

the bacterial chromosome whilst allowing plasmid multiplication.

The pure plasmid (taken from a 50% glycerol stock stored at -80°C) was allowed to
multiply in competent bacteria growing first on agar plates and then in culture medium.
When cell density in culture reached an optimal level the plasmid was purified using the

Qiagen Maxi Kit ( Qiagen Inc. Chatsworth, California, USA).

3.1.2 The Animals

All animal work was performed under the appropriate Home Office project and personal
licences and with ethical committee approval from both University College London and
the ICRF. Mice were treated at four weeks of age, prior to puberty, in order to precede
any hormonal changes that might influence polyp progression. Each mouse was uniquely
identified by litter, sex and ear markings. Following genotype analysis, at 21 days of age,
the mice were kept in cages according to genotype, sex and litter. Following treatment,
the cages were further split so that animals were only housed with others who had

received the same treatment.
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3.2 Materials and Methods

3.2.1 Transformation of Bacteria

The process of bacterial transformation by plasmid incorporation can be accelerated in

some bacteria such as E.Coli. The cells are treated with an ice-cold salt solution (50mM

calcium chloride) that alters the bacterial cell wall and increases DNA binding. Bacteria

that have been treated in this way are termed competent. Rapid heating and recooling

(heat shock) then allows the DNA to be carried into the cell. For this project competent

cells previously produced within the laboratory (XL1-Blue) were used.

3.2.1.1 Protocol for Transformation of Competent Cells

Three 200ul aliquots of competent cells were thawed on ice, (having been stored
frozen at —~80°C) and transferred to 3 chilled microfuge tubes.

1ul of APC plasmid DNA (1pg/pl) was added to the first microfuge tube and gently
mixed. (The number of transformants increases with the amount of DNA added until
the cells become saturated. In general 200 pl of competent cells are saturated by 4ng
of DNA.)

A control plasmid containing the B-galactosidase gene (pUC19) was added to the
second microfuge tube in the same way. This was the positive control.

The third microfuge tube received no plasmid. This was the negative control.

All cells were incubated on ice for 30 minutes.

Each tube was heated at 45°C for 45-60 seconds and placed back on ice to cool for 2
minutes (this was the heat shock).

1ml of Luria-Bertani (LB) broth (Appendix 3) was added to each tube. The mixture

was incubated at 37°C for 45 minutes.
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e The transformed cells were spun down in a 45° fixed angle bench top rotor centrifuge
at 14,000 rpm for 20 seconds, the supernatant was removed and the cells were
resuspended in 200ul of TrisEDTA (Appendix 3).

e 100-200ul of the transformation mix was plated onto LB agar plates (Appendix 3)
containing 100ug/ml ampicillin and 50pg/ml X-gal. This was done in a laminar flow
hood using sterile equipment. A small flamed metal loop was used to spread the
transformed E. Coli onto the agar. The plates were incubated at 37°C overnight to
allow transformed cells (containing the ampicillin resistance cassette) to multiply.

e The next day colonies suitable for culturing were selected or the plates were wrapped

in Saran wrap and stored at 4°C.

3.2.2 Assessment of Transformation

Each bacterium normally takes up one piece of DNA during transformation. Degraded or
linear DNA it is rapidly broken down and extruded by the host. Our aim was to identify
those cells which had taken up whole plasmids containing a functional copy of the gene

of interest.

E.Coli are sensitive to ampicillin, thus the negative controls (competent cells but no
plasmid) did not grow on the agar / ampicillin plates. However, both plasmid vectors
pUC19 and pBR322 contain an ampicillin resistance gene that allowed all the

transformed cells to multiply overnight.

The positive control plasmid pUC19 contains the gene coding for the enzyme B-
galactosidase. This enzyme metabolises the substrate 5-bromo-4-chloro-3-indolyl-f-D-

galactoside (X-gal) to give a visibly blue product. X-gal was therefore incorporated into

the agar of the positive control plates so that all transformed cells gave rise to blue
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colonies. The number of blue colonies demonstrated the efficiency of the transformation.
pBR322 carrying the APC gene contains both ampicillin and neomycin resistance
cassettes so bacteria which took up this plasmid were selected for in the presence of

ampicillin.

3.2.3 Amplification of Transformed Cells

Bacteria being amplified purely as a source of plasmid DNA can be grown up in
'undefined' medium, for example LB broth, which contains unspecified growth factors

such as tryptone or yeast extract.

3.2.3.1 Protocol

e Individual colonies from a freshly streaked selective agar plate were picked out (using
a sterile toothpick) and inoculated into Sml of LB medium (with 1/1000 ampicillin) in
a 20ml universal container. This was incubated for 8 hours at 37°C with shaking. (.
Coli cells divide every 20 minutes until the culture reaches a maximum density of 2-
3x 10°. This corresponds to a turbid appearance when viewed with the naked eye.)
The lid was loosely closed to allow oxygenation. Ampicillin was included to prevent
the growth of daughter cells that did not contain the plasmid of interest.

e This starter culture was then diluted 100 times in selective LB medium (containing
ampicillin) and cultured under identical conditions for a further 16 hours. This gave a
500ml cloudy suspension of approximately 10° cells/ml, which was used for

preparation of larger quantities of plasmid DNA.

The growth rate and density of the culture can be monitored by measuring its optical
density (OD) at 600nm. For E. Coli, one OD unit corresponds to 0.8x10° cells/ml at

600nm.
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3.2.4 Purification of Plasmid

The Qiagen plasmid purification protocol is based on the principle of alkaline lysis of
bacteria (Birnboim and Doly, 1979) followed by binding of the plasmid DNA to an
anion-exchange resin under appropriate low-salt and pH conditions. RNA, proteins and
low molecular weight impurities are removed by a medium salt wash prior to elution of
the plasmid in a high salt solution. Finally the plasmid is desalted and concentrated by

isopropanol precipitation.

3.2.4.1 Protocol

e Bacteria (approximately 10%/ml) were harvested from 250ml of culture medium by
centrifugation at 4,400 g for 15 minutes.

e Each pellet was resuspended in 10ml Buffer P1 (Appendix 3). This contains a mildly
alkaline buffer, Tris (hydroxymethyl) methyl ammonium chloride, and RNAse A to
digest the RNA released during the procedure.

e 10ml of Buffer P2 was added (Appendix 3), the mixture was gently inverted 5 times
and left to incubate at room temperature for 5 minutes, until it appeared viscous. P2
contains sodium hydroxide (NaOH) and SDS. SDS solubilised the phospholipid and
protein components of the cell membrane and NaOH initiated alkaline denaturation of
DNA and proteins. Alkaline lysis was restricted to 5 minutes in an attempt to release
plasmid DNA with minimal release of the larger chromosomal DNA.

e Chilled buffer P3 (Appendix 3) was added and mixed gently by inversion 5 times
(vortexing would shear chromosomal DNA). The mixture was then incubated on ice
for 20 minutes. P3 contains acidic potassium acetate which terminates the alkaline
lysis stage. The high salt concentration causes SDS to precipitate and the denatured

proteins, cellular debris and large chromosomal DNA become trapped in the salt-
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detergent complexes. Plasmid DNA, being smaller and circular, renatures correctly
under acidic conditions and remains in solution.

Precipitation of unwanted material was completed by centrifugation at > 20,000g for
30 minutes at 4°C. The supernatant was removed and centrifugation was repeated
under the same conditions in order to remove all cellular debris (which could block
the Qiagen-tip) and SDS (which could prevent DNA binding to the column).

A Qiagen-500 tip (containing the anion-exchange resin) was equilibrated with 10ml
of Buffer QBT (Appendix 3). Detergent in the buffer (Triton X-100) reduces surface
tension in the tip so that the lysate will pass easily through it. It also established the
optimal salt and pH conditions for DNA to bind to the column.

The pre-cleared lysate was applied and passed through the tip by gravity flow.

The column was washed with 2x 30ml of Buffer QC (Appendix 3). This medium salt
buffer removed any remaining contaminants such as traces of RNA and protein.
Plasmid DNA was eluted into a clean tube with 15ml of the high salt buffer QF
(Appendix 3).

The DNA was precipitated with the addition of 0.7 volumes (11.5ml) of room
temperature isopropanol, gentle mixing and centrifugation at >15,000g for 30 minutes
at 4°C. (Solutions were at room temperature to avoid salt precipitation. Centrifugation

was carried out at 4°C to prevent overheating).
The supernatant was removed, taking care not to displace the glassy pellet.

The pellet was washed with 70% ethanol and centrifuged at >15,000g for 10 minutes.
(Ethanol removes precipitated salts and replaces isopropanol with a more volatile

agent that is easier to redissolve).

The supernatant was discarded, the pellet air-dried for 10 minutes and re-dissolved in

200ul of 10xTE.
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The plasmid was now ready for storage at -20°C or spectrophotometric quantitation to

check its concentration and purity.

3.2.5 Spectrophotometric Quantitation of Nucleic Acids

The absorption of UV light by nucleic acid varies with the wavelength of the incident
light and is maximal at 260nm. At this wavelength a solution with an optical density (OD)
of one corresponds to a concentration of:

50pg/ml of ds DNA

40ug/ml of ss DNA or RNA

3.2.5.1 Protocol

e The spectrophotometer was switched on and allowed to warm up.

e The required wavelength of incident light was chosen.

e A 1ml sample of the buffer solution (TE) was placed in a cuvette in the light chamber.
The absorption of this standard was taken as zero.

e Each nucleic acid sample was diluted 1/1000 in TE and its absorption was measured.

e (Calculations were performed using the formula shown.

[Nucleic Acid] pg/ml = ODx¢p x dilution factor x concentration factor

The concentration factor is the concentration of the nucleic acid that gives an OD,¢p of

one, as shown above.

To assess the purity of the sample the ratio of UV light absorption at 280nm incident
wavelength was also measured. Pure preparations have an ODj6o/OD,gp value of 1.8 to

2.0. This ratio is reduced with contaminated samples.
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3.2.6 Restriction Enzyme Digestion

Restriction enzymes bind to specific recognition sequences within dsDNA and break the
nucleic acid strands at these points. The restriction enzymes Bam HI and Sal I have
unique digest sites in the APC pCMVB-Neo-Bam plasmid, as shown in Figure 8. They
were used to linearise the Maxiprep DNA product, to ensure that a plasmid of the
appropriate size and sequence was produced and to exclude contamination by large
amounts of non-specific cellular DNA. Their recognition sequences and optimum

experimental conditions are shown in Appendix 3. All enzymes and buffers were

purchased from Gibco BRL.

3.2.6.1 Protocol

o 1l of the plasmid Maxiprep product, was pipetted into a clean microfuge tube and
placed on ice.

e The appropriate restriction enzyme was added in excess. One unit of enzyme digests
1ug of DNA to completion in 1 hour under optimum conditions. (5 units were used
here).

e 3ul of the appropriate 10x restriction buffer was added to the mixture.

e The solution was made up to 30ul final volume with ddH,O, and gently mixed by
pipetting up and down.

e The mixture was incubated in a waterbath at 37°C for 1 hour.

e After incubation, 5 and 10ul volumes of the digest product were run out on a 1%

agarose gel as described (Section 2.1.3.1.2), using a 1Kb DNA ladder.
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3.2.7 Plasmid /Liposome Complex Formation

The plasmid was complexed with LIPOFECTAMINE™, a 3:1 weight: weight liposome
formulation of the polycationic lipid 2,3-dioleoyloxy-N-[2-(sperminecarboxamido)ethyl]-
N,N-dimethy;-1-propanaminium trifluoroacetate (DOSPA) that complexes with DNA and
the neutral helper lipid dioleoyl phosphatidylethanolamine (DOPE) in membrane filtered

water (Life Technologies Inc, Gaithersburg, MD, USA).

3.2.7.1 Protocol

e APC pCMVpB-Neo-Bam was mixed with LIPOFECTAMINE™, at room temperature,
in the ratio 1:12 by weight. The solution was made up to the final treatment volume
with sterile saline, and it was allowed to stand for a minimum of 15 minutes to allow
DNA/lipid complex formation.

e The control solution of '"LIPOFECTAMINE™ alone' consisted of an equal volume of
LIPOFECTAMINE™ to that used in the treatment arm, made up to the same final
volume with normal saline. It was allowed to stand for the same period of time prior

to use.

3.2.8 Rectal Treatment

Rectal treatment followed the treatment programme designed by Hargest et a/ (Hargest et

al., 1998). Overall, 21 mice from 6 litters were treated, at an age of 26 to 28 days.

3.2.8.1 Protocol
e 70ul of plasmid DNA (at 1pg /ul) and 420pl LIPOFECTAMINE™ (at 2ug/ml) were
administered to each mouse treated with APC pCMV-Neo-Bam, in a final volume of

500,
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The solution was drawn up in a 1ml syringe, a plastic mouse gavage tube was then
attached to the end of the syringe and all air bubbles were removed.

An appropriate mouse was weighed and placed in a restrainer (normally utilised for
tail vein injections).

The tail was elevated, K-Y jelly applied to the anus and the tip of the gavage tube was
inserted gently into the rectum.

The entire volume of enema was slowly administered. Any leakage from the anus was
collected into a petri dish held beneath the mouse and re-inserted.

Following treatment, the tail was held in the same position for approximately 1
minute, to keep the anus slightly elevated, and the mouse was then let loose.

There did not appear to be any leakage after treatment so rectal plugs were not used
(to minimise discomfort).

The animals were observed for twenty minutes and then replaced in their cages and
housed as normal until the day of death. Any ill animals were killed and an immediate
post-mortem was carried out.

9 Min/+ mice were treated with APC pCMV[3-Neo-Bam.

Three control groups were used:

e 4 WT mice were treated with APC pCMV3-Neo-Bam.

e 4 Min/+ mice were treated with 'LIPOFECTAMINE™ alone'.

e 4 WT mice were treated with 'LIPOFECTAMINE ™ alone'.

3.2.9 Gavage Treatment

In line with the United Kingdom Co-ordinating Committee on Cancer Research

(UKCCCR) guidelines for animal welfare, the volume of fluid that can be administered to

an animal by the oral route is limited to 2% of that animal's body weight. The mice used

here were relatively small (13 to 19 grams). Therefore, the final treatment volume was
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limited to 250ul to 300pul. The ratio of plasmid to LIPOFECTAMINE™ by weight (1:12)

was maintained since this appeared to be the optimal ratio for efficient transfection in

earlier studies (Hargest and Williamson, 1995). Thus the amount of plasmid delivered to

each treated mouse by gavage was reduced to 35-42ug (rather than 70ug as used in the

rectal study).

Overall, 20 mice from 4 litters were treated, at an age of 31 to 34 days.

3.2.9.1 Protocol

The required treatment volume was drawn up in a 1ml syringe, a round tipped, metal,
mouse gavage tube was attached to the end of the syringe and all air bubbles were
removed.

An appropriate mouse was weighed and then scruffed and held head upwards, so that
the body and head were immobilised.

The gavage needle was inserted into one side of the mouth and advanced smoothly
until the stomach was entered. (Any distress was interpreted as mis-placement of the
syringe and the tube was withdrawn and replaced.)

Once in position the treatment dose was smoothly administered, the tube was
withdrawn and the mouse was released.

The animals were observed for twenty minutes and then replaced in their cages and
housed as normal until the day of death. Any ill animals were killed and an immediate
post-mortem was carried out.

8 Min/+ mice were treated with APC pCMVf3-Neo-Bam.

Three control groups were used:

e 4 WT mice were treated with APC pCMV[3-Neo-Bam.

e 4 Min/+ mice were treated with 'LIPOFECTAMINE™ alone'
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e 4 WT mice were treated with 'LIPOFECTAMINE ™ alone'.

3.2.10 Intra-peritoneal Treatment

Once again the treatment volume was limited to 2% of the animal's body weight. As the

mice were small (15 to 17 grams), the final treatment volume was limited to 250ul in all

cases. The ratio of plasmid to LIPOFECTAMINE™ by weight (1:12) was maintained. Thus

the amount of plasmid delivered to each treated mouse by intra-peritoneal therapy was

35ug.

Overall, 12 WT mice from 4 litters were treated, all at an age of 31 days..

3.2.10.1 Protocol

The required treatment volume was drawn up in a 1ml syringe, a 25 gauge needle was
attached to the end of the syringe and all air bubbles were removed.

An appropriate mouse was weighed and then scruffed and held head upwards, so that
the body and right hind leg were immobilised.

The needle was inserted just to the right of the midline, approximately half way down
the abdomen, and advanced smoothly until the peritoneum was punctured.

The treatment was inserted slowly and the needle withdrawn. The mouse was then
released.

The animals were observed for twenty minutes and then replaced in their cages and
housed as normal until the day of death. Any ill animals were killed and an immediate
post-mortem was carried out.

8 WT mice were treated with APC pCMVf3-Neo-Bam.

4 WT mice were treated with 'LIPOFECTAMINE™ alone", as a control group.
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3.3 Results
3.3.1 Plasmid Preparation

Initial attempts at amplification of APC pCMVf3-Neo-Bam from previously transformed
cells gave poor results. However, transformation of new competent cells with plasmid
stock gave a better starting point. Once a good 500ml culture of transformed bacteria was
ready, the Maxiprep purification protocol was straight forward to use, although the final
plasmid yield (as measured by spectrophotometry) was variable, ranging from 1.04mg/ml
to 3.25mg/ml. All samples were diluted to a constant concentration of 1mg/ml for end

use. The purity of the preparations was consistently high.

3.3.2 Restriction Enzyme Digestion

The enzymes Bam HI and Sal I were used to digest plasmid DNA under the conditions
described (Appendix 3). The APC gene insert, approximately 8.9Kb in size, has been
cloned into the Bam HI site. Therefore, cleavage with Bam HI should give rise to a
linearised vector of approximately 6.6Kb and a free 8.9Kb insert. Sal I cuts the vector

away from the insertion site and should produce a single 15.5Kb fragment.

Figure 9 shows the results of the restriction digest run out on a 1% agarose gel, stained

with EtBr and photographed. The expected fragments were produced with no other

contaminating DNA.

3.3.3 Plasmid Administration

The results of the treatment are covered in detail in Sections 4.2, 5.2 and 6.3.2.
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3.4 Discussion
3.4.1 Plasmid Preparation

Insertion of human APC ¢cDNA into a newer plasmid vector would have allowed a higher
copy number during plasmid amplification in bacteria, and a greater overall yield of
plasmid. However, the manufacture of a new vector was beyond the scope of this project.
Instead, the process of plasmid preparation and purification was repeated many times, to

give enough to treat the required number of animals.

3.4.2 Restriction Enzyme Digestion

The results of the restriction digest, combined with the results of spectrophotometry,

confirmed that the Maxiprep was producing a pure preparation of the plasmid of interest.
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Chapter 4

Study of Transgene Expression Following APC Gene Therapy
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4.1 Methods

This part of the project attempted to document the physical extent of transgene expression
after a single dose was delivered to the rectum or stomach of Min/+ mice (and WT
controls) and to follow this over a four day time course. Having considered the possibility
of intra-peritoneal APC gene therapy in the treatment or prophylaxis of desmoids, the
extent of transgene expression following a single intra-peritoneal injection of APC
pCMVpB-Neo-Bam was also recorded, using only WT mice (produced in excess in the

Min/+ breeding programme).

Transgene expression is best studied at the mRNA level as this identifies those copies of
the transgene that have not only entered the cell but have initiated transcription. This is
achieved by extraction of total mRNA from a tissue, followed by specific amplification of

the message of interest (by reverse transcriptase PCR)

4.1.1 Organ Retrieval

The mice were killed on days 1, 2, 3 and 4, the date of treatment being termed Day 0.
Each day two 'treated' mice were killed along with 1 mouse from each of the control
groups described (see Tables 1and 2). Each mouse was placed in an airtight glass carbon
dioxide chamber and the gas flow was increased until the mouse lost consciousness and
died. A prolonged period (one minute) of stillness and absence of reflex response to pain

was taken to indicate death.

Each mouse had an identical post-mortem. When pinned out on a board, the abdomen was
carefully opened and inspected to exclude the presence of free intra-peritoneal fluid,
intestinal distension or perforation. The liver, spleen, kidneys and pancreas were also

inspected and any abnormality was recorded.
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The entire gastro-intestinal tract was removed. It was divided into stomach, small bowel
sections one, two and three (numbered from proximal to distal small bowel in
approximately equal sections), colon (as far as the splenic flexure) and recto-sigmoid
(everything distal to the splenic flexure). Each segment was opened longitudinally,
washed in cold PBS (to remove faecal matter), and examined in good light under a x10
dissecting microscope to note the position and size of any macroscopically visible polyps.
Samples were then snap frozen in liquid nitrogen in appropriately labelled cryogenic
tubes. Tubes were labelled according to the date, the experiment, the genotype and
individual identification number of the mouse, and the body part contained. Polyps were
dissected out under the microscope and frozen separately. The liver, kidneys and gonads
were also removed and snap frozen. Following intra-peritoneal treatment, sections of

peritoneum were recovered.

Following initial freezing in liquid nitrogen, all tissue samples were transferred to a -80°C

freezer until required.

4.1.2 Preparation of mRNA

A commercially available kit, QuickPrep® Micro mRNA purification kit (Pharmacia
Biotech Inc.) was used. This allowed the rapid production of polyadenylated RNA from
multiple small samples (typically 20pg) without the need for purification of total cellular
RNA. The kit produced virtually pure RNA, with minimal DNA or protein
contamination. However, the mRNA yield was not high, typically being under 3pug per

sample. This limited the number of cDNA copies produced from each tissue sample.

All reactions were carried out at room temperature unless otherwise stated. In order to
prevent sample contamination with exogenous ribonucleases, gloves were worn at all
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times. Bench surfaces and Gilson pipettes were cleaned prior to use and all plasticware
coming into contact with the samples was double autoclaved (Sambrook et al., 1989a).
Diethyl pyrocarbonate (DEPC) treated water (which is RNase free) was used to clean the

tissue homogeniser between samples.

Tissue samples were removed from storage at -80°C and thawed on ice. Nucleic acid was
extracted by rapid homogenisation on ice in a buffered solution of guanidinium
thiocyanate (GTC) that inactivates endogenous tissue RNases (Chirgwin et al., 1979). The
extraction buffer was then diluted in elution buffer to give a final concentration of GTC
low enough to permit hydrogen bond formation between the poly-A tract of mRNA and
the oligo(dT)-cellulose used to purify it, but high enough to maintain inhibition of RNase
activity. Cellular proteins began to precipitate at this stage, and were removed by
centrifugation. The cleared tissue homogenate was mixed with oligo(dT)-cellulose and
purified by sequential washes in high and then low salt buffers. The initial high salt
washes removed the majority of contaminating proteins and nucleic acids, later washes
completed the removal of carbohydrates. Finally, the mRNA was eluted from the column

with pre-warmed elution buffer.

4.1.2.1 Protocol

4.1.2.1.1 Preparation

e The kit was stored at 4°C but removed from the fridge approximately 30 minutes prior
to use, to equilibrate to room temperature.

e The extraction buffer (Appendix 4) was placed in a waterbath at 37°C for ten minutes,
to dissolve any crystalline material. Thereafter it was cooled to room temperature.

e 0.5ml of elution buffer (Appendix 4) per sample was warmed to 65°C in a waterbath,

for use in the final step of elution of mMRNA.
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The oligo(dT)-cellulose solution (Appendix 4) was mixed well to re-suspend the
particles in buffer and 1ml aliquots were placed in 1.5ml screw top microfuge tubes,

labelled according to the tissue samples being studied.

4.1.2.1.2 Nucleic Acid Extraction

Tissue samples (typically 15-20ug) were removed from the -80°C freezer, chopped
into three or four pieces and placed immediately in a 10ml round bottomed tube with
400pl extraction buffer.

The tube was placed in a container of ice and the tissue was rapidly homogenised,
until a uniform tissue suspension was produced.

800l elution buffer was added to the tube and the sample was briefly homogenised
once again.

The extracted tissue sample was transferred to a 1.5ml screw top eppendorf tube and
centrifuged at 13,000g for one minute. At the same time a microfuge tube containing

oligo(dT)-cellulose was centrifuged.

4.1.2.1.3 Binding

The buffer from the oligo(dT)-cellulose was removed and 1ml of the clarified tissue
extract was placed on top of the cellulose pellet. The tube was closed and inverted
manually to re-suspend the oligo(dT). The tube was then placed in a rotating wheel
for three minutes to facilitate hydrogen bond formation between the poly-A of the
mRNA and the oligo(dT) tract on the cellulose.

The sample was centrifuged at 13,000g for ten seconds.

The supernatant was aspirated and discarded.
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4.1.2.1.4 Washing

The oligo(dT) pellet was washed 5 times with 1ml of high salt buffer (Appendix 4),
and then twice with 1ml of low salt buffer (Appendix 4). The pellet was centrifuged at
13,000g for five seconds between each wash.

The oligo(dT)-cellulose was re-suspended in 0.3ml low salt buffer and transferred to a
polypropylene Microspin™ column (Pharmacia Biotech Inc.), in a sterile microfuge
tube.

The microfuge tube and column were centrifuged at 13,000g for five seconds and the
effluent was discarded.

The concentrated oligo(dT) pellet was then washed twice with 0.5ml of low salt

buffer.

4.1.2.1.5 Elution Step

The column was placed in a new sterile microfuge tube and 0.2ml of the pre-warmed
elution buffer (65°C) was added to the top of the resin bed.

The tube and column were centrifuged at 13,000g for five seconds. The eluate
produced was the purified mRNA.

In order to maximise the yield the elution step was repeated. This gave a slightly

greater overall quantity of mRNA but a lower concentration.

4.1.2.1.6 Concentration of mRNA

The tube containing the purified mRNA was placed on ice.
10ul glycogen solution (Appendix 4), 40l potassium acetate solution (Appendix 4),
and 1ml of 95% ethanol (chilled to -20°C) were added to the 400ul eluate.

The sample was placed at -20°C for a minimum of 30 minutes, preferably overnight.
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e The precipitated mRNA was collected by centrifugation for five minutes at 4°C and
13,000g.

e The supernatant was removed by inverting the tube over a clean paper towel on the
bench-top and tapping the open edge of the tube gently on this surface.

e The precipitated mRNA was re-dissolved in an appropriate volume of elution buffer,
normally 40pul, one tenth the original volume.

e This was stored at -80°C or placed on ice for immediate use in the production of a

cDNA copy.

4.1.3 Preparation of cDNA

Messenger RNA samples were converted into cDNA using the commercially available
First-Strand ¢cDNA Synthesis Kit (Pharmacia Biotech Inc.). Here, Moloney Murine
Leukaemia Virus reverse transcriptase (RT) was used to catalyse the synthesis of first
strand cDNA, in the presence of a random hexanucleotide primer, pd(N)s. The
RNA/cDNA heteroduplex was then used as the template for DNA polymerase in PCR

reactions (Saiki et al., 1985, Mullis and Faloona, 1987).

All precautions were taken to minimise RNA degradation and sample contamination, as

described above. In addition, all reactions were carried out on ice unless otherwise stated.

4.1.3.1 Protocol
e The kit was stored frozen at -20°C. Components were removed from the freezer and
placed on ice prior to use.

e The RT (Appendix 5) was gently pipetted up and down to resuspend particulate

matter.
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e 5ul of RT, 1ul of pd(N)s and 1pl of dithiothreitol (DTT) were placed in each
microfuge tube.

e Concentrated mRNA (in 40ul elution buffer) from each tissue sample was denatured
by heating to 65°C for ten minutes. It was then replaced on ice.

e 8ul of this mRNA was placed in a microfuge tube containing the reaction mix, and
the tube was labelled according to the RNA sample added.

e Three identical cDNA reactions were set up for each mRNA sample. The remaining
mRNA was stored at -80°C.

e Negative control tubes, with no mRNA or no RT, were also prepared for each
experiment. Their final volume was made upto 15ul with DEPC water.

e Each tube was mixed gently prior to incubation in a waterbath at 37°C for one hour, to
allow reverse transcription to occur under optimal conditions.

e The microtubes were removed from the waterbath and placed at 90°C for five minutes

to inactivate the RT.

o The resulting RNA/cDNA complex was used for amplification in the PCR reaction or

stored at -20°C.

4.1.4 Amplification of cDNA by The Polymerase Chain Reaction

The principles of PCR were explained in Section 2.1.2.

The primers utilised here were:

P1 5 GGATCC TGA GAACTIT CAG 3 (552bp-569bp)

P2 5' ATG CTT GTT CTGAGATGAC 3 (750bp-768bp)
Primer P1 is complementary to the rabbit B-globin sequence of APC pCMVf-Neo-Bam
(see Figure 8), just upstream of a splice donor site. Primer P2 spans part of the human

APC sequence. Used together they amplify a 1396 base pair fragment with unspliced
118



amplification and a 796bp message following in vive splicing (Westbrook et al., 1994).
Thus, where the plasmid was taken into cells and transcribed, a band at either or both
these molecular weights was expected following cDNA amplification in the presence of

these primers.

To provide a positive control, purified plasmid DNA (at a concentration of approximately
0.2pg) was amplified with the same primers and the same cycling conditions for each

experiment.

To ensure that absence of the appropriate PCR signal was due to lack of transgene
expression and not simply failure to produce high quality mRNA or cDNA, or to add the
correct reaction constituents, a simultaneous control PCR reaction was run. The third
cDNA copy of each mRNA sample was amplified with primers for the ubiquitously

expressed mouse B-actin. Use of the primers MBAF and MBAR produced an 872 bp

fragment.
MBAF 5' CCC ATC TAC GAG GGC TAT GC 3' (570bp-589bp)
MBAR 5'TTT GCT CCA ACC AACTGC TG 3" (1442bp-1423bp)

Transgene expression was confirmed when two ¢cDNA copies from an individual tissue
sample gave a 1396bp and/or a 796bp fragment following amplification with primers P1
and P2, in the presence of good negative controls (no signal in the no cDNA and no RT

samples).

Transgene expression was excluded when no appropriately sized PCR product was

generated from two cDNA copies of a tissue sample, in the presence of good positive
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controls (appropriate size fragments generated from plasmid amplification with P1 and P2

and from matched cDNA amplified with MBAF and MBAR).

4.1.4.1 Protocol
e Two cDNA samples (15ul each) from each tissue sample were was spun down and
placed in PCR reaction tubes with:
S5ul  10uM stock P1 (1uM final concentration)
5ul  10pM stock P2 (1uM final concentration)
2.5 units Supertaq polymerase
e The third cDNA sample was spun down and placed in a PCR tube with:
1.5ul  10puM stock MBAF (0.3uM final concentration)
1.5ul  10pM stock MBAR (0.3uM final concentration)
2.5 units Supertaq polymerase
All tubes were made up to 50pul final volume with ddH,O. dNTPs and buffer did not need
to be added as they were already contained within the cDNA mixture.
o The reaction mixture was covered with mineral oil to prevent evaporation during the
denaturation phase.
e Positive control tubes containing approximately 0.2pg purified plasmid were included
in all experiments (Appendix 5).
e Negative control tubes lacking cDNA or RT (produced when the cDNA was made)
were carried through in all PCRs.
e The PCR programme was run as shown (Appendix 5).
e 12.5pul of each PCR product was mixed with 2pl Orange G loading dye and loaded
onto a 2% agarose gel for analysis.
e A 100bp DNA ladder (5ul) was run on each gel to estimate the size of amplified

bands.
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4.2 Results
4.2.1 Transgene Expression Following Rectal Treatment

Twelve mice (8 Min/+ and four WT) were initially treated with APC pCMVf-Neo-Bam.
One of the Min/+ mice became non-specifically unwell on day one and was humanely
sacrificed. (Another member of the same litter who had not been involved in the
experiment developed the same symptoms and was also killed.) Post-mortem failed to
reveal any abnormality related to treatment (see Section 5.2.1), but the tissue was not
processed fast enough to be used in the study, so an additional Min/+ mouse from the
same litter was treated with plasmid and taken out to four days to keep up the study

numbers.

4.2.1.1 Recto-sigmoid Samples

Overall, ten out of the twelve healthy mice treated with APC pCMV[p-Neo-Bam
displayed exogenous plasmid mRNA in the 'recto-sigmoid' samples (see Figures 10 and
13). Of the Min/+ mice treated with plasmid, only one of those killed after two days and
one of those killed after three days failed to express the transgene. All of the WT mice
treated with plasmid expressed the transgene in their ‘recto-sigmoid' tissue up to four days
after treatment. Both spliced and unspliced PCR products (1396bp and 796bp
respectively) were seen. An additional band between these sizes was sometimes present.
This was not amplified from the plasmid control. None of the eight mice treated with
'LIPOFECTAMINE™ alone' showed a positive band after rtPCR from the 'recto-sigmoid'

samples.

Rectal samples from all the mice (treated with plasmid or 'LIPOFECTAMINE™ alone')

expressed -actin mRNA.
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Ethical committee approval restricted the number of mice used in each trial. However,
WT mice bred in excess, in order to obtain an adequate number of Min/+ animals, were
available for use. Following the observation that transgene expression was maintained in
rectal tissue four days after treatment, two further WT mice were treated with the plasmid
enema and taken out to day 5 and 6. Neither rectal sample tested positive for transgene

mRNA.

4.2.1.2 Colonic samples

'Colonic' samples (ascending and transverse colon up to the region of the splenic flexure)
from all the mice were analysed for the presence of plasmid mRNA. There were no
positive results. Figure 11 shows the rt PCR results from the colonic samples of those

mice who had expressed the transgene in their rectal tissues.

4.2.1.3 Liver and Gonads

Liver and gonadal samples of all mice were also analysed. No 1396bp or 796bp PCR
fragments were produced. However, low molecular weight fragments were seen
following rtPCR from the liver samples of some of the animals treated with plasmid. (see

Figure 12). These were not present in the mice treated with 'LIPOFECTAMINE™ alone'.

4.2.1.4 Controls
In all experiments, control animals (treated with 'LIPOFECTAMINE™ alone') tested
negative for the exogenous mRNA. rtPCR results were only accepted if the appropriate

positive and negative controls were present (described in Section 4.1.3 ).
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4.2.2 Transgene Expression Following Gavage

4.2.2.1 Stomach and Small Bowel Samples

Only four out of twelve mice treated with APC pCMV -Neo-Bam, expressed the plasmid
mRNA in gastric tissue. Three of these mice (all Min/+) also expressed the exogenous
message in the most proximal part of the small bowel. Only unspliced PCR products were
seen (Figures 14, 15 and 18). There was no evidence of transgene expression in more

distal segments of small bowel.

Stomach and small bowel samples from all the mice expressed B-actin mRNA.

4.2.2.2 Liver and Gonads

No plasmid specific 1396bp or 796bp PCR fragments were produced from either the liver
or the gonads. However, faint bands of approximately 300bp and 400bp were produced
from liver and gonadal samples of some of the mice, including those treated with

'LIPOFECTAMINE™ alone' (see Figure 16, 17 and 18).

4.2.2.3 Controls

No samples taken from mice treated with 'LIPOFECTAMINE™ alone' tested positive for
transgene mRNA. rtPCR results were only accepted in the presence of appropriate
positive and negative controls.

4.2.3 Transgene Expression Following Intra-peritoneal Treatment
4.2.3.1 Peritoneal and Mesenteric Samples
Of the eight WT mice treated with APC pCMVf-Neo-Bam, all animals expressed the

transgene in the peritoneum, and only one mouse failed to express the exogenous mRNA

in its small bowel mesentery. Both spliced and unspliced PCR products were seen in the
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mesentery, but only full length mRNA was present in the peritoneal tissue. None of the
four mice treated with 'LIPOFECTAMINE™ alone' showed a positive band (see Figures 19

and 20 and Table 3).

Peritoneal and mesenteric samples from all the mice (treated with plasmid or

'LIPOFECTAMINE™ alone') expressed B-actin mRNA.

4.2.3.2 Intestinal Tissues
Small bowel, colon and rectal samples from animals treated with APC pCMVf3-Neo-Bam

showed a good level of transgene expression, with no obvious decrease in expression

from the first to the fourth day after treatment (see Figure 20 and Table 3).

4.2.3.3 Liver and Gonads

Transgene expression was seen in the liver of seven of the eight mice treated with the
plasmid (see Figure 20 and Table 3). Additional low molecular weight bands were one
again present after rtPCR from the livers of animals treated with APC pCMV-Neo-Bam.

They were not seen in mice who received 'LIPOFECTAMINE™ alone'.

Over a third of the mice treated with APC pCMVf3-Neo-Bam also showed transgene

expression in the gonads (see Figure 20 and Table 3). All three of these mice were male.

4.2.3.4 Controls
Once again, rtPCR results were only accepted in the presence of appropriate controls and
animals treated with 'LIPOFECTAMINE™ alone' consistently tested negative for

exogenous mRNA.
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4.3 Discussion
4.3.1 Preparation of mRNA

Initial experiments with the QuickPrep® Micro mRNA purification kit demonstrated that
it gave a pure RNA product (as assessed by spectrophotometry) but the relatively low
yield necessitated concentration of the end-product in a reduced volume of elution buffer

prior to use.

4.3.2 Preparation of cDNA

Judging by the control PCR amplification of B-actin, the First Strand cDNA Synthesis Kit
also gave consistently good results. The occasional failure of an entire experiment was

put down to failure to add the RT or a sub-optimal incubation temperature.

4.3.3 Amplification of cDNA by the Polymerase Chain Reaction

4.3.3.1 Primers For Amplification of APC pCMVp-Neo-Bam

Two sets of primers have been described for the detection of expression of an APC
transcript after transfection with APC pCMV[f-Neo-Bam (Hargest et al, 1998,
Westbrook et al., 1994). Both were tested in preliminary experiments. However, the
former set did not give reliable results, with frequent false positive signals in samples
taken from untreated Min/+ mice. This may have been due to the high homology between
murine and human 4PC or as a result of previous use of these primers in the laboratory
and non-specific contamination of stock solutiéns with amplified PCR products.
Therefore, the primers described by Westbrook et al (referred to here as P1 and P2) were
used. These gave no false positive results in untreated Min/+ or WT mice when the

negative controls were clear.
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4.3.4 Transgene Expression Following Rectal Treatments

Rectal administration of 4PC gene therapy is a well-established technique in rodents
(Westbrook et al., 1994, Hargest et al., 1998, Arenas et al., 1996). In human disease,
suppositories and enemas are commonly used in the management of inflammatory bowel
disease or troublesome constipation and are popular on the continent as an alternative
route for the administration of analgesic agents. Enema formulations have been produced

that allow self-administration of drugs with minimum discomfort.

Individuals with FAP, the potential target group for APC rectal gene therapy, have a
strong incentive to use topical applications that might reduce their risk of rectal
carcinoma in the rectal stump, or postpone the need for further surgery after an initial

IRA.

4.3.4.1 Recto-sigmoid Samples

More than 80% of mice treated with APC pCMV3-Neo-Bam expressed the transgene in
the recto-sigmoid. Individual animals not expressing the exogenous APC mRNA may
have evacuated their bowels soon after receiving the enema since no attempt was made to
plug the rectum. Therefore, absence of gene expression may have been due to failure of
administration rather than failure of transfection. This should not be an issue in human
gene therapy as treatment could be administered after spontaneous defecation or re-

administered in the event of unforeseen loss of the enema.

The transgene was expressed in rectal tissue for a period of at least four days. In an
attempt to look further into the duration of transgene expression, two additional WT mice
were treated with APC pCMVB-Neo-Bam and taken out to 5 or 6 days. A positive test

would have suggested prolonged expression of the transgene, but failure of expression in
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an individual animal at each time point was not able to exclude a gradual decrease in
expression with time. If the optimal treatment interval in human disease is one that

maintains a consistently high level of transgene expression, four days is probably suitable.

The PCR product occasionally seen between 1396bp and 796bp may have been a splice
variant or due to non-specific amplification of genomic DNA fragments similar but not

identical to the target sequence.

4.3.4.2 Colonic Samples

It appears that transgene uptake is limited to the local area of the recto-sigmoid and the
gene is not carried more proximally in the bowel. This is probably not a drawback to
human gene therapy as rectal treatment has only been proposed as treatment for the rectal
stump following IRA. This is a short segment of bowel, easily reached by enema

preparations.

4.3.4.3 Liver and Gonads

Complete absence of transgene expression in the liver or gonads suggests that rectal
delivery of the transgene does not favour entry into the systemic circulation in significant
amounts. The absence of transgene expression in the gonads following local treatment is a
useful safety feature in a prophylactic treatment aimed at young individuals who may

wish to procreate.

Liver samples in all three trials demonstrated unexpected PCR products at low molecular
weights. These were only seen in samples from mice treated with APC pCMV-Neo-
Bam in the rectal and intra-peritoneal trials. However, they were also present in the

control (‘'LIPOFECTAMINE™ alone') samples of mice treated by gavage. Therefore, it is
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likely that all of these bands are due to non-specific amplification of genomic DNA that

has a high degree of homology with one or both primers.

4.3.5 Transgene Expression Following Gavage

4.3.5.1 Stomach and Small Bowel Samples

Transgene expression in the stomaéh and proximal small bowel of the mice gavaged with
APC pCMVp-Neo-Bam was low (4/12 and 3/12 respectively) when compared to
expression in the recto-sigmoid samples of 10/12 animals treated rectally. The decreased
dose of plasmid administered by gavage may have had a role to play. The decrease in
treatment volume was probably not as important given that the stomach mucosa is not as
tightly convoluted as the rectum so most gastric mucosa would have been exposed to the

therapy.

The transfection efficiency of cationic lipids is dependent upon the cell type transfected
(Caplen et al., 1995b). It is possible that upper gastro-intestinal cells were simply not as
responsive to transfection with this plasmid as the colonic epithelium. The physical
surroundings of the plasmid in the upper gastro-intestinal tract may also have reduced
transfection efficiency. The thick mucus layer in the stomach (protecting it from acid
digestion) could have reduced direct exposure of the gastric mucosa to the plasmid. Once
in the small intestine, lipases in pancreatic and intestinal secretions may digest a
proportion of the lipid molecules leaving the associated DNA unprotected in the presence

of pancreatic deoxyribonucleases.

In vitro studies suggest that transfection of cell lines is less effective at extremes of pH
(Caplen et al., 1995b). Although this may be due to a direct effect of pH on cell lines in
culture, an adverse effect on the plasmid/ lipid complex cannot be ruled out. Exposure of
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the APC pCMVB-Neo-Bam plasmid/ LIPOFECTAMINE™ complex to strong acid (pH<2)
in the stomach may have initiated complex degradation prior to transfection. Alteration in
the charge of the lipid moiety and subsequent change in the plasmid/lipid interaction may

also have occurred.

Bile salts act in a physiological manner to cause emulsification of lipids and to enhance
lipid uptake into small intestinal cells through the formation of micelles (bile salt lipid
complexes which are highly soluble due to the charge of the bile salts). The overall effect
of bile salts on the DNA/lipid complexes used in this project is unclear. It could lie
anywhere between complex destruction and enhanced intestinal uptake of the vector and
plasmid. Work in this group is on-going looking at the effect of bile in vitro on upper

intestinal cell transfection efficiency.

The absence of transgene expression more distally in the small bowel mirrors the local
effect seen in rectal gene therapy. Once again this should not be a significant concern in
human disease where the majority of troublesome polyps are proximal within the

duodenum, clustered around the ampulla of Vater (Spigelman et al., 1989).

4.3.5.2 Liver and Gonads
No transgene expression was seen in the liver or gonads following gavage with APC
pCMVB-Neo-Bam. This supports the suggestion that gastro-intestinal gene therapy does

not lead to systemic circulation of the transgene.

Non-specific rt PCR products seen in the liver and gonads were put down to non-specific

amplification of genomic DNA homologous to the primer sequences.
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4.3.6 Transgene Expression Following Intra-peritoneal Treatment

Intraperitoneal chemotherapy has been widely used alone and in combination with
intravenous agents in the adjuvant treatment of ovarian cancer (Morgan et al., 1999).
There have also been occasional reports of its use in the management of peritoneal
metastases from other origins, such as appendiceal or colorectal tumours (Horsell et al.,
1999). Treatment is generally administered at intervals over a prolonged period, through
an intraperitoneal catheter. The time taken for the drug to cross the peritoneum into the
circulation means that high doses of chemotherapeutic agents can be administered locally
into the peritoneal cavity and moderate doses are delivered slowly to the systemic
circulation without a toxic peak (Gladieff et al., 1999). However, there are technical

problems, including intraperitoneal sepsis and catheter occlusion (Horsell et al., 1999).

Intra-peritoneal gene therapy is a step on from intraperitoneal chemotherapy. Delivery of
liposome/HSVtk complexes has been used in animal models of pancreatic carcinomatosis.
The transgene was taken up and expressed in 10% of peritoneal tumour cells (Aoki et al.,
1997). Tumour cells preferentially expressed the transgene, possibly due to an increased
proliferation rate (Kikuchi et al., 1999). Intra-peritoneal administration of corrective gene
therapy using WT p53/liposome complexes has been used in a mouse model of residual
glioblastoma. Good levels of tumour transfection and cell death were seen (Hsiao et al.,
1997). However, neither of these studies recorded transgene expression in 'normal’ tissues

within the abdominal cavity.

Intra-peritoneal gene therapy should theoretically give rise to local effects and/or
systemic distribution of the complexes following absorption into the circulation. It is
known that intra-peritoneal liposomes are taken up and destroyed by peritoneal

macrophages (Huong et al., 1998) and lipid/DNA complexes within the systemic
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circulation are rapidly degraded, especially in the presence of the neutral lipid DOPE that
is found in LIPOFECTAMINE™ (Li et al., 1999). Thus part of this project considered the
transfection efficiency in various tissues following intra-peritoneal administration of APC

pCMVB-Neo-Bam in WT mice.

In the absence of any effective prophylaxis or treatment for intra-abdominal desmoid
disease, corrective gene therapy with WT APC may be a way to 'stabilise' the at risk
connective tissue (such as the small bowel mesentery and peritoneum) that appears prone
to tumour formation following 'stressful' interventions such as surgery. It could be
administered on a regular basis in high-risk families or around the time of surgery in

others with 'classical FAP'.

4.3.6.1 Peritoneal and Mesenteric Samples

The majority of desmoids in FAP are intra-abdominal (70%). Of these 40-50% arise in
the mesentery (Einstein et al., 1991, Soravia et al., 2000) but some may arise from
peritoneal fibroblasts. High levels of transgene expression (7/8 and 8/8 animals
respectively ) were seen in both of these tissues and the level of expression was consistent
out to four days after treatment. The next step in evaluation of intra-peritoneal APC gene
therapy as a means of treatment for desmoids would be to extend the period between
treatment and tissue collection and then to look at the effect of treatment in an animal
model of desmoid disease. The Min/+ mouse is not a good model for desmoid disease but
others have been described. The most commonly used is the 4pc1638N mouse (described
in Section 1.8.2). However, this has largely musculo-skeletal desmoids rather than intra-

abdominal disease.

131



Studies described above (Aoki et al.,, 1997, Kikuchi et al., 1999, Hsiao et al.,, 1997)
suggested that intra-peritoneal gene therapy favours transgene expression in peritoneal
tumour deposits rather than in 'normal' tissue. This study clearly demonstrates transgene
expression in benign mesentery and peritoneum. Considering the prevention of desmoid
disease, expression of WT APC in pre-neoplastic lesions might prevent tumour initiation.
However, even if neoplastic change occurred the increased rate of proliferation seen in

locally aggressive disease might itself enhance transgene expression in affected cells

(Tseng et al., 1999).

4.3.6.2 Intestinal Tissues

Intra-peritoneal administration of gene therapy is a potential means of delivering
intestinal gene therapy. Five to six out of eight mice treated with the plasmid expressed
the transgene in the small bowel, colon and rectum. However, rtPCR was performed on
sections of whole bowel in the treated animals and it was not clear whether transgene
expression was confined to the serosa or reached to the mucosa where its effect might be
beneficial. Mucosal stripping and rtPCR of just this segment of bowel would be useful in

future experiments to consider this problem.

Prolonged or repeated intra-peritoneal administration of gene therapy in Min/+ mice
could also be attempted to record the clinical effects of such treatment on intestinal

disease.

4.3.6.3 Liver and Gonads
The high level of transgene expression in the liver seen here (7/8 treated animals) was
probably due to a local effect of transfection into superficial hepatocytes. High level gene

expression in liver following systemic administration of plasmid/ lipid complexes has
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been attributed to trapping of blood within sinusoids rather than transfection of
parenchymal cells (Griesenbach et al, 1998). However, systemic administration of
plasmid/ lipid complexes has been shown to cause low level transgene expression in the

liver even after exsanguination of mice prior to tissue collection (Templeton et al., 1997).

The additional low molecular weight PCR products seen in some liver samples from mice
treated with the plasmid were once again thought to be due to non-specific amplification

of genomic DNA.

Interestingly, transgene expression was seen in gonadal samples of three male mice
treated with intra-peritoneal APC pCMVp-Neo-Bam. It is possible that the treatment
initiated a rise in intra-abdominal pressure, allowing fluid to move directly through a
patent processus vaginalis and come into contact with the testes. Alternatively, gonadal
expression could have been secondary to systemic circulation of the complex. The over-
representation of transgene expression in male mice might lead one to prefer the former
explanation, however only two of the eight mice treated with the plasmid were female so

the likelihood of seeing gonadal expression in a female was low.

If intra-peritoneal gene therapy were to be used in the management of human disease
further studies of gonadal expression would be needed so that adequate advice could be

given to patients.

Overall the level of transgene expression in all tissues following intra-peritoneal gene
therapy was higher than might have been expected. This is a method of APC gene therapy
that requires more extensive investigation, particularly in relation to its use in the

prevention and management of desmoid disease.
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Tables 1 and 2-Protocols For Animal Euthanasia

Table 1 Rectal And Gavage Trials

Treated with Treated with
APC pCMVp-Neo-Bam 'LIPOFECTAMINE™ alone’
Min/+ WT Min/+ WT
Day 1 2 1 1 1
Day 2 2 1 1 1
Day 3 2 1 1 1
Day 4 2 1 1 1

A total of three mice treated with APC pCMVp-Neo-Bam and two treated with

'LIPOFECTAMINE ™ alone' were killed each day.

Table 2-Intra-peritoneal Trial

Treated with Treated with
APC pCMV-Neo-Bam 'LIPOFECTAMINE™ alone'
WT wT
Day 1 2 1
Day 2 2 1
Day 3 2 1
Day 4 2 1
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