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Summary

We aimed to identify genetic factors that alter colorectal cancer (CRC) risk, patient
survival and response to treatment. Using a cohort of 2,186 advanced CRC (aCRC)
cases and 2,176 healthy controls, we validated a role for loci at 18q21, 8q23, 15913
and 8q24 in CRC susceptibility. We also identified a variant in OGG1 that may act as
a novel low penetrance risk allele. We identified four germline SNPs from 14 genome
wide associated CRC risk loci that independently altered patient survival
(rs16892766 at 8923, HR 1.28, 95% Cl 1.13-1.45, P<0.001; rs9929218 at 16922, HR
1.46, 95% Cl 1.23-1.74, P=0.002; rs10411210 at 19913, HR 1.23, 95% CI 1.08-1.39,
P=0.001; and, rs10795668 at 10p14, HR 0.71, 95% CI 0.59-0.86, P=0.001). We
found that somatic mutations of the KRAS (HR 1.34, 95% CI 1.18-1.52 P<0.001) and
BRAF (HR 2.00, 95% CI 1.61-2.50, P<0.001) oncogenes altered patient survival
independent of treatment. Through the COIN trial, we found no evidence for
improved response to cetuximab in patients’ wild-type for KRAS (OS; HR 1.04, 95%
C10.87-1.23, P=0.67) or all wild-type for KRAS, BRAF and NRAS (OS; HR 1.02,
95% CI 0.83-1.24, P=0.86). Similarly, PIK3CA mutation status did not correlate with
response (OS; 1.03, 95% CI 0.86-1.24, P=0.89). However, we identified a ‘most
responsive’ cohort (patients wild-type for KRAS, BRAF and NRAS, with <1
metastatic sites and that received OxFU) that showed improved response (PFS; HR
0.55, 95% CI 0.35-0.87, P=0.01). Analysis of individual somatic variants revealed no
significant associations with response. We found that rs9929218 altered response to
(OR 0.48, 95% CI1 0.31-0.75, P=0.001) and side effects from (OR 4.68, 95% Cl 1.84-
11.9, P=0.001) standard chemotherapy and response to cetuximab in a KRAS,
BRAF and NRAS mutant dependent manner (OR 1.69, 95% CI 0.61-4.74, P for
interaction 0.004). We elucidated the underlying mechanisms at the 8q23 and 16q22
loci. These data may help to tailor future therapies for patients with aCRC.
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Chapter 04 — DNA extraction from COIN patient blood was primarily carried out by
Sl with the support of CS. Preparation of COIN and UKBS DNA samples was carried
out by SI/CS. Genotyping, through the lllumina GoldenGate platform, was arranged
through JPC/CS and James Colley (JC). Statistical interpretation of genotyping data
was carried out by Valentina Moskvina (VM). Association with patient survival were
carried out by David Fisher (DF) of the MRC CTU. All downstream functional and

statistical analyses described in chapter 04 were carried out by CS.



Chapter 05 — Genotyping, through Geneservice and Kbiosciences, was arranged by
CS. Trial design was carried out by CS and JPC. Associations with patient survival,
response and toxicity were carried out by DF. Interpretation of statistical data was
carried out by CS and JPC.

Chapter 06 — All experimental and statistical work described in this chapter was
carried out by CS with the support of the Cheadle laboratory.



Chapter One - General Introduction

1.1 Colorectal Cancer

Colorectal cancer (CRC) is one of the most common cancers worldwide, with over
one million new cases diagnosed each year (with incidence looking set to rise with
lifestyles in Asian and African populations becoming progressively ‘westernised’). It
is the third most common cancer in the UK with around 106 new cases diagnosed
each day and with ~38,500 registered cases in 2007 (Cancer Research UK, UK
incidence statistics, 2010). Mortality rates have declined in recent years (Edwards et
al. 2010) thanks to increased screening, reduction of risk factors and improved
treatment. Despite these improvements, the disease-specific mortality rate is still
approximately 33% in the developed world (Wolpin et al. 2008)

Environmental and genetic factors contribute to the development of CRC and either
can be the predominant cause of the disease. They can also interact, as
demonstrated by a genetic predisposition that results in an increased susceptibility to
particular carcinogens in the diet (Menko, 1993). Environmental factors include age -
90% of CRC cases are over the age of 50. Also, life-style choices such as exercise,
smoking habit, alcohol intake, and poor diet can contribute to risk. Kolonel and
colleagues (2004) highlighted the importance of these environmental factors when
studying Japanese immigrants to Hawaii. Here the incidence of CRC in even the first
generation of migrants was found to reach increased rates and was likely a result of
changes in diet. Diets low in fiber and high in red meat, fat and carbohydrates (Chan
and Giovannucci, 2010) have been associated with increased risk (World Cancer
Research Fund, 2007).

1.2 Heritable CRC

As presented in Figure 1.1, the majority of CRCs arise sporadically. However, there
is a considerable heritable component including a number of CRC syndromes. It is
estimated that the familial category has a two- to three-fold greater risk than the
general population (Cunningham et al. 2010). Hereditary CRC syndromes have
important public health implications. Correct diagnosis of an inherited syndrome, on
the basis of a family pedigree or through molecular characterisation, is essential in



disease management and clinical decision making for further testing of family
members (Lynch et al. 2007).

1.2.1 High penetrance mechanisms of inheritance

Inherited factors are thought to play a significant role in up to one third of CRCs
(Lichenstein et al. 2000), but only a minority of these can be accounted for by
established CRC predisposition genes (Kinzler and Vogelstein 1996). <6% of cases
carry high-penetrance germline mutations (Aaltonen et al. 2007) such as those found
in the adenomatous polyposis coli (APC) gene, which cause familial adenomatous
polyposis (FAP) (Fearnhead et al. 2001). FAP, and other inherited conditions arising
through high penetrance mutations, are described below;

1.2.1.1 FAP

FAP is an autosomal dominant inherited disorder that affects about 1 in 7000-8000
individuals (Cunningham et al. 2010; Half et al. 2009), manifesting equally in both
sexes. Individuals with FAP are predisposed to hundreds to thousands of
adenomatous polyps within the colon and rectum (Wallis and MacDonald, 1996).
Whilst these polyps that develop in the second to third decade of life (Kinzler and
Vogelstein, 1996) are not cancerous, their presence greatly increases the likelihood
of the individual developing CRC - left untreated, one or more will progress to
carcinoma often by the fourth decade of life (Hodgson and Maher, 1999; Kinzler and
Vogelstein, 1996) and almost all patients will develop CRC if not recognised and
treated at an early stage. A phenotypically ‘less-severe’ form of FAP also exists,
termed attenuated-FAP (AFAP). This is characterised by a reduced adenoma burden

and a later age of adenoma (and thus cancer) development.
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1.2.1.1.1 The APC gene

FAP arises through mutations of the APC tumour suppressor gene. The gene
consists of at least 21 exons (Santoro and Groden, 1997) spanning a region of >100
kilobase pairs (kbp). The last exon comprises the majority of the coding sequence

(~77%) and is the location of most germline and somatic mutations.

More than 300 different mutations of APC can contribute to the FAP phenotype and
these come in the form of insertions, deletions and nonsense mutations that result in
truncation of the APC protein. The majority of germline mutations result in the
synthesis of a C-terminally truncated protein (Béroud and Soussi, 1996; Laken et al.
1999; Powell et al. 1992) or show selection against B-catenin regulating domains
(Polakis, 2000). Large deletions that cover whole exons, or the whole gene itself,
have been observed and contribute to ~5% of FAP cases (Sieber et al. 2002; Michils
et al. 2005). Somatic mutations provide the ‘second hit' that is required for tumour
formation and are found to cluster within a central region of the gene. This central
region (known as the mutation cluster region or MCR) lies between codons 1281 and
1580 and greater than 60% of somatic APC mutations occur here (Cheadle et al.
2002; De Rosa et al. 2003).

1.2.1.1.2 Wnt Signalling and cancer

The Wnt pathway is critical in controlling important processes such as cell
proliferation and differentiation. APC is a key part of this pathway, functioning as part
of a destruction complex that targets B-catenin for degradation. Wnt signals influence
the stability of this destruction complex that also includes casein kinase 1a (CK1),
glycogen synthase kinase 3 (GSK3) and the scaffolding protein Axin. The overall
process is depicted in Figure 1.2. The regulation of Wnt signalling is a critical
process and its loss is associated with cancer initiation - often through the loss of
activity of genes encoding members of the destruction complex or activating
mutations of B-catenin (Sparks et al. 1998) itself. Abnormal levels of B-catenin in-turn
lead to increased expression of Wnt target genes which contribute to the initiation of

tumourigenesis.
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1.2.1.2 HNPCC

Accounting for 2-6% of all CRC cases, HNPCC is the most common hereditary form
of CRC (Lynch et al. 2006; Hampel et al. 2008). It has an autosomal dominant
inheritance pattern (Potter, 1999) that manifests at an average age of 45 years
(compared to 69 years for sporadic CRC in the general population) (Lynch et al.
2009). Tumourigenesis shows a predilection towards proximal colon growth, with
accelerated development from adenoma to carcinoma (within 2-3 years in HNPCC
patients as compared to 8-10 years in the general population). Despite this,
adenomas are rarely present in large numbers (exceptionally more than 10) and
florid polyposis is not observed (Maher et al. 1991). Amongst HNPCC sufferers,
there is a high risk of additional CRCs with ~30% of those that undergo surgery
developing a second primary tumour within 10 years of resection (Lynch et al. 2009).
Sufferers show longer survival periods than other forms of CRC. HNPCC is caused
by germline mutations in genes involved in the mismatch repair (MMR) pathway —
mutations in the MSH2 (Fishel et al. 1993), MLH1 (Lindblom et al. 1993), MSH6
(Miyaki et al. 1997), MLH3 (Wu et al. 2001) or PMS2 (Nicolaides et al. 1994) have

been linked to this condition.

1.2.1.2.1 DNA mismatch repair

DNA MMR is a cellular repair system that repairs mismatches and insertion-deletion
loops. During replication, slippage can lead to misalignment of the template and
synthesis strands, in-turn giving rise to heteroduplex DNA molecules. Microsatellites
are short repetitive DNA motifs of 1-6 nucleotides in length that are repeated 10-60
times (Beckmann and Weber, 1992). They are polymorphic in length among
individuals but are unique and uniform in length in every tissue within an individual
(Boland and Goel, 2010) and are abundant throughout the genome though are more
common in non-coding regions. Mismatches can contribute to the microsatellite
instability (MSI) phenotype that is observed in 15% of CRCs. The MMR system
repairs the section of the synthesis strand containing the error in a process

summarised in Figure 1.3.
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1.2.1.2.2 Germline mutations in MMR genes

Mutations within the MLH1 and MSH2 genes account for >95% of HNPCC cases
(Peltomaki, 2005). The remaining mutations are distributed amongst the other MMR
genes (Papp et al. 2007). The majority of germline mutations are nonsense or
frameshift mutations, though missense, splice-site variants and small- and large-
deletions and insertions have been observed (Kurzawski et al. 2006). Germline
mutations do not cluster at ‘hot-spots’ within the MMR genes, and the majority of the

mutations have only been reported once.

1.2.1.2.3 Somatic mutations in HNPCC

The MMR genes act as tumour suppressor genes — both alleles are required to be
inactivated to contribute to tumourigenesis since cells heterozygous for a mutation
function normally (Parsons et al. 1993). Mutational inactivation of the MMR

machinery leads to deficiencies in the MMR system that causes the MS| phenotype.

1.2.1.2.4 MSI

MSI is observed in the majority of tumours in HNPCC cases, butis only detected in
~10-15% of sporadic CRCs (Thibodeau et al. 1993, lonov et al. 1993). Sporadic
CRCs displaying MSI arise through a process that involves the CpG island
methylator phenotype (CIMP) (Toyota et al. 1999). CpG islands are clusters of
cytosine-guanine nucleotides that are often found within the promoter regions of
coding elements (Issa, 2004). These genes can be silenced through a mechanism in
which the cytosine residue of this di-nucleotide becomes methylated through the
action of methyltransferases. One such target of this ‘hypermethylation’ is the MLHT
gene (Kuismanen et al. 2000). CRCs arising through the CIMP mechanism are
distinct from HNPCC cases (Nagasaka et al. 2008; Boland et al. 2009).

MMR deficiency leads to an increase in the rate of point mutation accumulation
across the genome of a cell, with a bias towards mutations in repetitive sequences.
When microsatellites lying within coding regions of regulatory genes become

disrupted, MSI can contribute towards the development of cancer.



1.2.1.3 MAP

The discovery of this condition came about through the study of a British family in
which three siblings were affected by multiple colorectal adenomas and carcinomas
but none had an inherited mutation of APC (Al-Tassan et al. 2002). Equal expression
of both APC alleles was observed and there was no evidence for defective MMR.
Upon analysis of the somatic status of APC in the patients tumours, an over-
representation of G:C->T:A transversions was observed. The number of
transversions was compared against those in 811 colorectal carcinomas, and it was
found that the high-occurrence within the three siblings was statistically significant
(p=10"%). Based on the knowledge that the E.coli MutY, MutM and MutT
glycosylases counteract and repair damage resulting from the mispairing of adenine
with 80x0G, that result in such G:C->T:A transversions (Steenken et al. 1997), Al-
Tassan and colleagues screened the human orthologues of these genes; MUTYH,
OGG1, and MTH1 respectively, for pathogenic mutations. Germline bi-allelic
mutations of MUTYH were observed in all three affected siblings. These bi-allelic
mutations were found at Y165C and G382D (though the current nomenclature refers
to these as Y179C and G396D respectively). The occurrence of these variants in a
heterozygous, non-biallelic state within phenotypically normal controls suggested
that their mutagenic effect was recessive. Further carriers of bi-allelic MUTYH
mutations were found within the adenoma and polyposis setting by Jones (2002) and
Sieber (2003). Functional analysis of the variants within the E.coli orthologues
revealed that their presence functionally compromises the protein, with the ability to
remove adenine being severely depleted in Y165C mutant- and 85% decreased

within G382D mutant-carriers.

MAP is an autosomal recessive inherited condition that accounts for ~1% of all
CRCs (Fleishmann et al. 2004). The colorectal phenotype of MAP resembles AFAP
(<100 polyps) and ‘mild’ FAP (hundreds to thousands of polyps), but not severe FAP.

1.2.1.3.1 MUTYH function

MUTYH is a DNA glycosylase that contributes to the maintenance of genomic
stability through its role in the base excision repair (BER) of oxidative DNA damage.
In humans, there are approximately 10* lesions generated per cell, per day as a

result of oxidative damage to DNA (Ames and Gold, 1991). The main causes of this
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oxidative damage are reactive oxygen species (ROS) which include hydroxyl
radicals, superoxide and hydrogen peroxide. ROS are by-products of cellular
metabolism as well as environmental exposures and have been linked to the
initiation and progression of cancer, as well as degenerative diseases and ageing
(Klaunig and Kamendulis, 2004). Types of damage resulting from ROS include
strand-breaks or lesions of individual bases. Nucleotides are susceptible to oxidative
damage, especially guanine due to its low oxidative potential (Steenken et al. 1997).
A number of intracellular mechanisms exist to monitor and respond to this damage -
extensive damage may result in cell death while limited damage can be repaired with
little consequence to the cell. However, mutations can result from replication if the

modified bases are not repaired (Lu et al. 2001).

1.2.1.3.2 BER

BER is the main mechanism that protects the cell against oxidative DNA damage
(Hazra et al. 2007) though it can also repair lesions that result from methylation,
deamination and hydroxylation (Hoeijmakers 2001). The overall BER process is
presented in Figure 1.4.

7, 8-dihydro-8-oxoguanine (80xoG) is the most stable product of oxidative DNA
damage (Ames and Gold, 1991). 8oxoG can functionally mimic the thymine base,
and thus readily mispairs with adenine leading to G:C->T:A transversions. It is
estimated that there are 0.3-4.2 80oxoG bases per 10° guanine bases (Collins et al.
2004) and high concentrations have been detected in breast, lung, and kidney
cancers (Malins and Haimanot, 1994; Olinski et al. 1992; Jaruga et al. 1994;
Okamoto et al. 1994). Thus it is essential that the cell can recognise and remove the
lesion. Cytosine can also be ‘misincorporated’ opposite 8oxoG but this is observed
5-200 times less frequently than the mis-incorporation of adenine (Shibutani et al.
1991). E.coli was first used to study the defence against damage resulting from
spontaneous 8oxoG. Three key enzymes were identified; MutT, MutM and MutY
which function as a group of BER glycosylases (Michaels and Miller, 1992). Since
then, human homologues of these key glycosylases have been identified as
MTH1/NUDT1 (MutT; Sakumi et al. 1993), OGG1 (MutM; Roldan-Arjona et al. 1997;
Arai et al. 1997) and MUTYH (MutY; Slupska et al. 1996) which are also critical in
80ox0G repair, as described in Figure 1.5)

10
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When mutated, MUTYH has a significantly lower capacity for binding and repair of
A:80x0G and 8-oxoadenine:G mispairs (Parker et al. 2005). This defective repair of
lesions defines the MAP condition. Little is known about the contribution of OGG1
towards cancers - given the importance MUTYH in predisposition to CRC, it was
thought that OGG1 may play a similar role based its common role in protection
against the 8oxoG lesion but little evidence for this has been found. Possibly the
strongest candidate for an inactivating or disrupting mutation that contributes to
cancer is the common Ser326Cys variant (Kohno et al. 1998; Dherin et al. 1999),
though other polymorphisms, with as yet unknown consequences, could contribute
(Sidorenko et al. 2009). A screen of 167 unrelated patients with multiple colorectal
adenomas for inherited variants failed to identify any biallelic combinations of rare
alleles in MTH1 and OGG1 (as well as other BER enzymes NEIL1, NEIL2, NEIL3
and NTH1) (Dallosso et al. 2007).

1.2.2 Low penetrance mechanisms of inheritance
Beyond the high penetrance mechanisms of inheritance, it has been proposed that a
substantial proportion of the remaining inherited predisposition to CRC is caused by

either rare (Fearnhead et al. 2005) or common low penetrance variants.

1.2.2.1 ‘Common-disease rare variant’ hypothesis

In support of the ‘rare variant hypothesis’, Azzopardi and colleagues (2008) have
shown that individually rare, but collectively common, inherited non-synonymous
variants in APC play a significant role in multi-factorial inherited predisposition to
colorectal adenomas (CRAs). The non-synonymous variants 11307K and E1317Q
had previously been suggested by some studies to predispose to CRAs and CRCs
(Frayling et al. 1998; Lamlum et al. 2000; Gryfe et al. 1999; Hahnloser et al. 2003),
while others had not supported these observations (Gismondi et al. 2002; Popat et
al. 2000). Azzopardi and colleagues confirmed a role for E1317Q as a low
penetrance variant for predisposition to CRAs by virtue of its significant over-
representation in ‘non-FAP, non-MAP’ patients as compared to controls. Other
investigators have also reported that rare variants in the Wnt signalling genes AXIN1
and CTNNB1 and the MMR genes MLH1 and MSH2 contribute to colorectal
tumourigenesis (Fearnhead et al. 2004)
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1.2.2.2 ‘Common-disease common variant’ hypothesis

in the ‘common-disease common-variant’ model for CRC, the risk associated with
individual variants is small; however, they make a significant contribution to the
overall disease burden by virtue of their high frequencies in the population.
Moreover, by acting in concert with each other, they have the potential to
significantly affect an individual’s risk of developing CRC. Recent years have seen
the identification of such variants through the use of genome wide association
studies (GWAS)

1.2.2.3 GWAS of CRC

GWAS have become possible thanks to a number of key factors. Firstly, the
collection of large and well characterised case and control cohorts have provided
researchers with study groups large enough to overcome the power issues faced in
large scale statistical analyses. Secondly the completion of the HapMap project (the
international HapMap consortium, 2003) has allowed the selection of tag single
nucleotide polymorphisms (SNPs) that capture much of the variation of the genome.
Finally, technological advances in platforms used for large-scale genotyping have
allowed realistic costs and time-scales for researchers when screening large

numbers of variants across many thousands of samples.

Several studies have conducted multistage GWA and, to-date identified 14 low
penetrance susceptibility loci for CRC risk (Table 1.1). The emergence of these
variants has yielded advances in the understanding of the role played by common
variation in CRC. It is estimated that each locus contributes less than 1% to familial
risk of CRC (Houlston et al. 2008), in an independent fashion. Using an additive
model, and considering that an individual will likely carry more than one risk variant,
the 14 loci collectively account for ~6% of the excess familial risk (Figure 1.1).
Furthermore, they allow the possibility of developing multi-locus prediction models of
genetic risk that could be combined with other known risk factors (Tenesa and
Dunlop, 2009).
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Association

Locus Gene Reference
SNPI/s
1q41* 26691170, DUSP10  Houlston et
387758 al. 2010
Houlston et
1
3q26 rs10936599  MYNN oo
Tomlinson et
8q23 rs16892766 EIF3H o1, 2008
Tomlinson et
6983267 -
Sqz4 rS696326 al. 2007
Tomlinson et
10p14 10795668 - i
Tenesa et al.
802842 -

11923 rs380284 .
12q13* rs11169552, LARP4 Houlston ef
| rs7136702 al. 2010

Houlston et
14922 rs4444235 BMP4 o1, 2008
Jaeger ot al.
15q13 rs4779584 o
Houlston et
16922 rs9929218 CDH1 ol 2008
Broderick et
18921 rs4939827 SMAD7 ! 2007
Houlston et
19q13 rs10411210 RHPN2 o1, 2008
Houlston et
20p12 rs961253 - o
Houlston et
20q13 rs4925386  LAMAS L 2010

Table 1.1 — Table highlighting the 14 distinct loci associated with CRC identified
through GWAS. Some SNPs map within or near to genes though in most cases, it is
unclear as to whether the SNP actually interacts with the gene. *Two SNPs

associate with risk at these loci.
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1.2.2.3.1 8g24 and the risk mechanism at this locus

The first CRC risk locus to be identified through GWAS was 8q24 (Zanke et al.
2007). A multistage association of 7,480 CRC cases and 7,779 controls highlighted
the 8q24 locus (especially in a region of linkage disequilibrium (LD) that houses
SNPs rs6983267 and rs10505477) as being linked to CRC risk. A separate analysis
(Tomlinson et al. 2007), involving a series of case/control analyses identified
rs6983267 as the most strongly associated SNP at this locus — this association also
included CRC adenoma cases, suggesting that the risk at this locus contributes
towards tumour initiation. Attention had previously been drawn to the 8q24 region in
previous studies of CRC - the MYC oncogene, which resides at this locus, was
amplified in 32% of CRC patients in a study by Augenlicht and colleagues (1997). In
addition, the tyrosine phosphatise PRL-3 at 8q24 is amplified in CRC metastasis
(Mollevi et al. 2008). Many other studies of various populations have validated the
association at this locus (Gruber et al. 2007; Poynter et al. 2007; Li et al. 2008;
Tuupanen et al. 2008; Berndt et al. 2008; Curtin et al. 2009; Hutter et al. 2010). As
well as CRC, the 8q24 locus has been linked with other cancers including prostate,
bladder and breast (Haiman et al. 2007; Kiemeney et al. 2008; Easton et al. 2007).
Accounting for the various associated cancers, there appear to be at least 5 different
susceptibility loci at 8q24.

Recent findings have started to shed light on the functional effect rs6983267 might
be having (Figure 1.6). The risk allele (G) of rs6983267 enhances binding of TCF4
which in-turn regulates MYC, a target of the Wnt pathway (Tuupanen et al. 2009).
Further evidence for this interaction was found by Pomerantz and colleagues (2009).
Using CRC cell lines, the region was confirmed as being a binding site for TCF4,
with the G allele showing greater binding potential than the T allele. The
chromosome conformation capture (3C) technique revealed that, despite the large
genomic distance between the risk region and MYC gene, a physical interaction
between the two exists — specifically including the first half of MYC and its promoter.
Wright and colleagues (2010) confirmed this by revealing that TCF4 physically
interacts with MYC through the formation of chromosome loops regardless of which
allele is present at rs6983267. The presence of the G allele, however, correlates with
increased MYC expression (~2-fold higher than the T allele). Furthermore Sotelo and
colleagues (2010) demonstrated significantly varied enhancer activity depending
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upon which allele of rs6983267 was present — contradictory to the above findings,
the ‘non-risk’ T allele correlated with greater MYC activity than did the risk G allele.
They suggest that rs6983267 acts to regulate MYC and its oncogenic effects through
union of intrinsic thresholds that regulate cellular proliferation, and tumour
suppression. MYC expression, when raised above a certain level, will trigger cellular
apoptosis (Jiang et al. 2003) but low levels of MYC will drive cellular proliferation
unchecked.

1.2.2.3.2 18q21 and the risk mechanism at this locus

Shortly after the identification of 8q24 as a CRC risk locus, 18q21 was highlighted as
housing a variant, rs4939827, that also associates with risk (P=1.0x10"'2) (Broderick
et al. 2007). This variant maps to the third intron of the SMAD7 gene (mothers
against decapentaplegic homolog 7) which is an intracellular antagonist of TGFR
signalling that acts by binding the active receptor complex and blocking downstream
signalling. Since the TGFR signalling pathway is involved in many critical cellular
processes including cell growth, apoptosis, cellular differentiation, adhesion and
migration, and immune response, SMAD7 seemed the most obvious functional
target for the risk associated allele of rs4939827. The 18q21 locus accounts for
~0.8% of excess familial risk of CRC. The modest risk at this locus was further
replicated in the Tenesa’s 2008 study (P=7.8x10%%, OR=1.2) as well as through the
use of the case/control cohorts of Curtin and colleagues (2009) (P=0.007, OR=0.77)
and Slattery and colleagues (P<0.01, OR=0.77) (2010).
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As with rs6983267, the causative mechanism through which rs4939827 acts has
recently been uncovered. Pittman and colleagues (2009) sequenced the entire
region of linkage disequilibrium surrounding this variant (and other lower risk SNPs
rs12953717 and rs4464148). They proceeded to genotype any SNPs identified
through this initial screen in ~2,500 CRC cases and ~2,500 controls. This led to the
identification of a previously unlisted variant (minor allele frequency (MAF) of 0.47)
as the most likely causal variant for CRC risk at this locus (P=5.2x10®). This
polymorphism resides in a conserved transcription factor binding site. The novel
variant (a C>G change) was found to reduce enhancer element binding —
electrophoretic mobility shift assays (EMSA) revealed a complex that preferentially
forms when the C allele is present. In addition, the G allele correlated with
significantly reduced expression of green fluorescent protein (GFP) in construct
experiments. Finally, the authors highlight the contributory effect towards CRC
through SMAD7 expression analysis of cancer and adenoma cases, with significantly

lower expression observed in cancers.

1.2.2.3.3 The remaining GWAS loci

Like those at 8q24 and 1821, most of the remaining risk variants map to regions of
seemingly little genomic consequence (i.e. intronic or variants located in ‘gene-
deserts’) and as yet the functional consequences behind them have not been
identified. The occurrence of GWAS SNPs (for other conditions as well as CRC) in
‘gene-desert’ genomic locations poses a large problem for future research. A recent
meta-analysis revealed that roughly 40% of ~1200 disease associated SNPs lie in
LD blocks tagging no coding elements (Visel et al. 2009).

Despite the productive output of GWAS in recent years, it remains likely that, outside
of the top 20-50 most significant SNPs for a particular condition, other variants will
not be detected without exponential increases in sample sizes analysed, due to

limitations in power.

1.2.2.4 Pathways of CRC susceptibility

GWAS have identified several components of the TGFB pathway as carriers of risk
alleles for CRC. These include SMAD7 (18q21), GREM1 (15q13), the bone
morphogenetic protein genes BMP2 and BMP4 (20p12 and 14q22-23), and RHPN2
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(19913). This overrepresentation of TGFB pathway components suggests a key role
for this pathway in CRC susceptibility (Tenesa and Dunlop, 2009). This is an
attractive proposition given the critical role played by the pathway in mechanisms
such as cellular differentiation, proliferation and migration (Alarmo and Kallioniemi,
2010). Recently, Carvajal-Carmona and colleagues (2011) partly confirmed the
importance of the BMP and TGFB pathway in CRC risk. In an analysis of ~25000
cases and an equal number of controls, two new CRC predisposition SNPs at BMP4
(rs1957636) and BMP2 (rs4813802) were identified that act independently to the
original predisposition SNPs at these respective loci. In addition, the GWAS SNP
rs4779584 at GREM1 tags two further independent functional SNPs (rs16969681
and rs11632715). Taking into account the SMAD gene products that function within
the BMP and TGFB pathways (including SMAD?7), the number of components within
these pathways that influence risk includes 3 high-penetrance predisposition genes
(SMAD4, BMPR1A, GREM1) and 7 low-penetrance variants at BMP2, BMP4,
GREM1, SMAD7 and LAMAS. A recent sequencing project, comparing the exomes
of MSI and microsatellite stable (MSS) CRC tumours revealed that BMPR1A is
mutated in both phenotypes highlighting a potential somatic role for this gene.
Further functional work revealed that mutant protein is strongly impaired in its
signalling function, and that stimulation with BMP2 results in reduced maximum
activity (Timmermann et al. 2010).

1.3 Colorectal tumourigenesis
The progression of CRC from adenoma to malignancy requires multiple mutations in
distinct genes, the accumulation of which can take over a decade (Kinzler and
Vogelstein, 1996). These genes have vital roles in controlling cellular processes
such as the cell cycle and signalling pathways. Though different genes within the
same pathway can be mutated in different colorectal cancers, they will generally be
mutually exclusive within the same tumour (Vogelstein and Kinzler, 2004). An
example of this are the KRAS and BRAF genes that are part of the ras-raf-MAP
pathway downstream of the epidermal growth factor receptor (EGFR) (Crook et al.
2009). Though they are mutated in ~40-45% and ~10% of CRCs respectively, they
generally do not co-occur. The stages of tumourigenesis are well defined and are
highlighted in Figure 1.7.
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1.3.1 Genomic Instability

The baseline mutation rates (as low as 107 per cellular generation (Albertini et al.
1990)) of the body are typically insufficient to account for the multiple mutations that
are required in the development of cancer. Genomic instability is a characteristic of
almost all human cancers and comes in various forms (Negrini et al. 2010) including
chromosomal instability (CIN) and MSI. Abnormal chromosome numbers and
structures, as well as abnormal mitoses are associated with CIN and result in genetic
alterations, while MSI causes genetic alterations through defective DNA MMR
(Soreide et al. 2009). Instability can also arise through epigenetic silencing of gene
promoters. Through these mechanisms, genomic instability contributes to
accumulation of mutations of genes involved in CRC (Grady and Markowitz, 2002).

The maijority of CRCs (85%) develop according to the CIN pathway (Kinzler and
Vogelstein, 1996) which can result from defects in a number of critical processes
including chromosomal segregation, telomere stability and the DNA damage
response, though there are likely to be other mechanisms that are as yet unknown.
These defects ultimately result in gross changes in DNA by increasing the rate of
chromosomal gains or losses (Kinzler and Vogelstein, 1996; Rajagopalan et al.
2003). Coupled with the karyotypic abnormalities typical in CIN tumours, is the non-
random accumulation of a series of mutations in oncogenes and tumour suppressor
genes. It is not clear which is the preceding event in tumourigenesis. It is possible
that CIN creates the appropriate environment for the accumulation of such mutations
but equally plausible that these mutations contribute to the de-stabilising of the
genome. Regardless, the genetic changes appear to be an intrinsic feature of most
cancers, as evidenced by recent high-throughput sequencing studies showing that
mutations of DNA repair and replication genes are present in ~60% of cancer cell
lines (Poulogiannis et al. 2010). Common events coupled with CIN include the allelic
loss (loss of heterozygosity, LOH) of p53, SMAD4, and APC loci (Terdiman, 2000).
Deletion of 1p and 8p is also common, though the genes involved with
tumourigenesis at these loci are unknown. Along with the tumour suppressor genes
described above, the KRAS, CTNNB1, and PIK3CA oncogenes at 12p12, 3p22 and
3p26 respectively are often mutated in CIN tumours (Santini et al. 2008; Sparks et al.
1998; Samuels et al. 2004). Several studies have revealed that CIN occurs at early
stages of tumourigenesis (Bardi et al. 1997; Stoler et al. 1999), including that of
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sporadic CRC (Shih et al. 2001) and hereditary CRC (Cardoso et al. 2006). There
are a number of candidates for genes that, when mutated, contribute to the CIN
phenotype. Indeed, more than 100 genes can lead to CIN in Saccharomyces
cerevisiae (Pino and Chung, 2010) with only a minority of their human homologues
having been implicated. Amongst the most likely candidates are genes in pathways
that ensure correct mitotic segregation of chromosomes (including BUB1, AURKA,
PLK1, PTTG, APC) and those involved in telomere regulation and DNA damage
response (including TERC, ATM, BRCA1/2, p53, MRE11).

The next most common form of genomic instability is MSI. Genes that contain coding
microsatellite repeats are prone to frameshift mutations (Séreide et al. 2006). For
example, the TGFB-RII gene is mutated in colorectal tumours with MSI with
frameshift mutations occurring at specific hot-spots within the coding region
(Markowitz et al. 1995). Of the 15% of CRCs that display MSI about 3% are
associated with Lynch syndrome and 12% with sporadic CRC. A common feature of
sporadic CRC is mutation of BRAF (Figure 1.7). A small proportion of CRCs display
genomic instability that involves neither CIN nor MSI (Goel et al. 2003) but show
CIMP.

1.3.2 Cancer genes

The genes that contribute to CRC fall into two separate classes — oncogenes and
tumour suppressor genes (Vogelstein and Kinzler, 2002). An oncogene is a gene
that when mutated becomes constitutively activated (or active when the wild type
gene would not be). Mechanisms of activation of oncogenes include point mutation
of residues critical in controlling the resulting proteins activity, chromosomal
translocations (as caused by CIN), and gene amplifications (Vogelstein and Kinzler,
2004). Only one allele of an oncogene need be somatically mutated for activation.
An example of an oncogene often mutated during the progression to colorectal
tumourigenesis is KRAS (Figure 1.7). The KRAS gene encodes a protein critical in
signal transduction through a number of intracellular pathways. As discussed in
further detail later, the KRAS protein is a membrane-associated GTP-coupled protein
that is activated by the binding of GTP enabling it to stimulate the MAPK cascade.
The GTPase activity of KRAS then hydrolyses bound GTP to GDP, in-turn
inactivating itself. KRAS acts as a signal switch molecule, and its mutation is
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considered one of the main steps in the adenoma-carcinoma sequence of CRC
genesis (Fearon and Vogelstein, 1990). Mutations in KRAS disable endogenous
GTPase activity, in-turn leading to constitutive activation of downstream signalling
and contributing to tumourigenesis (Forrester et al. 1987; Grady and Markowitz,
2002). This activation circumvents the need for upstream EGFR signalling. Other
oncogenes that can contribute to CRC tumourigenesis include CTNNB1 (Morin et al.
1997), BRAF (Davies et al. 2002), and PIK3CA (Samuels et al. 2006), with the BRAF
protein having overlapping function with KRAS.

The other class of cancer genes are tumour suppressor genes. Unlike oncogenes,
mutations of tumour suppressor genes lead to inactivation of the resulting protein —
often because mutations lead to truncation or nonsense mediated decay (NMD)
(Storey et al. 1998). Point mutations that target residues vital for the proteins
function, along with insertions and deletions can result in loss of function. Other
epigenetic mechanisms including hypermethylation (Baylin et al. 1998) and improper
localization (Moll et al. 1992; Takahashi and Suzuki, 1994) can also contribute.
Perhaps the most important tumour suppressor gene inactivated in CRC is APC
since its loss represents one of the initiating steps of CRC (Powell et al. 1992,
Groden et al. 1991; Kinzler et al. 1991). Another tumour suppressor gene, that is
critical in the development of a number of cancers including colorectal, is TP53
(Hollstein et al. 1991). Tumour suppressor genes act mostly in a recessive fashion —
with mutations of both alleles being required for inactivation. In sporadic CRC, both
of these mutations occur somatically, whilst in dominantly inherited forms of CRC
one allele is mutated in the germline while the second is mutated somatically. In
FAP, the APC gene has a germline mutation of one allele while a second somatic
mutation of the other allele leads to CRC through adenoma formation (Fearnhead et
al. 2001). This is in accordance with Knudson'’s two hit hypothesis (Knudson, 1996)
(as portrayed in Figure 1.8).
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1.4 Treatment of CRC

Currently, a combination of surgery, radiotherapy and/or chemotherapy is used in the
treatment of CRC. Despite vast improvements in each of these areas, the disease
still causes considerable morbidity and mortality. For patients with advanced CRC
(aCRC), there are currently seven chemotherapeutic agents approved for use in
routine clinical practice (O’Neil and Goldberg, 2005). These are the fluoropyrimidines
5-fluorouracil (5FU) and capecitabine, oxaliplatin, irinotecan and the monoclonal
antibodies cetuximab, panitumumab and bevacizumab. Each is described below.
These agents function by targeting cellular properties specific to the tumour cell — for
example, 5FU blocks the incorporation of specific nucleotides into the growing DNA
chain which affects rapidly dividing cells (such as tumour cells) whilst cetuximab has
a more profound effect on cells with increased EGFR signalling. As discussed by
O’Neil and McLeod (2006), the choice of the first therapy (or combination of
therapies) administered is critically important in the treatment of CRC, as this likely
represents the best chance to improve overall outcome of the patient. Indeed, whilst
most of these agents will initially be beneficial, patients will experience disease
relapse as drug-resistant tumour cells arise. Thus understanding of the agents most
likely to elicit a response in patients, and the interactions between these agents, is of
the utmost importance.

1.4.1 Standard chemotherapy

1.4.1.1 5-Fluorouracil

The synthesis of the fluorinated pyrimidine fluorouracil, by Heidelberger and
colleagues more than 40 years ago, represents one of the most important landmarks
in treatment of CRC (Heidelberger et al. 1957). This discovery was inspired by the
observation that tumour cells in vitro showed greater uptake of uracil than normal
cells. 5FU is inactive until it is metabolized in the cell, where it is converted into its
active equivalent, fluorodeoxyuridine monophosphate (FAUMP), by the thymidine
phosphorylase enzyme (TP). FAUMP, in the presence of the reduced folate 5,10-
methylene tetrahydrofolate, forms a complex with, and inhibits the thymidylate
synthase (TS) enzyme, in-turn inhibiting the synthesis of the thymine nucleotide that
the tumour cell requires for DNA replication, and thus, cell division (Leichman, 2006).
If not converted to FAUMP, 5FU is enzymatically degraded by dihydropyrimidine
dehydrogenase (DPD) (McLeod et al. 1998; Omura, 2003).
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Currently, SFU is the therapeutic mainstay for CRC. Its development, along with that
of other therapies used today has led to an increase in CRC median survival from ~6
months in untreated patients to ~20 months. 5FU is administered intravenously as it
is variably absorbed by the gut and degrades rapidly. Folinic acid (FOL) (also known
as Leucovorin) is used in addition to 5FU therapy and stabilises the ternary complex
between 5FU and TS. Through clinical studies, it was found that the combination of
5FU with FOL doubles tumour response rates, though with little effect on OS
(Doroshow et a, 1990; Advanced Colorectal Cancer Meta-Analysis Project, 1992).

1.4.1.2 Capecitabine

Capecitabine (Xeloda) is an orally administered alternative to bolus fluorouracil. It is
rapidly taken up from the gut and metabolised, firstly through hydrolysis to 5’-deoxy-
5-fluorocytidine (5'-DFCR) by hepatic carboxylesterase. This is then converted to 5'-
deoxy-fluorouridine (5'-DFUR) by cytidine deaminase in the liver and the tumour cell,
before undergoing a final transformation by TP at the tumour site to active 5FU
(Schellens, 2007) which in-turn inhibits TS by the same mechanism described
above. 5FU is preferentially generated at the tumour site due to the higher activity of
the TP enzyme in tumour tissue compared to normal tissue (Miwa et al. 1998), in-
turn minimising systemic exposure to 5FU. Numerous studies have shown it to be at
least as active as bolus and infusional 5FU (Twelves et al. 2001; Van Cutsem et al.
2000; Cassidy et al. 2008), and suitable for use with oxaliplatin (Diaz-Rubio et al.
2002; Cassidy et al. 2004) and irinotecan (Patt et al. 2007; Bajetta et al. 2003;
Borner et al. 2005; Rea et al. 2005). It has a favourable toxicity profile (Scheithauer
et al. 2003; Van Cutsem et al. 2005) and is well received by patients who
understandably prefer oral administration to i.v. treatments (Liu et al. 1997) which
can have separate complications and inconveniences associated with central venous
access (i.e. potential for venous thrombosis). Side-effects observed in capecitabine
treatment include increased thromboembolic events, anaemia, diarrhoea, and hand-
foot syndrome (HFS; Walko and Lindley, 2005). Hand-foot syndrome is a cutaneous
condition that involves numbness of the hands and feet due to drug leakage in these
extremities. At its least extreme, this condition displays discomfort that compromises
daily life to a small extent, but in worst cases the skin displays blistering, ulceration
and/or pain that can severely affect day-to-day activities. For this reason, dosage
adjustment is recommended.
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In the last decade, two new cytotoxic agents have emerged in the treatment of CRC;
1.4.1.3 Oxaliplatin

Oxaliplatin is a diaminocyclohexane-platinum analogue that has been extensively
studied through Europe and the USA and found to have significant activity in CRC
(Bleiberg 1998). When administered, oxaliplatin interacts with plasma proteins and is
distributed throughout the tissues of the body. About 50% of the drug is excreted
from the body via the kidneys (Comella et al. 2009). It works by alkylating DNA,
forming adducts that inhibit replication and transcription (Woynarowski et al. 1998).
More specifically, these adducts comprise cross-links between the activated platinum
species and specific base sequences — usually two adjacent guanine bases or
adjacent guanine and adenine bases (Fink et al. 1997). Oxaliplatin activates
numerous pathways including the p38 and PI3K-PTEN-Akt pathways (Rakitina et al.
2003), as well as the caspases cascade (Griffiths et al. 2004), while damage that
results from Oxaliplatin is repaired by members of the nucleotide excision repair
pathway (Arnould et al. 2003).

1.4.1.4 Irinotecan

Irinotecan (also known as CPT-11) is a semi-synthetic analogue of camptothecin that
works by inhibiting the nuclear enzyme topoisomerase | (topo |) causing S-phase-
specific cytotoxicity (Liu et al. 2000). Irinotecan must undergo hydrolysis or de-
esterification to form its active metabolite SN-38 which inhibits topol to an even
greater extent (Rothenberg, 1997). Carboxylesterase is required for this step. Topol
normally functions in relieving torsional stress in front of the replication fork, as DNA
unwinds for normal replication, transcription and repair recombination. To do this,
Topol cleaves the DNA backbone and forms a covalent enzyme-DNA linkage,
facilitating the passing of the intact strand through the break to relieve this tortional
stress, before finally re-sealing the break. These stabilised single-strand breaks are
thus reversible and do not threaten the cell. However, should an advancing
replication fork encounter a single-strand break, a double strand break will form.
These induce phosphorylation of the H2AX histone variant, activate various
signalling pathways, lead to the irreversible arrest of the replication fork, and cell
death (Liu et al. 2000; Paillas et al. 2010). Thus, inhibition of Topol by Irinotecan
prevents ligation of the nicked strands that are met by the advancing replication fork
that in-turn form irreversible double strand breaks. Evidence also suggests that,
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when present at high concentrations, Irinotecan can induce apoptosis independent of
the S-phase through a transcriptionally mediated DNA damage model (Morris and
Geller, 1996)

1.4.2 Targeted therapies against CRC

In CRC treatment, there are two major strategies of targeted therapies - those that
target angiogenesis and those that inhibit the EGFR pathway. EGFR is a member of
the erbB or HER transmembrane protein kinase receptor family that acts as the gate-
way for multiple downstream, intracellular signalling pathways including the Ras-Raf-
MAP and PI3K-PTEN-Akt pathways. Through these pathways, EGFR regulates
multiple processes including apoptosis, cellular growth, proliferation, differentiation,
and migration (Woodburn et al. 1999; Scaltriti et al. 2006). Several EGFR ligands
have been identified including EGF itself, heparin-binding EGF-like growth factor,
transforming growth factor (TGF), epiregulin, betacellulin, and amphiregulin. The
receptor is anchored in the cytoplasmic membrane and has a structure consisting of
an extracellular ligand-binding domain, a short hydrophobic transmembrane region,
and an intracellular tyrosine kinase domain (Yarden et al. 2001; Hynes et al. 2005).
Binding of ligand to the receptor induces a conformational change of the receptor
ectodomain, allowing receptor dimerisation and autophosphorylation of several
tyrosine residues within the COOH (Carboxy)-terminal of the receptors (Burgess et
al. 2003; Hubbard et al. 2005). This phosphorylation provides docking sites for
cytoplasmic proteins of the Ras-Raf-MAP and PI3K-PTEN-Akt pathways. EGFR is
up-regulated in 60-80% of CRCs (Untawale et al. 1993; Salomon et al. 1995),
correlating with reduced survival (Mayer et al. 1993). Given this, and its central role
in normal, and tumorigenic growth, EGFR has been identified as a valid target for
multiple cancers. In CRC treatment, the monoclonal antibodies cetuximab (Erbitux®
Merck KGaA) and panitumumab (Vectibix®, Amgen) have been studied as agents
that blockade EGFR signalling.
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1.4.2.1 Cetuximab

Cetuximab is a recombinant chimeric monoclonal IgG1 antibody that binds the
extracellular domain of human EGFR, in doing so preventing ligands EGF and TGF-
a from binding the receptor, and triggering receptor internalisation (Sunada et al.
1986); thus inhibiting downstream signalling. This is summarised in Figure 1.9. The
mechanisms by which cetuximab brings about tumour cell death include blocking of
cell cycle progression (Wu et al. 1996; Peng et al. 1996; Kiyota et al. 2002),
promotion of apoptosis (Wu et al. 1995; Mandal et al. 1998; Liu et al. 2000; Sclabas
et al. 2003), inhibition of angiogenesis (Petit et al. 1997; Perrotte et al. 1999; Bruns
et al. 2000; Martinelli et al. 2010; Pueyo et al. 2010) and metastasis (Huang et al.
2002; O-charoenrat et al. 1999; O-charoenrat et al. 2000; Bruns et al. 2000) and
indirectly through antibody mediated cell cytotoxicity (Kawaguchi et al. 2007).

1.4.2.1.1 Side effects of cetuximab

Given the ubiquitous presence of EGF receptors in many tissues, the potential for a
variety of cetuximab related adverse reactions is high. The most common side-effect
associated with administration of cetuximab involves dermatological reactions —
Papulopustulous rash and paronychia present within days of treatment, followed by
atrophy of the skin (Arnold and Seufferlein, 2010). An estimated 70-100% of patients
will present with such reactions (Fox, 2006) which reach maximum intensity after 2 to
3 weeks (Grothey, 2006). This is not surprising considering that the skin contains an
abundance of EGF receptors — maintaining the integrity of the epidermis. Locations
of these rashes most commonly include the face, scalp, and upper torso. Other side-
effects have also been observed, including alopecia (Martin-Martorell et al. 2008),
eyelash trichomegaly (Cohen et al. 2011), telangiectasias, ocular toxicities,
hypomagnesemia, diarrhoea (Fakih and Vincent, 2010) and severe hypersensitivity
reactions (1-22% of patients; Chung et al. 2008)
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1.4.2.2 KRAS and response to anti-EGFR therapies

Despite encouraging initial findings that cetuximab could be used successfully as a
monotherapy (Jonker et al. 2007; Saltz et al. 2004) or in combination with irinotecan
(Cunningham et al. 2004; Wilke et al. 2008; Sobrero et al. 2008; Arnold and
Seufferlein, 2010), oxaliplatin/S5FU (Arnold et al. 2008) or oxaliplatin/capecitabine
(Borner et al. 2006), benefit from the drug is still limited to an objective response rate
between 9 and 20% (Cunningham et al. 2004; Saltz et al. 2004). It was soon
established that response to cetuximab was influenced by KRAS somatic mutation
status. As such, mutations of KRAS can be referred to as predictive markers; that is
a genetic feature that alters a patients response to treatment. Lievre et al (2006)
initially observed a significant difference in overall survival (OS) between patients
wild-type (16.3 months) and mutant (6.9 months) for KRAS in a group of 30
metastatic CRC (mCRC) patients (P=0.016). This finding has since been validated in
multiple CRC cohorts that tested cetuximab (Van Cutsem et al. 2008; De Roock et
al. 2008; Karapetis et al. 2008) or panitumumab (Freeman et al. 2008; Amado et al.
2008) and highlights a proportion of patients that will suffer cetuximab associated
toxicities, with no real benefit. Given the high-frequency of CRCs that are KRAS
mutant (~40-45%), guidelines are now in place recommending testing of KRAS
mutation status (specifically ‘hot-spot’ codons 12 and 13) prior to treatment of mCRC
patients with anti-EGFR agents (Allegra et al. 2009). KRAS mutation status can be
ascertained through analysis of formalin-fixed paraffin-embedded (FFPE) tissues.

1.4.2.3 EGFR pathway components and resistance to cetuximab

Amongst patients wild-type for KRAS, up to 65% (Allegra et al. 2009) still show
resistance to anti-EGFR therapies, raising the possibility that the mutation of other
genes within the Ras-Raf-MAPK and PI3K-PTEN-Akt pathways could play an
independent role in resistance. BRAF, a serine-threonine kinase that acts as the
principle effector of KRAS, has also been implicated in anti-EGFR therapy resistance
(Jhawer et al. 2008; Di Nicolantonio et al. 2008) independent of KRAS status.
Members of the parallel PI3K-PTEN-Akt pathway have also been studied as
candidates of resistance. Studies have shown contrasting results for PIK3CA,;
Perrone et al (2009) and Jhawer et al (2008) have offered evidence for resistance in
the PIK3CA mutant setting, while Prenen et al (2009) failed to show an effect. Also,
loss of PTEN, a lipid phosphatase that regulates the PI3K-Akt pathway, may lead to
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aberrant Akt signalling, and thus resistance to cetuximab (Frattini et al. 2007;
Perrone et al. 2009; Razis et al. 2008; Bouali et al. 2009; Loupakis et al. 2009;
Sartore-Bianchi et al. 2009; Laurent-Puig et al. 2009; Negri et al. 2010; Kim et al.
2010). Cell lines that are both Ras/BRAF mutant and PIK3CA mutant/PTEN null
show maximal resistance to cetuximab as compared to those with mutations in just
one of the two parallel pathways (Jhawer et al. 2008).

NRAS and KRAS are two of three different isoforms of the Ras protein, with HRAS
being the third. Despite their structural similarity, the Ras isoforms have been shown
to differ in their interactions with effectors (Yan et al. 1998) and in their importance
for viability; in mice knock-out experiments, KRAS is essential for development but
HRAS and NRAS are not (Johnson et al. 1997). Whilst NRAS is mutated far less
frequently in CRC, it may still play a role in altering response to cetuximab; patients
with KRAS, BRAF and NRAS wild-type tumours show significant association with
outcome after cetuximab treatment (Lambrechts et al. 2009). HRAS mutations are
not present in CRC (Bamford et al. 2004) and thus do not play a part in anti-EGFR

therapy resistance.

Recently, De Roock et al (2010a) carried out a thorough combined analysis of the
KRAS, BRAF, NRAS and PIK3CA genes, and their role in altering response of
chemotherapy refractory metastatic CRC patients, to cetuximab plus chemotherapy.
The primary analysis of this study was objective response, as opposed to the usual
0S, which can be affected by prognostic markers, and progression free survival
(PFS) (the nature of the study did not allow this). Within KRAS mutant samples, the
response rate was 6.7% compared with 35.8% in KRAS wild-type samples
(OR=0.13, 95% CI 0.07-0.22, P<0.0001). Within this KRAS wild-type group, patients
mutant for BRAF had a response rate of 8.3% that was significantly different when
compared to BRAF wild-type patients (38%) (OR=0.15, 0.02-0.51, P=0.0012). This
was the same for NRAS where mutant patients had a response rate of 7.7% vs
38.1% in wild-types (OR=0.14, 0.007-0.70, P=0.013). Results for PIK3CA proved to
be particularly interesting; mutations within exon 9 of the gene were found to have no
effect on cetuximab, but mutations of exon 20 did play a role in worsening response
to cetuximab (0% vs 36.8%, P=0.029). OS and PFS were analysed as secondary
analyses, and results were similar in each case. Based on these results the authors
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recommend the ordered testing of KRAS, BRAF, NRAS and PIK3CA exon 20 for
somatic mutations within patients, suggesting an objective response rate of 41.2% in
this ‘all wild-type’ group. Whilst interesting, the staggering differences in performance
between mutant and wild-type groups suggests that the findings may still be
influenced by the strong prognostic value these mutations carry, even though the
authors tried to stratify for this effect.

Given that EGFR is the target of this antibody and that it is over-expressed in such a
high proportion of CRCs, most early studies of cetuximab efficacy required confirmed
EGFR expression. Moroni and colleagues (2005) observed a significant difference
(P<0.0001) in increased EGFR copy number status, as analysed by fluorescence in
situ hybridisation (FISH), between responders and non-responders. This result
suggested that patients could be selected based upon their EGFR copy number.
However Personeni and colleagues (2008) warned that, whilst EGFR copy number is
correlated with response independent of KRAS status (p=0.016) and OS (p=0.005),
the published criteria used in determining copy number status might lead to mis-
classification — for this reason clinical decision making based upon this factor is not
warranted. Furthermore, studies have attempted but failed to validate the correlation
between EGFR expression and response to cetuximab (Cunningham et al. 2004;
Folprecht et al. 2010).

1.4.2.4 Alternative factors affecting response to EGFR targeted treatments

A further predictor of response to cetuximab is its associated side-effect involving
skin rashes. Saltz et al (2003 and 2004) were amongst the first to suggest that the
rash might be a measure of sensitivity, after observing superior survival in patients
with a rash as compared to those without. This observation was also confirmed by
Cunningham and colleagues (2004). A possible explanation for this phenomenon
may lie in the presence, or lack thereof, of a CA dinucleotide repeat within the first
intron of the EGFR gene. Low numbers of this repeat are associated with this rash.
Studies of head-and-neck cancer cells with a lower number of the dinucleotide had
high expression levels of EGFR and were more sensitive to another inhibitor of
EGFR activity, erlotinib (Amador et al. 2004). Steps can be taken to lower the rate of
severe skin toxicity without compromising the therapeutic efficacy of anti-EGFR
therapies (Arnold and Seufferlein, 2010). As with EGFR copy number status, a lack
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of uniformity in grading, combined with the fact that time to skin manifestation is so
variable, means that rashes are not used in clinical decision making.

1.4.2.5 Panitumumab

Panitumumab is a human IgG2 monoclonal antibody that, like cetuximab, is directed
against EGFR. Panitumumab blocks binding of the EGF and TGF-a ligands, and
leads to internalisation of the receptor. Unlike cetuximab, panitumumab induces
arrest of the cell cycle during the G0-G1 interphase. Also, it does not induce the
antibody-dependent cell-mediated cytotoxicity (ADCC) mechanism (Berardi et al.
2010). It has been the subject of a number of pre-clinical and clinical studies that
have suggested it to have efficacy as a monotherapy or in combination, in the
treatment of patients with mCRC (Van Cutsem et al. 2007; Van Cutsem et al. 2008;
Hecht et al. 2009; Siena et al. 2009; Peeters et al. 2009), in a KRAS dependent
manner (Amado et al. 2008; Douillard et al. 2009; Peeters et al. 2009). As with
cetuximab, there is a correlation between skin toxicity and response to panitumumab
(Van Cutsem et al. 2007; Peeters et al. 2009; Berlin et al. 2007).

Many oncologists view cetuximab and panitumumab as being interchangeable
though a lack of phase Il/lll data on combined panitumumab therapy means that it is
usually administered in isolation (Kim, 2009). Studies have attempted to determine if
panitumumab can be administered as a monotherapy after cetuximab failure. Metges
and colleagues (2010) show that there is promise for this approach, with 72.7% of
trial patients (albeit 32 patients in total) showing clinical benefit. Other small studies
have largely agreed with this observation (Saif et al. 2010; Brugger, 2010) but further
work is needed to sufficiently validate this is a suitable treatment option.

1.4.2.6 Bevacizumab

Bevacizumab is a humanised monoclonal antibody that targets the vascular
endothelial growth factor-A (VEGF-A), thus inhibiting blood vessel formation. Though
it has little efficacy as a single agent, it has displayed promise when used in
combination with other standard chemotherapeutic agents used in the treatment of
mCRC (Arnold and Seufferlein, 2010). The first phase Il trial to show this involved
the comparison of 5SFU/FOL alone with 5SFU/FOL plus bevacizumab in 104 mCRC
patients (Kabbinavar et al. 2003). It showed improved RR, PFS and OS in the
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combination arm and was followed by a series of other first- and second-line therapy
studies (Hurwitz et al. 2004; Kabbinavar et al. 2005; Giantonio et al. 2007; Saltz et
al. 2008) that showed efficacy with a range of alternative partners including

oxaliplatin and irinotecan.

Whilst the inhibition of individual signalling pathways has shown clear beneficial
effects, the question remains as to whether multiple signalling pathways can be
targeted at once. This seems a reasonable hypothesis based on the fact that
tumours often have multiple genetic changes that affect multiple pathways. Studies
have trialled the combined use of cetuximab/panitumumab, bevacizumab and
standard chemotherapy in the treatment of mMCRC (Ciardiello et al. 2000; Jung et al.
2002; Shaheen et al. 2001; Tonra et al. 2006; Saltz et al. 2007). Despite
encouraging initial findings little evidence has been shown for improved survival in
this combined treatment approach (Tassinari et al. 2010) regardless of KRAS status
(Tol et al. 2009).

1.5 Prognostic factors for CRC

Prognostic markers provide information concerning a patient's outcome regardless of
treatment given. Individually and collectively, prognostic factors have the potential to
guide clinical decision making for administration of adjuvant therapy — especially
within patients of stage || CRC where the decision to treat or not treat can still
dramatically alter disease course. Of note, biomarkers can be both prognostic and
predictive (e.g. hormone receptor status in breast cancer) (Oldenhius et al. 2008).
The only routinely used prognostic marker for CRC is clinical stage, which combines
depth of tumour invasion, nodal status and distant metastasis (Walther et al. 2009).
Other factors thought to influence prognosis include lifestyle (Haydon et al. 2006;
Reeves et al. 2007), systemic inflammatory response to the tumour (Leitch et al.
2007) and the tumour immunologic microenvironment (Galon et al. 2006).

Protein and genetic markers have been studied in an attempt to refine prognostic

prediction for CRC. However, none have been validated sufficiently for clinical
practice. Some progress has been made in other cancers though — for example,
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hormone receptor status has been associated with prognosis in breast cancer
(Dunnwald et al. 2007).

1.5.1 Somatic prognostic markers

Somatic genetic changes are perhaps the most studied markers for prognostic
influence (Table 1.2) since they offer the most biological rationale for a role in
defining the course of a cancer. Whilst somatic effects have been found for CRC, the
results of different studies of specific markers have often been contradictory. The
prognosis of patients with MSS CRC is stage and grade dependent and tumours with
identical morphological features display considerable heterogeneity in terms of
clinical outcome. Meanwhile, a meta-analysis of over 7000 CRC patients, found that
patients with MSI-positive tumours had significantly improved OS as compared to
those with MSS CRCs (Popat et al. 2005). MSI could be used as a prognostic
marker since there are reliable assays for determining MSI status (Pritchard and
Grady, 2011).

Further studies of prognostic markers have focused on events that occur during the
adenoma to carcinoma progression of CRC, as presented in Figure 1.7. It has been
suggested that APC might be suitable as a prognostic marker — a study of 218 CRC
patients stratified for MSI status suggested that mutations abolishing B-catenin
binding sites of the APC gene correlated with shorter survival as compared to
mutations elsewhere in the gene (P=0.045; Lavig et al. 2002). KRAS mutations also
play a key role in colorectal tumourigenesis and any prognostic role for it would be
particularly advantageous since it is already routinely analysed as a marker of
cetuximab efficacy. A large international consortium has reported that somatic KRAS
mutations confer poor prognosis (Andreyev et al. 1998), although subsequent
analyses have suggested that this outcome is limited to the G12V substitution and to
Stage |l patients (Andreyev et al. 2001). Other studies have found no such
associations (Ince et al. 2005; Ogino et al. 2009; Samowitz et al. 2000; Wang et al.
2003). BRAF mutations (specifically the common V600E mutation) has been
reported by various groups to influence survival in patients with different stages of
disease (Ogino et al. 2009; Farina-Sarasqueta et al. 2010). In addition, PIK3CA
mutations have been found to influence patient survival (Kato et al. 2007; Ogino et
al. 2009).
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Somatic prognostic markers

Mutation
Biomarker Frequency Prognosis Evidence Status Reference
(%)
Routine assays
M| ~15 Favourable Strong available butnot obat et &l
yet used
No
CIN ~85 Unfavourable Strong reliable/robust Waltzhgéee tal
assays available
APC
(mutations of .
B-catenin >00%  Unfavourable Limited Not used L’ggoezt al.
binding
regions)
KRAS 4045  Unfavourable Moderate Not used Argr%%"a ot
BRAF ~10  Unfavourable Moderate/Strong  Notused Ogifo otal
PIK3CA ~20  Unfavourable Limited Not used O ot al.
TP53 ~40 Unfavourable Limited Not used R“szsgog' al.
18q LOH 50 Unfavourable Moderate Not used Rogz) gé al.

Table 1.2 — Summary of somatic markers. Shown are select examples of genes that

have been suggested to have a potential prognostic influence.
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Other common events that occur during CRC progression, such as mutations of
TP53 (Russo et al. 2005; Munro et al. 2005) and loss of 18q (Popat and Houlston,
2005; Halling et al. 1999; Roth et al. 2009) have been studied for prognostic potential
with mixed success. In the case of 18q LOH, any prognostic effect observed may
simply represent the molecular phenotype of that particular tumour, since its loss
correlates so tightly with CIN (Walther et al. 2009).

1.5.2 Germline prognostic markers

The search for germline prognostic factors has primarily focussed on the
pharmacological pathways involved in the metabolism and mechanism of action of
the chemotherapeutic agents used in the treatment of CRC (Table 1.3). For
example, inherited variants in the TS gene, particularly for patients receiving
adjuvant therapy with 5FU, have been suggested to act as prognostic factors (Dotor
et al. 2006; Marcuello et al. 2004). The Glutathione S-transferase (GST) genes are
involved in the detoxification of chemotherapeutic agents. A study of 338 CRC
patients suggested that copy number variation of GSTM1 associated with survival in
patients that received chemotherapy (Funke et al. 2010). More recently, investigators
have sought prognostic factors in pathways that are likely to influence tumour
progression. For example, the VEGF superfamily of endothelial growth factors has
been shown to critically influence tumour-related angiogenesis and VEGF
polymorphisms have been associated with survival outcome (Kim et al. 2008).

Common polymorphisms of repair pathways genes have been studied for effects on
patient survival. A study investigating the prognostic impact of 68 SNPs from 7 MMR
genes in 2,068 CRC patients found that the MSH3 intronic SNP rs863221 altered
patient survival (Koessler et al. 2009). Similarly, a screen of 377 CRC cases was
also carried out for prognostic factors from BER, nucleotide excision repair (NER)
and double-strand break repair (DSBR) pathways (Moreno et al. 2006). It showed
that three polymorphisms were associated with better prognosis (XRCC17 R399Q,
XRCC3 T141M and MGMT L84F) and one with worse (ERCC1 19007T>C) though
only the first and last SNPs remained significant after adjustment for multiple testing.
ERCC1 is an excision nuclease within the NER pathway that has been associated
with survival in patients administered oxaliplatin (Shirota et al. 2001) and 5FU
(Metzger et al. 1998) based therapies. The ERCC1-118 C/T (rs11615) polymorphism
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has also been associated with reduced OS in mCRC patients by some groups (Chua
et al. 2009; Ruzzo et al. 2007; Stoehlmacher et al. 2004), but not by others (Pare et
al. 2008; Viguier et al. 2005).

The above studies of prognostic markers for CRC have all been hypothesis driven —
that is, targeted against genes already known to play some part in CRC progression
and/or drug metabolism. The findings from these studies could be truly
transformative for a number of reasons. Firstly, whilst the search for prognostic
factors has largely focused on molecular markers in tumour tissue, germline markers
have potential to overcome a number of issues facing the use of somatic prognostic
predictors (e.g. germline DNA is easier to obtain than tumour DNA). Secondly, the
identification of survival biomarkers might provide further insight into the
mechanisms through which cancers progress and metastasise. Thirdly, the
biomarkers identified (and the mechanisms through which they exert their effects)
might represent novel targets for therapeutic intervention. Finally, survival
biomarkers will help to inform clinical decision making and ultimately decrease
mortality associated with cancer.
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Germline prognostic markers

Risk allele
Biomarker Variant Frequency Prognosis Reference
(%)
TS (1494del6) 1494del6 ~36* Favourable Dotor et al. 2006
GSTM1 (copy Copy number
number) variation Unknown Favourable Funke et al. 2010
634G>C 20-40 Favourable
VEGF Kim et al. 2008
+936C>T ~20 Unfavourable
MSH3 rs863221 ~35 Favourable Koessler et al. 2009
XRCC1 R399Q ~40-45 Favourable Moreno et al. 2006
XRCC3 T141M ~61 Favourable Moreno et al. 2006
MGMT L84F ~4 Favourable Moreno et al. 2006
19007T7>C 60 Unfavourable Moreno et al. 2006
ERCC1
rs11615 ~35 Unfavourable Chua et al. 2009

Table 1.3 — Summary of germline variants. Shown are select examples of genes
(and variants) shown to have a potential prognostic influence.



1.6 Somatic mutation detection

The ability of KRAS mutations to predict lack of response to cetuximab has led to the
recommendation of somatic mutation testing by the European Medicines Agency
(Becquemont et al. 2011). Prior to this, KRAS had been screened as part of
experimental and clinical trials but not in routine testing. Now somatic analysis of
KRAS is wide spread in clinical laboratories. However, before mutation analysis can
be carried out, tumour material must be obtained.

In brief, tumour material is removed via surgery (resection or biopsy) and embedded
in paraffin as FFPE blocks. Sections can be cut from these blocks, stained and
visualised for tumour identification. Tumour material is removed from matched
unstained slides and DNA is extracted. An important consideration when carrying
this out is the effect of interfering normal tissue. If DNA from normal tissue is present
in the test sample, it will mask the presence of mutant allele. Thus it is important to
capture as pure a population of tumour cells as possible. A variety of techniques are
employed in the removal of tumour material from paraffin sections, including
macrodissection and laser capture microdissection (LCM). Even using these
techniques, there will often be some level of contaminating normal material. Also
when analysing oncogenes, each tumour cell will likely still carry one wild-type allele.
As such, mutation analysis must still be sensitive enough to detect mutant allele
against a backdrop of normal allele. Examples of sections abundant in tumour
material and with sparse pockets of tumour material are shown in Figures 1.10A and
1.10B. Once tumour material has been obtained, DNA must be extracted for

mutation analysis.
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1.6.1 Current mutation detection technologies

A variety of methods have been employed for general mutation analysis in recent
years. Though conformation-based separation techniques such as high performance
liquid chromatography (HPLC; Mascarenhas et al. 2009), denaturing gradient gel
electrophoresis (DGGE; Hayes et al. 2000) and single strand conformation
polymorphism (SSCP; Dillon et al. 2001) are used in mutation screening, the gold
standard for mutation analysis remains sequencing technologies. The most widely
used of these is dideoxy sequencing (Brink et al. 2003). However, as well as offering
limitations in throughput and cost, this technology is not sensitive enough to detect
mutant allele in samples containing little tumour material. Thus, the use of
technologies that detect low levels of mutant allele has exploded in recent years.
These include Solid phase minisequencing (lhalainen et al. 1994; Paunio et al.
1996), digital PCR (Vogelstein and Kinzler, 1999), melting curve analysis (Pritchard
et al. 2010), and next-generation sequencing (NGS) (Peeters et al. 2010). Each has
inherent advantages and disadvantages, with sensitivities, labour requirements, turn-

around time, cost and potential for automation and multiplexing (Arcila et al. 2011).

Two alternative techniques are used in this thesis and as such as described in

greater detail below;

1.6.1.1 Pyrosequencing

Pyrosequencing is a real-time, non-electrophoretic technique that relies upon the
generation of pyrophosphate as nucleotides anneal to a growing template DNA
strand. Nucleotides are dispensed in a user-defined order into the reaction mix, with
those that represent the binding partner of the next nucleotide in the template strand
annealing. Nucleotides that do not anneal (i.e. not complimentary or excess
nucleotide) are degraded by apyrase. As nucleotides anneal to a growing synthesis
strand, pyrophosphate is generated. This is detected as a fluorescent emission, the
intensity of which gives an indication of the amount of annealed nucleotide. The
overall process of Pyrosequencing is highlighted in Figure 1.11.

There are a number of advantages in the use of Pyrosequencing. Firstly it offers a
simple, rapid and quantitative detection system for known mutations and SNPs
(Poehimann et al. 2007; Fakhrai-Rad et al. 2002). It can also be used in the
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quantitative analysis of CpG island methylation events (Colella et al. 2003; Tost et al.
2003). Unlike other sequencing based methods, Pyrosequencing does not require
the usual clean up step. Instead it requires that the initial PCR be carried out with
one biotinylated primer. The subsequent biotinylated amplification product is
immobilised on streptavidin-coated sepharose beads that are captured onto probes
using Qiagen’s vacuum prep tool, and transferred into the reaction mix for
sequencing. Also, since the sequencing primer can be placed adjacent to the
sequence of interest, the overall fragment size of the PCR product does not have to
be that big, which is desirable when dealing with fragmented FFPE DNA (Okayama
et al. 2010). Though the typical read length of Pyrosequencing is shorter than that of
traditional dideoxy sequencing (40-50 nucleotides), this is not an issue when
screening KRAS since mutations cluster at hot-spots. The technology allows for the
sensitive analysis of multiple samples (utilising a 24 or 96 well format) in a short
period which is desirable for clinical use (Poehimann et al. 2007). In recent years, it
has been used by various groups in the analysis of KRAS (Ogino et al. 2005;
Poehlmann et al. 2007; Weichert et al. 2010; Tsiatis et al. 2010) with mutation
detection sensitivities as low as 3-5% mutant allele.

1.6.1.2 Sequenom

The Sequenom platform is a chip-based matrix-assisted laser desorption-time-of-
flight (MALDI-TOF) mass spectrometric SNP genotyping technology that relies upon
single base primer extension, with A, C, T, or G terminators, through the mutation
site. This generates allele-specific extension products that are spotted onto spectro-
chips for analysis (Figure 1.12). The difference in mass between mutant and wild-
type product is resolved by MALDI-TOF, allowing the quantitative comparison of

alleles.

Originally designed for use in SNP genotyping of amplified DNA fragments (Nelson
et al. 2004), it has become established in the quantitative analysis of known somatic
mutations as well as methylation events (1zzi et al. 2010). It has a high multiplexing
capacity that can be critical when dealing with small amounts of precious clinical
samples. This is further helped by the fact that only small amounts of input DNA
(from FFPE tissues) are required (5ng). Assays are limited to 40 reactions due to the
fact that the mass spectrophotometer has a limited mass detection range which can
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only facilitate a certain number of reaction product sizes without overlap occurring.
Complications such as the increased chance of primer interaction and decreased
amplification efficiency also impact on the number of reactions that can be run.
Regardless, the ability to multiplex allows for the screening of less frequent
mutations (such as BRAF D594V) alongside the more frequent variants. Like
Pyrosequencing, the sequencing primer can be placed adjacent to the mutation site
such that the original amplification product does not have to be that big which is
advantageous when handling fragmented DNA. The multiplexing capacity of
Sequenom has led to the design of the OncoCarta Panel, which targets 238 simple
and complex mutations across 19 genes (Pearce et al. 2009). Sequenom has been
used in numerous studies of KRAS mutation status in CRC using FFPE tissue
(Fumagalli et al. 2010; Arcila et al. 2011) and has been shown to be sensitive to low
levels of mutant allele (2.5-10%).
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1.7 Aims of this thesis

1, To understand the role of somatic mutations within components of the EGFR
pathway in altering patient response to cetuximab in the treatment of aCRC. To
compare two techniques in the large scale analysis of somatic variants.

2, To determine the role played by the CRC risk loci in the advanced disease setting.
To study the underlying tumorigenic mechanism at the 8q23 locus.

3, To identify prognostic and predictive effects for 20 SNPs from CRC risk loci. To
clarify the mechanism by which the 16q22 locus alters response to cetuximab.

4, To identify novel high penetrance alleles that predispose to CRC from the BER,

MMR and Oxidative damage repair (OxDR) pathways. To determine the prognostic
influence of the MAP phenotype.
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Chapter Two - Materials and Methods

2.1 Suppliers

Consumables and equipment used throughout this study were purchased from the
following companies:

ABgene Ltd (Surrey, UK)

AGOWA (Berlin, Germany),

Ambion (See Applied Biosystems),

Anachem Ltd (Bedfordshire, UK),

Applied Biosystems (Cheshire, UK),

BD Diagnostics (Franklin Lakes, NJ, USA)

Biorad (Hertfordshire, UK),

Cell Signalling Technologies (Danvers, MA, USA),
Clontech (CA, USA)

Eppendorf (Cambrdgeshire, UK),

Eurogentec (Hampshire, UK),

European Collection of Cell Cultures (Salisbury, UK),
Fisher Scientific (Leicestershire, UK),

Fluka Biochemika (Dorset, UK),

GE Healthcare (Buckinghamshire, UK),
Geneservice Ltd (Nottinghamshire, UK),

IKA (Staufen, Germany),

lllumina (CA, USA),

Imgenex Corp (CA, USA)

Insight Biosight Biotechnology (Santa Cruz, Wembley, UK)
Invitrogen Life Technologies (Strathclyde, UK),
Jencon (See VWR, West Sussex, UK),

Kendro Laboratory Products (Hertfordshire, UK),
Labtech International (East Sussex, UK),

Leica (Wetzlar, Germany),

Lonza Group Ltd (Basel, Switzerland),

Microzone Ltd (Haywards Heath, UK),

Millipore (Hertfordshire, UK),

MJ Research (Massachusetts, USA),



MWG Biotech (Buckinghamshire, UK),
New England Biolabs (Hertfordshire, UK),
Nunc (See Thermo Fisher Scientific),
Olympus Optical (London, UK),

PALM (Bernried, Germany),

Promega (Hampshire, UK),

Qiagen (West Sussex, UK),

Roche Biochemicals (East Sussex, UK),
Sartorius (Surrey, UK),

Santa Cruz Biotechnologies (Santa Cruz, CA, USA),
Sequenom (CA, USA),

Sigma-Aldrich Ltd (Dorset, UK),

Starlab UK Ltd (Milton Keynes, UK),
Starstedt Ltd (Leicestershire, UK),
Stratagene (California, USA),

Thermo Electron Corp (Hampshire, UK),
Thermo Fisher scientific (MA, USA),

VWR International Ltd (West Sussex, UK),
Zeiss (Oberkochen, Germany).

2.2. Materials
2.2.1 Chemicals

Analytical grade chemicals were purchased from either Sigma-Aldrich Ltd or Fisher

Scientific unless otherwise stated.

2.2.2 Nucleic acid extraction and purification
QlAamp DNA Micro kits were purchased from Qiagen. Trizol reagent was obtained
from Invitrogen Life Technologies. RecoverAll Total Nucleic Acid Isolation Kit was

obtained from Ambion Inc.
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2.2.3 PCR and PCR purification

AmpliTaq Gold DNA polymerase and GeneAmp PCR buffer were obtained from
Applied Biosystems. Deoxyribonucleotide triphosphates (ANTPs) were purchased
from GE Healthcare. High purity salt free (HPSF) purified-, and HPLC purified
biotinylated- oligonucleotide primers were supplied by Eurogentec. Megamix Gold
was purchased from Microzone. Exonuclease 1 was purchased from New England
Biolabs and Shrimp Alkaline Phosphatase (SAP) as supplied by GE Healthcare
respectively. QlAquick PCR purification kits were obtained from Qiagen.

2.2.4 Electrophoresis

Multipurpose agarose was purchased from Roche. Ethidium bromide was supplied
by Fluka Biochemika whilst the 100bp and 1kb DNA ladders were supplied by New
England Biolabs and Invitrogen Life Sciences, respectively.

2.2.5 Sequencing

BigDyeTerminator Cycle Sequencing Kit (Version 3.1), POP6 polymer, HiDi
Formamide and Genescan 500-ROX size standard were all supplied by Applied
Biosystems. Montage SEQgs sequencing reaction clean up kits were obtained from
Millipore and capillary electrophoresis running buffers were purchased from Sigma-
Aldrich.

2.2.6 Antibodies

All antibodies were purchased from Cell Signalling Technology or Santa Cruz
Biotechnologies unless otherwise stated.

2.2.7 Restriction enzymes

All restriction endonucleases were supplied, along with the appropriate buffer, by
New England Biolabs and Pharmacia (Sigma-Aldrich).

2.2.8 Cloning

pGEM-T Easy Vector System |, pGL3 and pRL Renilla luciferase vectors and JM109
chemically competent E.coli cells were obtained from Promega. Tryptone, yeast
extract and agar were supplied by BD Diagnostics Ltd. Ampicillin, X-gal (5-bromo-4-

52



chloro-3-indoyl-D-galactoside) and IPTG (isopropyl-B-D-thio-galactopyranoside)
were obtained from Sigma-Aldrich Ltd.

2.2.9 Clinical Material

All tissue and blood samples were obtained with patient consent and ethical approval
for research in accordance with the guidelines of the COIN Trial.

2.2.10 Cell lines and cell line DNA
The HEK293 cell line was kindly provided by Dr. Andrew Tee.

DNA from cell lines used to determine Pyrosequencer and Sequenom assay
sensitivities (CAL-62, AsPC1, RPMI-8226, SW620, DLD1, HCT-116, SW948, Colo-
205, HT117 and HT1197) was kindly provided by various collaborators.

2.3 Equipment
2.3.1 Plastics and glassware

Sterile pipette tips were supplied by Starlab. RNase- and DNAse-free sterile barrier
tips were obtained from Promega. DistriTips and sterile tips for multi-channel
pipettes were from Anachem. Sterile individually wrapped 5ml, 10ml and 25ml
stripettes were from Corning Costar. Bioquote supplied 0.65ml, 1.5ml and 2.0ml
plastic eppendorfs. Fisher Scientific also supplied 1.5ml eppendorf tubes. The 96
well Thermo-Fast PCR reaction plates were obtained from Thermo Electron
Corporation whilst adhesive PCR sealing sheets, 0.2ml plastic strip tubes and 96
well Thermo-Fast skirted detection plates were purchased from ABgene. Sterile
universals and petri dishes were obtained from Bibby Sterilin and Sarstedt
respectively. Glass flasks and beakers were provided by Jencons or Fisher
Scientific. Optilux 96-well luminometer plates were purchased from VWR
International. Tissue culture flasks were purchased from Nunc. Slides used for
sectioning were purchased from VWR. Fifty millilitre falcon tubes were obtained from
Sarstedt.
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2.3.2 Laser microdissection

Laser capture microdissection was carried out using the PALM Microlaser system
and visualised using the PALM Robo software.

2.3.3 Thermocycling

Thermocycling was carried out using an MJ Research DNA Engine Tetrad PTC-225
for PCR.

2.3.4 Electrophoresis

DNA electrophoresis was performed using a Horizon 11.14 gel tank from Invitrogen
Life Technologies. Visualisation of ethidium bromide stained gels was achieved
using a BioRad GelDoc XR transluminator. Power packs were supplied by BioRad.

2.3.5 Other equipment

Stained sections of colonic tissue were visualised using a Mirax scanner (Zeiss).
Quantitation of DNA and RNA was carried out using the NanoDrop ND-8000
spectrophotometer (Labtech International).

2.3.6 Software

Genotyping data from lllumina was viewed using lllumina’'s GenomStudio program.
Statistical analysis and graphing was carried out using Minitab 15 (Minitab Inc.),
Microsoft Excel (Microsoft) and SPSS16 (IBM Corp) unless otherwise stated.

When carrying out LCM, slides were visualised using the PALM Robo software
(v.1.2.3) (Zeiss).

Assays used for Sequenom analysis were designed using the Massarray Assay
Design 3.1 software. Sequenom spectra were analysed using the SpectroREADER
software and transferred to the MassARRAY Typer 4 Analyser. Genotyping was
performed using the MassARRAY RTTM software. All software was provided

through Sequenom.
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2.4 Methods
2.4.1 General reagents

All solutions were made using MilliQ water and autoclaved at 15Ib/sq.in at 121°C for
20 minutes where necessary.

1XTAE buffer: 0.04M Tris-acetate, 0.001mM EDTA, pH 8.0

1XTBSbuffer: 0.15M NaCl, 0.005M Tris, pH 7.6

10mM sodium citrate buffer (for 1L — 2.94g sodium citrate trisodium salt dehydrate,
1L dH,0, pH 6.0

2.4.2 Sectioning of FFPE tissues

FFPE blocks containing tumour material were placed on ice for at least one hour
prior to sectioning. A fresh blade was used to section each block. Ten micrometre
sections were cut for LCM use and were placed onto PALM slides. Five micrometer
sections were also cut for staining (and visualisation) and macrodissection. Care was
taken to ensure that the stained section represented as faithfully as possible the non-
stained macrodissected slide (i.e. no excess cutting was performed between
sections). Slides carrying sections were incubated at 36°C for normal slides and
60°C for PALM slides overnight.

2.4.3 Staining and scanning of sections and identification of tumour material
One of the two S5pym sections was stained using the following protocol; sections were
deparaffinised by immersion in xylene twice, 100% ethanol twice, 96% ethanol and
70% ethanol for 2 minutes each. Slides were briefly dipped five times in RNase-free
distilled water, stained for 1 minute in Mayer's haematoxylin solution, rinsed for 1
minute in blueing solution and further stained for 10 seconds in Eosin Y. Slides were
immersed through an increasing ethanol series for 1 minute each (70%, 95% and
100% ethanol). Sections were then immersed in DPX solution before having a cover
slip applied. Slides were then left to dry. Sections used for LCM were stained by the
same process but were not immersed in DPX and did not have a cover slip applied.
Instead slides were placed back-to-back in a 50ml Falcon tube and immediately
frozen (-70°C). This minimalist staining procedure ensured that nucleic acid material
could still be obtained from stained tumour material for downstream analysis.
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Stained sections were visualised using a Mirax scanner (Zeiss). Slides were scraped
to remove excess dry DPX solution. Following this, they were placed into cartridges
as groups of 50 for scanning. High-resolution scanning of each slide took ~45
minutes. These scans were subsequently analysed to determine the location of
tumour material. Depending on the amount of tumour tissue available, the most
appropriate course of tumour extraction (i.e. macrodissection or LCM) was then
decided upon. For macrodissection, the paired unstained slide was marked in those
areas that carried tumour material.

2.4.4 Macrodissection

Extra matching sections were cut from each paraffin embedded block at a thickness
of 5uym. These sections were left unstained. Areas containing large and concentrated
areas of tumour, identified on the matching stained slide, were drawn around using a
marker pen on the underside of the slide. Sterile razor blades were then used to
scratch off the tissue lying within the depicted area. Scrapings were emptied into a
1.5ml eppendorf tube for later extraction.

2.4.5 Laser capture microdissection (LCM)

Laser micromanipulation provides microscopic high-resolution control of sample
composition by enabling the selection or rejection of user defined areas. For LCM,
paraffin embedded tissues were sectioned and stained as detailed above. LCM was
carried out using a Zeiss Axiovert S100. A pulsed ultra-violet laser is interfaced into
the microscope and focused through an objective. The laser cuts the tissue without
the heating of adjacent material and results in a clear-cut gap between the desired
sample area and the surrounding tissue. After microdissection, the isolated
specimens are ejected out of the object plane and catapulted directly into the cap of
a 0.5ml eppendorf tube containing 1yl of mineral oil positioned above the slide.

2.4.6 DNA extraction from FFPE tissue

DNA was extracted from FFPE tissue using the QlAamp DNA micro kit for both
macrodissected and LCM tumour material. Fifteen microlitres of buffer ATL
(contents trade secret, CTS) and 10yl of proteinase K were carefully placed into the
tube (or lid for LCM). Tubes were pulsed vortexed for 15 seconds. Following this,
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tubes were left to incubate at 56°C for at least 16 hours. After the tissue was
digested, 25pl of buffer ATL was added to the lysate followed by 50l of buffer AL
(CTS) and the tube vortexed for 15 seconds. Fifty microlitres of 100% ethanol was
added and the solution was applied to a QlAamp spin column and centrifuged at
13,000 rpm for 1 minute. The column was transferred to a clean collection tube and
500p1 of wash buffer AW1 (CTS) was added. The column was re-centrifuged at
13,000 rpm for 1 minute. The eluate was discarded before a second wash was
carried out using 500pl of buffer AW2 (CTS). The column was re-centrifuged at
13,000 rpm for 3 minutes followed by an extra 1 minute spin into an empty collection
tube to remove residual ethanol. DNA was eluted into ~40pl of DNAse free water by
incubating for 1 minute at room temperature and centrifuging at 13,000 rpm for 1
minute into a clean collection tube. Samples were stored at -20°C.

2.4.7 RNA extraction from FFPE tissue and conversion to cDNA

Cut sections and LCM cuttings were placed into 1.5ml eppendorfs and immersed in
1ml xylene and mixed for 3 minutes at 50°C on a Thermomixer. Tubes were then
centrifuged briefly and the xylene discarded. Remaining pellets were washed twice in
1ml 100% ethanol before being air dried to remove residual ethanol. Digestion buffer
and protease (100ul and 4l respectively) were added to each sample before
incubation at 50°C for 15 minutes then at 80°C for 15 minutes. Following this 1204l
of isolation additive plus 275ul of 100% ethanol were added to, and mixed with, each
sample. Sample mixtures were then passed through a filter cartridge and washed in
700p! of wash 1 (CTS) and 200pl of wash2/3 (CTS) with flow-through being
discarded at the appropriate stages. In order to isolate RNA, a mixture of 6ul 10X
DNase buffer, 4ul DNase and 50pl nuclease-free water was added to each sample
and left to incubate for 30 minutes at room temperature. The washes with wash 1
and wash 2/3 were repeated prior to elution of the RNA with 60ul water at room
temperature.

RNA was converted to cDNA using Applied Biosystems High-Capacity cDNA
Reverse Transcription Kit. Briefly a mix of 10x RT buffer, 25x dNTP mix (100mM),
10x RTrandom primers, Multiscribe reverse transcriptase, RNase inhibitor and
nuclease-free water was prepared on ice. Ten microlitres of each RNA samples was
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added to 10pl of the above mix, gently vortexed and centrifuged to bring the tube
contents to the bottom.

2.4.8 Extraction of DNA from blood samples

DNA was extracted using Qiagen’'s QlAamp DNA micro kit. One-hundred microlitres
of whole blood was transferred into a 1.5ml eppendorf. One hundred microlitres of
buffer ATL, 10pl proteinase K and 100ul buffer AL were then added respectively and
the tube pulse-vortexed for 15 seconds. Tubes were incubated at 56°C for 10
minutes. To each tube, 50ul of 100% ethanol was added prior to it being vortexed for
15 seconds and incubated at room temperature for 3 minutes. The entire lysate was
subsequently transferred to a QlAamp MinElute column and centrifuged at 8,000
rpm for 1 minute with the eluate collected in a collection tube. The column was then
transferred to a new collection tube, 500ul buffer AW1 added to the column and then
centrifuged at 8,000 rpm for a further 1 minute. This step was repeated with 500ul of
buffer AW2. Following this, the tube was centrifuged at 13,000 rpm for 3 minutes to
dry the membrane and remove ethanol. The column was placed in a fresh collection
tube and 40pl of distilled water added. This was left to stand for 1 minute before a
final centrifugation step at 13,000 rpm for 1 minute. DNA samples were stored at -
20°C.

2.4.9 Quantification of nucleic acids

The concentration of eluted DNA and RNA samples was achieved using ultraviolet
(UV) spectrophotometry at wavelengths of 260nm and 280nm to determine the
amount of DNA or RNA present and establish endogenous protein content. An

absorbance ratio of 1.8 at 260nm:280nm was used as an indicator of high sample

purity.

2.4.10 Polymerase chain reaction (PCR) and RT-PCR

PCR allows the specific in vitro amplification of a defined DNA target sequence in an
exponential manner. Double stranded DNA templates are heat denatured and

primers bind specifically to complementary target sites on each strand. Thermostable
DNA polymerases extend the primers in the §’ to 3’ direction by incorporating dNTPs
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to create a complementary DNA strand. This cycle is repeated 20 — 40 times
enabling newly synthesised DNA molecules to be used as templates at each new
round (Mullis et al. 1986).

Complimentary primer pairs were designed to have melting temperatures within 2°C
of each, to be between 15 and 25 nucleotides in length, lack repetitive motifs and
with little predicted dimerization or secondary structure formation.

For standard PCR, 25ng template DNA, 0.25mM dNTPs, 25pmol forward and
reverse primers, 2yl 10X GeneAmp PCR buffer (100mM Tris-HCI, pH 8.3, 500mM
KCI, 15mM MgCl;, 0.01% w/v gelatin), and 0.5U AmpliTag Gold DNA polymerase
were used in a total volume of 20pl. Cycling conditions were 95°C for 12 minutes,
followed by 35 cycles of 95°C for 30 seconds, annealing temperature (52°C - 60°C)
for 30 seconds, 72°C for 30 seconds and a final elongation step of 72°C for 10

minutes.

For PCR amplification of lower quality LCM extracted DNA, Megamix Gold
(Microzone Ltd.) was used in place of AmpliTaq Gold DNA polymerase. Half of the
final reaction volume was made up of the Megamix Gold reagent (CTS), with 25ng
template DNA, 25pml forward and reverse primers and water making up the
remaining volume. Cycling conditions were the same as described above.

A 20l RT-PCR reaction contained 1ng cDNA, 0.25mM dNTPs, 25pmmol forward
and reverse primers, 2ul 10X GeneAmp PCR buffer (100mM Tris-HCI, pH 8.3,
500mM KCI, 15mM MgCl,, 0.01% w/v gelatine), and 0.5U AmpliTaq Gold DNA
polymerase. Cycling conditions were 95°C for 12 minutes, followed by 35 cycles of
95°C for 30 seconds, 58°C for 30 seconds, 72°C for 30 seconds and a final
elongation step of 72°C for 10 minutes.

2.4.11 Agarose gel electrophoresis

Agarose gels were prepared with 1X TAE buffer to various concentrations between
1.25-2%. Ethidium bromide (0.05ug/ml) was added to the gel to allow for DNA
visualisation since it is a DNA intercalating agent that fluoresces under UV light at a
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wavelength of 300nm. Three microlitres of loading dye (15%w!/v ficol, 10mM Tris pH
8, TmM EDTA, 0.2% Orange G) was added to each sample before loading and
electrophoresis was performed in 1X TAE buffer at 100V. 1kb or 100bp DNA ladders
were used to predict fragment sizes. DNA was visualised on a UV transilluminator
and photographed using the Bio-Rad XR system.

2.4.12 Restriction digest

Restriction digests were performed using enzymes from New England
Biolabs/Pharmacia at 1 or 2 units per digest, in the appropriate buffer. Digests were
carried out using 10ul of PCR product, run at 37 or 60°C overnight and visualised on
an agarose gel.

2.4.13 PCR purification

PCR products were purified using an ExoSap method. In a 5pl! reaction, 3pl of PCR
product was combined with 10U exonuclease | and 0.5U SAP. The sample was
incubated at 37°C for 15 minutes to allow for digestion of excess primers and
removal of phosphates groups from dNTPS before denaturation of the enzymes at
80°C for 15 minutes.

2.4.14 Cycle sequencing and purification

Sanger sequencing uses dideoxynucleotide triphosphates (ddNTPs) which lack the
3’ hydroxyl group present in deoxyribose sugars. As a result of this, ddNTPs can be
efficiently incorporated into a nascent strand by DNA polymerases but prevent
further extension of the growing chain (Sanger et al. 1977). In automated sequencing
the reaction can take place within a single tube because each ddNTP is labelled with
a different fluorophore. The template DNA is denatured and bound by a single
specific primer. DNA polymerase extends this primer by incorporating either an
unlabelled dNTP or chain terminating ddNTP at each position. The relative
concentrations of dNTPs and ddNTPs are such that the labelled products formed
differ in size by one nucleotide. Capillary electrophoresis is used to separate the
single stranded DNAs, with smaller fragments migrating fastest through the polymer
and passing through the laser beam first. The emitted wavelength of light is detected

60



and used to determine the ddNTP incorporated at a particular position. The order of
the nucleotides provides a sequence read of up to ~500bp.

Sequencing reactions were performed using the BigDye Terminator Cycle
Sequencing kit (Version 3.1) according to the manufacturer’s instructions. A total
reaction volume of 10pl contained 0.6pl — 1.5ul purified PCR product (~5ng), 1l
Terminator ready Reaction Mix (labelled ddNTPs and dNTPs, AmpliTaq DNA
polymerase FS, MgCl; and Tris-HCI buffer, pH 8), 1.6pmol primer and 1.5ul BigDye
terminator buffer (CTS). Cycle sequencing conditions were 25 cycles of 96°C for 10
seconds, 50°C for 5 seconds and 60°C for 3 minutes and 30 seconds.

The Montage SEQgs Sequencing Reaction Cleanup Kit was used to purify
sequencing reactions. Twenty microlitres of injection solution (CTS) was mixed with
the reaction and transferred to a filter plate. A vacuum was applied until the wells
were empty, then a further 25l injection solution was added and the vacuum applied
again to ensure that all the contaminating salts and unincorporated dyes terminators
were filtered out. Purified sequencing products were re-suspended in 25pl injection
solution by shaking for 6 minutes. Samples were run on either an ABI 31000 or ABI
3730 Genetic Analyser.

2.4.15 Rapid amplification of cDNA ends (RACE) of PCR products

RACE was performed using human colonic Marathon-ready cDNA (Clontech) — pre-
prepared libraries of adaptor-ligated cDNA. By using a primer specific to the target
sequence of interest, in combination with a primer specific to the adaptor sequence,
it is possible to amplify the transcript of interest. Downstream applications such as
sequencing allow determination of the 5’ and/or 3’ ends of the cDNA (named
5'RACE and 3'RACE respectively). Primers used in RACE reactions are required to
be 23-28 nucleotides in length, have a GC content of 50-70%, and have a melting
temperature of greater than or equal to 65°C. For RACE amplification 36ul water, 5pl
10X cDNA PCR reaction buffer, 1ul dNTP mix (10mM) and 1pl Advantage 2
polymerase mix (50X) are mixed by vortexing for each reaction. This mix is added to
a separately prepared mix of Sul Marathon-ready cDNA, 1pl of the appropriate
adaptor primer (10uM) and 1pl of the appropriate gene specific primer (10pM).
Cycling conditions were 94°C for 30 seconds, five cycles of 94°C for 5 seconds,
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72°C for 4 minutes, five cycles of 94°C for 5 seconds, 70°C for 4 minutes and
twenty-five cycles of 94°C for 5 seconds, 68°C for 4 minutes.

RACE products were analysed on an agarose gel by electrophoresis, and
sequenced as described above.

2.4.16 Real-time PCR

As the name suggests, this technique allows precise real-time monitoring of PCR
products as they are generated, through the use of fluorescent probes. Targeted
Tagman assays were purchased from Applied Biosystems and used in gene
expression analysis, along with Tagman Universal PCR master mix. The human
B2M gene was used as an endogenous control for all reactions. One hundred
nanograms of cDNA was added to each gene expression reaction in a total 20pl
volume. Thermal cycling and expression analysis were performed using Applied
Biosystems 7500 Fast Real-Time PCR system. Thermal cycling conditions were an
initial step of 50°C for 2 minutes and 95°C for 10 minutes, followed by forty cycles of
denaturation at 95°C for 15 seconds and annealing/extension at 60°C for 1 minute.
Each gene expression reaction was performed in triplicate (for both target and
endogenous control assays). PCR specificity of the assay was tested by running the
expression product on a 1.5% agarose gel to ensure that only one band was visible.
Calibration curves were generated for all samples used and PCR efficiencies

calculated to ensure levels between 90-110%.

2.4.17 MSI analysis

The microsatellite status of CRC tumour DNA was determined using the BAT25 and
BAT26 markers. Amplification of these was carried out using specifically designed
primers. Sequences for these were; BAT25F (5’ FAM labelled —
TCGCCTCCAAGAATGTAAGT, BAT25R — TCTGCATTTTAACTATGGCTC, BAT26F
(5 HEX labelled) - TGACTACTTTTGACTTCAGC, BAT26R -
AACCATTCAACATTTTTAACC.

The MSI test was standardised using DNA extracted from HCT-166 and Calu1 (MSI
and MSS [microsatellite stable] respectively) cell lines. Tumour DNA was serially

diluted to test the sensitivity of the assay. Amplification of BAT products was
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performed in 12l reaction volumes containing 4l of H20, 6ul of Megamix Gold, 10
pmol of each primer, and 20-30ng of tumour DNA. Thermocycling was performed at
95°C for 10 minutes, followed by thirty-five cycles of 95°C for 1 minute, 60°C for 1
minute and 72°C for 1 minute, followed by a final extension of 72°C for 7 minutes.
One microlitre of PCR product was diluted in 180ul H,O and this was used for
subsequent analysis. Microsatellite analysis was carried out using Applied
Biosystem’s 3100 genescan software, with the microsatellite signal standardised
against a ROX marker diluted in Hi Dye Formamide.

2.4.18 Immunohistochemistry

The avidin-biotin complex (ABC) method was used for immunohistochemical (IHC)
analysis. This method utilises the unique properties of the large glycoprotein avidin
and the vitamin biotin which have an extremely high affinity for one another. Biotin
can in turn be conjugated to a variety of biological molecules such as antibodies,
whilst avidin can be labelled with peroxidise or fluorescein. The technique involves
three main steps; application of unlabelled primary antibody, application of
biotinylated secondary antibody and application of a complex avidin-biotin peroxidise.
The peroxidase is then developed by 3,3’-diaminobenzidine (DAB) or other
substrates to produce a coloured end product. The main advantage of this method is
the amplification of the original antibody signal due to avidin having four binding sites

for biotin, therefore amplifying the signal many fold.

Five micrometer thick paraffin sections containing colorectal tumour tissue were
deparaffinised and rehydrated by immersion in xylene twice, 100% ethanol twice, 70%
ethanol, 50% ethanol and water for 5 minutes each. For antigen retrieval, sections
were boiled in 10mM citrate buffer (pH 6.0) for 10 minutes and gently rinsed under
running tap water. Endogenous peroxidase activity was blocked with 0.3% hydrogen
peroxide for 10 minutes followed by one 1XTBS wash for 5 minutes. Immunostaining
was performed in a humidity chamber using the rabbit/goat VECTASTAIN ELITE
ABC horse- and goat-radish peroxidise kits respectively. Sections were encircled
with a wax ring and blocked with goat normal serum for 20 minutes. Primary
antibodies were applied and incubated overnight at 4°C, followed by three 5 minute
washes in 1XTBS. A biotinylated secondary antibody was applied and incubated for
30 minutes followed by three 5 minute 1XTBS washes. ABC was incubated for 30
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minutes followed by three 5 minute washes in 1XTBS. Sections were developed

using DAB, counterstained in Gills haematoxylin for 1 minute, and blued in tap water.
Sections were finally dehydrated by immersing in 50% ethanol, 70% ethanol and 100%
ethanol twice (all 5 minutes each), cleared in xylene for 10 minutes, mounted with

DPX and air dried. Slides were viewed with an Olympus BX51 microscope. All

incubations were at room temperature unless otherwise stated.

2.4.19 Bacteriological methods

2.4.19.1 Bacteriological media and solutions

Unless otherwise stated, solutions were sterilised by autoclaving. LB — Broth; 5g
Bacto Tryptone, 2.5g yeast extract and 2.5g NaCl in 500m! dH;0. LB agar: 5g Bacto
Tryptone, 2.5g yeast extract, 2.5g NaCl and 8g Bacto Agar in 500m| dH,0. Where
appropriate, LB medium had ampicillin added to a final concentration of 100ug/ml,
IPTG to 0.5mM and 80ug/ml of X-gal. SOC medium — 2g Bacto Tryptone, 0.5g yeast
extract, 1ml 1M NaCl, 0.25ml 1M KCI, 1ml 2M Mg?* stock (filter-sterilised) and 1ml
2M glucose (filter-sterilised).

2.4.19.2 Ligation reactions

For pGEM-T easy vectors;

Purified PCR product was ligated with the pGEM-T easy vector (Promega) according
to the following conditions; Sul of 2X rapid ligation buffer (T4 DNA ligase), 1pl of
pGEM-T easy vector (50ng), 1ul T4 DNA ligase (3 Weiss units/pl) were used in a
reaction with an amount of PCR product defined by the following equation;

ng of insert = ng of vector x kb size of insert x insert vector molar ratio

kb size of vector

Ligations were carried out either at room temperature for 1 hr or 4 °C overnight.

For pGL3 vectors;

The region of interest was PCR amplified using primers containing restriction digest
sites for subsequent cloning. The pGL3 vector was digested with the appropriate
restriction enzymes in order to generate compatible ends for cloning with them.

64



During digestion, vector DNA was treated with calf intestinal alkaline phosphatase
(CIP) to prevent vector closing. Ligation was carried out using 1yl of digested vector,
3l of digested PCR product, 5ul 2x ligase buffer and 1pl ligase (3U/ul). Reaction
mixes were incubated at 15°C for 24 hours.

2.4.19.3 JM109 highly competent Cell Transformation

Transformation of JM109 highly competent E.coli was mediated via a heat shock
process which led to semi-permeabilisation of the cell membrane enabling the
uptake of ‘naked’ DNA molecules from the surrounding environment into the cell.

Two microlitres of each ligation reaction were placed into 1.5ml eppendorf tubes on
ice, with 50ul of just thawed JM109 cells subsequently added. After gentle mixing,
samples were placed on ice for 20 minutes. Each sample was heat shocked by
placing in a 42°C water bath for exactly 50 seconds and incubated on ice for 2
minutes. The cells were incubated at 37°C with agitation at 225rpm for 1.5 hour after
adding 950u! of SOC medium. One-hundred mincrolitres of the growing suspension
was spread onto LB agar plates containing ampicillin, X-gal and IPTG. The
transformation plates were incubated at 37°C overnight (>16 hours). The pGEM-T
easy vector carries the LacZ gene which encodes for the enzyme B-galactosidase
and so it is possible to identify colonies that contain the insert according to their
colour. Cells containing vector without the insert will produce B-galactosidase which
leads to the formation of blue colonies because of the utilisation of the enzymes’
substrate Xgal. Cells that contain the vector with the successful insert will appear

white since the insert disrupts the LacZ gene and B-galactosidase is not produced.

2.4.19.4 Plasmid minipreps

High quantity plasmid DNA was prepared using QIlAprep Spin Miniprep Kit according
to the manufacturer’s instructions. Around 5-10ug of plasmid DNA is generated from
1.5ml overnight LB cultures. The extraction process involves alkaline lysis of cells
accompanied by gentle mixing which releases intact plasmid DNA denatures
proteins. Neutralisation and adjustment of the conditions to a high salt medium
facilitate binding of DNA to the spin column. High salt conditions cause proteins to
denature and chromosomal DNA and cellular debris to precipitate whilst plasmid
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DNA stays in solution and binds to the silica-gel membrane of the column. The
column/membranes are washed to remove trace nucleases, carbohydrates and salts
before the DNA elution.

Clones that successfully carried the correct insert were grown in 3ml of liquid LB
containing ampicillin (50ug/ml) at 37°C with agitation (170rpm) for ~15 hours. Cells
were centrifuged at 13,000rpm for 1 minute and re-suspended in 250l of Buffer P1
(100ug/ml RNase A, 50mM Tris/HCI and 10mM EDTA). Two hundred and fifty
microlitres of Buffer P2 (200mM NaOH, 1% SDS) was added and the tubes were
gently inverted 4-6 times to mix. Three hundred and fifty microlitres of Buffer N3 (3M
potassium acetate) was then added, the tubes were gently inverted 4 - 6 times and
centrifuged at 13,000rpm for 10 minute. The supernatant was added to a QlAamp
column and centrifuged at 13,000rpm for 1 minute. The column was washed with
500yl of Buffer PB (CTS) and then centrifuged at 13,000rpm for 1 minute. The
column was washed with 750l of Buffer PE (containing ethanol and CTS) and
centrifuged at 13,000rpm for 1 minute. Residual ethanol from Buffer PE was
removed by centrifuging the column twice at 13,000rpm for 1 minute. DNA was
eluted into 30ul of H,0 after placing the column in a fresh 1.5ml eppendorf tube and
centrifuging at 13,000rpm for 1 minute.

2.4.20 Tissue culture

HEK293 adherent cells were grown and maintained in Dulbecco’s modified eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% pen-
strep. When cells reached 280% confluence they were passaged according to the
following process. Initially cells were briefly washed with 5ml PBS before being
washed with 1ml of Trypsin-EDTA for ~1 minute in order to detach them from the
side of the tissue culture flask. Cells then had 2ml of Trypsin added and were
incubated at 37°C for 1-3 minutes. The trypsinised cells were transferred into two
separate falcon tubes in a final volume of 10ml media (DMEM plus 10% FBS) which
were subsequently centrifuged at 1,200rpm for 7-10 minutes.

Following centrifugation, the medium was removed leaving a cell pellet at the bottom
of the falcon tube. This was re-suspended in a volume of medium suitable for
downstream applications, with care taken to ensure cells were sufficiently mixed with
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the medium. This mix was evenly divided between the appropriate numbers of flasks
and incubated at 37°C with CO,.

2.4.20.1 Transient transfection

Cells were seeded into 96 well plates at 2.5x10* cells per well and allowed to reach
50-80% confluence. Media was then aspirated and replaced with 100ul complete
growth medium. In parallel to this, 0.5ug of DNA was diluted with 100ul of Opti-MEM
| reduced serum media without serum (Invitrogen). For each well, 0.35pl of
Lipofectamine LTX reagent (Invitrogen) was added to the DNA:Opti-MEM mix, mixed
and incubated at room temperature for 30 minutes. Following this, 20pl of the
DNA:Lipofectamine LTX reagent complex was added to each well. The plate was
gently agitated and then left to incubate for a further 24 hours before subsequent

assaying was carried out.

2.4.20.2 Luciferase assay

HEK293 cells were transfected with 100ng of pGL3 (transformed with the insert of
interest) and 0.5ng of pRL (both from Promega) in a 96 well plate. The media was
removed and cells washed with 50pl of phosphate buffered saline (PBS). This was
immediately removed and replaced with 20ul of 20% diluted lysis buffer. The plate
containing the cells was centrifuged at 2,000 rpm for 30 seconds. This was stored at
-80°C ready for use.

Luciferase assays were carried out using an Applied Biosystems TR 717 Microplate
luminometer. A dual-luciferase reporter assay system was used that allowed the
comparison of the activities of firefly and Renilla luciferases through sequential
measurement. The firefly luciferase reporter was measured first by the addition of
50ul of Luciferase Assay Reagent Il (LAR Il). Following this the reaction was
quenched and the Renilla luciferase reaction initiated by the addition of Stop & Glo
reagent. Reactions were repeated at least six times to ensure accurate
measurement. The relative activities of the two luciferase reactions give an indication
of the expression levels in the pGL3 vector.
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Chapter Three - High-throughput somatic profiling of the Ras-Raf-MAPK and
PI3K-PTEN-Akt pathways in advanced colorectal cancer and correlations with

response to cetuximab

3.1 Introduction

Patients vary in their response to chemotherapy. Inherited factors play a significant
role in this response, with germline changes in drug metabolism, transport and target
genes all being implicated (Dotor et al. 2006; Marcuello et al. 2004; Kim et al. 2008).
In recent years, a role for somatic (tumour based) mutations in altering response has
been sought and the introduction of therapies that target the EGFR has shed
considerable light into this area. EGFR acts as the gate-way for multiple downstream,
intracellular signalling pathways including the Ras-Raf-MAPK and PI3K-PTEN-Akt
pathways. Through these pathways, EGFR regulates multiple processes including
apoptosis, cellular growth, proliferation, differentiation and migration (Woodburn,
1999). Cetuximab is a monoclonal antibody that binds to the extracellular binding
domain of EGFR. In doing so, it prevents the ligands EGF and TGF-a binding to the
receptor and triggers receptor internalisation; thus inhibiting downstream signalling.
Response to cetuximab has been shown to be limited to patients with CRCs wild-
type for KRAS, BRAF, NRAS and exon 20 mutations in PIK3CA (De Roock et al.
2010a). Given the high-frequency of CRCs that are KRAS mutant (~40-45%),
guidelines are now in place that recommend testing of KRAS mutation status prior to
treatment with anti-EGFR agents (Allegra et al. 2009). However, recent data has
suggested that not all somatic mutations within specific target genes affect response
to cetuximab. For example, patients treated with cetuximab and with G13D in KRAS
have longer OS and PFS as compared to patients with other KRAS-mutated tumours
(De Roock et al. 2010b).

Here we tested two mutation detection platforms, Pyrosequencing and Sequenom,
for high-throughput somatic profiling of the Ras-Raf-MAPK and PI3K-PTEN-Akt
pathways in aCRCs from patients in Arms A (oxaliplatin and SFU-based
chemotherapy) and B (chemotherapy plus cetuximab) of the COIN trial. We
determined if there was improved response (OS or PFS) to cetuximab in patients
wild-type for KRAS. We further analysed KRAS in combination with BRAF and
NRAS and determined response to cetuximab in patients carrying a mutation in any

68



or none of these genes. We determined if PIK3CA mutations reduced response to
cetuximab. We also determined if mutations of any of the above genes carried a
prognostic effect.

3.2 Materials and Methods

3.2.1 The COIN trial

COIN (COntinuous vs. INtermittent therapy) is a MRC funded fully accrued national
trial run through the MRC clinical trials unit (CTU). Tim Maughan was the chief
investigator of the study. COIN represents the largest trial of the addition of an EGFR
targeted monoclonal antibody (cetuximab) to chemotherapy (oxaliplatin and a
fluoropyrimidine) in the first line treatment of aCRC.

3.2.2 Patient Samples

All 2,445 patients, from 111 centres across the UK and Republic of Ireland, were
randomised in a 1:1:1 ratio to receive either continuous oxaliplatin-based
chemotherapy (Arm A), continuous chemotherapy plus cetuximab (Arm B), or
intermittent chemotherapy (Arm C), in first line treatment. All patients chose between
oral capecitabine (OxCap; two thirds of patients) or infusional 5FU (OxFU; one third)
as the partner for oxaliplatin (Figure 3.1). Patients had either previous or current
histologically confirmed primary adenocarcinomas of colon or rectum, together with
clinical or radiological evidence of advanced and/or metastatic disease, or had
histologically/cytologically confirmed metastatic adenocarcinomas, together with
clinical and/or radiological evidence of a colorectal primary tumour. All patients gave
fully informed consent for their samples to be used for bowel research. Samples
were collected as FFPE blocks. Results described herein are for patients from Arms
A and B of the trial.
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3.2.3 Drug administration

OxCap was a 3 weekly regimen of intravenous (1V) oxaliplatin 130 mg/m? over 2
hours followed by oral capecitabine twice daily for two weeks. The initial dose of
capecitabine was 1000mg/m?, but was reduced to 850 mg/m? in a protocol
amendment for Arm B patients only after 1775 (73%) patients had been randomised
to all arms, when a toxicity analysis showed the grade 3/4 diarrhoea rate was higher
than expected (30%) (Adams et al. 2009). OxFU was a 2 weekly regimen of IV |-
folinic acid 175 mg or d,I-folinic acid 350 mg over 2 hours given concurrently with
oxaliplatin 85 mg/m? over 2 hours, followed by IV bolus 5-FU 400 mg/m? then 5-FU
2400 mg/m? infusion over 46 hours administered via an ambulatory pump via a
central venous line. In Arm B cetuximab was given in an initial IV dose of 400 mg/m?
over 2 hours and subsequently at 250 mg/m? over 1 hour once a week.

Treatment was continued until disease progression, development of cumulative
toxicity, or patient choice. Patients were allowed to discontinue one or more agents
within the regimen for toxicity while continuing on the remaining agent(s).

3.2.4 Sample size

The primary analysis of COIN A vs B was planned to take place when 511 OS
events (deaths) had been observed among patients wild-type for KRAS. In this
molecularly selected cohort a higher hazard ratio of 0.76 could be detected at 87%
power with a two-sided alpha of 0.05.

3.2.5 Processing FFPE CRCs, DNA extraction and MSI analyses

5um sections were cut from FFPE CRCs using a microtome. One section was
stained with Hematoxylin and Eosin and visualised with a Mirax scanner. Samples
containing concentrated pockets of tumour material were macrodissected using a
second unstained 5um section. For samples containing limited regions of tumour,
LCM was performed using 10um sections cut onto a PALM membrane slide (Carl
Zeiss) and incubated at 56°C for 24 hours. To improve section adherence PALM
slides were exposed to UV (254nm) for 30 minutes, incubated in poly-L-Lysine
(0.1%wl/v) for 5 minutes, and allowed to dry at 60°C for at least 4 hours. Sections
were deparaffinised with 100% xylene for 2 minutes (twice), followed by 100%, 95%
and 70% ethanol washes for 1 minute. Slides were then dipped 5-6 times in RNase-
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free distilled water, stained for 1-2 minutes in Mayer's Hematoxylin solution, rinsed
for 1 minute in blueing solution, stained for 10 seconds in Eosin Y, washed in 70%,
95%, and 100% ethanol for 1 minute each and air dried. Slides were viewed and
LCM with a Zeiss Axiovert S100 inverted microscope using the PALM Robo software
(v.1.2.3). DNA was extracted from macrodissected and LCM tumour material using
QlAamp DNA Microkits according to the manufacturer’s instruction and eluted in 50pl
nuclease-free water. MSi-status was determined using the markers BAT-25 and
BAT-26.

3.2.6 Identification of somatic mutation ‘hot spots’ and mutant cell lines

We queried the Catalogue Of Somatic Mutations In Cancer (COSMIC) database
(http://Iwww.sanger.ac.uk/genetics/CGP/cosmic) for known common mutations in
KRAS, BRAF, NRAS and PIK3CA in CRCs. Cell lines known to carry variants within
these genes were identified using the Sanger Cancer Cell Line Project
(http:/wvww.sanger.ac.uk/genetics/CGP/CellLines/). We tested the sensitivity of
Pyrosequencing and Sequenom to detect low levels of mutant alleles using the cell
lines CAL-62 (heterozygous ¢.34G>C, p.G12R in KRAS), AsPC1 (homozygous
c.35G>A, p.G12D in KRAS), RPMI-8226 (homozygous ¢.35G>C, p.G12A in KRAS),
SW620 (homozygous ¢.35G>T, p.G12V in KRAS), DLD1 (heterozygous c.38G>A,
p.G13D in KRAS), HCT-116 (heterozygous ¢.38G>A, p.G13D in KRAS and
heterozygous ¢.3140A>G, p.H1047R in PIK3CA), SW948 (heterozygous c.182A>T,
p.Q61L in KRAS and heterozygous c.1624G>A, p.E542K in PIK3CA), Colo-205
(heterozygous ¢.1799T>A, p.V600E in BRAF), HT117 (heterozygous c.182A>G,
p.Q61R in NRAS) and HT1197 (heterozygous c.1633G>A, p.E545K in PIK3CA).
DNA extracted from cell lines was quantified using a nanodrop spectrophotometer
and serially diluted with wild-type DNA to generate known levels of mutant compared
to wild-type, alleles (50, 25, 12.5, 10, 8, 6, 4, 2 and 0%). All dilutions were prepared
and analysed in triplicate.

3.2.7 Pyrosequencing

For codons 12 and 13 of KRAS, we initially used the amplification primers 5'-
GGCCTGCTGAAAATGACTGA-3' and 5'-AGAATGGTCCTGCACCAGTAATA-3'
together with extension primer 5-CTTGTGGTAGTTGGAGC-3’; however, this assay
was subsequently modified by using the extension primers 5'-
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TGTGGTAGTTGGAGCTG-3', 5-TGTGGTAGTTGGAGCT-3’ and 5'-
TGGTAGTTGGAGCTGGT-3', as previously described (Ogino et al. 2005). For
codon 61 of KRAS, we used the amplification primers 5'-
CTTTGGAGCAGGAACAATGTC-3' and 5-CTCATGTACTGGTCCCTCATTG-3'
together with the extension primer 5-ATTCTCGACACAGCAGGT-3', and for codon
600 of BRAF we used the amplification primers 5'-
TGCTTGCTCTGATAGGAAAATGA-3’ and 5-CAGGGCCAAAAATTTAATCAGTG-3’
together with the extension primer 5'-ATTTTGGTCTAGCTACA-3'. Reverse primers
were biotinylated and purified by HPLC. All other primers were unmodified and
purified by standard SePOP desalting. PCR was performed in 50ul reaction volumes
containing 25pl Megamix Gold, 10-20ng DNA and 10uM of primers. Thermocycling
was performed at 95°C for 10min, followed by 38 cycles of 95°C for 30s, 57°C for
30s, and 72°C for 1min, followed by a final extension of 72°C for 10min. 10ul of each
PCR product was run on a 1.2% agarose gel to confirm amplification, while the

remaining 40pl was used for Pyrosequencing (Qiagen).

For Pyrosequencing, PCR products were immobilised onto Streptavadin sepharose
beads, which were then captured onto probes using Qiagen’s vacuum prep tool.
Probes, with the vacuum maintained, were washed in 70% ethanol, denaturation
solution and wash solution. After removing the vacuum, beads were released into a
sequencing primer/annealing buffer mix. Samples were heated to 80°C for 2 min and
allowed to return to room temperature before being placed into the Pyrosequencer
(PyromarkID 96 well format) and run using pre-defined assay conditions. Pyrograms
were analysed by two independent observers.

3.2.8 Sequenom

Two hundred base pairs of sequence upstream and downstream of each mutation
were downloaded from Ensembl to design the genotyping assays using the
Sequenom MassARRAY Assay Design 3.1 software. In total, three multiplex assays
were designed. Details of primer sequences are shown in Table 3.1. Multiplex PCR
was performed in Sul reaction volumes containing 0.5U of Taq polymerase, 5-10ng
of genomic DNA, 100nM of PCR primers and 500puM of dNTP. Thermocycling was
performed at 95°C for 15 min, followed by 45 cycles of 94°C for 20s, 56°C for 30s
and 72°C for 60s, followed by a final extension of 72°C for 3min. Unincorporated
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dNTPs were deactivated using 0.3U of SAP at 37°C for 40min, and primer extension
was carried out using 7-14uM of each extension primer, 1U of iPLEX termination mix
and 1U of iPLEX enzyme. Reactions were cycled at 94°C for 30s, followed by 40
cycles of 94°C for 5s, 52°C for 5s and 80°C for 5s, followed by a final extension at
72°C for 3 min. After the addition of a cation exchange resin to remove residual salt
from the reactions, 20yl of water was added and the extension product was spotted
onto a matrix pad (3-hydroxypicolinic acid) of a SpectroCHIP (Sequenom). After
analysing the SpectroCHIPs using a Bruker MALDI-TOF mass spectrometer, spectra
were processed by the SpectroREADER software and transferred to the
MassARRAY Typer 4 Analyser (Sequenom). Genotyping was performed using the
MassARRAY RTTM software (Sequenom). Automated calls were validated by

manual review of the raw mass spectra.

74




























































































































































































































































































































































































































































































































































