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ABSTRACT



Abstract

There are 30,000 new cases of colorectal cancer in the United Kingdom annually with 10% 

of patients developing a second, primary colorectal malignancy. Although a small number 

of patients with multiple cancers are caused by inherited conditions the majority are not. 

However cancers from these patients may demonstrate a higher incidence of microsatellite 

instability (MSI), a genetic phenomenon caused by loss of function of the DNA mismatch 

repair (MMR) system that is strongly associated with hereditary non polyposis colon cancer 

(HNPCC). This study examines the incidence of MSI and the underlying genetic cause in 

patients who develop multiple colorectal cancers.

Archival paraffin embedded cancer tissue was obtained for 134 malignancies taken from 90 

patients who developed multiple colorectal cancers, and 102 patients who developed a 

single cancer were used as a control group. MSI was analysed by polymerase chain reaction 

(PCR) and single stranded conformational polymorphism and expression of the hMLHl, 

hMSHl and hMSH6 MMR proteins by inununohistochemistry. Méthylation of the hMLHl 

promoter region was assessed by bisulphite conversion and méthylation specific PCR.

High-level MSI (MSI-H) was detected in 59/111 (53%) of the multiple cancer samples 

compared to 10/74 (13%) of the single cancers. Loss MLHl or MSH2 expression was seen 

in 7/9 single and 20/43 multiple MSI-H cancers, 4 of which also demonstrated loss of 

MSH6 expression. MSH6 expression was lost in 1 other sample. Méthylation was identified 

in 25/48 MSI-H cancers compared to 5/26 control samples, and was more common in 

older, female patients. MSI-H and loss of expression of the same MMR gene was identified

n



in 6/19 paired cancers taken from individual patients, the remaining 13 demonstrated 

various genetic abnormalities.

Patients with multiple colorectal cancers have an increased incidence of MSI-H, although 

some cases may be due to HNPCC, the majority may have no single underlying cause.
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CHAPTER 1 

INTRODUCTION



Chapter 1

1.1 Background

Colorectal cancer is the second most common malignancy is the Western world, 

responsible for 30,000 new cancers and 17,000 deaths per year in the United Kingdom 

(HMSO 1989. 1992). It is most prevalent in the 7* decade of life and affects men and 

women equally. The majority of cases of colorectal cancer are sporadic; approximately 5% 

are due to inherited conditions such as Hereditary Non Polyposis Colon Cancer (HNPCC) 

and Familial Adenomatous Polyposis (PAP) and a smaller proportion complicating 

Ulcerative Colitis (Cunningham and Dunlop, 1996). Due to the geographical variations in 

the incidence of colorectal cancer, dietary and environmental carcinogens have been 

implicated in its genesis, although their exact role is as yet unclear.

The first step in the development of colorectal cancer is usually dysplasia of a single crypt 

(unicryptal adenoma) although the recent discovery of areas of irregular glandular 

architecture without evidence of dysplasia (aberrant crypt foci) may precede this. These 

unicryptal adenomas subsequently increase in size and change from a tubular to a villous 

architecture (Jass et al., 2002;Renehan et al, 2002). The morphology of the cells also 

changes from mild dysplasia through to moderate and severe dysplasia until finally 

undergoing malignant transformation. This process takes around 20 years to complete 

although not all adenomas become invasive cancers. Many adenomas regress 

spontaneously, however the risk of malignancy is directly related to the size, villous 

architecture and severity of dysplasia (Atkin et al., 1992;Phillips et al, 1994).



With such a clearly defined histological progression from normal mucosa to invasive 

malignancy and the availability of large quantities of clinical material, the genetic 

mutations that lead to the development of colorectal cancer have been extensively studied, 

becoming the genetic paradigm for many human malignancies.

1,2 Genetic Principles o f Carcinogenesis

Cancers result from the accumulation of mutations that lead to the activation of oncogenes 

or the inactivation of tumour suppressor genes. The classic model for suppressor gene 

inactivation follows Knudson’s Hypothesis (Knudson, 1996) which states that for a gene to 

become inactivated both alleles must be mutated. If this does not occur the remaining un

mutated allele maintains normal genetic function. This concept explains the development of 

cancers arising at an early age in inherited conditions such as FAP. These patients have 

inherited a germline mutation in one allele of the AFC gene present in every cell throughout 

their body. Loss of function requires a single mutation in the “normal” allele. By 

comparison a “normal” person who does not carry an inherited mutation requires 2 

mutations to occur within the same cell for APC function to be lost, giving a much lower 

risk of developing a colonic polyp than in FAP.

For a mutation to predispose to tumour formation it must provide the cell with a growth 

advantage over surrounding cells allowing it to “out compete” them in a Darwinian 

manner. As mutations accumulate the cell must escape from normal growth restraints such 

as cell-cell and cell-extra cellular matrix interactions or from the regulating effects of 

growth factors and cytokines, this ultimately leads to the development of unrestrained 

autonomous growth (Hyas et al., 1999). As a tumour develops the growth restraints that it



has to overcome change, as do the mutations required to overcome them. At an early stage 

of tumour development a typical growth restraint may be due to the effect of cell adhesion 

molecules and a mutation in a membrane receptor may give the most beneficial survival 

advantage. However as the tumour becomes larger, cellular hypoxia may be the major 

constraint on growth and a mutation that generates angiogenic factors may be preferentially 

selected. This gives rise to the concept of clonal expansion, suggesting that tumours 

initially develop from one cell. When a mutation occurs within one of these cells leading to 

a growth advantage, that cell line or “clone” will “expand” and overgrow the others. This 

continues whenever a new mutation that confers a survival advantage is generated, thus 

nearly all tumour cells demonstrate the same variety of genetic mutations (Ilyas et al., 

1999).

It has been suggested that cells develop a higher rate of mutation as they progress towards 

malignancy since this might increase the chance of a beneficial mutation occurring. 

Alternatively an increased mutation rate results from mutations that give an immediate 

survival advantage, such as p53, increasing cellular resistance to apoptosis and as a side 

effect allowing cells with chromosomal instability to survive. Subsequent mutations that 

confers a growth advantage being purely coincidental (Lane, 1992;Vogelstein and Kinzler, 

1992).

1.3 The Suppressor Pathway

The classic model explaining the genetic changes that lead to the development of colorectal 

cancer was first described by Fearon and Vogelstein (1990) and is known as the 

“Vogelgram” (Figure 1.1). In this they suggested that a minimum of four or five genes must
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Figure 1.1. The ^^ogelgram”. Demonstrating the sequential accumulation of mutations in the suppressor 

pathway that leads to the development of colorectal cancer (Fearon and Vogelstein 1990).



be mutated before malignant transformation can occur and that the mutations themselves 

dictate the phenotype of the tumour, rather than the order in which they occur. The 

vogelgram explains the progression from small adenoma through to invasive malignancy in 

terms of the accumulation of mutations, known as the suppressor pathway, named as 

predominant mutation described is loss of tumour suppressor function. Genes such as APC, 

DCC and p53 are typically involved, although gain in function in oncogenes such as K-ras 

also occurs. Although the mutations of a wide variety of other genes are required for 

malignant transformation, these represent the most common.

1.3.1 APC Gene

The Adenomatous Polyposis Coli (APC) gene is located on the long arm of chromosome 5 

(5q21) and gives rise to a 312kD protein, being named after the discovery of its role in FAP 

(Kinzler et al., 1991;Nishisho et al., 1991). Mutations in occur 80% of sporadic colorectal 

cancers and adenomas (Powell et al., 1992) suggesting that mutation is an early event in 

tumourogenesis (Jen et al., 1994a). The APC protein plays an important role in the wnt- 

signaling pathway, essential for the normal embryonic development of both invertebrates 

and vertebrates, forming a multi protein complex with axin, conductin, and glycogen 

synthase kinase 3p (GSK 3P). This phosphorylates serine and threonine residues at the N- 

terminus of the protein P catenin targeting it for destruction by cytoplasmic proteases. Intra 

cytoplasmic P catenin usually has a short half-life, however activation of the wnt pathway 

inhibits GSK 3P via the protein dishevelled (dsh) leading to the accumulation of P catenin. 

The persistence of cytoplasmic P catenin allows binding with T cell factors (tcf) and 

lymphoid enhancer factors (lef). These transcription factors become activated, are



transported into the nucleus of the cell and induce activation of genes such as c-myc, cyclin 

D l, the c-jun family and metalloproteinases (Nathke, 1999). Mutations in the APC gene 

that lead to tumourogenesis prevent it from binding to P catenin or forming the P catenin 

phosphorylation complex, causing over expression of oncogenes. Although 20% of 

colorectal tumours do not have mutations in the APC gene half of these have P catenin 

mutations (Hyas et al., 1997;Sparks et al., 1998), which prevent phosphorylation and 

increase cytoplasmic P catenin levels (Behrens, 2000). P catenin also influences cellular 

adhesion, binding to the cytoplasmic tail of the cadherin family of calcium dependent cell- 

to-cell adhesion molecules, which binds with the intracellular actin cytoskeleton. Although 

alterations of the intra cytoplasmic levels of p catenin may not alter its interaction with the 

cadherins, cancer cells often demonstrate down regulation of cadherin molecules, which 

may release P catenin into the cytoplasm enhancing its ability to bind with lef-tcf 

transcription factors leading to oncogene over expression (Behrens, 2000).

1.3.2 K-ras

The K-ras gene codes for an important intermediary in signal transduction between the cell 

membrane and the nucleus being mutated in over 50% of colorectal cancers. When K-ras 

mutation occurs in conjunction with APC mutation the cell gains a survival benefit and a 

sub clone evolves leading to the evolution of areas of moderate dysplasia within an 

adenoma (Ilyas et al., 1999). The ras gene family consists of guanine triphosphate (GTP) 

activated membrane bound proteins that receive signals from several pathways and relays 

them to a wide variety of effectors including phosphoinositols, cytoskeletal proteins and 

various kinases. Ras proteins have intrinsic GTPase activity that mediates their own



inactivation; the majority of K-ras mutations involve codons 12 and 13, reducing GTPase 

activity and prolonging activity (Bos, 1988). Activation of ras proteins is the first in a 

cascade of proteins known as mitogen activated protein (MAP) kinases ultimately leading 

to the activation of transcription factors such as c-jun and c-fos. Prolonged activation of K- 

ras leads to the over expression of these genes (King, 2000).

1.3.3 Deleted in Colorectal Cancer (DCC) Gene

The DCC gene was identified due to the high incidence of loss of heterozygosity in the 

long arm of chromosome 18 (18q22) found in colorectal cancer. Initially this was thought 

to code for a cell-cell adhesion molecule and later was thought to be associated with the 

receptor for the extracellular nerve growth factor, netrin (Keino-Masu et al., 1996). 

Subsequent work has shown that the true abnormality is loss of suppressor genes SMAD2 

and SMAD4 located in this region. SMAD2 and 4 are serine/threonine kinases that form part 

of the Transforming Growth Factor p (TGFp) signaling pathway. TGpp forms a complex 

with TGFp receptor I and II. The TGpp type II receptor phosphorylates the type I receptor, 

leading to the phosphorylation of the SMADl and 2 proteins. This forms a complex with 

SMAD4, which enters the nucleus, binding to the regulatory sequences of genes involved in 

the inhibition of proliferation, production of extracellular matrix, chemotaxis and 

differentiation such as the cyclin dependent kinase p21, plasminogen activator and collagen 

etc (King, 2000).



1.3.4 p53

Up to 70% of colorectal cancers demonstrate mutations in the p53 gene that is located on 

chromosome 17 (17pl3) and codes for a 393 amino acid protein known as P53. P53 is 

mutated in 40-45% of all human cancers, playing an important role in cell cycle regulation 

and apoptosis (Soussi, 2000). P53 has a rapid turnover and short half-life within normal 

cells but in response to cellular stress the protein becomes stabilized and intracellular levels 

increase. This occurs mainly in response to physical damage to DNA induced by chemicals 

or ionizing radiation but also as a result of hypoxia, oncogene activation and even abnormal 

concentrations of ribonucleotides (Unke et al., 1996;Bates et al., 1998). Elevated P53 

levels induce cell cycle arrest at either the G1 checkpoint, prior to DNA replication or the 

G2 checkpoint before mitosis and enable the cell to repair the DNA damage. The p53 gene 

contains several separate domains, at the N terminus, between residues 1-42, is a region 

that binds with transcription factors and the protein MDM2. The majority of p53 consists of 

the central domain from residues 120-300. This region contains DNA binding function for 

genes such as p27, BAX, Insulin Like Growth Factor (ILGF) and GADD 45 etc. (Ashcroft 

and Vousden, 1999). Around 80-90% of mutations occur within this region (May and May, 

1999). An area necessary for the oligomerization of P53 is situated between residues 320- 

355 and the C-terminal domain (residues 300-393) and has a variety of other functions 

including non-specific DNA binding and reannealing of the single stranded 

oligonucleotides which regulate specific DNA binding to the central domain (Wiman,

1997). Regulation of p53 activation is tightly controlled within the cell, with a critical role 

being played by MDM2, binding blocks transactivation of other genes and induces 

degradation of p53, thereby maintaining low intracellular levels (Ashcroft and Vousden,

1999). Control of p53 expression also depends on interactions with the specific DNA



binding site at the C-terminus. Active P53 exists as a tetramer and binding by small 

peptides or kinases can lock this into a form that is incapable of specific DNA binding 

(Hupp et al., 1995).

The response of p53 to cellular damage takes 2 forms, arrest of cell growth or apoptosis. 

Following DNA damage the level of intracellular p53 increases and entry into S phase of 

the cell cycle is blocked by transactivation of p27, a cyclin dependent kinase (CDK) 

inhibitor. CDK activity is required for various cell cycle transitions and p21 acts as a 

universal cell cycle inhibitor (el Deiry, 1998). Cell cycle arrest at the G2/M phase 

checkpoint is also dependent on p53 function with DNA damage causing P53 to induce 

GADD45 and 14-3-35. These proteins bind to the cyclin B/cdc 2 complex leading to G2 

arrest (el Deiry, 1998). Apoptosis is induced by irreversible DNA damage. Increased P53 

levels lead to the induction of the BAX gene and subsequent cell death mediated by other 

genes such as PIG3, IGF-BP3 and Killer/DR5 a member of the TRAIL (TNF related 

apoptosis inducing ligand) family of genes (Gottlieb and Oren, 1998).

1.4 MicrosatelUte Instability

In 1993 a subgroup of colonic cancers were noted to demonstrate variations in the length of 

microsatellite DNA repeat regions within their genome (Thibodeau et al., 1993;Aaltonen et 

al., 1993;Ionov et al., 1993). This had not been described previously leading investigators 

to identify a new genetic pathway in the development of colorectal cancer. The main 

feature of these tumours was a variation in the length of microsatellite DNA occurring 

during DNA replication causing them to be known as replication error positive (RER) or

10



microsatellite instability (MSI) cancers, although the term replication error is seldom used 

to describe them now.

1.4.1 Classes of Repetitive DNA

There are three billion repeating units of genetic information in the human genome, 

approximately 70% is thought to be functionless, not coding for proteins, regulating 

transcription or maintaining chromosomal integrity. This is known as “junk” DNA, 

although 80% is made up from unique or rarely repeated sequences, the remaining 20% 

consists of highly repetitive DNA. In one class, the repeating regions are dispersed 

individually throughout the genome, the two largest groups being short interspersed nuclear 

elements (SINES) and long interspersed nuclear elements (LINES) (Bennett, 2000). The 

other class of repetitive DNA consists of repeat regions that are clustered together and can 

be divided into three subgroups, satellite, mini-satellite and micro-satellite DNA. Satellite 

DNA was the first tandemly repeated DNA to be discovered and gained its name as it was 

identified as a “satellite” band that separated from the “bulk” DNA upon buoyant density 

gradient centrifugation, the other classes being discovered subsequently. The repeating 

sequences that make up satellite DNA vary from 5 to several hundred base pairs being 

typically organized into large units up to 100 mega bases in length. Satellite DNA is found 

in condensed areas of chromatin that lack gene expression, known as heterochromatic DNA 

and is found in centromeres, telomeres or on the Y chromosome.

Minisatellite DNA consists of repeating sequences of between 6 and 50 base pairs with a 

length of 0.5 to 30 kilobases. They can be subdivided into two groups; telomeric DNA and 

hypervariable minisatellites. Telomeric DNA is 10-15 kb in length consisting of

11



hexanucleotide repeats, predominantly TTAGGG added to telomeres of all chromosomes 

by the enzyme telomerase. This DNA protects the ends of the chromosomes from 

degradation, provides a means for replication of telomeric sequences and may also play a 

role in the orientation of chromosomes during division. Hypervariable minisatellites are 

highly polymorphic (the number of tandem repeats at a given locus varying from one 

individual to another), making them useful in genetic profiling.

Microsatellite DNA is one of the most abundant classes of repetitive DNA with over 2000 

polymorphic loci identified (Gyapay et al., 1994) and consists of short nucleotide repeat 

regions scattered throughout the genome. Although they are mainly found in intronic non

coding regions they are often closely associated with important genes and mutations may 

lead to frame shifts. Microsatellites consist of 1-5 base pair repeats and are no more than 

10-100 base pairs in length. Microsatellites are classified according to the configuration of 

the base repeats, those with single nucleotide repeats e.g. (A)n are termed mononucleotide, 

those with 2 repeating base pairs e.g. (CA)n are termed dinucleotide, those with 3 repeating 

bases trinucleotide and so on. The most common mononucleotide repeat sequences are 

(A)n/(T)n and the most common dinucleotide repeats are (CA)n/(GT)n. The total number 

of the microsatellites found in the genome decreases with the number of repeats in them, 

therefore mononucleotide repeats such as A and T are present in around 5,000,000 loci yet 

only a few thousand pentanucleotide repeats have been identified. Two distinct types of 

microsatellite exist, quasi monomorphic which retain the same length and configuration 

between individuals and polymorphic which vary in configuration from person to person. 

DNA polymorphisms are sequences that vary between the two homologous alleles allowing
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one to trace the inheritance of each allele and it is polymorphic microsatellite DNA that has 

replaced minisatellite DNA in linkage analysis..

Microsatellites are thought to have evolved from the accumulation of errors in DNA 

replication. If mispairing of bases occur between the original template strand and the newly 

synthesized strand a DNA region is forced to “loop out”. If this occurs on the newly 

synthesized strand it will result in an extra base being added to subsequent generations and 

if on the template strand it results in the loss of a base. The chance that a microsatellite will 

undergo a mutation from one generation to the next is very low indeed and will be 

corrected by DNA repair systems, if present. The level of polymorphism between 

microsatellites is directly related to the balance between the rate of DNA slippage and 

mismatch repair. Naming microsatellite regions follows a universally accepted format, for 

example, the locus D2S123 refers to an area on chromosome 2 at the specific region 123.

1.4.2 Microsatellite Instability and The Mismatch Repair System

Microsatellite instability (MSI) has been defined as “a change of any length due to either 

insertion or deletion of repeating units in a microsatellite within a tumour when compared 

to normal tissue” (Boland et al., 1998). This was noted to be similar to a phenomenon 

found in Escherichia coli and yeast (S.cervisiae) when the system of intra nuclear proteins 

responsible for DNA repair, the mismatch repair system (MMR), was found to be 

defective. The MMR system has been implicated in many cellular events including; 

regulation of recombination, excision of nucleotides damaged by physical or chemical 

stresses and cell cycle checkpoint control but it is its role in the repair of errors made during 

DNA replication that has been most extensively studied (Kolodner and Marsischky, 1999).
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Due to its relative simplicity the MMR system of the prokaryote E.colU or Mut-HLS 

system as it is known, was the first to be fully understood and knowledge of this has been 

subsequently used to interpret findings in eukaryotic cells. The enzyme responsible for the 

replication of DNA, DNA polymerase, although highly efficient enzyme it is prone to 

errors, notably “slippage” in regions of repetitive DNA. The Mut-HLS system recognises 

and repairs all single base mispairs (except C-C) including small insertion and deletions of 

up to 4 bases that occur due to this “slippage”, relying on méthylation at GATC sites of the 

template DNA for identification. Since newly synthesized DNA has not yet been 

methylated replication errors can be detected. Eukaryotic cells are not thought to use this 

method and as yet the method of identification is uncertain (Proffitt et al., 1984).

The Kcoli HLS system consists of 3 proteins Mut S, Mut L and Mut H. Mut S identifies 

and binds to the replication error and forms a complex with the Mut L protein. The function 

of Mut L is unclear, however its role is essential for the activation of Mut H. This is an 

endonuclease which cuts the unmethylated daughter DNA strand at a nearby GATC site 

and commences the excision and re synthesis of the DNA which involves enzymes such as 

helicase H, single stranded exonucleases, DNA polymerase m  holoenzyme, single strand 

binding protein and DNA ligase.

Work performed with S.cerevisiae demonstrated that maintenance of DNA fidelity depends 

upon proteins homologous to those found in the MutHLS system (Umar et al., 1994;Boyer 

et al., 1995;Ii and Modrich, 1995). In eukaryotes they are named MSH (Mut S 

Homologue), MLH (Mut L Homologue) and PMS (post-meiotic segregation), a Mut L 

homologue that was named before its true identity was known (Table 1.1). The first gene
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identified was MSH2, which codes for a 909 amino acid protein with a 41% homology with 

the yeast MutS, localized to chromosome 2 (2p 22-21) (Fishel et al., 1993). The MutL 

homologue, MLHl^ was subsequently identified and codes for a 756 amino acid protein 

with 41% homology to Mut L being located on the chromosome 3 (3p21) (Bronner et al., 

1994). Further MutL homologues, PMSl a 932 amino acid protein with 27% homology and 

PMS2 an 862 amino acid protein with 32% homology were localised to 2q31-33 and 7p22 

respectively (Nicolaides et al., 1994). To date 7 genes are known to be involved in 

eukaryotic mismatch repair function in eukaryotes, these are; M5H2, MSH3, MSH6 

(formerly known as GTBP), MLHl, MLH3, PMSl and PMS2. Abnormalities in the genes 

PMSl, MLHl and MSH2 lead to a 100-700 fold increase in slippage mismatches in CA 

repeats alone (Strand et al., 1993).

E.coli Sxerevisiae H.sapien

Mut S MSH2 MSH2

MSH3 MSH3

MSH6 MSH6

MutL PMSl PMSl

MLHl PMS2

MLH2 MLHl

MLH3

MutH NIL NIL

Table 1.1. MMR protein homologues
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It was initially thought that MSH2 was the only protein involved in the identification of 

mismatched bases and insertion/deletions however it co purifies with the proteins MSH6 

and MSH3 (Alani et al., 1994). In vivo studies of tumour cell lines lacking hMSH2 

expression have high levels of microsatellite instability at both mononucleotide and 

dinucleotide microstatellite repeats, however cells with normal MSH2 but abnormal MSH6 

function demonstrate much lower levels of MSI found predominantly within 

mononucleotide repeat regions, instability at dinucleotide loci is almost undetectable 

(Bhattacharyya et al., 1994). In comparison, cells that have lost MSH3 function alone also 

demonstrate a low level of MSI but this is mainly found in dinucleotide regions (Strand et 

al., 1995;Marsischky et al., 1996) but a combined MSH3/MSH6 mutant strain gives rise to 

a mutation rate and spectrum is similar to that seen in MSH2 deficient cells (Marsischky et 

al., 1996). This suggests that the eukaryotic MutS homlogue exists in 2 heterodimeric 

forms. The MSH2/MSH6 heterodimer is known as the MutSa complex and the 

MSH2/MSH3 heterodimer known as the MutSP complex (Johnson et al., 1996). Several 

eukaryotic genes code for proteins homologous to MutL, however only the MLHl and 

PMSl (known ^  PMS2 in humans) appear to essential for normal MMR function. Thesp 

exist in a 1:1 heterodimer forming a complex with the MutSa or MutSp dimmers. The 

function of MLHl and PMS2 is similar although in human cells PMSl does not appear to 

play a significant role in MMR function (Nicolaides et al., 1994). Insertion of the MLHl- 

PMS2 heterodimer into human cell lines with a defective MLHl gene restores normal 

function (Prolla et al., 1994a;Li and Modrich, 1995). In S.cerevisiae mutations of either 

MLHl or PMSl give rise to widespread MSI in both mononucleotide and dinucleotide 

repeats, similar to that witnessed with MSH2 mutations (Parsons et al., 1993;Bhattacharyya
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et al., 1994;Baker et al., 1995). It is interesting to note however that the rate of mutation 

found in PMS2 in human cancer is much lower than that of MLHl mutation despite the fact 

that defects in the genes give rise to the same level of mutation. It is possibile that PMS2 is 

less prone to mutation than the MLHl gene, possibly due to its structure, alternatively they 

may play different roles in the cell. It is possible that PMS2 mutations lead to such an 

overwhelming genetic disadvantage that apoptosis occurs directly. Alternatively the PAf52 

gene product may be redundant when MLHl is functioning normally, mutations being 

unable to generate sufficient mutations for oncogenesis to begin (Boyer et al., 1995;Hunter 

et al., 1996). These observations have given rise to the model that the MutSa complex 

predominantly identifies single base pair mismatches and binds to them before forming a 

complex with MLH1/PMS2. The MutSP complex however predominantly identifies short 

insertion /deletion mispairs before binding to the MLH1/PMS2 complex (Figure 1.2). To 

date no homologue to the endonuclease Mut H has been identified in eukaryotic cells 

although there are many intranuclear enzymes that could be activated to perform this 

function.
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MLH1/PMS2

MSH2

1
MSH6

A. Excision o f single base m ispairs

1MLH1/PMS2

MSH2 MSH3

B. Excision o f  large insertion/deletion loops

Figure 1.2. The mismatch repair system .

The MSH2 and M SH6 proteins com bine to form a heteroduplex (M utS a) that predom inantly 

recognises single nucleotide base m ispairs, subsequently com bining with the M LH1/PM S2 

heteroduplex to initiate DNA excision (A). The M SH2/M SH3 heteroduplex (M utSp) 

predom inantly reeognises larger DNA insertion or deletion loops also com bining with

M LH1/PM S2 to initiate exeision (B)



1.4.3 Identifying Microsatellite Instability

MSI can be identified in most tumours if sufficient microsatellite loci are analysed. 

Instability was identified in each sample of oesophageal mucosa taken from 17 patients 

with the pre-neoplastic lesion Barret’s oesophagus when analysed at 128 microsatellite loci 

(Gleeson et al., 1996), suggesting the presence of a background level. This is in agreement 

with others who identified MSI in 71% of sporadic colorectal cancers (Halford et al., 2002), 

although this varies greatly depending on the specifc microsatellite regions investigated. Up 

to 88% of breast cancers have been shown to demonstrate MSI by some groups (Patel et al., 

1994) however others have found MSI in only 5% when an alternative set of markers were 

used (Jonsson et al., 1995). Studies demonstrate that mononucleotide repeat regions and 

complex dinucleotide regions are more commonly demonstrate MSI than tri-, tetra-, and 

penta nucleotide repeats in colorectal cancer (Jones and Nakamura, 1992;Dietmaier et al.,

1997). The type and number of microsatellite regions that need to be analysed and should 

be unstable before a tumour can be defined as MSI has proved contentious with groups 

using different diagnostic criteria.

In 1998 The National Cancer Institute laid down guidelines to identify an accurate panel of 

markers in the detection of MSI positive colorectal cancer. They recommended using 2 

mononucleotide repeats, Bat25 and Bat26 and 3 dinucleotide repeats, D2S123, D5S346 and 

D17S250, regarding them to be unstable in over 80% of tumours with extensive MSI and in 

less than 20% of tumours with low levels of MSI (Table 1.2). Additional markers were 

considered to be necessary only if doubt existed regarding the MSI status of a tumour 

(Table 1.3). The guidelines have been critisised for not including microsatellite loci in
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regions such as 17p (the p53 gene) or 18q (the DCC gene) since this may give additional 

prognostic information if a tumour was found to be MSI negative (Boland et al., 1998).

Marker Repeating Unit

Bat25 Mononucleotide

Bat26 Mononucleotide

D2S123 Dinucleotide

D5S346 Dinucleotide

D17S250 Dinucleotide

Table 1.2. The NCI reference panel for MSI

Bat40 
Bat34C4 

TGF-P-RH 

ACTC (635/636)

D18S55

D18S58

D18S61

D18S64

D3S1029

D10S197

D13S175

D17S588

D5S107

D8S87

D18S69

D13S153

D17S787

D7S519

D20S100

Table 1.3. The NCI extended reference panel for MSI
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In order to overcome difficulty in interpreting background levels of MSI, cancers can be 

subdivided into three groups. Tumours displaying MSI in >30-40% of the loci investigated 

are classified as showing high-level instability (MSI-H). Those with MSI in <30-40% of 

the loci investegated are classified as having low-level instability (MSI-L) and those with 

no instability are classified as stable (MSS). Abnormalites of MMR function (particularly 

the MLHl and MSH2 genek) are responsible for the generation of MSI-H cancers and do 

not tend to be a feature of MSI-L or MSS tumours (Bocker et al., 1997;Dietmaier et al., 

1997;Jass et al., 1998). Although MSI-L and MSS behave in a similar way in terms of site 

distribution, stage, sex distribution, ploidy, histology and clinical outcome (Lothe et al., 

1993;Kim et al., 1994;Dietmaier et al., 1997;Ruschoff et al., 1997;Thibodeau et al., 1998) 

there are differences in the genetic mutations found in these cancers (Jass et al., 1999). 

MSI-L cancers show a higher frequency of K-ras mutations (Konishi et al., 1996;Jass et al., 

1999a) an increased expression of BCL-2 (Biden et al., 1999) and a lower frequency of loss 

of heterozygosity on the long arm of chromosome 5 (APC gene) than MSS cancers (Jass et 

al., 1999). There is also evidence to suggest that MSI-L cancers may arise from 

hyperplastic polyps rather than from adenomas as in MSS cancers (lino et al., 1999). 

However genes such as TGFfiRII, BAX and 1GF2R, commonly mutated in MSI-H cancers 

demonstrate a similar level of mutation in MSI-L and MSS tumours with loss of 

heterozygosity of 17p (p53 gene) and 18q (DCC gene) also similar. Mathematical models 

have been used to evaluate the possibility that 2 distinct subgroups of colorectal cancer 

exist rather than 3 based on their genetic make up. These models suggest that a simple 

bimodal distribution consisting of MSI-H and MSS groups fit the existing data more 

accurately than if a third separate group of MSI-L cancers was included, this subgroup

21



falling more naturally into the MSS group (Gonzalez-Garcia et al., 2000). This is in 

agreement with previous studies which investigated 100 microsatellite loci in a large group 

of colorectal cancers and demonstrated a distinct bimodal distribution for MSI (Olschwang 

etal., 1997).

Variations exist in the sensitivity of microsatellite loci in identifying MSI. Mononucleotide 

markers such as, Bat25, a 25 thymine repeat from the c-kit oncogene (Parsons et al., 1995) 

Bat26, a 26 adenine repeat from the 5* intron of the MSH2 gene (Hoang et al., 1997) and 

Bat40 from the 3-P-hydroxysteroid Dehydrogenase gene (Huang et al., 1996) have all been 

shown to be very accurate at determining MSI-H in colorectal cancer. Bat 25 and Bat 26 

have the advantage of being quasimonomorphic (of a constant length from one individual 

to the next) although allelic variations occur in 12.6% of Bat26 and in 18.4% of Bat25 loci 

from African-Americans (Pyatt et al., 1999). This means that normal tissue from the 

affected individual does not need to be obtained for comparison and a standard control can 

be used. Bat40 and the dinucleotide markers are polymorphic and therefore require normal 

tissue from the subject under investigation for accurate analysis of MSI. Bat 26 is accurate 

in detecting 99% of MSI-H cancers (Zhou et al., 1997) and has been regarded to be the only 

microsateUite repeat needed to identify this group. Others have reported that a combination 

of 1 poly (A) repeat and 1 dinucleotide repeat gave a sensitivity of 98% and specificity of 

100% in detecting MSI-H, suggesting the use of further markers only for inclonclusive 

cases (Gonzalez-Garcia et al., 2000). Some microsatellite loci such as the dinucleotide 

markers D2S123 and D5S346 and the compound repeat marker MYCLl are more sensitive 

for identifying cancer with MSI-L.
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Since the majority of MSI positive colorectal cancers are caused by failure of expression or 

mutation in one of the “major** mismatch repair genes MLHl and MSH2, the NCI 

guidelines are specifically designed to identify them (Boland et al., 1998). Mutations in 

mismatch repair genes other than hMLHl and HMSH2 may give rise to tumours with MSI- 

L that could be overlooked by these guidelines. Mutations of HMSH6 have been shown to 

give rise to a weak mutator phenotype and may give rise to MSI-L cancers in the clinical 

setting (Miyaki et al., 1997;Kolodner et al., 1999).

1.4.4 The Mutator Pathway

Cancers caused by loss of MMR function are said to follow the “mutator** pathway. In 

colorectal cancers the mutator pathway is responsible for HNPCC and sporadic MSI-H 

tumours, although they anise by distinct mechanisms. Patients with HNPCC have an 

inherited germline mutation of one of the MMR genes, function is lost by acquiring a 

somatic mutation of the second “normal** allele in accordance with Knudson* s hypothesis 

and predisposes the carrier to develop multiple cancers in a variety of sites predominantly 

colonic (Wheeler et al., 2000). MSI-H sporadic colorectal cancer (up to 15% of all sporadic 

colorectal cancer) are predominantly caused by the epigenetic transcriptional silencing of 

the MLHl gene in over 80% of cases (Herman et al., 1998). Evidence that cancers with 

microsatellite instability differ from those that follow the suppressor pathway can be seen 

by their phenotypical differences. MSI positive cancers are diploid and do not demonstrate 

the extensive allelic loss (loss of heterozygosity) characteristically seen in cancers that 

follow the suppressor pathway (Lengauer et al., 1997). They also have a distinct 

histological appearance and a better prognosis compared to MSI negative cancers. The 

genetic changes found in MSI-H colorectal cancers are different to those seen in MSS
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cancers. Mutations in p53 and loss of heterozygosity of chromosome 18q are rarely 

detected in malignancies that follow the mutator pathway (Cottu et al., 1996;Forster et al.,

1998). instead genes that contain microsatellite regions such as Insulin like growth factor II 

receptor (ILG HR), Transforming growth factor P receptor II (JGFpRII), BAXy E2F4y 

hMSHSy hMSH6 and P2 microglobulin are predominantly affected (Table 1.4) (Markowitz 

et al, 1995.,Souza et al., 1996;Rampino et al., 1997;Souza et al., 1997). TGFpRlI is mutated 

in only 0-15% of MSS compared to 71% of MSI-H malignancies (Akiyama et al., 1997a). 

Mutations are concentrated in the short (A)io repeat region contained within the gene 

(Markowitz et al., 1995) and likewise ILGF HR tends to demonstrate mutations within a 

(G)g repeat (Parsons et al., 1995;Souza et al., 1996). Mutations of the AFC and K-ras genes 

occur at a similar frequency in both MSI-H and MSS cancers (Aaltonen et al., 1993), 

suggesting that MSI occurs late in tumour development and is supported by the paucity of 

adenomas that demonstrate MSI (Aaltonen et al., 1993). Other data suggest that many of 

the AFC mutations found in MSI-H cancers occur within microsatellite repeat regions, 

suggesting that loss of mismatch repair function is the primary event and AFC mutations 

follow (Huang et al., 1996). Although this may be true for HNPCC, sporadic MSI-H 

cancers have an AFC mutation spectrum that is similar to that of suppressor pathway 

cancers (Homfray et al., 1998).
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Gene Repeat
Frequency o f Mutation in 

MSI +ve Cancer

TGF-pRII Aio 85-90%

IGF-RII Gg 9%

AFC Ag 80%

BAX Gg 51-54%

HMSHS Ag 52%

HMSH6 Cg 33%

P-catenin Variable Repeats 43% (complementary to APC mutations)

E2F4 (CAG)n 65%

TCF-4 Tg 39%

Table 1.4. Genes commonly mutated in MSI +ve colorectal cancer (Boland, 2000)

Although the genes that are mutated in MSI-H cancers may be different from those in MSS 

cancers each group must overcome the same environmental constraints. The SMAD2 and 

SMAD4 proteins predominantly lost with chromosome 18q in MSS malignancies forms part 

of the same intracellular signaling pathway as TGF-fiRIL Likewise activation of the BAX is 

an integral part of p53 mediated apoptosis.

1.5 Méthylation

Cancer tissues often demonstrate an alteration in gene function without having a change in 

the primary nucleotide structure, this is known as an epigenetic change. One of the most
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common epigenetic changes is brought about by méthylation of cytosine residues within 

the promoter region of a gene leading to transcriptional silencing (Baylin et al., 1998). 

Méthylation only occurs at dinucleotides where cytosine is adjacent to guanine, so called 

CpG islands. During the course of evolution these CpG islands seem to have been lost from 

the genome being present in only 5-10% of frequency of other dinucleotide pairs. Although 

80% of these dinucleotides are found in DNA regions not accessible to transcription factors 

(Tazi and Bird, 1990), small regions ranging from 0.5 to 5kb in length, occurring every 100 

kb can be identified within the promoter regions of over half of all genes (Figure 1.3). 

These islands contain unmethylated cytosine irrespective of their pattern of expression or 

transcription status except for genes on the inactive X chromosome in females and some 

imprinted genes on autosomal chromosomes in which the cytosine residues remain 

methylated. Méthylation is an important regulator of cell function being essential for 

embryogenesis and cellular differentiation (Razin and Shemer, 1995). Méthylation is 

performed by a group of enzymes known as the DNA-methyltransferases (DNMT), the 

intracellular methyl- donor being S-adenosyl methionine (SAM) (Zingg and Jones, 1997). 

Levels of SAM are reduced by deficiency in folate, methionine, choline and vitamin B12 

and its synthesis inhibited by alcohol (Halsted et al., 1996).
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Figure 1.3. CpG méthylation.

An example of the CpG islands in the retinoblastoma gene. The dotted line represents the 

statistically expected frequency of CpG sites (1/16) and the solid line represents the 

measured frequency of the CpG sites in the 180kb that make up the introns and exons of the 

gene. The most 5' CpG island corresponds to the promoter region

Tumour cells often demonstrate increased levels of DNMT compared to corresponding 

normal tissue which is not related to increased DNA synthesis and cell cycle activity within 

tumours (el Deiiy et al., 1991;Lee et al., 1996). Increased DNMT activity has been shown 

to be associated with exposure to carcinogens detectable prior to tumour development 

(Belinsky et al., 1996). Elevated level of DNMT activity is difficult to explain since many 

cancer cells also demonstrate a global decrease in méthylation. Two theories address this, 

the first suggests that changes in chromatin structure blocks access of the DNMT to CpG 

dinucleotides leading to a reduction in the overall levels of méthylation in conjunction with 

enzyme induction. Sites that are accessible to the DNMT such as the CpG islands in 

promoter regions therefore become methylated causing the transcriptional inactivation of 

tumour suppressor genes but have little effect on overall méthylation levels (Vertino et al.,
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1996). The second theory suggests that a process of active déméthylation occurs thereby 

directly stimulating DNMT and leading to elevated DNMT activity (Szyf et al., 1995).

Changes in global and regional levels of méthylation are common in aging cells and have 

been associated with alterations in the expression of genes such as c-myc and actin 

(Holliday, 1987;Slagboom et al., 1990;Swisshelm et al., 1990;Ono et al., 1990). The 

oestrogen receptor {ER) gene promoter may be methylated in up to 100% of colonic 

cancers, however the partial méthylation of this gene in “normal” mucosa becomes 

progressively more common with age (Issa et al., 1994) and 50% of genes known to be 

methylated in colorectal malignancy have been shown to be methylated in an age related 

manner although this may not affect transcription (Ahuja et al., 1998).

There may be two distinct groups of genes in which méthylation occurs, those in which age 

related méthylation is the norm and those in which méthylation leads to transcriptional 

silencing and neoplastic change. One hypothesis is that age related méthylation spreads out 

from “méthylation centers”, such as Alu centers, in a bi-directional manner. If the promoter 

regions lay close to the méthylation center they are more likely to become methylated than 

if they are some distance away. This is balanced by some, as yet unknown, méthylation 

protection mechanism. If the level of protection is strong, méthylation will only encroach to 

the border of the promoter region and gene expression will be maintained, conversely if the 

level of protection is weak the entire promoter will become methylated and transcriptional 

silencing will follow (Turker, 1999). Aberrant méthylation may also be caused by 

mutations that affect the configuration of the promoter region and predispose it to 

méthylation as seen in the inherited condition fragile X by the abnormal expansion of a
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promoter region triplet (Bell et al., 1991). Direct mutations of the promoter regions appear 

to be uncommon in cancer (Herman et al., 1994) although mutations that lay a considerable 

distance from the promoter region may alter its configuration and would be difficult to 

identify.

1.5.1 Méthylation in Cancer.

Méthylation has been implicated in the development of cancer via a number of routes;

(i) C to T mutations. - Methylated cytosine residues are highly prone to hydrolytic 

deamination being converted to thymine. It has been postulated that this is the mechanism 

by which CpG islands are lost during evolution. Unmethylated cytosine can also undergo 

deamination, although this reaction forms uracil leading to a G:U mismatch that is quickly 

repaired by the enzyme uracil-DNA glycosylase. There is no mechanism to repair the G:T 

mismatch caused by deamination of methylated cytosine with thymine becoming fixed into 

the genome. The effect of this is evident in the 24% of p53 mutations identified in human 

solid tumours caused by C to T transitions at CpG dinucleotides (Baylin et al., 1998).

(ii) Global Hypomethylation - A decrease in the overall level of DNA méthylation has 

been implicated it the development of cancer (Gama-Sosa et al., 1983). Depriving rodents 

of SAM leads to global hypomethylation and the development of hepatocellular carcinoma 

(Christman et al., 1993). Experimentally induced reduction in overall méthylation levels by 

5-AZA-cytidine causes disjunctive abnormahties in cell division leading to malignant 

transformation,(Rainier and Feinberg, 1988) suggesting that hypomethylation may play a 

role in gross chromosomal abnormalities such as changes in ploidy and nondisjunction
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(Schmid et al., 1983). However the picture is far from clear with cells in which global 

hypomethylation has occurred showing limited regions of hypermethylation, usually in 

normally unmethylated CpG islands in the gene promoter region (Holliday and Jeggo, 

1985).

(iii) Hypermethylation of Tumour Suppressor Genes -  For tumour suppressor genes to 

be considered a candidate for inactivation by méthylation they must have a well defined 

tumour suppressor function and show dense méthylation of the promoter region CpG 

islands in tumour but not in normal tissue in the absence of genetic mutations. Furthermore 

the gene should be reactivated by déméthylation with evidence that the selective advantage 

caused by hypermethylation is the same as that for inactivating mutations (Baylin et al.,

1998). Hypermethylation leads to transcriptional silencing although the precise mechanism 

is poorly understood. Three models have been put forward. The first suggests that 

méthylation of cytosine residues directly interferes with binding of transcription factors, 

such as AP-2, c-Myc, E2F and CREE which have the ability to bind to CpG islands, 

however many other transcription factors do not have a CpG binding site within their 

structure (Razin and Cedar, 1991). A second possible mechanism may be the induction of 

specific transcriptional repressors. Methyl cytosine binding proteins 1 and 2 (MeCP-1 and 

MeCP-2) bind directly to methylated CpG islands (Rountree and Selker, 1997), with a 

strong preference for symmetrically methylated sites rather than hemi methylated DNA. 

Cells deficient in MeCP-1 demonstrate reduced levels of transcriptional silencing of 

methylated genes (Boyes and Bird, 1991). The thirdly possible mechanism is that the 

structure of chromatin may be altered by méthylation. Microinjection of methylated DNA 

into cells inhibits transcription only after chromatin assembly with methylated DNA being
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incorporated into transcriptionally inactive chromatin (Kass et al., 1997). It is likely that all 

of these mechanisms play some part in the transcriptional silencing of genes with a 

methylated promoter region.

1.5.2 Mismatch Repair and Méthylation in Colorectal Cancer

Although 15% of sporadically occurring colorectal cancers demonstrate MSI, mutations in 

the mismatch repair genes are detectable in only 26% of cases (Bubb et al., 1996;Thibodeau 

et al., 1996). Loss of expression of the MLHl protein in the absence of a genetic mutation 

was found to be common in MSI-H sporadic cancers, (Boyer et al., 1995;Thibodeau et al., 

1996), with transcriptional silencing brought about by hypermethylation of the hMLHl 

promoter region thought to be a cause (Kane et al., 1997). Subsequent work demonstrated 

that hMLHl promoter region méthylation occurs in 70-84% of MSI-H sporadic colorectal 

cancer compared with 10% to 17% of MSI-L/MSS cancers (Herman et al., 

1998;Kuismanen et al., 2000;Wheeler et al., 2000). Patients with HNPCC do not appear to 

be susceptible to hMLHl promoter méthylation, méthylation being detected in 0-17% of all 

cases (Wheeler et al., 2000;Potocnik et al., 2001) despite studies suggesting that up to 65% 

of cancers have no detectable mutation in the “normal” allele (Hemminki et al., 

1994;Konishi et al., 1996). Studies examining the role of HMSHl in the development of 

MSI-H sporadic colorectal cancer have failed to demonstrate méthylation and suggests that 

loss of function occurs via aquired somatic mutations rather than transcriptional silencing 

(Herman et al., 1998;Cunningham et al., 1998;Wheeler et al., 1999).

Sporadic cancers that demonstrate hypermethylation occur between 5 to 8 times more 

commonly in the proximal colon compared to the distal colon (Kuismanen et al., 2000) and
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arise in females twice as frequently as in males. In addition the age of onset of these 

tumours is delayed by up to 18 years when compared to cancers that do not demonstrate 

hMLHl méthylation (Malkhosyan et al., 2000;Elsaleh H et al., 2001), leading to suggestion 

that they represent a distinct subgroup of colorectal cancer (Kuismanen et al., 2000).

Although the majority of all colorectal cancers with mismatch repair deficiency are 

associated with transcriptional silencing of the MLHl gene, méthylation is not restricted to 

MMR deficient cells and up to 45% of all cancers and 65% of all adenomas demonstrate 

extensive méthylation (Toyota et al., 2000). Extensive méthylation detected in adenomas 

implies that cells may develop a “methylator” phenotype first and subsequently develop 

silencing of the HMLHl gene leading to MMR deficiency. Further evidence that this 

constitutes a distinct group of cancers is suggested by the variety of mutations seen. The 

incidence of K-ras mutations is higher in cancers with extensive promoter region 

méthylation than in cancers with minimal méthylation (68% vrs 18%) whereas the 

incidence of p53 mutation is lower in cancers with extensive méthylation (24% vrs 51%) 

(Issa, 2000). Cancers that give rise to the extensive méthylation of numerous genes are 

thought to demonstrate a distinct CpG Island Methylator Pathway (CIMP) (Toyota et al.,

2000). It must be remembered that epigenetic and somatic mutations are not exclusive and 

often occur in combination. This has lead to the development of a model for colorectal 

cancer based on the presence of the CIMP phenotype. Age related méthylation might lead 

to the development of hyperplastic epithelium that acquires a mutation in the APC/p 

catenin pathway and forms a pre-neoplastic lesion. This lesion may progress along the 

CIMP+ve pathway and by either méthylation of the HMLHl gene develop into an
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MSI+ve/CIMP+ve cancer or mutation of the K-ras gene develop into an MSI-ve/CIMP+ve 

cancer. Alternatively the tumour progresses along the CIMP-ve pathway, acquiring somatic 

mutation of one of the MMR genes to develop MSI+ve/CIMP-ve cancer or the p53 gene to 

develop into MSI-ve/CIMP-ve tumours (Figure 1.4).

1.6 Hereditary Non Polyposis Colorectal Cancer (HNPCC)

The predisposition of some families to develop cancer at a young age was first recognised 

by Alfred Warthin in 1895 when his seamstress, from her own family history, predicted her 

demise from cancer. Warthin studied this family extensively and found that gynaecological, 

colonic and stomach cancer frequently occurred naming it ‘Tamily G” in his publications 

(Warthin, 1913;Warthin, 1925;Warthin, 1931). His work was largely forgotten until the 

early 1960's when the prevalence of cancer in families “N” and “M” was reported (Lynch 

et al., 1966) leading to revived interest in family G and an updated review of their pedigree 

was published (Lynch and Krush, 1971). It was not until the 1980's that the idea of cancer 

family syndromes became fully accepted and the term Lynch syndrome was first used. 

Lynch Syndrome Type I described families presenting with colonic cancers at an early age 

in the absence of multiple colonic adenomas whilst Lynch Syndrome Type n  described 

similar families who also developed extra-colonic cancers, particularly those of the female 

reproductive tract (Boland and Troncale, 1984).

33



Epigenetic instability 
CIMP+ve

MLHl
Methvlation

Ras
^Mutation

Normal epithelium

i Age related méthylation

Hyperplastic epithelium

i APC pathway inactiyation

Pre neoplastic lesion

CIMP +ve/MSI +ve 
Cancer

CIMP +ye/MSI -v e  
Cancer

Genetic Instability 
CIMP -ye

P53
mutation

MMR
mutation

CIMP-ve/MSI-ve
Cancer

CIMP -ye/MSI +ye 
Cancer

Figure 1.4. The role of méthylation in the etiology of colorectal cancer, (adapted from Issa, 2000)
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With the discovery that colorectal cancer in patients with these syndromes demonstrated 

MSI (Ionov et al., 1993) and were due to inherited defects in the MMR genes, it became 

clear that the two Lynch syndromes were manifestations of the same disease. Both Lynch 

syndromes are now referred to as the Hereditary Non-Polyposis Colon Cancer (HNPCC) 

Syndrome, to emphasise the lack of extensive colonic polyposis in this condition. Although 

colorectal cancer is the most common malignancy in this group one study has suggested 

that women have a greater risk of developing endometrial cancer and extra colonic 

malignancies conunonly occur (Aamio et al., 1995;Dunlop et al., 1997). Eighty per cent of 

patients with a germline mutation in the MMR genes will develop colorectal cancer during 

their lifetime, occuiing at a younger age than the general population (Watson et al., 

1994;Aamio et al., 1995;Vasen et al., 1996) (Table 1.5). The specific MMR gene mutation 

may affect the disease phenotype. The incidence of colonic cancers is similar in patients 

with MLHl and MSH2 mutations, 84% and 71% respectively (Lin et al., 1998) although 

those with MSH2 mutations show a higher incidence of extra colonic malignancies (48- 

61%) when compared to those with MLHl mutations (11-42%) (Vasen et al., 1996;Lin et 

al., 1998). Patients with MSH6 mutations are at greater risk of developing endometrial 

cancer (73%), than those with mutations in MLHl (31%) and MSH2 (29%) (Wijnen et al.,

1999). However kindreds with identical mutations demonstrate a variety of phenotypes 

(Liu et al., 1994).
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Malignancy Lifetime Risk Average age of 
Onset (Years)

Colorectal 78% 42

Endometrial 30-43% 49

Gastric 19% 54

Hepato-biliary 18% 54

Urinary Tract 10% 60

Ovarian 9% 47

Small Bowel 1% 49

Brain 1% Unclear

Table 1.5. The lifetime risk and age of onset for HNPCC related malignancy(Aamio et

al., 1995)

Patients with HNPCC must be identified so that they are appropriately managed and their 

family members are screened. Since the incidence of HNPCC is low screening the 

population is inefficient (Emery et al, 2000) and resources should be directed at identifying 

those families who appear to be at risk.
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1.6.1 The Amsterdam Criteria

In 1990 The International Collaborative group on HNPCC published guidelines known as 

the Amsterdam criteria to help identify those likely to have HNPCC (Vasen et al., 1991) 

(Table 1.6). In order to improve specificity, extra-colonic cancers were excluded. Since 

nearly 60% of families with known germline mutations failed to meet the criteria (Beck et 

al., 1997) a revised Amsterdam criteria (H) were issued in 1999, including cancers of the 

endometrium, ureter, renal pelvis and small bowel (Table 1.6) (Vasen et al., 1999). 

Although gastric cancer is within the HNPCC spectrum, it was excluded to avoid over 

diagnosis in the Far East where stomach cancer is prevalent. Atypical forms of HNPCC as 

seen in those with MSH6 mutations in whom cancers occur later in life, may be missed 

(Miyaki et al., 1997;Akiyama et al., 1997b) and could account for over 7% of cases in 

which the family history does not meet the Amsterdam criteria (Kolodner et al., 1999).

The Amsterdam criteria rely heavily upon family history; unfortunately patients' 

recollections are not always accurate. Accuracy in reporting the site of the primary tumour 

and the age at diagnosis in first degree relatives may be as high as 93-100% but drops to 

72-85% for second degree relatives (Theis et al., 1994). The site of the tumour is often 

unknown, breast and colonic cancers are correctly identified in 72-85% of cases but only 

30-60% of endometrial or ovarian cancers are accurately recalled (Kerber and Slattery, 

1997). Some patients are unfamiliar with their family history. This is a particular problem 

for adopted children, those from separated families or if the patient’s father is not the 

person they believe it to be.
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The Classical Amsterdam Criteria (Amsterdam Criteria I) (Vasen é ta l, 
____________________________ 1991)__________________________
There should be at least 3 relatives with colorectal cancer

One should be a first degree relative of the other two

At least 2 successive generations should be affected

At least 1 colorectal cancer should be diagnosed before the age of 50

FAP should be excluded

Tumours should be verified by pathological examination

The Revised Amsterdam Criteria (Amsterdam Criteria ll)(Vasen et al,
____________________________1999)___________________________
There should be at least 3 felatives with an HNPCC -associated cancer 
(colorectal cancer, cancer of the endometrium, small bowel, ureter or renal 
pelvis).

One should be a first degree relative of the other two.

At least 2 successive generations should be affected.

At least 1 colorectal cancer should be diagnosed before the age of 50.

Familial adenomatous polyposis should be excluded in the colorectal cancer 
cases

Tumours should be verified by pathological examination

Table 1.6. The Amsterdam criteria I and II
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1.6.1 The Bethesda Criteria

The Bethesda criteria were introduced to identify patients with MSI positive colorectal 

cancers who might benefit from further analysis (Rodriguez-Bigas et al., 1997) (Table 1.7). 

Although over 90% of HNPCC demonstrate MSI-H they account for less than 5% of all 

colorectal cancer, while 15% of sporadically occurring colorectal cancer also show MSI-H 

(Jass, 2000a). The finding of MSI should alert one to the possibility of HNPCC but it does 

not necessarily equate with diagnosis (Rodriguez-Bigas et al., 1997;Frayling, 1999).

Patients with a family history that fulfils the Amsterdam criteria should be investigated for 

an underlying germline mutation in the mismatch repair genes. Due to the sensitivity of the 

genetic techniques employed and the absence of specific mutational hotspots in HNPCC, 

identification of mutations may only be achieved in 70 percent of families (Liu et al., 

1996). If a mutation is identified screening the other family members is possible and those 

who are not found to be carriers can be reassured that their cancer risk is the same as the 

general population. Identified mutation carriers should be offered further counselling and 

cancer surveillance. In famihes with a history conforming to the Amsterdam criteria in 

which a germline mutation is not identified, all members should be regarded as mutation 

carriers and surveillance reconunended. Specific groups in whom testing for germline 

mutations is particularly important are young patients with colorectal cancer and those with 

MSI positive rectal cancer. Rfty eight per cent of those under the age of 35 demonstrate 

MSI with half due to HNPCC (Liu et al., 1995) while two thirds of MSI-H rectal cancers 

have germline mutations in the MMR genes (Nilbert et al., 1999).
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The Bethesda Criteria (Rodriguez-Bigas et at, 1997)

Tumours should be tested for MSI in the following situations;

Individuals with cancer in families meeting the Amsterdam criteria.

Individuals with 2 HNPCC related cancers, including synchronous and 
metachronous colorectal cancer or associated extracolonic cancer 
(endometrial, ovarian, hepatobiliary, gastric carcinoma, small bowel 
adenocarcinoma, transitional carcinoma of the renal pelvis or ureter).

Individuals with colorectal cancer and a first degree relative with colorectal 
cancer and/or HNPCC-related cancer and/or a colorectal adenoma in which 
one of the cancers was diagnosed at age < 45 years and the adenoma was 
diagnosed at age <40 years.

Individuals with colorectal cancer or endometrial cancer age <45 years.

Individuals with a right-sided colonic cancer with an undifferentiated 
pattern on histopathology diagnosed at age <45 years.

Individuals with signet ring cell-type cancer diagnosed at age <45 years. 

Individuals with adenomas diagnosed at age <40 years.

Table 1.7. The Bethesda criteria

1,6.3 Cancer surveillance in HNPCC families

Surveillance has been advocated for early detection of cancer in patients at risk of 

developing HNPCC. The average age of onset of HNPCC or associated cancers are given 

in Table 1.5, although 5% of colorectal cancer occur below the age of 30 (Vasen et al., 

1989;Vasen et al., 1991) malignancies may occur at any time and screening must be 

continued for life.
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Colonoscopy has proved to be effective screening for HNPCC. A 15-year follow up study 

examined the impact of regular colonoscopy in HNPCC families. Those who underwent 3- 

yearly colonoscopy and polypectomy showed a 62% reduction in the incidence of 

colorectal cancer compared to those who were not screened (Jarvinen et al., 2000). In 

patients with an identified germline mutation the incidence of colorectal cancer was 18% in 

the screened group compared to 41% in the control group. Although extra-colonic 

malignancies in these groups occurred in 27% and 24% respectively, there were nearly 

three times fewer deaths in patients undergoing surveillance (p=0.003). The optimal 

interval between colonoscopy remains uncertain. Cancers have developed within 42 months 

of a normal colonoscopy, leading to calls for a 1-2 yearly surveillance program (Vasen et 

al., 1995). Colonoscopy can be distressing for patients and is not entirely free from risk, 

with haemorrhage or perforation reported in around 1% of those undergoing a polypectomy 

(Webb et al., 1985;Rosen et al., 1993;Vemava, m  and Longo, 1996). Alternative imaging 

modalities namely CT colonography and virtual colonoscopy are possible options for the 

future.

The effectiveness of screening for endometrial and ovarian carcinoma is low (Bourne et al., 

1991;Korhonen et al., 1997;Langer et al., 1997). Annual trans-vaginal ultrasound and 

endometrial aspiration commencing at the age of 25-35 years are advocated by some 

(Burke et al., 1997;Jarvinen et al., 2000) but the benefit of this approach has not been 

evaluated prospectively (Lynch, 2000). Screening for gastric and hepatobiliary cancer by 

regular gastroscopy, transabdominal ultrasound of the biliary tree and liver function tests 

(Thorson et al., 1999) has also been advocated along with regular ultrasound examination 

of the urinary tract, cystoscopy and urine cytology for urinary tract malignancy (Thorson et
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al., 1999;Moslein et al., 2000). There is little evidence to suggest that this level of screening 

has any benefit and probably should be reserved for families known to have a predilection 

to develop cancers at these sites. The Cancer Genetics Studies Consortium recommended 

screening only for colorectal and endometrial cancer in those from HNPCC families (Burke 

et al., 1997) although the guidelines for screening as advocated by the ICG-HNPCC listed 

in (Table 1.8) are more intensive (Thorson et al., 1999).

Site Procedure
Lower Age
limit
(Years)

Interval
(Years)

Colon Colonoscopy 20-25 2

Endometrium + 
Ovaries

Gynaecological 
examination. 
Transvaginal Ultrasound 
Scan + CA-125

30-35 l t o 2

Stomach* Gastroscopy 30-35 l t o 2

Urinary Tract** Ultrasound and Urine 
Cytology 30-35 l t o 2

Table 1.8. The ICG-HNPCC guidelines for screening patients with HNPCC

(* Only if gastric cancer runs in the family, ** Only if urinary tract cancers run in the

family)
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1.7 Other Cancer Family Syndromes,

Muir Torre and Turcot's Syndrome are two rare inherited familial syndromes that have 

been linked to germline mutations in MMR genes. Muir-Torre syndrome is an autosomal 

dominant condition characterised by the development of multiple sebaceous adenomas, 

carcinomas and keratoacanthomas in association with at least one internal malignancy 

usually colorectal cancer (Cohen et al., 1991) often demonstrating MSI-H. The family 

history of these patients often fulfil the Amsterdam criteria (Lynch et al., 1985;Lynch et al., 

1999) and germline mutations in hMLHl and HMSH2 (Kolodner et al., 1994;Hall et al., 

1994) have been identified. Muir-Torre syndrome may therefore represent a unique 

phenotype of HNPCC (Honchel et al., 1994;Bapat et al., 1996;Lynch et al., 1999).

Turcot's syndrome is also an inherited condition which gives rise to colorectal and brain 

tumours. There appears to be 2 distinct types of Turcot's syndrome. The first group 

demonstrate germline mutations in the APC gene, with a FAP phenotype and develop 

medulloblastomas. The second group develop gliomas and colorectal cancer with an 

HNPCC phenotype and germline mutations in the MMR genes HMLHl, HMSH2 and 

HPMS2 have been identified in this group (Hamilton et al., 1995;Paraf et al., 1997;Chan et 

al., 1999;Taylor et al., 1999). Interestingly MSI and mutations of the APC gene are not 

commonly found in sporadic brain tumours.

1.8 Multiple Cancers

Patients who develop a colorectal cancer are at an increased risk of developing a second 

malignancy. These can be classified into, synchronous and metachronous cancers. 

Synchronous cancers are present at the same time as the first or “index” cancer whilst
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metachronous cancers occur later. The reported incidence of metachronous cancer varies 

between 0.6 and 9% (Lockhart-Mummery and Heald, 1972;Bulow et al., 1990;Rennert et 

al., 1995) the risk being 0.35% per year (Cali et al., 1993) and 11% of patients with a 

metachronous cancer develop a third malignancy (Agrez et al., 1982). Controversy exists 

concerning what constitutes a metachronous rather than a missed synchronous cancer and 

time intervals from 6 months to 3 years have been cited (Fajobi et al., 1998). Between 20 to 

46% of metachronous cancers are detected within 2 years of the first cancer, although a 

significant number of these may be missed synchronous cancers (Kiefer et al., 1986), others 

suggest that 50% of metachronous lesions are detected within 5.5 years of the “index” 

cancer (Agrez et al., 1982). The risk factors for the development of metachronous cancers 

include a favourable histological grade and stage of the index cancer (Agrez et al., 1982) 

although this may reflect a bias towards those with a better prognosis who survive longer to 

develop a metachronous cancer (Heald, 1990; Cunliffe et al., 1984;Rennert et al., 1995 ). 

The presence of synchronous or interval polyps doubles the risk (Chu et al., 1986), between 

40-71% of metachronous cancers being associated with polyps (Heald and Bussey, 

1975;Agrez et al., 1982;Luchtefeld et al., 1987). In some studies the risk of metachronous 

cancers has been related to the index cancer occurring at a young age (Svendsen et al., 

1991) with a 16-29 fold increased risk. Patients with multiple cancers may represent 

patients with an underlying genetic predisposition such as HNPCC (Lynch, 1996) and a 

high incidence of MSI has been detected in those with metachronous and synchronous 

colorectal cancer (Horii et al., 1994;Rennert et al., 1995;Sengupta et al., 1997). Although 

some studies have confirmed this even when those with HNPCC as diagnosed by the 

Amsterdam criteria have been excluded (Brown et al., 1998;Yamashita et al., 2000), others 

have failed to confirm this (Pedroni et al., 1999).
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1.9 Pathological Features o f MSI Positive Colorectal Cancer

HNPCC and sporadically occurring MSI-H colorectal cancer have similar histological 

features and show a tendency to present in the right side of the colon. Nearly two thirds of 

HNPCC cancers and up to 90% of sporadic MSI-H cancers occur in the colon proximal to 

the splenic flexure (Mecklin et al., 1986;Kim et al., 1994;Forster et al., 1998;Guillem et al., 

1999). MSI-H cancers also present at an earlier stage with a lower incidence of nodal 

disease (65 vs. 35%) and distant metastasis than cancers that fail to demonstrate MSI 

(Lynch et al., 1993;Watson et al., 1998;Guillem et al., 1999). Histologically MSI-H 

colorectal cancer is poorly differentiated, mucinous and likely to demonstrate signet ring 

cells (Mecklin et al., 1986). There is often extensive lymphocytic infiltration with cytotoxic 

T cells (Dolcetti et al., 1999) and accumulation of both B and T cells around the tumour 

similar to that seen in Crohn's disease (Jass, 2000b). These distinctive histological features 

can be used to identify MSI-H cancers in 82% of cases (Jass et al., 1998). Jass has sub

grouped MSI-H cancers into (Jass, 2000b): (i) proximally located well circumscribed, well 

differentiated mucinous carcinoma with limited lymphocyte infiltration; (ii) proximally 

located poorly differentiated carcinoma in which the epithelium is arranged in sheets or 

trabeculae; (iii) adenocarcinoma with a Crohn’s like lymphoid reaction or tumour 

infiltrating lymphocytes.

1.10 The Role o f Polyps MSI Positive Colorectal Cancer

The term Hereditary Non-Polyposis Colorectal Cancer is misleading because polyps are 

present in up to 30% of patients (Mecklin et al., 1986;Mecklin and Jarvinen, 1986;Lanspa 

et al., 1990), however extensive colonic polyposis is not a prominent feature. The polyps in 

patients from HNPCC families occur at a younger age and are larger in size than in the
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general population. Histologically they tend to be villous adenomas with high level 

dysplasia (Mecklin et al., 1986;Love, 1986;Jass and Stewart, 1992). MSI-H is found in 

67% of these polyps and loss of expression of hMLHl or HMSH2 genes is also common 

(lino et al., 2000). Screening by colonoscopy has shown that one cancer is prevented by 

every 2.8 polypectomies performed in families with HNPCC (Jarvinen et al., 1995) and 

malignant transformation takes 2-3 years compared to the general population in whom one 

cancer is prevented by every 41-119 polypectomies (Winawer et al., 1993a;Winawer et al., 

1993b) and malignant transformation occurs after 8-10 years (Jass and Stewart, 1992). 

Polyps in MMR germline mutation carriers seem to behave in an “aggressive” manner 

(Lynch et al., 1995) and progress to invasive cancer more rapidly than other adenomas 

(Jass and Stewart, 1992;Lanspa et al., 1994).

In those at risk of HNPCC, polyps are found through out the colon which does not mirror 

the proximal distribution of cancer (Samowitz and Slattery, 1997;Akiyama et al., 

1997a;Iino et al., 2000). To account for this discrepancy flat adenomas have been 

implicated in the evolution of HNPCC, as they are proximally distributed and constitute up 

to 51% of polyps in this group (Adachi et al., 1991;Watanabe et al., 1996). MSI can be 

found in 22% of these polyps as can a high incidence of TGF^RII mutation (Olschwang et 

al., 1998). The clinical significance of flat adenomas may have been underestimated due to 

difficulty in their detection at colonoscopy (Fujii et al., 1998). Interest has also focused on 

hyperplastic polyps and serrated adenomas. Although hyperplastic polyps are often 

disregarded, mutations in the K-ras and TGF^RII genes have been reported (lino et al., 

1999) and MSI-H has been identified in 39% of cancers in patients with hyperplastic
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polyposis syndromes (Jass, 2001). Serrated adenomas have also been shown to demonstrate 

MSI-H and loss of expression of the hMLHl gene (Jass et al., 2000). There is insufficient 

evidence to alter clinical practise but large serrated or hyperplastic polyps found in the 

proximal colon of a patient with a family history of colorectal cancer can be sinister and 

should be viewed with suspicion (Jass, 2001).

L l l  Prognosis o f MSI Positive Colorectal Cancer

Crude survival data suggest that patients with HNPCC have a better prognosis than those 

with sporadic disease (Lynch et al., 1981;Albano et al., 1982). A study from Finland 

confirmed an improved 5-year survival for both localised (85% versus 68%) and advanced 

(40% versus 18%) HNPCC cancers compared to sporadic cancers (Sankila et al., 1996). 

Watson et al (1998) reported a significant improvement in 5 and 10 year survival for stage 

matched HNPCC compared to sporadic colorectal cancer as well as a survival benefit in 

age matched patients. Another study found no difference in survival in Dukes stage A and 

B cancers but identified a significantly improved 5-year survival in Dukes stage C cancers 

(61% vs. 21%, p<0.01) in HNPCC compared to sporadic cancers (Myrhoj et al., 1997). 

However two studies have failed to identify improvement in prognosis in HNPCC 

(Percesepe et al., 1997;Bertario et al., 1999). Since more than 90% of HNPCC demonstrate 

MSI, studies investigating MSI-H colorectal cancer rather than HNPCC alone are of 

interest and have shown MSI to be an independent indicator of good prognosis (Lothe et 

al., 1993;Bubb et al., 1996;Halling et al., 1999). Comparisons of 5 year survival in patients 

under the age of 40 years with MSI-H and MSI-L/MSS colorectal cancer demonstrate a 

survival advantage of (68% vs. 32%, p<0.05) irrespective of tumour stage or grade (Lukish 

et al., 1998) a finding confirmed by a similar study in patients under 50 years of age (76%
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versus 54% p<0.001) (Gryfe et al., 2000). Further work has shown the 5-year survival of 

patients with Dukes C cancers, who did not receive chemotherapy, to be 70% in those with 

MSI-H colorectal cancer compared to 40% in those with MSI-L or MSS disease (p<0.05) 

(Wright et al., 2000).

Several theories have been put forward to explain the observation that MSI-H colorectal 

cancer demonstrates an improved prognosis, often in spite of poor histological 

characteristics. One theory suggests that the loss of genes such as DCC/18q, p55/17p and 

K-ras confer a poor prognosis. Since MSI positive cancers seldom demonstrate loss of 

genetic material (loss of heterozygosity) these genes are seldom affected and it may be the 

presence of normal DCC/18q, p55/17p and K-ras rather than MSI that correlates with 

improved prognosis (Frei, 1992;Jen et al., 1994b;Fujiwara et al., 1998;Forster et al., 

1998;Jass et al., 1999;Kahlenberg et al., 2000). Another theory suggests the accumulation 

of genetic abnormalities within MSI-H cancers lead to the expression of aberrant proteins. 

These proteins may be recognised by the host’s immune system, leading to the destruction 

of tumour cells (Bodmer et al., 1994). This theory links in well with the observation that 

MSI positive cancers often demonstrate a pronounced lymphocyte infiltration and a peri- 

tumour Crohn's like response. However, others have demonstrated that cells with MSI 

failed to express P2 microglobulin a vital component in HLA class I T cell mediated 

cytotoxicity, suggesting that MSI positive cells may in fact escape from immune mediated 

destruction (Branch et al., 1995). A third theory relates directly to the defective mismatch 

repair system. Since mutations are not repaired when DNA is replicated the mutational load 

within the cell increases with every division. This results in massive accumulation of
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mutations that renders the cell incapable of performing basic functions needed to maintain 

survival leading directly to its death (Shibata et al., 1994). The concept that these cancer 

cells divide until they cause their own destruction introduced the term “effete malignancy” 

to describe MSI-H cancers.

1.12 Chemotherapy.

The MMR system plays an important role in the cellular response to DNA damage and its 

function has important relevance in the therapeutic effect of chemotherapy in MSI-H 

tumours. Methylating agents such as streptazocin and temzolomide have been shown to be 

less effective at destroying MSI positive cells than cells with a normally functioning MMR 

system (Koi et al., 1994;de W^nd et al., 1995;Umar et al., 1997). These drugs act by 

causing méthylation at the position of guanine (O^-meGua) which is usually repaired by 

the enzyme O^methylguanine-DNA methyl transferase (MGMT) (Dolan et al., 1990). Cells 

deficient in this enzyme are highly sensitive to methylating agents. This could be due to 

recognition of the O^-meGuanine-thymine base by the MSH2/MSH6 complex (Duckett et 

al., 1996) which activates apoptosis. It has been suggested that the MMR system identifies 

DNA damage that can not be repaired, locking the cell in a permanent G2/M phase arrest 

and driving it towards apoptosis via a p53 dependant pathway (Karran and Bignami, 

1994;Moertel, 1994;Hawn et al., 1995;Drummond et al., 1997). Cells deficient in both 

MGMT and the MMR system are 50-100 times more resistant to methylating agents than 

those with a normally functioning MMR system (Humbert et al., 1999).

Platinum compounds such as Cisplatin lead to cytotoxicity by reacting with the DNA bases 

and forming intra-strand and inter-strand cross-links within the DNA double helix.

49



MSH2/MSH6 bind to oligonucleotides that carry platinum adducts, specifically recognising

1.2-interstrand cross links between guanine residue but not the therapeutically irrelevant

1.3-interstrand cross links (Perera et al., 1992;Fink et al., 1996;Duckett et al., 1996;Mu et 

al., 1997). The response to DNA damage caused by cisplatin in MMR proficient cells leads 

to an intracellular signaling cascade involving c-JUN-N-terminal kinase 1 and c-abl kinase, 

a response not found in MMR deficient cells (Hawn et al., 1995;Nehme et al., 1997).

The emergence of cancer cells that are resistant to cisplatin and carboplatin is a common 

clinical problem and often leads to tumour recurrence (Kavanagh et al., 1995). Ovarian 

cancer cell lines that develop resistance to cisplatin have been found to acquire an MSI-H 

phenotype (Anthoney et al., 1996). Resistance to cisplatin in human ovarian cancer cell line 

A2780 occurs in 90% of cases when cells lose MLHl expression due to hypermethylation 

of the hMLHl promoter region (Strathdee et al., 1999). Analogues of cisplatin such as 

oxaliplatin, tetraplatin and transplatin form DNA cross-links that are not recognised by the 

MMR system might be useful alternatives for treating MSI-H cancer (Fink et al., 1996).

5-flourouracil (5FU) is the chemotherapeutic agent most commonly used for treating 

colorectal cancers. A 28-fold survival benefit has also been found for MMR deficient 

colonic cancer cell lines when treated with 5FU (Carethers et al., 1999). The mechanism for 

such resistance remains unclear, however, cell cycle arrest does not seem to occur in MMR 

deficient cells in response to 5-FU (Carethers et al., 1999). Chnical data does not support 

this finding and Hailing et al (1999) failed to detect a difference in survival between MSI 

positive and negative colorectal cancers in response to chemotherapy. Ninety per cent 

disease free survival at 3 years has been demonstrated in patients with MSI positive Dukes
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stage C colorectal cancer compared to 43% in those with MSI negative disease (Hemminki 

et al., 2000). The largest study to date examined the impact of 5-FU chemotherapy in 656 

patients with Dukes C colorectal cancer (median follow up of 54 months) and demonstrated 

a clear survival advantage (90% vrs 35%) for MSI positive disease (Elsaleh et al., 2000).

Chemotherapeutic agents may cause mutations that lead to drug resistance. The exposure of 

the cell line HCTl 16 (deficient in hMLHl) to etoposide leads to an increased mutation rate 

(las Alas et al., 1997) and exposing ovarian cancer cells to cisplatin can lead to the loss of 

the MMR system conferring resistance (Aebi et al., 1996). Minor changes in the level of 

resistance may have a significant effect; a 2-fold alteration in sensitivity can lead to the 

failure of a drug in clinical practice (Andrews et al., 1990). Studies in leukaemia have 

shown that treatment can fail if as few as 1% of cells are resistant to a therapy (Skipper et 

al., 1978). A slight difference in the response of MSI positive cancers to chemotherapy may 

have an important effect on clinical outcome and more studies are needed to aid the 

selection of appropriate chemotherapeutic agents.

L13 Radiotherapy

Ionising radiation leads to a variety of types of DNA damage including strand breaks, and 

damage to nucleotide bases and sugar molecules (Hutchinson, 1985;Ward, 1988). A 

common DNA abnormality induced is the formation of the base 8-oxo-guanine which 

forms a pairing with adenine (Shibutani et al., 1991). This pairing may be removed from 

DNA but if it persists will lead to cellular apoptosis by a MMR dependent pathway. In vitro 

studies suggest there is a small but significant resistance to ionising radiation in MMR 

deficient cell lines (Fiitzell et al., 1997;DeWeese et al., 1998) and DNA damage caused by
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ultra violet radiation is repaired more slowly in MMR deficient cells than those with a 

normally functioning MMR system (Mellon et al., 1996). A recent study found no 

statistically significant difference in the response of MSI positive and MSS rectal cancers to 

radiotherapy (Qiu et al., 2000). Much of the damage caused by ionising radiation is in the 

form of strand breaks that is unlikely to involve the MMR system. Although the effect of 

radiation damage on MMR deficient cells is likely to be small, it may be of clinical 

significance and further evaluation is needed.
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Chapter 2

2,1 Background

High-level microsatellite instability, caused by inherited, germline mutations of mismatch 

repair genes, is found in up to 90% of cancers from patients with Hereditary Non Polyposis 

Colorectal Cancer (HNPCC). These patients have a 78% lifetime risk of developing 

colorectal cancer (Aamio et al., 1995) of whom 45% develop metachronous cancers 

(Lynch, 1996). Recent population studies suggest that HNPCC may be responsible for less 

than 1% of all colorectal cancers (Samowitz et al., 2001). In comparison MSI-H is detected 

in around 15% of sporadic colorectal cancers, of which only 2% are caused by HNPCC 

(Jass, 2000b). Since 10% of all colorectal cancer patients develop a second colorectal 

malignancy (Fajobi et al., 1998), HNPCC is unlikely to be responsible for the majority of 

cases, however the incidence of MSI is higher than expected in this group. In one study 

patients without a known genetic predisposition who developed multiple colorectal cancers 

demonstrated MSI in 89% of their malignancies compared to 14% of those with single 

cancers (Masubuchi et al., 1999). This was supported by others who have identified MSI-H 

in 39% of non-HNPCC multiple colorectal cancers, compared to 8% in patients with single 

sporadically occurring cancer (Brown et al., 1998). However some groups suggest this may 

be due to undiagnosed MMR germline mutations and identify the incidence of MSI-H in 

metachronous and synchronous cancers from HNPCC subjects to be 85% compared with 

17% in those with sporadically occurring multiple colorectal cancer (Pedroni et al., 

1999;Yamashita et al., 2000). Work published by our group supports an increased 

incidence of MSI-H in patients with multiple colorectal cancers (50%) compared to a
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control group of patients who developed only a single cancer (7%). However family history 

data was not available (Sengupta et al., 1997).

2.2 Aims and experimental design

Patients who develop multiple colorectal cancers demonstrate a higher incidence of MSI-H 

than expected. This may be due to undiagnosed HNPCC caused by mutations in the 

hMLHl or HMSH2 genes or germline mutations in MMR genes such as HMSH6 leading to a 

“weak” predisposition to the development of cancer. The identification of such 

predisposition would be a useful addition to our current understanding.

The aims were to:

1 -  Identify the incidence of MSI in synchronous and metachronous colorectal cancer.

2 -  Identify the underlying genetic abnormalities associated with MSI with particular 

reference to the mismatch repair genes HMLHl, HMSH2 and HMSH6.

3 -  Investigate genetic and pathological features that could be applied in clinical practice to 

identify those at risk of developing multiple colorectal cancers.

The following studies were designed to fulfil the aims of the project:

i) Investigation of multiple microsatellite loci to determine MSI status

In 1998 the National Cancer Institute published the findings of a working party set up to 

“review and unify” the field of MSI and RER positive cancers (Boland et al., 1998). Prior

55



to this the microsatellite loci investigated and definition of MSI varied widely between 

groups making direct comparisons invalid. Since 1998, a panel of 5 microsatellite regions, 

2 mononucleotides (Bat25 and Bat 26) and 3 dinucleotides {D2S123, D5S346 and 

D17S250) became universally accepted for the evaluation of MSI in colorectal cancers. 

Based upon these findings, cancers are subdivided into 3 distinct groups; those with MSI in 

>30% of the loci investigated are designated “High level instability” (MSI-H) cancers, 

those with MSI in <30% of the loci are designated “Low level instability” (MSI-L) and 

those demonstrating no MSI are designated “Stable” (MSS). Although it is believed that 

MSI-L and MSS cancers behave in a biologically similar way, they are subdivided to 

enable further evaluation of genetic difference that may be unrecognised as yet (Boland et 

al., 1998). MSI-H cancers are characteristic of malignancies caused by failure of the 

mismatch repair system, particularly the hMLHl and HMSH2 genes, although defects in 

genes such as HMSHô and HMSH3 may lead to cancers that demonstrate MSI-L (Strand et 

al., 1995;Marsischky et al., 1996;Kolodner et al., 1999).

Paraffin embedded archival material had been obtained from 134 colorectal cancers taken 

from 90 patients who developed multiple primary colorectal cancers and 102 cancers taken 

from patients who developed only one malignancy was used for a control group. Previous 

work has evaluated the microsatellite loci Bat25, Bat26, Bat40 and D2S123, Further work 

was required to analyse the D5S346 and D17S250 microsatellite loci, ensuring the NCI 

guidelines are fulfilled and enabling accurate comparisons with other published work.
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ii) The role of the hMLHl and HMSH2 genes in the development of multiple colorectal 

cancers

Mutations in the HMLHl and HMSH2 genes are responsible for 90% of HNPCC cancers and 

95% of sporadic MSI-H cancers (Liu et al., 1996;Thibodeau et al., 1996;Kolodner et al., 

1999). If a high incidence of MSI-H is confirmed in multiple colorectal cancers, evaluation 

of the function of HMLHl and HMSH2 is essential to aid understanding of the genetic 

changes that take place. Loss of expression of the HMLHl and HMSH2 gene has been well 

documented in MSI-H cancers (Thibodeau et al., 1996). Immunohistochemistry has been 

shown to be a robust technique with high sensitivities and specificities for detecting MSI-H 

positive colorectal cancer (Cawkwell et al., 1999) and although it may fail to identify 

cancers with missense or truncation mutations, this does not appear to be a significant 

problem (Salahshor et al., 2001). Immunohistochemistry was chosen to investigate HMLHl 

and HMSH2 function in both multiple and single colorectal cancers and to identify those 

requiring more extensive evaluation.

iii) The role of HMSH6 mutations in multiple colorectal cancers

Although mutations in HMLHl and HMSH2 are responsible for the development of the 

majority of MSI-H colorectal cancers, MMR genes such as HMSH6, HMSH3, HPMSl and 

HPMS2 also have a role. A degree of functional overlap exists between some of these 

“minor” mismatch repair genes, e.g. HMSH3 and HMSH6 and loss of function of one gene 

results in less extensive MSI than seen in cell lines with abnormal HMLHl or HMSH2 

(Bhattacharyya et al., 1994;Marsischky et al., 1996). The MMR gene most commonly 

implicated in the development of cancer after HMLHl and HMSH2 is HMSH6 (Kolodner et
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al., 1999). Germline mutations in the hMSH6 gene may give rise to a “weak” predisposition 

to malignancy, manifesting as multiple cancers, in later life and an atypical form of 

HNPCC, characterised by cancers with a high incidence of MSI-L (22%) in an older 

population (Akiyama et al., 1997b;Wu et al., 1999). Seven percent of patients with a family 

history of colorectal cancer that do not fulfil the Amsterdam criteria, have been shown to 

harbour hMSH6 germline mutations (Kolodner et al., 1999).

Immunohistochemistry has been used successfully in the identification of abnormal hMSH6 

expression (de Leeuw et al., 2000;Parc et al., 2000) and was used to evaluate gene 

expression in this study.

iv) The role of méthylation of the hMLHl promoter region in the development of 

multiple colorectal cancers

Although loss of expression of the hMLHl gene occurs in over 90% of MSI-H sporadic 

cancers, specific mutations have been demonstrated in as few as 26% of cases (Bubb et al., 

1996;Thibodeau et al., 1996). Recently this discrepancy has been reconciled by the 

discovery that méthylation of the HMLHl promoter region causes transcriptional silencing 

of the gene in the absence of a mutation. HMLHl méthylation has been identified in over 

80% of all sporadic MSI-H cancers (Herman et al., 1998), furthermore these cancers occur 

predominantly in the proximal colon of elderly female patients and may represent a distinct 

genetic pathway to the development of colorectal cancer (Kuismanen et al., 2000). The 

HMSH2 gene is not susceptible to promoter region méthylation and this may account for the 

difference in the ratio of loss of expression of the HMLHl gene (78%) compared to HMSH2
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(15%) (Kuismanen et al., 2000) in sporadic MSI-H cancers. However, méthylation does not 

appear to play a significant role in the development of malignancies in patients with 

HNPCC (Wheeler et al., 2000;Potocnik et al., 2001;Yamamoto et al., 2002). The technique 

chosen to evaluate hMLHl méthylation in this study was bisulphite conversion of DNA, 

followed by méthylation specific polymerase chain reaction analysis.

v) DNA analysis of hMLHl and HMSH2 genes in MSI-H cancers with normal 

immunohistochemistry

Previously published work demonstrated that immunohistochemistry might not identify 

missense or truncation mutations, since the antibody may bind to an abnormal, non

functioning protein (Salahshor et al., 2001). Indeed during the study it became apparent that 

a subgroup of cancers demonstrating MSI-H, continued to express the HMLHl and HMSH2 

gene. In order to validate the immunohistochemistry results previously obtained, all 19 

HMLHl and 16 HMSH2 exons were evaluated using polymerase chain reaction and single 

stranded conformational polymorphism in a selection of these cancers and MSI-H cancers 

that failed to express HMLHl or HMSH2.
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Chapter 3

3,1 Patient Selection

Seven hundred and sixty nine patients who developed multiple primary colorectal cancers 

were identified via the Thames Cancer Registry. These cancers were diagnosed and 

resected at 96 different hospitals between 1972 and 1997. Formalin fixed, paraffin 

embedded samples of both tumour and where possible, corresponding normal mucosa, were 

obtained for 134 cancer specimens from 90 patients. Forty-two “paired” cancers taken from 

individual patients were available. Fifty-six patients developed metachronous cancer and 33 

synchronous disease. In 1 case it, was unclear if the tumour represented metachronous or 

synchronous cancer. Although the definition of metachronous cancer remains controversial 

(Fajobi et al., 1998), a commonly accepted definition was used in this study. This stated 

that lesions should be diagnosed histologically as a carcinoma, anastamotic recurrence, 

invasion of primary carcinoma and métastasés should be excluded, and an interval of 

greater than 6 months following the resection of the primary cancer should have elapsed 

(Moertel et al, 1958). To be certain that “missed” synchronous cancers were not classified 

as metachronous, the length of time between the first resection and detection of the second 

cancer was extended to a minimum of 24 months.

A control group consisting of 102 patients who developed a single colorectal cancer 

resected at the Whittington Hospital, Highgate Hill, London N19 5NF was identified and 

paraffin embedded cancer and normal mucosa obtained. These patients had undergone 7 

years of follow up after colonic resection without subsequently developing a second
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colorectal malignancy. Patients who died during the follow up period were included to 

prevent an over representation of early stage cancers within the group. The follow-up 

period of 7 years was chosen since this was the median time for a metachronous cancer to 

occur in the study group (range 3-23 years) and 28/49 (57%) of the metachronous cancers, 

for which the period between malignancies was known, occurred within this time frame. If 

synchronous malignancies were included, 73% of patients developed a second cancer 

within 7 years. In addition, it became difficult to obtain accurate histology, follow up data 

and cancer tissue for single cancer patients whose malignancies had been resected prior to 

this.

Ethical approval was granted by “The Joint UCL/UCLH Committee on the Ethics of 

Human Research” and “Anglia and Oxford MREC”, to retrospectively obtain samples of 

both cancer tissue and corresponding normal mucosa from these patients. Approval to 

approach either the patients or members of their families directly to obtain family history 

data was withheld. It was felt by the committees that since these patients may carry a MMR 

gene germline mutation, giving rise to HNPCC, it would be inappropriate to approach them 

unless they had previously received genetic counseling. All patients received a patient code 

number and specimen code number to ensure that their results remained anonymous. A full 

set of results is given in Appendix 4 and 5.

3.2 Overview o f analysis

Following collection of the specimens, DNA was extracted from the paraffin embedded 

cancer tissue and corresponding normal mucosa. Analysis of the MSI status of the tumours 

was performed by PCR and SSCP at the microsatellite loci Bat25, Bat26, Bat40, D2S123,
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D5S346 and D17S250. Immunohistochemistry using commercially available antibodies 

against MLHl, MSH2 and MSH6 proteins was performed. Analysis of hMLHl promoter 

region méthylation was performed for all MSI-H tumours detected and for a control group 

of MSI-L and MSS cancers. Méthylation analysis was performed by treating the DNA with 

the bisulphite conversion reaction followed by méthylation specific PCR (MSPCR). 

Samples that failed to express the MLHl protein in the absence of méthylation or failed to 

express MSH2 protein underwent analysis of all 19 hMLHl and 16 HMSH2 exons by PCR 

and SSCP. All samples that demonstrated MSI or a mutation were subjected to repeat PCR 

-SSCP analysis to ensure that altered banding patterns were reproducible and likely to be 

due to true genetic abnormalities rather than the high error rate of Taq polymerase in the 

PCR of formalin fixed tissue (Williams et al., 1999). All the chemicals used were from 

BDH Merk and of Analar quality unless otherwise stated.

3.3 Statistical analysis

Statistical analysis was performed using Statistical Package for the Social Sciences for 

Windows™, version 9.01 (SPSS®, Chicago, Illinois USA). Unpaired Student’s t test, was 

used and all confidence intervals were given at 95%. Analysis of categorical data was 

performed with the chi squared test (%̂ ), with Yates' correction used when the total number 

of samples analysed totaled less than 100 or individual values totaled less than 10. 

Sensitivity, specificity, positive and negative predictive values were calculated using the 

following formula:
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Disease

+ve -ve Total

+ve True +ve (A) False +ve (B) A+B
Test

-ve False -ve (C) True -ve (D) C+D

Total Â+C B+D N

Sensitivity = A/A+C, specificity = D/B+D. positive predictive value = A/A+B, negative 

predictive value = D/C+D.

3.4 DNA Extraction

Sections 5pm thick were cut from the paraffin embedded tissue and stained with 

haematoxylin and eosin. These were then analysed to accurately identify cancer tissue from 

normal mucosa. Five sections of paraffin embedded tissue 20pm thick were placed into a 

2ml microfuge tube and incubated for between 3-5 days with SOOpl of extraction buffer, 

(Appendix 1) supplemented with 500pg/ml of proteinase K (Sigma) at 56°C. Following 

this, SOOpl of phenol/chloroform was added, agitated by intermittent inversion for 5 

minutes and centrifuged at 15,000 rpm for a further 5 minutes. The top layer of this solution 

was removed and mixed with an equal volume of chloroform and centrifuged again for 5 

minutes. The top aqueous layer was removed and mixed with 600pl of absolute ethanol and 

90pl of 7.5M sodium acetate pH5.4 and incubated overnight at -20°C. Following 

incubation, the samples were centrifuged for 15 minutes and the ethanol was discarded. The
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resulting DNA pellet was then washed with 300|il of 70% ethanol at -20°C and centrifuged 

for a further 15 minutes. The 70% ethanol was removed and the DNA pellet left to air dry 

prior to being suspended in 250)il of autoclaved, de ionised H2O.

5.5 Polymerase chain reaction-technique principles

The PCR allows the amplification of specific sequences of nucleic acids. It relies on 2 

single stranded lengths of DNA, complementary in sequence to DNA being amplified, 

these are known as primers. Double stranded genomic DNA undergoes heat dénaturation, 

creating single stranded DNA, which acts as a template for PCR amplification. Primers 

bind to the DNA flanking the area of interest. This is known as annealing. The enzyme 

DNA polymerase acts as a catalyst for the addition of nucleotide bases to the primer in the 

5' to 3' direction (Figure 3.1), this is known as elongation. Following each “cycle” of 

annealing and elongation, the newly formed double stranded DNA undergoes heat 

dénaturation and the process recommenced allowing large quantities of DNA to be 

generated quickly. After 10 cycles the quantity of target DNA is multiplied by a factor of 

1,000 and aftçr 20 cycles by a factor of 1,000,000. The reagents needed for the reaction, to 

occur limit the quantity of DNA produced, a plateau being reached when they are 

exhausted.
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Figure 3.1. The polymerase chain reaction

Step 4 Elongation, addition of 
bases to primers (5* to 3’)
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3.5.1 Primer Design and Annealing Temperature

Primers must be complementary to a unique sequence of DNA flanking the region of 

interest. The more accurately they match this region the more specific the polymerase chain 

reaction. The chance of the primer sequence being found elsewhere in the genome is 4° 

where n is the number of bases. Therefore, a primer 17 bases long will be found every 4̂  ̂

or 1.7x10^ bases. A set of rules has been developed over many years of trial and error to 

ensure optimal primer design. These are (Baumforth et al., 1999):

1 Primers should range from 15-30 bases in length

2 Base composition should be 50-60% guanine and cytosine

3 Long runs of more than 3-4 of the same base should be avoided

4 Primers should not have a secondary structure

5 Primers should not contain sequences that are complementary to each other (to 

avoid primer dimmer formation)

6  Palindromic sequences should be avoided

7 Primer melting temperature (Tm) should be between 55 and 80°C

The melting temperature is the temperature at which 50% of the primers have annealed to 

their target sequence. The annealing temperature of the primers is generally between 1 and 

5°C lower than the average of the Tm for both primers and is refined by experimentation. 

This is a difficult balance to achieve. A low annealing temperature improves the likely 

hood of successful annealing, although this is may be non-specific; a high annealing 

temperature improves the specificity of annealing but may lead to a low yield of DNA. The 

Tm is calculated by the equation (Baumforth et al., 1999):
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Tm = 64.9 + 0.41 (%guanine + %cytosine) -  600 / n °C

The primers used to determine MSI at the Bat25, Bat26, Bat40, D2S123, D5S346 and 

D17S250 loci were taken from previously published work (Dietmaier et al., 1997) 

(appendix 2). Primers sequence used for analysis of hMLHl exons had been previously 

published (Wijnen et al., 1996) (appendix 3) and those used for analysis of HMSH2 exons 

were produced by the Imperial Cancer Research Fund (Cancer Research UK) and based on 

previously published work (Kolodner et al., 1994) (appendix 4). For exons that proved 

difficult to amplify, HMLHl exon 12 and HMSH2 exon 3, new primers were designed to 

“split” the sequence into smaller regions. The internet based program. Primer 3, 

www.genome.wi.mit.edu/cgi-bin/Drimer/primer3.cgi was used to create the new primer 

sequences. The DNA sequence of interest and size of product required was entered into the 

program and a forward and reverse primer sequence calculated that conforms to the above 

rules. To ensure the whole exon was analysed, overlapping PCR fragments were generated 

(Figure 3.2). If the sequence was compatible with the area of DNA to be amplified, it was 

entered into a second internet based program, www.ncbi.nlm.nih.gov/BLAST/blast. This 

compares it with the National Cancer Institute Genome Data Base to identify any 

homologous DNA sequences. If the new primer was unique to the sequence of interest, it 

was commercially synthesized (Life technologies. Paisley).
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Section E2

Primer E2 forward

Primer E forward

DNA (section E) 

^  I Primer E reverse

Primer El reverse

Section El

Figure 3.2. PCR primer design

DNA section E was amplified by E forwards and E reverse. This was divided into 2 smaller sections by designing 2 new 

primers El reverse and E2 forward. A PCR containing E forward and El reverse will result in production of section El, 

with E reverse and E2 forward produces section E2. Section a represents the area of overlap between section El and E2

ensuring the entire sequence within the exon is amplified.
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3.5.2 Reagents for PCR

For the PCR to be successful, other reagents must be included such as deoxynucleoside 

triphosphates (dNTP), Taq polymerase and a mixture of salts (reaction buffer) Appendix 1.

i) Taq Polymerase (Super Taq, HT Biotechnologies Cambridge UK).

Taq is a DNA polymerase, extracted from the bacterium Thermus aquaticus that lives in 

hot springs and is able to withstand high temperatures. The optimal temperature for Taq 

function is 72°C (the extension temperature), and the optimal pH 7.0-7.5. Taq is able to 

catalyse the addition of 100 bases per second to the template. However it lacks a 3' to 5' 

proof reading ability allowing incorrect bases to be incorporation into the nucleotide 

sequence at a rate of 1 per 9000 bases. Enzymatic activity is also dependant upon co-factors 

and the ionic concentration of the reaction solution, this is regulated by the reaction buffer.

ii) Reaction Buffer (Super Taq buffer, HT Biotechnologies Cambridge UK).

Reaction buffer contains several components including Tris buffer (lOmM), (pH 8 .5-9.0 at 

25°C). This allows the pH to fall by 0.3 for every 10°C rise in temperature ensuring the 

optimal pH conditions for Taq when PCR extension takes place at 72°C. Magnesium ions 

are also included into the buffer and are an important co-factor. However since dNTPs also 

bind Mĝ "̂ , it is necessaiy to include them in excess to ensure an adequate supply for the 

Taq. The efficiency of primer annealing can be modified by the concentration of 

magnesium ions, with an increased concentration reducing the specificity of annealing. 

Small quantities of NaCl or KCl are required for annealing, but at concentrations of 

>50mM Taq function is inhibited. The reaction buffer also contains detergents such as
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Tween20 or TritonX-100 to prevent precipitation of the hydrophobic Taq molecule. The 

constituents of reaction buffer used are given in Appendix 1.

iii) Deoxynucleoside Triphosphates (dNTPs) (Amersham Biotech).

A combination of 4 triphosphate molecules, (dATP, dTTP, dCTP and dGTP) are necessary 

for the PCR to occur. These are heat resistant with a T1/2 of over 40 cycles. They provide 

both the bases required for elongation and provide the energy to drive the reaction via 

hydrolysis of the triphoshate bond. Although the availability of dNTPs is the main 

limitation to quantity of DNA generated by the PCR, adding higher concentrations than 50- 

200pM causes errors with incorrect bases incorporated into the newly synthesized strand.

iv) Avoiding Contamination

If a PCR becomes contaminated with exogenous DNA, amplification of the “foreign” DNA 

may occur leading to spurious results. It is essential that a negative control sample 

containing all the components of the PCR but without any DNA is incorporated into every 

set of PCRs performed. Detection of a DNA product in this sample indicates the presence 

of contamination and necessitates repeating the experiment with clean reagents. To avoid 

contamination, PCR should be performed in a separate area, away from other DNA work 

such as DNA extraction or analysis of the PCR products. Sterile tips, microfuge tubes, 

reagents, water and PCR specific pipettes are essential.
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3.6 Polymerase chain reacHon-protocol

Clean microfuge tubes, micropipette tips and de-ionised H2O were autoclaved to ensure 

they were sterile. The appropriate number of 0.5ml microfuge tubes, including 1 extra to 

run a control sample, were labelled whilst wearing gloves and working in an area 

previously cleaned with an alcohol based disinfectant. 36.8pl of de-ionised H2O was added 

to each microfuge tube, with 38.8pl being added to the control. All additions to the control 

tube followed additions to the other tubes to ensure that any contamination would be 

detected. A “master” mix was made using stock solutions for the required number of 

samples plus 5 extra ensuring an adequate supply was available:

Taq (5units/pl) 0 .2 pl X number of tubes + extra

Forward primer (50pmol/pl) 0.5pl X number of tubes + extra

Reverse primer (50pmol/pl) 0.5pl X number of tubes + extra

dNTPs (2mM) 5pl X number of tubes + extra

Taq buffer (lOx) 5\l\ X number of tubes + extra

To each tube 11.2pl of master mix was added followed by 2pl of the DNA to be amplified; 

DNA was not added to the control tube. Each reaction contained 2’-deoxynucleoside 5’- 

triphospates 0.2mmol/l, 1 x PCR buffer containingTris-HCL lOmmol/1 (pH 9); KCL 

50mmol/l; MgCL 1.5mmol/l; 0.1% Triton X-100, 1 unit SuperTaq poymerase, 25 pmoles 

of each primer and lOOng of genomic DNA made up to a volume of 50pl with water 

(Appendix 1). The reagents were sealed with 1 drop of hquid paraffin and placed into the 

Omnigene thermal cycler (Hybaid, Teddington, UK). The PCR commenced with an 

extended dénaturation step of 4 minutes 30 seconds at 95°C to ensure maximal strand
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separation. This was followed by 35 cycles of dénaturation at 95°C, annealing at the 

appropriate temperature for 45 seconds and elongation at 72°C for 45 seconds. The reaction 

was completed with a prolonged final extension phase of 1 0  minutes to ensure full 

elongation of the PCR fragments, (see appendices 2, 3 and 4 annealing temperatures and 

product size)

3.7 Agarose gel electrophoresis: - principles

Prior to analysis of the PCR products by SSCP, it was necessary to ensure that the reaction 

had been successful and that there was no contamination. This was performed by agarose 

gel electrophoresis which allowed separation of DNA fragments according to size. The gel 

contained ethudium bromide, which intercalates with DNA causing it to fluoresce when 

viewed under UV light, enabling visualization. PCR products were mixed with loading dye 

(appendix 1) prior to being placed into the wells of the gel. Loading dye holds DNA at the 

bottom of the wells preventing it from floating away and facilitates visualisation of how far 

the products have run due to its blue in colour. The constituents of the loading dye migrate 

through the gel at different speeds due to their various sizes. Bromphenol blue migrates 

with a similar speed to that of DNA 300bp in size and xylene cyanol with a similar rate to 

DNA of 4Kb, independent of agarose concentrations at between 0.5% and 1.4%. This 

allows a crude estimation of the size of the PCR product. Alternatively, a “DNA ladder” of 

known DNA sizes may be run beside the PCR products to give a more accurate assessment 

of size of the product. Altering the concentration of agarose in the gel varies the sensitivity 

of identifying DNA of a specific size. The optimal concentrations are given below:
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Agarose (%) Size (kb)

0.5 1-30

0.7 0.5-10

1 .2 0.4-7

1.5 0.2-3

2 .0 0 .0 1 - 2

Table 3.1. Agarose gel concentrations 

3.8 Agarose gel electrophoresis: - protocol

A gel mould was prepared using autoclave tape to seal the ends and combs to create the 

appropriate number of wells, usually 2 rows of 20 wells. Agarose (Gibco BRL) was 

dissolved in lOOmls of Ix TBE (Appendix 1) using a microwave oven at high power for 2 

minutes. The standard gel used was 2%. One microlitre of lOmg/ml ethidium bromide 

(BDH-Merk) was added to the flask when warm to touch and the gel was poured into the 

mould and allowed to set, ensuring that there were no bubbles. The electrophoresis tank 

was filled with 900mls of Ix TBE and SOpl of lOmg/ml ethidium bromide. When the gel 

had set, the autoclave tape was removed and the mould and gel placed into the tank. Using 

autoclaved tips and a 20pl micropipette, 5pl of each PCR product and the control sample 

was mixed with 2pl of loading dye (Appendix 1) and loaded into individual wells, a fresh 

tip being used for each sample. Electrophoresis was carried out at 150V for 30 minutes, 

after which the gel was viewed on an ultraviolet tranilluminator using protective goggles.
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3.9 Single stranded conformational polymorphism (SSCP) -  technical principles 

Single strands of DNA assume a reproducible three-dimensional structure, dependent upon 

the primary sequence. The form of this structure governs the speed with which the DNA 

moves through a gel when undergoing electrophoresis. Mutations alter the three 

dimensional structure and therefore the speed the DNA moves through a gel, enabhng 

differences in the primary sequence to be identified by variations in the distance they 

migrate. To ensure DNA remains in a single stranded configuration during SSCP, samples 

are mixed with formamide prior to heat dénaturation and subsequently stored on ice. 

Despite these measures, some DNA reverts to its double stranded DNA state known as 

duplexes. Double stranded DNA is more compact than single stranded DNA and therefore 

migrates through a gel faster than single stranded DNA. Two configurations of double 

stranded DNA can be formed; homoduplexes and heteroduplexes. Hompduplexes consist of 

2 complementary strands of DNA. However if a mutation or polymorphism is present in the 

PCR product, a second homoduplex may be formed. Heteroduplexes may also arise when 

complementary strands derived from wild type DNA bonds with strands from the mutated 

sequence (Figure 3.3.) Heteroduplexes do not run as fast as homoduplexes on the SSCP gel 

since their tertiary structure is less compact. When analyzing DNA in which a mutation is 

present, 8  different DNA molecules may be present, each producing a distinct band on 

SSCP. Analysis is further complicated by the failure of strands to fully separate, although 

this can be overcome by varying the temperature that the SSCP is performed. The optimal 

temperature for the separation of the bands usually lies between 5°C and 20°C but must be 

determined for a specific mutation by trial and error.
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The PCR reaction will contain 4 different DNA strands if a mutation is present;

G-G-G-G-G-G-G-G-G 2 DNA strands are derived from the wild type sequence
C-C-C- C-C-C-C- c-c

G-G-G-G-A-G-G-G-G 2 strands are from the chromosome containing a mutation
C-C-C- C-T-C-C- C-C

This leads to 4 conformational forms of single stranded DNA:

G-G-G-G-G-G-G-G-G

C-C-C- C-C-C-C- c-c

G-G-G-G-A-G-G-G-G

C-C-C- C-T-C-C-C-C

And 4 double stranded DNA molecules:

Those correctly paired are known as homoduplexes,

G-G-G-G-G-G-G-G-G 
C-C-C- C-C-C-C- C-C

G-G-G-G-A-G-G-G-G 
C-C-C- C-T-C-C- C-C

With those incorrectly paired known as heteroduplexes

G-G-G-G-G-G-G-G-G 
C-C-C- C-T-C-C- C-C

G-G-G-G-A-G-G-G-G 
C-C-C- C-C-C-C- c-c

Each single strand and duplex may give rise to an individual band on an SSCP gel. For 

reliable analysis mutated DNA must therefore be compared with wild type DNA.

Figure 3.3 Duplex formations during SSCP
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SSCP detects 70-95% of mutations in PCR products of 200 bases or less, however the 

sensitivity of this method decreases with the size of the PCR product, dropping to 50% if 

samples are >400 bases long (Grompe, 1993). DNA extracted from archival paraffin 

embedded sections is of poor quality and fragments seldom exceed 250 bases making SSCP 

well suited for analysis. The ExcelGel® DNA analysis kit (Pharmacia Biotech) used in this 

work has a separation range of 100-1500 base pairs with a resolution to 8 bp in the 100- 

2 0 0 bp range.

Using SSCP to determine the presence of MSI leads to the generation of multiple DNA 

bands. MSI is a dynamic phenomenon with the length of microsatellites altering with every 

cell division as new mutations are generated. Although mononucleotide loci tend to be 

highly conserved for all individuals (quasi-monomorphic), some variation exists amongst 

African Americans at Bat26 (12.6%) and Bat 25 (18.4%) (Pyatt et al., 1999). This 

effectively means that DNA from any individual may be used for comparison, although it is 

preferable to use a normal control from the subject under investigation. However, many 

microsatellites are not of uniform length, showing a variation between individuals 

(polymorphic). This is particularly true for repeats containing more than one base such as 

dinucleotide, trinucleotide etc. This makes it impossible to use corresponding loci from 

another individual as a control and samples must be compared with “normal” tissue from 

the same subject to ensure accurate analysis. This limits the ability to assess some patients, 

particularly in retrospective studies in which normal tissue may not be available.
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3.10 Single stranded conformational polymorphism -  protocol

Forty-eight 0.5ml microfuge tubes were labelled 1-48 with a waterproof marker pen and 

7pl loading dye (appendix 1) added to each with a 20pl micropipette and sterile tip. Using 

separate tips, 7|il of PCR product was added to each tube. The tubes were heated to 95°C 

for 10 minutes and stored on ice. The SSCP gel (ExcelGel® DNA Analysis Kit, Amersham 

Pharmacia Biotech), (appendix 1) was placed onto the electrophoresis plate (Amersham 

Pharmacia Multiphor 2 System) that had previously been coated with liquid paraffin to 

prevent the gel fi*om sticking. The plate was cooled to the temperature that had previously 

been determined to give optimal DNA separation for the particular PCR product under 

investigation (appendices 2, 3 and 4). When the plate reached the required temperature, the 

denatured SSCP samples were loaded into the wells and buffer strips (ExcelGel® DNA 

Analysis Kit, Amersham Pharmacia Biotech) applied. The Electrodes were applied to the 

buffer strips, the lid closed and a DC electrical current, 600V, 50mA, SOW (Amersham 

Pharmacia Biotech, EPS 3500 Power Pack) passed across the SSCP gel. Electrophoresis 

was stopped when products had run the full length of the gel, identified by the loading dye, 

which migrated just in front of the PCR products. The gel was subsequently removed from 

the cooling plate and the buffer strips discarded.

3.11 Silver Staining - protocol

Silver staining was used to visualise the DNA on the SSCP gel. This was performed using 

the Hoefer® Automated Gel Stainer, (Pharmacia Biotech) and a Plus One ™ DNA silver 

staining kit (Pharmacia Biotech). The SSCP gel was placed into the staining machine and 

fixed in place using small magnets to prevent it fi*om moving during the staining process
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and ensure an even application of the solutions. The fixing, silver staining, developing, 

stopping and preserving solutions were made up in accordance with the suppliers’ 

instructions (appendix 1) and the standard DNA staining protocol followed (appendix 1). 

Following staining, the gel was air dried and prior to “reading” was wrapped in cling film 

preventing sticking to other surfaces and allowing safe storage for future reference.

3,12 Immunohistochemistry - principles

Antibodies are proteins produced by the vertebrate immune system in response to infection. 

They have binding sites that recognise specific target molecules or antigens. 

Immunohistochemistry is a technique by which antibodies are generated against a specific 

antigen and used to identify the presence of that antigen within a tissue section. The first 

step in this process is exposure of the antigen so that the antibody may bind with it. This is 

usually achieved by heat treatment or enzymatic digestion. The antibody is often labeled 

with a marker such as a fluorescent dye to enable it to be visualized and is known as direct 

immunohistochemistry. To enhance the ability of antibodies to detect small quantities of 

antigen, an amplification system is often employed. This involves an unlabelled “primary” 

antibody raised against the antigen of interest, which is detected using a “secondary” 

antibody directed against it. Many secondary antibodies will bind to a single primary 

antibody amplifying the signal. This is known as indirect immunohistochemistry. Primary 

antibodies are commonly generated in mice or rabbits with secondary antibodies directed 

against them developed in goats. The secondary antibody is covalently coupled to a marker 

molecule that can be easily detected e.g. fluorescent dyes for use with fluorescence 

microscopy, ferritin or gold spheres for use with electron microscopy or an enzyme such as 

horseradish peroxidase (HR?) for use with conventional light microscopy. When using
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HRP it is preferable not to bind it directly to the secondary antibody but to a molecule such 

streptavadin. The secondary antibody is linked to a molecule such as biotin, which will 

react with the streptavadin-HRP complex (Figure 3.4).

The use of streptavadin reduces the level of non-specific or background staining by 

avoiding ionic interactions with tissue components. Following staining, HRP reacts with a 

chromogenic substrate such as 3,3’-diaminobenzidine (DAB) forming an insoluble 

complex, visible on light microscopy. Analysis can be enhanced if the tissues are 

counterstained to provide a greater contrast. The intra-nuclear proteins MLHl, MSH2 and 

MSH6  are expressed in all actively dividing cells. Expression leads to a brown staining of 

the nucleus due to the interaction of the HRP-streptavadin-biotin-antibody complex with 

DAB. Nuclei that do not express MMR protein, fail to bind the primary antibody and 

remain purple due to haematoxylin staining.
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Figure 3.4. Indirect immunohistochemistry

The primary antibody binds specifically to the antigen. This is bound by a secondary antibody covalently linked to a biotin 

molecule. The biotin molecule then cross-reacts with the streptavadin-horseradish peroxidase (HRP) complex. The antibody 

complex is visualized using a chromogen such as 3,3-diaminobenzidine which reacts with the HRP to form an insoluble

colured particle.
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Exposure to an antigen leads to the production of myriad antibodies each directed against a 

different part, or epitope, of the antigen and generated by a single B cell clone. Two types 

of antibody are used in biological assays; polyclonal and monoclonal. Polyclonal antibodies 

are produced by inoculating animals such as horses or rabbits with the antigen of interest. 

The serum is then extracted and purified. Polyclonal antibodies are therefore able to 

identify multiple epitopes, are simple and cheap to produce and may be manufactured in 

large quantities. However there is a large variation in reactivity and concentration between 

batches, limiting the reproducibility of experiments. Non-specific cross reactivity caused by 

the large number of epitopes that can be identified further limits their usefulness. This 

stimulated the development of monoclonal antibodies, which although challenging and 

costly to produce, are highly specific for a single epitope, provide highly reproducible 

results and once developed, give rise to an inexhaustible supply. Monoclonal antibodies are 

generated by propagating an isolated B cell clone, however B cells have a very short 

lifespan in culture medium and must be "immortalized" by viral transformation or fusion 

with cancerous cells to generate a "hybridoma”. Production of monoclonal antibodies 

involves four steps; immunization, fusion and selection, screening and characterization. 

Mice or rabbits are inoculated with the desired antigen in combination with a non-specific 

immune enhancer such as Freund's adjuvant. Regular inoculation takes place, boosting the 

number of B cells producing antibodies and changing immunoglobulin production from 

IgM to IgG that is less prone to degradation. Once antibody production has reached 

sufficient levels, the antigenically responding B cells are harvested from the spleen and 

immortalized by fusion with histocompatible myeloma cells using an agent such as 

polyethylene glycol. To ensure that subsequent populations consist solely of hybrid cells.
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use is made of the two pathways available for cellular nucleotide biosynthesis; the de novo 

pathway and the hypoxanthine guanine phosphoribosyltransferase (HGPRT) pathway.

Myeloma cells deficient in the HGPRT are used for fusion, these cells are only able to 

generate nucleic acids via the de novo pathway. Following fusion the hybrid cells are 

transferred to a culture medium containing hypoxanthine aminopteiin and thymidine 

(HAT). This blocks the de novo synthesis pathway. Myeloma cells that have fused with B 

cells will survive having aquired HGPRT function from the B cell. However, those that 

have not fused cannot produce nucleotides and die. The resulting hybridoma cells are then 

screened to ensure they only produce the antibody required. This is performed using ELISA 

plates coated with the required epitope. Clones that react with a secondary enzyme labeled 

conjugate and a chromogenic substrate are preserved and grown in tissue culture flasks. 

Initially the hybrid must be re-cloned to ensure that only one cell line is present. It then 

become necessary to ensure the antibody recognises its target in the assay system it is 

designed for and cross reactivity of the antibody is assessed against a wide variety of 

epitopes.

3,13 Immunohistochemistry -  protocol

Immunohistochemistry was performed on 4pm thick sections of paraffin embedded 

archival tumour tissue. Samples were cut using a microtome, mounted upon superfrost® 

slides (BDH Laboratory Supplies), air dried at room temperature and held at 37°C 

overnight to bake the tissue onto the slide. Prior to use, the slides were held at 60°C for 30 

minutes to melt the paraffin before being passed through three xylene washes, each lasting
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for 5 minutes, to remove the paraffin. Slides were rehydrated by placing them into 2 washes 

of 100% alcohol for 5 minutes, each followed by 2 washes of 90% alcohol for 5 minutes, 

before being held in phosphate buffered saline pH7.4 (PBS) (Sigma) prior to antigen 

retrieval. Seven hundred and fifty milliliters of lOmM Citrate Buffer (pH6 ) was brought to 

a temperature of 85-90°C in a microwave oven and antigen retrieval was achieved by 

placing the slides in the buffer at this temperature for 35 minutes. Slides were washed with 

PBS and endogenous peroxidase activity blocked with 2% hydrogen peroxide in methanol 

for 10 minutes before two further PBS washes. The tissue on the slide was outlined using 

an immunopen to ensure the antibody solution remained in contact with the sample and all 

subsequent incubations were performed in a humidified tank containing deionised H2O. 

The primary antibodies used were all commercially available, murine monoclonal IgG; 

MLHl (Pharmingen, clone 0168-15), MSH2 (Oncogene, clone FEll) and MSH6  (Serotec, 

clone GTBP.P1/2.D4). Antibodies were diluted with PBS (pH 7.4) to a concentration of 

1:100 and 150|xl of this solution was applied to each slide prior to overnight incubation at 

4°C. Slides then underwent two PBS washes before the secondary antibody was applied. 

The secondary antibody (biotinylated goat antibody raised against mouse and rabbit IgG) 

was diluted to a concentration of 1:100 with PBS (pH7.4) (DAKO, StreptABComplex/HRP 

Duet, Mouse/Rabbit), again 150|xl being applied to each slide and incubated for 30 minutes. 

Once secondary antibody had been applied, streptavidin and HRP (DAKO, 

StreptABComplex/HRP Duet, Mouse/Rabbit) were mixed in a 1:100 dilution in PBS for a 

minimum of 15 minutes prior to use. Following incubation of the tissue with the secondary 

antibody, slides underwent two PBS washes and 150jj1 of the streptavadin/HRP complex 

applied and incubated for a further 30 minutes. The slides were washed twice with PBS
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prior to reaction with the chromogen, 3,3-diaminobenzidine tetrahydrochloride (DAB). One 

hundred and eighty milligrams of DAB was dissolved in 300mls PBS and 300p,l H2O2 

added. Slides were immersed in this solution and agitated for 8  minutes and counterstained 

with Meyer’s haematoxylin for 10 seconds. This was washed under a running tap until all 

haematoxylin had been removed. The slides were dehydrated by sequentially passing 

through two washes of 95% ethanol, two of 100% ethanol and three of xylene each lasting 

for 20 seconds. DepeX was applied to the slides inside a fume cupboard and cover slips 

applied. The slides remained in the fume cupboard to dry prior to scoring.

3,14 Immunohistochemistry -  scoring slides

Immunohistochemistry results were analysed without knowledge of the MSI status of the 

tumour. When scoring the cancer, nuclear staining was divided into two categories; 

intensity of staining of the nuclei and the number of nuclei staining as a percentage of the 

whole tumour.

The intensity of staining was divided into;

1 -  Very weak staining requiring high power magnification to visualise.

2 -  Clear nucleic staining requiring high power magnification to visualise.

3 -  Clear nucleic staining at low power magnification.
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The percentage of nuclei staining were divided into 

1 - <25%

2-25-50%

3 -  50-75%

4 - >75%

Each cancer received a score by adding the value awarded for intensity of staining and 

percentage of nuclei stained. Those scoring 4 or more were regarded to express the MMR 

protein and scored as “positive”. Immunohistochemistry was repeated in all slides that were 

considered negative. Most slides contained an area of normal mucosa, which was used as 

an internal positive control. Cells found in the lower 2/3rds of the crypt of lieberkuhn are 

actively dividing and therefore the nuclei express MMR proteins and bind MLHl, MSH2 

and MSH6  antibodies. If these nuclei failed to stain, immunohistochemistry was repeated. 

Slides that persistently failed to stain in the crypt cells were excluded from the results. 

Slides in which there was no internal positive control were run in a batch with a slide 

containing normal mucosa as an external positive control. If the slide containing tumour 

failed to stain in the presence of a normally staining external control, the experiment was 

repeated to ensure reproducibility. Several slides became fragmented following antigen 

retrieval, despite attempts to prevent this by reducing the temperature or length of time used 

for antigen retrieval. These samples were excluded from further analysis.
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3.15 Difficulties with Immunohistochemistry

Initial experiments with MLHl and MSH2 antibodies failed to demonstrate nucleic staining 

for normal mucosa or tumour tissue. To ensure antigen exposure was adequate, retrieval 

was increased from 60°C for 25 minute to 85-90°C for 35 minutes in a stepwise manner 

until clean nuclear specific staining was obtained. Despite this, staining continued to be 

patchy, occasionally failing completely and the reproducibility of results remained poor. 

This was confirmed when slides cut from the same tumour and run in the same batch 

demonstrated a wide variety of staining patterns. Variations in the temperature of the slides 

during xylene incubation to remove the paraffin, longer rehydration of the de-waxed slides, 

alterations in the concentration of H2O2 in methanol for endogenous peroxidase blocking 

and alteration of antibody concentration failed to improve the patchy nature of staining and 

variability in results. The final step taken was to try using a different source of deionised 

water. The use of ultra pure deionised water (Elga) improved the staining instantly and 

reproducibility was achieved in nearly all cases. The water used had previously been 

adequate for other immunohistochemical reactions performed in the laboratory, notably 

with antibodies against P53. However all subsequent immunohistochemical experiments 

were carried out using ultra pure water for each step of the process giving good 

reproducible results.

3.16 Méthylation assay -  principles

Méthylation does not result in a structural change in the primary DNA sequence. Two 

alternative techniques are predominantly used for analysis, although others are available. 

The first uses méthylation sensitive restriction enzymes to cut the DNA at sites of 

méthylation. The second, bisulphite conversion, leads to the conversion of unmethylated
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cytosine bases to uracil whilst methylated cytosine remains unchanged. This introduces a 

structural DNA change reflecting the presence of méthylation. Following these techniques 

DNA may be further analysed by méthylation specific PCR (MSPCR), restriction landmark 

genomic scanning, methylated CpG island amplification or sequenced directly. Méthylation 

sensitive restriction enzyme analysis gives accurate, quantitative results, however at least 

5pg of good quality DNA are required for the technique to be effective. The bisulphite 

conversion of DNA works well for poor quality DNA including that extracted from paraffin 

embedded tissues requiring only lOng of DNA («2000 cells). Subsequent use of MSPCR 

allows this to be a quick and highly effective technique of detecting méthylation with a 

sensitivity at a level of 1 in 1000 bases. Treatment of single stranded DNA by Sodium 

bisulphite (NaHSOs") causes sulfonation at the C- 6  position of cytosine, spontaneous 

hydrolysis of the amino group at the C-4 position and the generation of sulphonated uracil 

(Shapiro et al., 1974). Addition of alkali removes the excess HSO3 ions and desulphonates 

uracil. Methylated cytosine does not react with HSO3 ions, remaining in its original state 

following bisuphite conversion. Thus the DNA sequence is altered depending on the 

presence of méthylation. PCR primers can be designed to specifically amplify converted or 

non-converted DNA sequences. During PCR, uracil behaves like a thymine base, however 

the methylated cytosine simply loses the methyl (CH3) group from the C-5 position. 

Unmethylated DNA will therefore contain T:A base pairs rather than the C:G base pairs of 

the original sequence e.g.:
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5’ A-T-C M-G-C-T-G-C 3’ the complimentary primer being T-A-G-C-G-A-C-G

Following bisulphite conversion this becomes

5’ A-T- C m-G-U-T-G-U 3’ the complimentary primer being T-A-G-C-A-A-C-A

Although the bisulphite conversion reaction is highly sensitive, potential errors may occur. 

Conversion of unmethylated cytosine to uracil may be incomplete caused by failure of the 

double stranded DNA dénaturation or a limited bisulphite reaction. Due to the high salt 

concentration in the reaction itself, DNA tends to re-anneal and complete cytosine 

conversion is seldom achieved. Although this is rarely a significant problem, when using 

MSPCR failure of the primer to anneal with the target sequence may lead to false negative 

results although, this can be overcome by repeating the reaction. Up to 3% of methylated 

cytosine may be directly converted to thymine during treatment with sodium bisulphite 

potentially causing false positive results although this is seldom a significant practical 

problem. DNA may undergo fragmentation during bisulphite conversion. Prolonged 

incubation of DNA at an acidic pH such as occurs during the bisulphite reaction (pH5) may 

lead to the generation of apurinic sites which may be break during subsequent 

désulfonation and deamination (Maxam and Gilbert, 1980). Protocols are designed to limit 

this problem. The MSPCR itself may lead to errors, primer pairs may not be specific 

enough, amplifying both the converted and unconverted sequence (Wamecke et al., 1997). 

Careful selection of primer sequences, performing MSPCR under conditions that increase 

the specificity of annealing and performing a “hot start” in which the Taq polymerase is
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only added to the PCR once the double stranded DNA has been completely denatured, help 

to reduce this problem.

3,17 Bisulphite Modification - protocol

Five microlitres of extracted DNA (between 100 to 350 ng) was incubated with 1|li1 of 

salmon sperm DNA (Sigma) (Ipg/ljxl), Ipl of ION NaOH and 43)11 distilled deionised H2O 

at 37°C for 10 minutes to denature the double stranded DNA. To this 30|xl of freshly 

prepared lOmM hydroquinone (Sigma) and 520|xl of 3M NaHSOg (Sigma) was added, 

covered with a layer of mineral oil and incubated at 50°C for 18 hours. The excess oil was 

removed and the DNA cleaned with the QIAquick Gel Extraction Kit (Qiagen) in 

accordance with the manufactures instructions: Briefly, an equal volume of Buffer QG was 

added to the DNA solution, placed into a QIAquick column and centrifuged at 13,000 rpm 

in a microfuge for 1 minute. The flow through was discarded and the colunrn was washed 

with Buffer PE and again centrifuged at 13,000 rpm for a further minute. The flow through 

was discarded and the colunrn re-centrifiiged to ensure that all Buffer PE had been 

removed. The QIAquick colunrn was placed onto a 1.5ml microfuge tube and 50|il of 

distilled H2O heated to 60-70°C was added, allowed to stand for 1 minute and spun for 1 

minute at 13,000rpm. The flow through was incubated at room temperature for 10 minutes 

with l.Sjil lOM NaOH (final concentration 0.3M) prior to the addition of Ijxl of glycogen 

(glycoblue from Ambion), 5|xl of 3M sodium acetate and 125fxl of 100% ethanol. This was 

incubated at -20°C overnight and spun for 30 minutes at 13,000rpm to form a DNA pellet, 

which was washed with 70% ethanol at -20°C and again spun at 13,000rpm for 15 minutes. 

The DNA pellet was air dried and suspended in 20\i\ of water for PCR.
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3.18 Méthylation specific PCR - protocol

Primers used in this experiment were taken from previously published literature (Herman et 

al., 1998) and produced by life Technologies (Paisley, UK). The primer sequences and 

annealing temperatures are given in appendix 5. Following bisulphite conversion, the DNA 

underwent “non-specific” PCR amplification as previously described (Herman et al., 1998).

Paired 0.5ml microfuge tubes were labeled for each sample to be investigated, one tube 

being allocated for MSPCR using primers designed specifically to amplify methylated 

DNA, the other being for MSPCR using primers designed to amplify unmethylated DNA. 

The MSPCR was set up in the standard way with two master mix solutions being made, 1 

for each primer set. Taq was excluded from the master mix being added to the reaction later 

during the “hot start”. Two microlitres of product from the “non-specific” PCR were added 

to the tubes and a control reaction containing no DNA was set up for both MSPCRs. The 

contents of each microfuge tube was covered with 1 drop of liquid paraffin and placed in 

the Omnigene thermal cycler (Hybaid, Teddington, UK), heated to 95°C for 10 minutes and 

a “hot start” was performed by adding lu of Taq to each tube. To ensure that this was 

performed accurately the Taq, was diluted to 1 in 10 using IX Taq buffer, Ipl being added 

to each PCR using a 20pl micropipette and a fresh sterile tip. The PCR reaction was then 

allowed to continue. MSPCR products were analysed using a 2% agarose gel. Samples 

being run in pairs; one well containing the MSPCR product obtained from the primers 

specific for methylated DNA, the adjacent containing the MSPCR product obtained from 

the primers specific for unmethylated DNA, allowing direct comparison. Samples that 

failed to demonstrate a PCR product in either tract were considered to contain inadequate
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quantities of DNA and the “non-specific” MSPCR was repeated. If this second reaction 

failed, the bisulphite conversion was repeated followed by MSPCR.
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CHAPTER 4 

THE INCIDENCE OF MICROSATELLITE 

INSTABILITY IN MULITPLE COLORECTAL

CANCERS
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Chapter 4

4.1 Introduction

Although patients who develop multiple colorectal cancers may have an underlying genetic 

predisposition such as FAP or HNPCC the majority do not (Terdiman et al., 2001). In some 

studies cancers from patients with multiple colorectal malignancies demonstrate an 

increased incidence of MSI-H despite excluding those with HNPCC (Brown et al., 

1998;Yamashita et al., 2000) and although others have failed to confirm this (Pedroni et al.,

1999), the possibility remains that a genetic predisposition may exist, giving rise to the 

development of metachronous and synchronous disease. An increased incidence of MSI-H 

in this group would suggest a role for MMR gene dysfunction and the ability to identify 

these patients might prove useful in clinical practice and long-term management. Since the 

majority of MSI-H cancers occur sporadically, developing in patients at no risk from 

developing a further tumour, the presence of instability alone would not be an inaccurate 

marker. Analysis of 5 microsatellite loci, including the mononucleotides Bat25 and Bat26 

and the dinucleotides D2S123, D5S346 and D17S250 have been internationally recognised 

as the most sensitive and specific for identifying MSI positive colorectal cancers and 

should be performed in all cases if possible (Boland et al., 1998).

4.2 Methods

Previous work investigated the incidence of MSI at the Bat25, Bat26, Bat40 and D2S123 

loci of 134 malignancies taken from patients with multiple primary colorectal cancers and 

102 malignancies from patients who developed a single cancer. To bring these results into 

line with accepted guidelines, PCR analysis was performed at the D5S346 and D17S250
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loci for all samples and at the Bat25, Bat26, Bat40 and D2S123 loci for samples whose 

results were incomplete. PCR products were assessed by SSCP and silver staining and 

cancers divided into three groups in accordance with NCI-HNPCC guidelines (Boland et 

al., 1998). Those which demonstrated instability in >30% of the loci investigated were 

classified as MSI-H, those with instability in <30% of the loci were classified as MSI-L and 

those demonstrating no instability were classified as MSS. Metachronous cancers were 

defined if the second malignancy was resected at least 2 years after their first or “index” 

cancer. New, primary malignancies occurring within that time were regarded as 

synchronous lesions. For patients in whom only one metachronous cancer was available for 

analysis, the site and year of resection of the other cancer were obtained from the Thames 

cancer registry to identify it as an index or second malignancy. Only cancers for which 

results at 4 microsatellite loci were available were included in further analysis.

4,3 Results

MSI was identified by the characteristic “laddering” pattern identified in cancer tissue when 

compared to normal mucosa (Figures 4.1 to 4.5). Instability data was available for 74 

“single” cancers specimens and 111 “multiple” cancers specimens. Twenty-eight single 

cancers failed to give MSI results for sufficient loci, of these, normal tissue unavailable in 

19 cases, precluding evaluation of dinucleotide loci. Twenty-three multiple cancer samples 

were also excluded from analysis, normal tissue being unavailable for 20 samples. Full data 

is given in appendices 6 and 7.
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Figure 4.1 MSI at Bat 26
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Figure 4.2 MSI at D2S123
(C represents DNA extracted from cancer tissue and M the corresponding norm al m ucosa)
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Figure 4.3 MSI at Bat 25
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Figure 4.4. MSI at Bat 40
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Figure 4.5 M SI at D5S346
(C represents DNA extracted from cancer tissue and M the 

corresponding nonnal m ucosa)
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Paired malignancies from individuals with multiple cancers were available for 32 patients, 

13 metachronous and 19 synchronous (one patient having three synchronous cancers). Only 

one malignancy was available for analysis in 36 patients with metachronous (9 index and 

27 second cancers) and 10 patients with synchronous cancer.

The mean age of diagnosis of the cancers was comparable between the single (72.5 years, 

SD 12.1) and multiple groups (69.3 years, SD 10.6), (t-test, p = 0.06, Cl -0.12 to 6.52). 

However sub-group analysis revealed that single cancers presented in older patients than 

index metachronous cancers (mean 63.4 years, SD 11.3), (t-test, p = 0.01, Cl 1.8 to 16.3), 

but at a similar age to second cancers (mean 69.7 years, SD 11.6), (t-test, p = 0.46, Cl -4.7 

to 10.2). There was no difference in the median age of onset of the synchronous group ( 

mean 68.5 years, SD 11.4) compared to the single cancers, t-test, p = 0.08, Cl -0.48 to 8.3. 

The sex distribution was comparable with 43/74 males in the single and 34/78 in the 

multiple group (x? = 3.2, p= 0.07). There was no difference in the sex distribution between 

the synchronous (14 female, 15 male) and metachronous groups (30 female, 19 male) (x̂  = 

0.7, p = 0.4) (Table 4.1). The distribution of cancers between the single and multiple groups 

was similar, with 42/71 (59%) and 66/109 (60%) cancers being located distal to the splenic 

flexure respectively (jĉ  = 0.2, p = 0.6), the site of 2 multiple and 3 single cancers being 

unknown. In the metachronous group, distal cancers were identified in 16/22 (72%) index 

and 20/39 (51%) second cancers, the site of 1 being unknown and in the synchronous group 

21 cancers were proximal and 28 distal to the splenic flexure (Table 4.1).

100



MSI-H MSI-L MSS
Proximal

Colon
Distal
Colon Unknown Proximal

Colon
Distal
Colon Unknown Proximal

Colon
Distal
Colon Unknown

Number 25 34 0 10 17 2 8 15 0

Male 11 .17 0 3 8 0 5 5 0
Female 14 17 0 7 9 2 3 10 0

Multiple
cancers

Median
age(yrs)
(range)

74(42-87) 68.5(40-
83) 0 70(63-91) 72(54-82) 54(35-73) 73(66-82) 72(35-84) 0

Median
age(yrs)
(range)

72.5 (40-87) 70(35-91) 73 (35-84)

Number 7 1 2 8 10 1 14 31 0

Male 2 0 0 5 7 1 10 18 0
Female 5 1 2 3 3 0 4 13 0

Single
cancers

Median
age(yrs)
(range)

75.5(68-
82) 86 78.5(68-

89)
73.5(54-

81) 64(38-89) 70 74(57-100) 74(53-91) 0

Median
age(yrs)
(range)

80 (68-89) 70(35-91) 74 (53-100)

Table 4.1. MSI summary
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The median interval between resection of the index and second cancer in the metachronous 

group was 7 years (range 3-23 years), 28/49 (57%) occurring within this time. Including 

synchronous cancers, 57/78 (73%) patients developed their second malignancy within 7 

years.

MSI-H was demonstrated 10/74 (13%) single cancers with 19 showing MSI-L (26%) and 

45 MSS (61%) compared to MSI-H in 59/111 (53%) multiple cancers, 29 demonstrated 

MSI-L (26%) and 23 MSS stable (21%). MSI-H was significantly more conunon in 

multiple cancers, (x̂  = 28.1, p < 0.001). MSI-H cancers presented in older patients from the 

single cancer group (mean of 77.1 years, SD 8.2) compared to those with multiple cancers 

(mean 69.4 years, SD 11.0), (t-test, p = 0.04, Cl -15.3 to 0.04), there was no difference in 

the age of onset between MSI-H and MSI-L/MSS cancers in either single cancer, mean 

71.8 years, SD 12.5 (t-test, p = 0.23, Cl -13.8 to 3.4) or multiple cancers mean 69.2, SD

10.4 (t-test, p = 0.94, Cl -3.9 to 4.2) subgroups. There was no difference in the sex 

distribution of MSI-H cancers between the groups with 2/10 single and 28/59 multiple 

cancers being from males, (jĉ  = 1.6, p = 0.2). Paired multiple cancers demonstrated MSI-H 

in both malignancies in 8/32 cases, the others cancer pairs demonstrated a combination of 

MSI-H, MSI-L and MSS (Figure 4.6).

The incidence of instability at each microsatellite locus for multiple and single cancers was 

combined to assess their sensitivity and specificity at identifying malignancies with MSI-H 

and MSI-L (Figure 4.7). The mononucleotide loci Bat40 and Bat26 were the most 

commonly abnormal in MSI-H cancers, being unstable in 78% and 71% respectively.
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whilst D2S123 (39.5%) and Bat40 (37.5%) were the most commonly unstable in MSI-L 

cancers.
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Figure 4.6. MSI status for paired multiple cancers
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The dinucleotide D5S346 was not found to be unstable in any MSI-L cancer and only 5.7% 

of MSI-H cancers. D17S250 was unstable in only 2% of MSI-L cancers and 5.7% of MSI- 

H malignancies. MSI-H was detected in mononucleotide loci alone in 25/59 (42.3%) of 

cancers the remaining 34/59 demonstrating a mixture of mononucleotide and dinucleotide 

instability. The most sensitive single marker for identifying MSI-H was Bat40 (sensitivity 

0.76, Cl 0.65-0.85) compared to Bat26 (sensitivity 0.72, Cl 0.60-0.81) however Bat40 was 

also unstable in a high proportion of MSI-L cancers giving a specificity of 0.83 (Cl 0.76- 

0.89), a positive predictive value of 0.73 (Cl 0.61-0.82) and negative predictive value of 

0.86 (Cl 0.78-0.91). Bat26 rarely demonstrated instability in MSI-L malignancies leading 

to a specificity of 0.95 (Cl 0.90-0.98), positive predictive value of 0.90 (Cl 0.80-0.96) and 

negative predictive value of 0.85 (Cl 0.78-0.90).

The incidence of MSI-H in the metachronous index (13/22), second cancer (22/40) (x̂  = 

0.001 p = 0.9) and synchronous groups (24/49) (x̂  = 0.3, p = 0.6) was similar. There was 

no likelihood of being identified more commonly proximal to the splenic flexure in the 

single (7/29) group than the index metachronous group (4/6) (x̂  = 2.4, p = 0.1), however 

MSI-H cancers were more commonly identified distal to the splenic flexure in the index 

metachronous group (9/16) compared to the single cancer group (1/42) (x̂  = 23.4, p < 

0.001). Second metachronous cancers demonstrating MSI-H were identified distal to the 

splenic flexure in 12/21 and proximal to the splenic flexure in 10/18 cases (Figure 4.8) and 

MSI-H synchronous cancers demonstrated MSI-H in 12/28 distal malignancies and 12/21 

proximal cancers (Figure 4.9). Identifying the presence of an MSI-H cancer in the left side 

of the colon predicted the development of a second colorectal malignancy with a sensitivity
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of 41%, a specificity of 99%, a positive predictive value of 90% and a negative predictive 

value of 84% (Table 4.2 and 4.3).
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Figure 4.7. The incidence of MSI at individual microsatellite loci
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Figure 4.8. Distribution of metachronous and single cancers related to their MSI status
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Figure 4.9. Distribution of synchronous cancers related to their MSI status
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MSI-H index

cancer distal to

splenic flexure

Y es

No

Total

Patient develops metachronous cancer

Yes

9

13

No

1

70

Total

10

83

22 71 93

Table 4.2 The incidence and distribution of MSI-H in index metachronous and single

cancers

Sensitivity (Cl
0.41 

0.23 to 0.61)

Specificity (Cl
0.99 

0.92 to 0.99)

Positive predictive vaiue (Cl
0.90 

0.59 to 0.98)

Negative predictive value (Cl
0.84 

0.75 to 0.90)

Table 4.3. The value of MSI-H distal colonic cancer at predicting the development of a

metachronous lesion
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Paired metachronous cancers were available for analysis in 13 patients, 4 demonstrated 

MSI-H in both cancers, 4 demonstrated MSI-H in only one cancer and 5 failed to 

demonstrate MSI-H in either case. For the paired cancers in which both demonstrated MSI- 

H, one index cancer was found in the proximal colon, the other 3 being identified in the 

distal colon. For paired cancers in which only one cancer demonstrated MSI-H, all index 

cancers were detected in the distal colon, only one demonstrating MSI-H.

4,4 Discussion

The decision to exclude malignancies in which data for less than 4 microsatellite loci was 

available represents a compromise between complying fully with the NCI-HNPCC 

guidelines, which suggest at least 5 loci should be assessed before MSI can be evaluated, 

and maximizing the number of cancer samples available for further evaluation. Adherence 

to the guidelines would have excluded a further 8 single and 33 multiple cancers. Using 4 

loci or more as a cut off meant that each cancer included in analysis had normal tissue 

available for comparison and ensured that data for at least 1 dinucleotide marker was 

available. Although it is unnecessary to analyse a tumour further once MSI-H has been 

identified e.g. if instability can be identified in 2 loci, inclusion of these samples alone 

would introduce a bias toward MSI-H cancers within the data. To counter balance this by 

including those “MSI-L and MSS” samples for which less than 4 loci were available would 

give rise to a significant risk misclassifying these malignancies.

Mononucleotide repeats were shown to demonstrate the greatest degree of sensitivity and 

specificity for the detection of MSI-H cancers. Although Bat40 is the most sensitive, it is 

also commonly detected in MSI-L tumours, reducing its specificity. Bat26 also
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demonstrates a high sensitivity in identifying MSI-H cancers but is rarely detected in MSI- 

L cancers, giving a high positive predictive value, confirming the findings of other studies 

which suggest that analysis of Bat26 alone may be sufficient to determine MSI-H status 

(Parsons et al., 1995;Hoang et al., 1997).

The definition of metachronous and synchronous cancer was adapted from that first used by 

Moertel et al (1958), who suggested that anastamotic recurrence, invasion of primary 

carcinoma and métastasés should be excluded. Although they used a time interval of greater 

than 6 months following the resection of the primary cancer (Moertel et al, 1958), this 

study extended this to 2 years to ensure that “missed” synchronous cancers were not 

included in the metachronous group. The length of time the control group was followed 

was set at 7 years to reduce the likelihood that patients who would develop metachronous 

cancer would be accidentally included. Although choosing a longer follow up period would 

have further reduced this risk, it became increasingly difficult to obtain samples of cancer 

tissue and obtain reliable follow up data for the period prior to this.

MSI-H was shown to be more prevalent in patients who develop multiple rather than single 

colorectal cancers. Although MSI had previously been identified in up to 89% of multiple 

cancers these studies included both MSI-L and MSI-H data in their analysis and family 

history was not given, raising the possibihty that many tumours came from patients with 

HNPCC (Horii et al., 1994;Sengupta et al., 1997). MSI-H can be identified in over 90% of 

malignancies from patients with HNPCC, around 45% of whom will go on to develop a 

second colorectal malignancy if treated by a standard “local” colonic resection rather than a 

total colectomy (Lynch, 1996). Analysis of patients with multiple gastrointestinal cancers
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but excluding those who did not fulfil the Amsterdam criteria for HNPCC has demonstrated 

MSI-H in 26% of cancers although the incidence is higher if malignancies arose from the 

same organ (mainly stomach) (42%) compared to cancers occurring in different organs e.g. 

stomach and colon (13%) (Yamashita et al., 2000). Amsterdam criteria negative patients 

with multiple colonic or colonic and uterine cancers have also been shown to have an 

increased incidence of MSI-H (33%) when compared to single cancer group (8%) (Brown 

et al., 1998). Others have failed to confirm this (Pedroni et al., 1999), however colonic, 

gastric and uterine cancers are all part of the HNPCC spectrum and although the 

Amsterdam criteria are useful in identifying those with HNPCC, they can be inaccurate in 

60% of families with known germline mutations (Beck et al., 1997). The high incidence of 

MSI in these studies may simply reflect undiagnosed cases of HNPCC and application of 

the more sensitive Amsterdam criteria II (Vasen et al., 1999) may avoid this. The local and 

regional ethics committee restricted our ability to contact either the patients investigated in 

this study, or their relatives, thereby excluding family history assessment. This was due to 

the life changing implications for patients that would follow the identification of a 

previously un-recognised genetic condition such as HNPCC, without undergoing prior 

genetic counselling. Since recent evidence suggests HNPCC may be responsible for less 

than 1% of all colorectal cancer (Samowitz et al., 2001) it seems unlikely that it accounts 

for the majority colorectal cancer patients develop a second malignancy(Percesepe et al., 

2001) (Lindor et al., 2002). However without family history data, HNPCC cannot be 

excluded as a cause of MSI-H in this group, although analysis of the paired cancer data 

may give some clues. Patients with HNPCC would be expected to demonstrate MSI-H in 

both tumours, this was identified in only 8 patients, a further 8 demonstrated MSI-H in one 

cancer with MSI-L in the other. The MSI-L cancers may represent a mis-classified MSI-H
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malignancy and require further investigation, either by analysis of more microsatellite loci 

or by direct evaluation of the MMR genes. MSS cancers are seldom have germline 

mutations (Terdiman et al., 2001) and since 5 patients demonstrated paired MSI-H and 

MSS tumours, they are unlikely to have HNPCC. From the paired cancer data it seems 

probable that HNPCC is not a factor in % of all cases of multiple cancer.

HNPCC tends to affect younger patients, the median age of onset for colorectal cancers 

being 42 years (Aamio et al., 1995), this is considerably lower than the median age of onset 

of MSI-H multiple cancers suggesting they do not have HNPCC, however the finding that 

index cancers occurred at a younger age than single cancers suggests an underlying genetic 

abnormality, predisposing to the development of cancer earlier than in the general 

population. Alternatively young patients developing cancers that carry a good prognosis, 

allowing long-term survival and the development of a second malignancy could explain 

this. MSI-H are more common in younger patients with 58% of patients under 35 

demonstrating MSI-H cancers (Liu et al., 1995) furthermore MSI-H cancers have been 

shown to carry an improved prognosis and better response to chemotherapy when compare 

to MSI-L and MSS malignancies (Hemminki et al., 2000;Wright et al., 2000;Elsaleh et al.,

2000). Although the Dukes stage was not available for assessment, MSI-H cancers tend 

present at an earlier stage with a lower incidence of nodal metastasis (Lynch et al., 

1993;Watson et al., 1998;GuiUem et al., 1999). However this does not explain the equally 

high incidence of MSI-H cancers detected in the “second” cancers or the synchronous 

group. These cancers would be expected to demonstrate a similar level of MSI-H to the 

single cancer group and again suggesting an underlying genetic cause.
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MSI-H cancers tend to occur predominantly in the right side of the colon with 90% of all 

sporadically occurring MSI-H and around 60% of HNPCC related cancers being found 

proximal to the splenic flexure (Kim et al., 1994;Forster et al., 1998;Gafa et al., 2000). 

Using MSI-H alone as a screening test for patients who might develop a second malignancy 

would include large numbers of patients with sporadic disease at little risk of developing a 

metachronous lesion. MSI-H cancers located distal to the splenic flexure were found to be 

more common in patients who develop multiple colorectal cancers compared to those who 

develop single cancers in this study. Data regarding synchronous cancers is of limited 

usefulness when trying to predict those at risk form developing metachronous disease. 

Current surgical practice is for patients diagnosed with colorectal cancer to undergo 

complete visualisation of their colon prior to surgery, either by a barium enema or 

colonoscopy so that a second lesion can be treated at the time. If this proves impossible 

visualisation should be performed within 6 months of surgery, and is aimed at reducing the 

number of synchronous lesions that are “missed” when the patient first presents. 

Synchronous lesions also present a difficulty in identifying the “presenting” cancer and 

including data from this group in an attempt to devise a test for predicting those at risk of 

developing a second cancer is hazardous. One study identified a significantly higher 

incidence of MSI positive index cancers from the distal colon in patients who developed 

metachronous disease, without having a family history of colorectal cancer compared to 

patients who developed a single cancer (87% versus 0%). Although these figures included 

MSI-L malignancies, they continue to demonstrate a difference when MSI-H cancers are 

considered (33% versus 0%) (Masubuchi et al., 1999). Without definitive family history 

data it is difficult to be sure that patients with multiple cancer in this study do not simply 

represent a group of patients with HNPCC but whatever the underlying genetic cause, over
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40% of patients who developed metachronous cancers presented with MSI-H cancers distal 

to the splenic flexure. The high specificity and positive predictive value in conjunction with 

a poor sensitivity and negative predictive value suggest that although not a common 

feature, when identified, patients presenting with MSI-H cancers distal to the splenic 

flexure would benefit from intensive follow up and regular colonoscopy
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CHAPTER 5 

THE ROLE OF hMLHl AND HMSH2 IN THE 

DEVELOPMENT OF COLORECTAL CANCER
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Chapter 5

5.1 Introduction

The MMR genes hMLHl and HMSH2 play an important role in the development of 

colorectal cancer in patients with HNPCC and sporadically occurring MSI-H malignancies. 

Loss of function of these two genes are responsible for around 90% of all cases, with 

HMSH3, HMSH6, PMSl, PMS2 (Kuismanen et al., 2000) and TGFfiRII being implicated in 

the remaining 10% (Lu et al., 1998) (Kolodner et al., 1999;Gafa et al., 2000) (liu et al., 

1996). It is possible to asses the MSI status of a cancer by evaluating the MLHl and MSH2 

intranuclear protein using immunohistochemistry with loss of expression of one of the 

protein correlating well with MSI-H (Marcus et al., 1999). Some published series report 

immunohistochemistry to be 100% accurate at identifying MSI-H in both HNPCC and 

sporadic cancers (Cawkwell et al., 1999), and although others have reported lower figures 

of 75-86% (Gafa et al., 2000;Chaves et al., 2000), large studies have demonstrated MLHl 

and MSH2 immunohistochemistry to have a sensitivity of 92% and a specificity of 100% 

(Lindor et al., 2002).

5.2 Methods

Immunohistochemical evaluation of MLHl and MSH2 expression was performed for 96 

multiple and 85 single cancer samples. Paraffin embedded tissue suitable for 

immunohistochemistry was unavailable for 38 multiple and 17 single cancer samples. The 

MSI status for all of the cancers had been previously evaluated (Chapter4).
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5.3 Results

Sixteen multiple cancers did not have adequate instability data at >4 microsatellite loci and 

5 failed to give reproducible immunohistochemistiy results. Twenty-four single cancers did 

not have adequate instability data and 6 failed to give reproducible immunohistochemistry 

results. These samples were excluded from further evaluation leaving 75 multiple and 55 

single cancer specimens for analysis (appendices 6 and 7). Samples demonstrating normal 

expression of the MLHl and MSH2 proteins are shown in figures 5.1 and 5.2. A sample 

demonstrating failure to express MLHl is shown in figure 5.3 and protein expression in 

normal colonic mucosa in figure 5.4.

Nine single cancers (16%) demonstrated MSI-H of which 6 failed to express MLHl, 1 

failed to express MSH2 and 2 expressed both proteins. Loss of MLHl expression was not 

seen in any MSI-L or MSS cancer but loss of MSH2 expression was identified in 1 MSS 

malignancy. MSI-H was identified in 43 (57%) multiple cancers, 23 (53%) demonstrated 

normal MLHl and MSH2 expression, 13 (30%) failed to express MLHl and 7 (16%) failed 

to express MSH2. There were 16 (21%) MSI-L multiple cancers, 2 of which failed to 

express MLHl, the remaining 14 expressing both proteins and 16 (21%)"MSS multiple 

cancers, 1 of which failed to express MLHl and 1 failed to express MSH2 (table 5.1).
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The mean age of diagnosis of MSI-H cancers that failed to express either MLHl or MSH2 

is 67.5 years (SD 11.9) compared to 73.6 years (SD 8.2) for MSI-H cancers that expressed 

both proteins, (t-test, p < 0.05, Cl 0.16 to 12.05). MSI-H cancers that failed to express 

MLHl (71.5 years, SD 6.6) presented in later life than that failed to express MSH2 (58.7 

years, SD 16), t-test, p < 0.01, Cl 3.8 to 21.7). There was no difference in the distribution of 

multiple MSI-H cancers that expressed both MLHl and MSH2 (17/25 from the distal 

colon) compared with MSI-H cancers that failed to express either MLHl or MSH2 (11/26) 

(x̂  = 2.4, p = 0.1). The distribution of MSI-H cancers that failed to stain for MLHl (6/18 

distal colonic) compared to those that failed to stain for MSH2 (5/8 distal colonic) was 

similar (x̂  = 0.9, p = 0.3) as was the sex distribution, 14/25 MSI-H cancers that expressed 

both MLHl and MSH2 being from females compared to 15/27 MSI-H cancers that failed to 

express either MLHl or MSH2 (x̂  = 0.06, p = 0.8).

The value of MLHl and MSH2 immunohistochemistry as a screening test to identify MSI- 

H tumours in patients who developed a single cancer gives a sensitivity of 0.77 (Cl 0.45 to 

0.93), a specificity of 0.97 (Cl 0.88 to 0.99), a positive predictive value of 0.87 (Cl 0.52 to 

0.07) and a negative predictive value of 0.95 (Cl 0.85 to 0.98). The value of 

inununohistochemistry for identifying MSI-H malignancies in patients who developed 

multiple cancers gives a sensitivity of 0.46 (Cl 0.32 to 0.61), a specificity of 0.87 (Cl 0.71 

to 0.95), a positive predictive value of 0.83 (Cl 0.64 to 0.93) and a negative predictive 

value of 0.54 (Cl 0.41 to 0.67).
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MSI-H MSI-L MSS
Positive
Staining Negative Staining Positive

Staining Negative Staining Positive
Staining Negative Staining

MLHl MSH2 MLHl MSH2 MLHl MSH2

Single
cancers

Number 2 6 1 14 0 0 31 0 1

Site

Left Side 1 0 0 6 0 0 22 0 0
Right
Side 1 5 1 7 0 0 9 0 1

Unknown 0 1 0 1 0 0 0 0 0

Median age (range) 74
(66-82)

71
(68-89) 81 69

(38-85) 0 0 74
(49-100) 0 83

Multiple
Cancers

Number 23 13 7 14 2 0 14 1 1

Site

Left Side 16 6 5 7 2 0 1 0 1
Right
Side 7

1
7 2 6 0 0 1 1 0

Unknown 0 0 0 1 0 0 0 0 0

Median age (range) 75
(60-84)

70
(62-78)

54
(40-84)

71
(54-75)

61
(59-62) 0 76

(63-84) 73 64

Table 5.1. Summary of immunohistochemistry results for single and multiple cancers
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Immunohistochemical data was available for “paired” cancers from 17 patients (1 patient 

having 3 synchronous cancers). Two cancers from patients with “paired” malignancies that 

failed to give reproducible immunohistochemistry result or was not analysed at sufficient 

microsatellite loci were also included to aid evaluation of the other cancers. Eight patients 

demonstrated MSI-H in both tumours, 5 demonstrated MSI-H in 1 cancer and MSI-L/MSS 

in the other and 6 patients showed MSI-L/MSS in both cancers. Two patients with paired 

MSI-H cancers presenting at a young age failed to express MSH2 in any cancer (study 

patient no. 48 and 74). One patient with 2 MSI-H cancers demonstrated loss of MSH2 in a 

single malignancy (study patient no. 19), inununohistochemistry was not available for the 

other cancer, the age of presentation being 42 and 53 years. Two patients with paired MSI- 

H cancers failed to express MLHl in both tumours, (study patient no. 43 and 73), although 

only 3 microsatellite loci were amplified in cancer 136 from patient no. 73, it demonstrated 

instability at 2 loci. Loss of MLHl expression was seen in 1 patient with MSI-H and MSI-L 

cancers (study patient no. 67). Study patient no. 46 demonstrated expression of both MLHl 

and MSH2 in all 3 synchronous MSI-H cancers and study patient no. 30 demonstrated loss 

of MLHl expression in one MSI-H cancers the other expressing both proteins. Of the 

remaining 4 patients in which a single cancer demonstrated MSI-H only 1 failed to express 

MLHl, this being in the stable malignancy of the pair (study patient no. 89), the other 

patients expressing both MLHl and MSH2 in each cancer (study patients 56, 61 and 64) 

(Table 5.2). The age of presentation of malignancies from patients in whom both cancers 

fail to express MLHl or MSH2 (mean 57.1, SD 10.6) is significantly lower than for 

patients in whom only one “paired” cancer demonstrates MSI-H (mean 73.8.5 years, SD 

7.0), (t-test, p < 0.01, Cl 6.1-27.2).
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Study
Patient
Number

Cancer
ID

MSI
Status M LH l

Age at 
MSH2 Operation

Study
Patient
Number

Cancer
ID

MSI
Status M LH l

Age at 
MSH2 Operation

16 92
98

Low
Stable

yes
yes

yes
no

67
64 61 78

79
High
Stable

yes
yes

Yes
Yes

84
84

19 66 High yes no 53 62 5 Low yes Yes 73
91* High X X 42 6 Low yes Yes 69

26 60 Low yes yes 73 64 63 High yes Yes 60
61 Stable yes yes 73 74 Low yes Yes 62

30 121 High no yes 78 67 69 High no Yes 62
122 High yes yes 79 70 Low no Yes 62

31 42 Low yes yes 72 68 44 Low yes Yes 59
43 Low yes yes 70 45 Stable yes Yes 57

43 38 High no yes 67 73 115 High no Yes 65
39 High no yes 73 136** High no Yes 50
84 High yes yes 76 74 36 High yes no 54

46 85 High yes yes 76 37 High yes no 55
86 High yes yes 76 80 51 Low yes Yes 70

48 103 High yes no 40 52 Low yes Yes 73
104 High yes no 43 89 93 High yes Yes 82
15 Stable yes yes 78 105 Stable no Yes 73
16 Stable yes yes 77

56 76 High yes yes 75
77 Low yes yes 75

Table 5.2. Summary of paired cancer immunohistochemistry.

(*=tissue for immunohistochemistry unavailable, **=<4 microsatellite loci tested)
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5.4 Discussion

Although the exact germline mutation responsible can only be identified in hMLHl and 

hMSH2 in around 60% of patients with HNPCC, it is estimated they are causative in up to 

90% of cases, mutations being equally distributed between them (liu et al., 1996;Peltomaki 

and Vasen, 1997;Kolodner et al., 1999). Loss of function of hMLHl and hMSHl also 

account for around 90% of all sporadic MSI-H cancers, although the majority are due to 

involvement of HMLHl (Thibodeau et al., 1998). With loss of expression of the MLHl 

protein being present in 76-78% of cases compared to loss of MSH2 expression which is 

seen in 9-15% (Kuismanen et al., 2000;Gafa et al., 2000). This is thought to relate to the 

increased incidence of transcriptional silencing caused by méthylation of the MLHl 

promoter region seen in sporadically occurring MSI-H cancers (Herman et al, 1998, 

Wheeler et al, 2000) and may also explain the results obtained from this study in which loss 

of expression of MSH2 was rarely identified compared to MLHl in sporadic cancers but 

was more commonly seen in the multiple group. In addition méthylation occurs 

predominantly in older patients (Elsaleh et al 2001) and this may account for MSI-H 

cancers in which MLHl expression being detected in older patients than those in which 

MSH2 expression was lost, who may be more likely to have an underlying genetic 

predispostion.

Immunohistochemistry has been shown to be a sensitive and specific test for identifying 

MSI-H cancers with a 100% accuracy reported by some authors (Cawkwell et al., 

1999;Dieumegard et al., 2000) and “near perfect correlation with germline mutations of 

either hMLHl or HMSH2 and an absence of expression of that protein in the tumours” has 

also been noted (Terdiman et al., 2001). Although results obtained from the single cancer
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group do not match these levels they are compatible with many other published series 

(Chaves et al., 2(X)0;Ward et al., 2001;Terdiman et al., 2001;Lindor et al., 2002). However 

the reason for the low sensitivity identified in the multiple cancer group is unclear. It is 

unlikely that they are not truly cases of MSI-H since over half show instability at the Bat26 

locus, known to highly sensitive for predicting high level instability (Zhou et al., 1997). 

Experimental error is also unlikely to be a cause since the technique of 

immunohistochemistry was perfected on the single group and not altered for subsequent 

analysis of the multiple group. The use of archival material from a variety of hospitals may 

have contributed to this finding, multiple cancers were obtained over a long time span 

(1972 to 1997) and tissue fixation techniques may have altered over this period leading to 

difference in antigen exposure or antibody binding. However no clustering of MSI-H 

cancers that expressed MLHl or MSH2 protein was apparent for any particular hospital or 

time period as would be expected for this explanation to hold true. Alternatively mutations 

of the hMLHl and hMSHl genes could give rise to the expression of truncated MMR 

proteins that, although non-functioning, were still detected by immunohistochemistry. This 

has been identified as a cause of immunohistochemical failure in 6 cancers with known 

germline mutations, 3 of which had missense and 2 exon 16 truncation mutations 

(Salahshor et al., 2001). Another study also demonstrated the apparent continued 

expression of MLHl and MSH2 proteins in 5/24 MSI-H cancers also from patients with 

known germline mutations. One hMSHl mutation was a single codon deletion leading to 

expression of a full length protein, 2 hMLHl mutations had truncation mutations that would 

expressed large protein fragments and 2 hMLHl splice site mutations resulting in skipping 

exon 8 (Wahlberg et al., 2002). To counter this the epitope for the MSH2 antibody used 

(clone FEll) specifically targeted the carboxy- end of the protein reducing the hkely hood
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that a truncated protein would be erroneously identified as a normal protein, however the 

specific epitope for the MLHl antibody (clone G168-15) remains unclear despite 

correspondence with Pharmingen, the company responsible for production of this antibody 

and differences in the antibody binding site may explain reports that immunohistochemistry 

more accurately identifies germline mutations in hMSHl than hMLHl (Ichikawa et al., 

1999). Other studies demonstrated that negligible quantities of MLHl or MSH2 protein are 

produced in 50% of gastric cancer cell lines despite expression of normal mRNA levels. 

This has been attributed to post translational-modification, reducing the level of protein 

expression in the absence of any genetic or epigenetic alteration. None of these cell Hnes 

demonstrated MSI-H suggesting that only small quantities of MMR protein are required to 

maintain function and this may explain the finding that some MSI-L or MSS colorectal 

cancers fail to express MLHl or MSH2 (Shin and Park, 2000).

An attractive theoiy explaining the high incidence of MSI-H cancers that continue to 

express MLHl and MSH2 is that other MMR genes may be mutated, candidates including 

hMSH6, hMSHS, PMSl and PMS2. Spontaneous mutations may account for sporadic cases 

with underlying germline mutations accounting for the development of malignancies in 

patients with multiple cancers. Germline mutations in hMSH6 have been shown to give rise 

to an atypical form of HNPCC occurring in older patients (Kolodner et al., 1999). Subgroup 

analysis confirmed that MSI-H multiple cancers that expressed MLHl and MSH2 

presented in older patients than MSI-H cancers that failed to express MLHl or MSH2. 

Although there was no difference in sex or site distribution, this may represent a subgroup 

of malignancies with a different genetic cause.
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Since the family history of patients who developed multiple cancers was unavailable due to 

restrictions placed by the local and regional ethics committee, it is possible that some 

represent undiagnosed cases of HNPCC. For this to be the case paired cancers would both 

be expected to demonstrate MSI-H whilst failing to express the same MMR gene in each. 

Cancers would also be expected to develop in early life. Paired cancers fulfill these criteria 

in 3/17 cases with study patients 19, 67 and 73 also being likely candidates. This would put 

the likely incidence of HNPCC in the paired cancer group at 6/19. Studies looking at 

patients thought to be at high risk of HNPCC but who do not fulfil the Amsterdam criteria 

have identified the incidence of germline mutations at 17% (Syngal et al., 1999). Since all 

patients from the multiple group fulfill the Bethesda criteria this would be compatible with 

data looking at the incidence of hMLHl and HMSH2 germline mutations in Bethesda 

positive cancers that put the incidence of HNPCC at 46% (Terdiman et al., 2001).
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Chapter 6

6.1 Introduction

Although the majority of MSI-H colorectal cancers result from loss of hMLHl or HMSH2 

function (Thibodeau et al., 1996), mutations in genes such as MSH6, PMSl and PMS2, are 

responsible for around 10% of families with HNPCC (Huang et al., 2001). The 5 

microsatellite loci suggested as the most accurate for the identification of MSI in colorectal 

cancer have been devised predominantly to identify malignancies caused mutations of 

HMLHl and HMSH2 (Boland et al., 1998) and cancers caused mutations in other MMR 

genes may be overlooked (Wu et al., 1999). This gives rise to the possibility that 

sporadically occurring MSI-L cancers may involve mutations of “minor” MMR genes, 

although the underlying genetic cause for these tumours remains unclear (Tomlinson et al., 

2002). The Amsterdam criteria are also designed to identify patients with classical HNPCC 

resulting from germline mutations in HMLHl and HMSH2 and have been shown to exclude 

families carrying HMSH6 mutations (Kolodner et al., 1999). The idea that germline 

mutations in MMR genes other than HMLHl or HMSH2 cause a “weak” predisposition to 

the development of colorectal cancer is an attractive one, and could explain the 

development of multiple malignancies demonstrating both MSI-H and MSI-L from the 

same patient.

6.2 Method

Immunohistochemical evaluation of MSH6 expression was performed for 96 multiple and 

85 single cancer samples. Paraffin embedded tissue suitable for immunohistochemistry was
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not available for 38 multiple and 17 single cancers. The MSI status for all of the cancers 

had been previously evaluated (Chapter4).

6.3 Results

MSH6 immunohistochemistry failed to give reproducible results in 10 multiple and 17 

single cancer samples. These patients were excluded from subsequent analysis as were 16 

multiple and 20 single cancer specimens for which adequate instability data was not 

available, leaving a total of 70 multiple and 48 single cancers for analysis (appendices 6 

and 7). An example of normal nuclear expression of the MSH6 protein is shown in Figure 

6.1.

MSI-H was identified in 10/48 (21%) single cancers, 11/48 (23%) demonstrated MSI-L and 

27/48 (56%) were stable. All malignancies showed normal expression of the MSH6 protein 

including the 2 MSI-H samples previously shown to express both the MLHl and MSH2 

protein. MSI-H was seen in 38/70 (54%) multiple cancers, 5 of which failed to express 

MSH6. MSI-L was demonstrated in 17/70 (23%) cancers and MSS in 17/70 (23%), all of 

which continued to express MSH6. Of the 23 MSI-H multiple cancers that also expressed 

MLHl and MSH2, 2 failed to give reproducible inununohistochemistry results, 20 

expressed MSH6 normally and 1 sample failed to express the protein, the paired cancer for 

this patient was unavailable for analysis. In the 4 other MSI-H, multiple cancers that failed 

to express MSH6, 1 also failed to express MLHl and 3 failed to express MSH2. 

Immunohistochemistry data was available for 17 patients with paired cancer samples. In 2 

cases MSH6 expression was lost in lof the cancer samples only (Table 6.1). All other 

paired cancers demonstrated normal MSH6 expression in both samples.
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.Study
Patient
Number Cancer ID MSI Status M LH l MSH2 M SH6

66 High yes no no
19

91* High X X X

29 137 High yes yes no

103 High yes no no
48

104 High yes no yes

36 High yes no yes
74

37 High yes no no

78 35 High no yes no

Table 6.1. Multiple cancers that failed to express the MSH6 protein

(corresponding “paired” cancer are included where available. Yes indicates normal 

expression, no indicates loss of expression of the MMR gene protein. * paraffin embedded 

tissue suitable for immunohistochemistry was unavailable for sample 137)
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6.4 Discussion

Intranuclear MMR proteins interact in a complex manner. MSH proteins are responsible for 

recognising abnormalities in the newly synthesised DNA strand whilst MLH and PMS 

proteins activate subsequent steps in DNA excision and resynthesis (Prolla et al., 1994b;Li 

and Modrich, 1995). MSH2 forms 2 duplexes, one with MSH6 that predominantly 

identifies single base mispairs, the other with MSH3 that identifies short insertions or 

deletions (Johnson et al., 1996). Normal MSH2 function is essential for effective MMR, 

with mutations leading to extensive MSI, however a functional overlap exists between the 

MSH3 and MSH6 protein. Cells deficient in either protein retain some MMR function 

demonstrating a lower level of MSI when compared to MSH2 deficient cells 

(Bhattacharyya et al., 1994;Papadopoulos et al., 1995), although mutations in hMSHS have 

not been sufficient to induce malignant transformation or identified as a cause of 

malignancy in clinical practice (Hinz and Meuth, 1999;Huang et al., 2001). Since the 

HMLHl, HMSH2, and PMS2 genes are essential for MMR function, germline mutations 

give rise to “classical” HNPCC that fulfills the Amsterdam criteria with MSI-H being 

demonstrating 90% of cancers. Mutations in other MMR genes may cause an attenuated 

form of HNPCC, which is not sufficiently obvious for the genetic predisposition to be 

identified. This may be particularly relevant in the group of patients used in this study who 

were gathered from district general hospitals, rather than specialized genetic clinics, where 

such a diagnosis may have been overlooked.

The most likely gene to account for this would be HMSH6 (Bhattacharyya et al., 1994). 

Patients with germline mutations have been shown to demonstrate an atypical form of 

HNPCC, developing their cancers at a latter age than those with HMLHl or HMSH2
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mutations (Miyaki et al., 1997;Akiyama et al., 1997b). Those with a strong family history 

of colorectal cancer who failed to fulfill the Amsterdam criteria, presenting with a median 

age of 61 years, have hMSH6 mutations in 7% of cases (Kolodner et al., 1999). Studies in 

hMSH6 knockout mice have demonstrated the development of tumours that do not 

demonstrate MSI (Edelmann et al., 1997) and 22% of patients fulfilling the Amsterdam 

criteria but demonstrating MSI-L cancers have germline mutations of hMSH6 (Wu et al., 

1999), leading to the estimate that 1.4% of all colorectal cancers are caused by hMSH6 

mutations (Kolodner et al., 1999). However despite the presence of hMSH6 polymorphisms 

in 40% of MSI-L sporadic cancers not pathological lesion was identifies (Parc et al., 2000). 

The ability of hMSH6 mutations to cause both MSI-H and MSI-L cancers, could explain 

the finding that 18 patients with paired cancers demonstrated MSI-L in one or both of their 

malignancies (Chapter 4), however none of these patients showed loss of MSH6 

expression. Furthermore, MSH6 expression was not lost in any malignancies from the 

single cancer group, even those that had previously been shown to express both MLHl and 

MSH2 suggesting that hMSH6 mutations are not important in the development of 

sporadically occurring, single colorectal cancers.

It has been suggested that MSI-H cancers that demonstrate instability only at 

mononucleotide repeat, show a predominantly left sided distribution when compared to 

those that also demonstrate dinucleotide instability. Mutations in the hMSH6 predominantly 

cause mononucleotide instability in vitro, and may be important in the genesis of this group 

of cancers (Verma et al., 1999). Samples used in this study demonstrated a high level of 

instability in mononucleotide repeats alone, with 42.3% of MSI-H multiple cancers 

showing MSI only in Bat25, Bat26 or Bat40 (Chapter 4) although loss of MSH6 expression
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was rare. Of the 23 MSI-H multiple cancers that expressed both MLHl and MSH2 

proteins, over 2/3 originated distal to the splenic flexure and present later than MSI-H 

cancers that failed to express either MLHl or MSH2 (Chapter 5). Although this would be 

compatible with the presence of inherited hMSH6 mutations leading to the development of 

a distinct subgroup of malignancy, only 1 of these cancers failed to express MSH6, the 

others demonstrating normal expression. Loss of MSH6 expression in this case may 

represent a causative genetic mutation, although the “paired” cancer was not available for 

formal analysis.

All of the other MSI-H cancers that failed to express MSH6 also failed to express either 

MLHl or MSH2. This may be explained by a secondary hMSH6 mutation caused by 

instability in the intragenic mononucleotide Cg repeat region caused by the pre-existing loss 

of hMLHl or HMSH2 function. This is supported by the observation that MSH6 expression 

was only lost in 1 of the “paired” cancers, although MSH2 expression was lost in both 

tumours. Secondary HMSH6 mutations may represent a significant step in tumourogenesis, 

leading to a further reduction in MMR function and accelerated tumour progression. DNA 

analysis of the intragenic Cg region would help to evaluate the cause of MSH6 expression 

loss in these cancers. Importantly MSH6 expression was not lost in any MSI-L or MSS 

cancer from the multiple group suggesting that it does not play a significant role in the 

development of these cancers

Although immunohistochemistry has been shown to accurately identify HMSH6 mutations 

(de Leeuw et al., 2000), it is possible that truncation mutations lead to the expression of a 

non functioning protein that continues to react with the an antibody causing a false positive
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result, however such mutations are uncommon (Wu et al., 1999;Verma et al., 1999). 

Although sequencing the hMSH6 gene would be required to completely exclude the 

possibility that mutations have been missed, it seems highly unlikely based on the low 

incidence of loss of protein expression.
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Chapter 7

7.1 Introduction

The function of a gene may be altered by the development of mutations within its primary 

DNA sequence or by alteration of expression brought about by an epigenetic change. A 

typical example of an epigenetic phenomenon is DNA méthylation, in which a methyl- 

group is added to cytosine bases, leading to loss of gene expression without an underlying 

change to the DNA structure. Cytosine bases that undergo méthylation are specifically 

found in “CpG islands” within the promoter region of a gene. Méthylation of the hMLHl 

promoter region has been implicated in the development in the majority of MSI-H sporadic 

colorectal cancers but is rarely identified in cases of HNPCC (Herman et al., 1998;Wheeler 

et al., 2000;Potocnik et al., 2001;Yamamoto et al., 2002). The hMSHl promoter region is 

not susceptible to méthylation. The underlying cellular cause of méthylation remains 

unclear, however the idea that a distinct subgroup of cancers that demonstrate a “methylator 

phenotype” predisposing to méthylation of a variety of different genes has been suggested 

(Toyota et al., 2000).

7.2 Method

Méthylation analysis was performed on 74 multiple cancer specimens, 58 MSI-H, 5 MSI-L 

and 2 MSS. Instability data was inadequate loci for 9 of the MSI-H cancers; these were 

excluded form further analysis. Méthylation analysis was also performed on 41 single 

cancers, including all of the MSI-H samples and a randomly selected group MSI-L and 

MSS samples. Ten single cancers were excluded from further analysis since instability data 

was not inadequate.
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7.3 Results

An example of méthylation specific PCR results is shown in figure 7.1. An adequate PCR 

product was not obtained for analysis in 4 single cancer samples (2 MSI-H and 2 MSS) and 

19 MSI-H multiple cancers. Méthylation of the hMLHl promoter region was present in 5/8 

MSI-H, and 1/19 MSI-L/MSS single cancers. MLHl expression was lost in 3/8 of the MSI- 

H and 0/17 of the MSI-L/MSS cancers, immunohistochemistry results being unavailable 

for 2 MSI-L/MSS samples. Both MSI-H cancers that continued to express MLHl and 

MSH2 demonstrated méthylation. Méthylation was demonstrated in 4/7 MSI-L/MSS and 

20/40 MSI-H multiple cancers. Of the 23 MSI-H cancers that expressed MLHl and MSH2, 

MSPCR failed in 11 cases, in 3 the HMLHl promoter region demonstrated méthylation and 

in 9 cases méthylation was absent (Table 7.1).

When all MSI-H cancers were considered as a single group they presented at a similar age 

(mean 70.8 years, SD 11.0), to the MSI-L/ MSS control group (mean 68.0 years, SD 12.3), 

(t-test, p = 0.3, Cl -8.4 to 2.9). The sex distribution was also comparable with 25/48 

females in the MSI-H group compared to 10/26 in the control group, {j? = 0.7, p = 0.4) and 

although there were fewer right sided cancers in the control group 7/26, compare to the 

MSI-H group 22/48 this did not reach statistical significance, (x̂  = 1.7, p = 0.2). 

Méthylation was more commonly seen in MSI-H cancers 25/48 than in MSI-L/MSS 

cancers 5/26, (x^= 6.2, p = 0.01).
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Figure 7.1. A 2% agarose gel o f M éthylation specific PCR products for the

hM LH l prom oter region

The m ethylated cancer sam ple dem onstrates a strong product band with prim ers 

designed to am plify m ethylated DNA (M) and unm ethylated DNA (U) due to the 

heterogeneous nature o f  the DNA extracted which includes cancer and non 

cancer tissue. The unm ethylated cancer shows a strong product band with the 

unm ethylated prim er (U) but not with the m ethylated prim er (M). Prim er bands 

are dem onstrated in both tracts in the control sample.
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MLHl Expression Site o f Lesion Sex Median

Yes No Unknown
Right
Sided Left Sided Unknown Male Female

Age
(Range)

MShH
Methylated 5

1
9 6 10 10 0 1 13 74

(53-84)

Multiple
Cancers

Unmethylated 13 4 3 6 14 0 14 6 64
(40-84)

cancers
MSI-

UMSS
Cancers

Methylated 2 2 0 2 2 0 3 1 71.5
(59-75)

Unmethylated 1 1 1 1 2 0 1 2 66
(66-68)

MSI-H
Methylated 2 3 0 3 1 1 1 4 84

(68-89)

Single
Cancers

Unmethylated 0 3 0 3 0 0 1 2 71
(69-80)

cancers
MSI-

UMSS
Cancers

Methylated 1 0 0 1 0 0 1 0 49

Unmethylated 16 0 2 3 15 0 11 7 69
(38-89)

Table 7.1. Méthylation data for single and multiple cancers
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Methylated MSI-H cancers presented in older patients (mean 74.8 years, SD 8.3) than 

unmethylated MSI-H cancers (mean 66.3 years, SD 12.1), (t-test, p < 0.01, Cl 14.7 to 6.5), 

and were more likely to be from female patients 17/25 compared to 8/23, (jĉ  = 5.2, p = 

0.02) Data for MLHl expression was available for 19 methylated and 20 unmethylated 

MSI-H cancers, with no significant difference in the incidence of loss of hMLHl 

expression between the methylated (12/19) and unmethylated (7/20) cancers being seen (%̂ 

= 2.0, p= 0.15). There was no difference in the distribution of MSI-H malignancies, 

methylated cancers being identified in the right side of the colon in 13/24 cases compared 

to 9/23 unmethylated cancers, (x̂  = 0.5, p= 0.5), the site of 1 cancer being unavailable 

(Figure 7.2).

Méthylation data was available for 8 patients with paired cancers (1 patient having 3 

synchronous cancers) (Table 7.2). One patient demonstrated MSI-H in conjunction with 

loss of MLHl expression and promoter region méthylation in both cancers (study patient 

43). Another demonstrated MSI-H in conjunction with loss of MLHl expression in the 

absence of méthylation in both cancers (study patient 67). One patient with paired MSI-H 

cancers that did not express MSH2 also failed to demonstrate HMLHl méthylation (study 

patient 74). The remaining cancer pairs failed to demonstrate any consistent pattern of MSI 

status and HMLHl méthylation (Table 7.2).
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Figure 7.2 Data comparing methylated and unmethylated MSI-H cancers
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Study Patient 
Number Cancer ID MSI Status

MLHl
Expression

MSH2
Expression Méthylation

19
66

91*

MSI-H

MSI-H

yes

X

no

X

yes

no

20
118* MSI-H X X yes

127 MSI-H yes yes no

30
121 MSI-H no yes yes

122 MSI-H yes yes no

43
38 MSI-H no yes yes

39 MSI-H no yes yes
84 MSI-H yes yes yes

46 85 MSI-H yes yes no

86 MSI-H yes yes no

67
69 MSI-L no yes no

70 MSI-H no yes no

74
36 MSI-H yes no no

37 MSI-H yes no no

89
93 MSI-H yes yes yes

105 MSS no yes yes

Table 7.2. Méthylation data for ‘paired” multiple cancers
(* tissue suitable for immunohistochemical analysis was unavailable for cancer specimen

91 and 118)
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7.4 Discussion

Méthylation of the MLHl promoter region is significantly more common in MSI-H cancers 

than the MSI-L/MSS control group. Although the age, sex distribution and location of the 

cancers in the control group and was comparable to the MSI-H group, they were drawn 

predominantly from patients who developed a single colorectal cancer rather than those 

who developed multiple disease. This may not accurately reflect the incidence of hMLHl 

méthylation in MSI-L/MSS malignancies from multiple cancer patients. A high proportion 

of the few MSI-L/MSS multiple cancers analysed demonstrated méthylation, suggesting 

that a new control group including more multiple malignancies should be used. However 

the incidence of méthylation for the control group was comparable with published data 

putting “background” méthylation in MSI-L/MSS cancers at 15% (Herman et al., 1998), 

implying that our control group accurately reflects sporadic cancer data.

Although the majority of methylated MSI-H cancers demonstrate loss of gene expression, a 

significant proportion continues to express the MLHl protein. This may result from the 

highly sensitive nature of the bisulphite conversion reaction that can identify CpG 

méthylation with a resolution of 1 in 1000 bases. Heterogeneous cancers, in which only a 

few cells demonstrate méthylation would therefore be incorrectly classified. Alternatively 

the HMLHl promoter region may only be methylated on a single allele, known as 

hemimethylation. Following MSPCR such a malignancy may demonstrate a product 

consistent with the presence of méthylation and be incorrectly classified since gene 

expression should not be affected since the second allele would be functioning normally. 

Recent evidence suggests that although the HMLHl promoter region undergoes méthylation 

throughout its length, a specific site regulates gene expression. Méthylation of the CpG
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islands that lie between 248 and 178 bases to the 5 prime side of the ATG start codon 

appears essential for transcriptional silencing to occur (Deng et al., 1999). Déméthylation 

of this region with 5-aza-2' deoxycytidine induces gene re-expression. A study splitting the 

MLHl promoter region into 5 distinct sections has demonstrated the presence of 

méthylation in 34.8% of MSI negative cancers (Miyakura et al., 2001). Further analysis 

revealed this to be confined to CpG islands located between bases 755 and 574. The 

méthylation specific primers used in these experiments amplified the promoter region 

closely related to this region (between bases 721 and 598) (appendix 5). MSI-H, methylated 

cancers that continue to express the hMLHl protein may therefore represent partial 

méthylation of the gene that does not cause transcriptional silencing. Further analysis of the 

region between bases 248 and 178 as described by Deng et al (1999) should be undertaken 

to evaluate this finding more completely.

Recent work has suggested that méthylation occurs predominantly in elderly, female 

patients and is seen in MSI-H cancers from the proximal colon (Malkhosyan et al., 

2000;Elsaleh H et al., 2001). The explanation for this is unclear however a relationship 

between exposure to oestrogens and the development of MSI-H colorectal cancer has been 

demonstrated in one population based study (Slattery et al., 2001), with increased parity, 

the use of the oral contraceptive pill and hormone replacement therapy reducing the 

incidence of MSI-H cancers in older women. Our data confirms a link between méthylation 

and elderly, female patients however no difference could be established between the site of 

methylated and unmethylated cancers. This may reflect our choice of méthylation specific 

primers, leading to the inclusion of partially methylated cancers within the group. Partially 

methylated cancers have been shown to be evenly distributed throughout the colon whereas
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“fully” methylated cancers occur predominantly within the proximal colon (Miyakura et al., 

2001). Re-analysis of our samples to include the entire hMLHl promoter region should be 

performed to investigate this theory.

Patients developing a variety of early onset, multiple or sporadic MSI-H colorectal cancer 

have been shown to demonstrate loss of hMLHl expression five times more frequently than 

loss of HMSH2 expression (Cawkwell et al., 1999). The cause of the discrepancy has been 

attributed to the role of HMLHl promoter region méthylation which may be detected in 70- 

84% of sporadically occurring MSI-H colorectal cancer (Herman et al., 1998;Wheeler et 

al., 2000). If méthylation is the principle genetic cause for the development of sporadic 

MSI-H cancers, the HMSH2 gene, whose promoter region is not susceptible to méthylation, 

will only be involved when acquired somatic mutations occur (Potocnik et al., 2001). This 

contrasts with HNPCC in which mutations of both HMLHl and HMSH2 play equally 

important roles (Peltomaki and Vasen, 1997). Méthylation of the HMLHl promoter region 

does not play a significant role in the development of HNPCC and can be identified in 

between 0-17% of cases, inactivation of the “normal” allele being caused by a somatic 

mutation (Wheeler et al., 2000;Potocnik et al., 2001). Although the presence of méthylation 

does not exclude the possibility that these malignancies are from patients with HNPCC, it 

constitutes strong evidence to the contrary (Yamamoto et al., 2002). Two patients with 

paired MSI-H cancers that did not express MSH2 or MLHl also failed to demonstrate 

méthylation and probably have HNPCC. One patient in whom paired cancers failed to 

express MLHl but demonstrated promoter region méthylation may reflect the development 

of 2 sporadic MSI-H cancers rather than HNPCC. The remaining patients demonstrated
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different patterns of MSI status, méthylation and gene expression between cancers, 

suggesting one single underlying genetic abnormality is not responsible.
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Chapter 8

8.1 Introduction

Immunohistochemistiy can be used as a marker to identify genetic mutations which may 

either lead to the failure of gene protein expression as seen in the case of hMLHl and 

HMSH2 or cause the prolonged expression of an otherwise unstable protein such as p53. 

Although immunohistochemistry reflects an underlying genetic mutation with a high 

degree of sensitivity and specificity, inaccuracies may occur. Particularly important is the 

potential for the antibody used to react with a truncated, non-functioning protein or even 

with an epitope unrelated to the protein of interest, leading to false positive results. 

Although the use of highly specific monoclonal antibodies reduces the incidence of these 

problems it is important to ensure that cross reactivity is not a significant factor when 

interpreting results. Analysis of the primary DNA structure of a gene should be undertaken 

to verify the immunohistochemical findings whenever possible. Even this is not without 

potential pitfalls and the identification of a DNA “mutation” in the presence of normal 

genetic expression may reflect a benign polymorphism, which can only be fully evaluated 

genetic sequencing.

8.2 Method

Analysis of all 19 HMLHl and 16 HMSH2 exons was performed for 10 cancer samples that 

failed to express MSH2, 10 that failed to express MLHl in the absence of promoter region 

méthylation and 11 MSI-H cancers that expressed both MLHl and MSH2 proteins. 

Analysis was performed by PCR and SSCP, the primers and annealing temperatures used 

for the HMLHl gene are given in appendix 3 and for the HMSH2 gene in appendix 4.
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8,3 Results

Analysis of hMSH2 exons in cancers that failed to express MSH2 was unsuccessful in 2 

cases, the PCR product being inadequate for SSCP. From the remaining 8 samples, 5 

demonstrated DNA variants, (Figures 8.1 to 8.4). Study patient 48, demonstrated MSI-H 

and loss of hMSH2 expression in both cancers with variant DNA in exon 5 in one sample 

and exon 3 in the other. Study patient 74 who also demonstrated MSI-H and loss of hMSH2 

expression in paired cancers, variant DNA being identified in exon 5 for one cancer with no 

variant seen in the other (Table 8.1).

Variant DNA was not detected in any hMLHl or HMSH2 exons for the 9 MSI-H and 1 

MSI-L cancer samples that failed to express MLHl in the absence of HMLHl méthylation 

(Table 8.2). Variant DNA was not identified in either gene for any of the 11 MSI-H cancers 

that continued to express MLHl or MSH2. 6 of which demonstrated HMLHl promoter 

region méthylation, (Table 8.3).
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Figure 8.1. SSCP dem onstrating variant DNA  

in HMSH2 exon 5.
(Sam ples 036 and 103)
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Figure 8.2. SSCP dem onstrating variant 
DNA in hMSH2 exon 12.

(Sam ples 008)

155



Figure 8.3. SSCP dem onstrating variant 
DNA in hMSH2 exon 13.

(Sam ples 119)
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Figure 8.4. SSCP dem onstrating variant 
DNA in hMSH2 exon 3.

(Sam ples 104)
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Study Patient 
Number Cancer ID MSI Status hMLHl

Expression
HMSH2

Expression
HMSH2 Exon 

Analysis

16 098 stable yes no no variant

19 066 high yes no F

42 119 high yes no variant exon 
13

48
103 high yes no variant exon 5

104 high yes no variant exon 3

70 008 high yes no variant exon 
12

74

036 high yes no variant exon 5

037 high yes no no variant

Single cancer 039 high yes no F

Single cancer 032 stable yes no no variant

Table 8.1.

Mutational analysis of cancers that failed to express the hM S H 2  gene

(F denotes failed PCR)
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Study Patient 
Number Cancer ID MSI Status hMLHl

Expression
HMSH2

Expression
HMLHl Exon 

Analysis

13 032 high no yes no variant

28 140 high no yes no variant

069 Low no yes no variant
67

070 high no yes no variant

115 high no yes no variant
73

136 high no yes no variant

76 026 high no yes no variant

Single cancer 070 high no yes no variant

Single cancer 071 high no yes no variant

Single cancer 094 high no yes no variant

Table 8.2.

Mutational analysis for unmethylated cancers that failed to express the h M L H l  gene
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Study patient 
number Cancer ID MSI Status

HMLHl
Expression

HMSH2
Expression

HMLHl
MetHylation

HMLHl/ 
HMSH2 Exon 

Analysis

8 3 high yes yes no no variant

15 46 high yes yes yes no variant

24 67 high yes yes no no variant

46 84 high yes yes yes no variant

89 93 high yes yes yes no variant

41 109 high yes yes yes no variant

30 122 high yes yes no no variant

20 127 high yes yes no no variant

29 133 high yes yes no no variant

Single cancer 21 high yes yes yes no variant

Single cancer 64 high yes yes yes no variant

Table 8.3.

Mutational analysis of MSI-H cancers that continue to express h M L H l  and HM SH2

gene proteins
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8.4 Discussion

The majority of hMSH2 mutations detected in HNPCC lead to the production of a truncated 

gene protein and are scattered throughout the gene with no distinct “mutational hotspot” 

(Wijnen et al., 1995). Analysis of HNPCC families from Holland and Norway has 

demonstrated that 24% of Amsterdam criteria positive cancers have hMSH2 mutations, 

6.5% being caused by genomic deletions and 17% by point mutations (Wijnen et al., 1998). 

Detecting variant DNA in 5/8 MSI-H cancers that fail to express hMSH2 is greater than 

quoted in previously published HNPCC data, and given that the sensitivity of SSCP is less 

than 100% would be consistent with the hypothesis that mutations were present in all of the 

samples. The paired MSI-H cancers that failed to express hMSH2 from patient 48 and 74 

are likely to have been caused by germline mutations in the hMSH2 gene since both 

tumours shared similar genetic characteristics and occurred at a relatively young age. The 

presence of DNA variants in different exons in the samples from patient 48 does not 

exclude this possibility since somatic or “second hit” mutations may be detected and may 

not occur in the same exon for both cancers. In the case of study patient 74 the failure to 

demonstrate variant DNA in one of the cancers also does not exclude the diagnosis of a 

germline mutation. Owing to the limited sensitivity of SSCP this mutation may simply not 

have been identified. Identification of a DNA variant by SSCP analysis does not 

definitively confirm the presence of a pathological mutation and may be indicative of a 

normal polymorphism. However, the absence of protein expression in conjunction with an 

SSCP detected abnormality is strong evidence that a functional mutation exists. Sequencing 

the PCR product would exclude a polymorphism and should be able to confirm the 

presence of an underlying germline mutation in paired cancer samples.
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Mutations of the hMLHl gene have been detected in 35% of HNPCC patients. Of these a 

“hot spot” region encompassing exons 15 and 16, account for up to 50% of all recorded 

mutations, although this falls to 20% when mutations from unrelated families are 

considered (Wijnen et al., 1996), giving rise to protein truncation in over 70% of cases. The 

failure to identify any DNA variants in the HMLHl exons for MSI-H cancers that failed to 

express MLHl in the absence of promoter region méthylation is of concern. Three possible 

explanations may account for this finding; firstly the immunohistochemistry result might be 

incorrect however this seems unlikely. Antibody binding was assessed using both internal 

and external controls with slides giving questionable results being discarded from further 

analysis. Alternatively samples may represent a failure to identify méthylation of the 

HMLHl promoter region rather than a failure to detect HMLHl mutations. Potocnik et al 

(2001) demonstrated that 83% of MSI-H cancers without germline mutations of the MMR 

genes demonstrate méthylation of the HMLHl promoter region, somatic mutation being 

seen mainly in the HMSH2 gene. If these cancers represent sporadically occurring 

malignancies rather than cases of HNPCC it would be unlikely that many somatic HMLHl 

mutations exist, and would be concordant with the finding that the majority of the DNA 

variants detected were found within HMSH2 exons. A third possible explanation is that 

HMLHl mutations have simply not been detected by SSCP. The sensitivity of SSCP is 

between 70-95% when detecting mutations using PCR products of 200 bases or less, falling 

to around 50% if the size of the PCR product is greater than 400 bases long (Grompe, 

1993). The mean length of the MLHl exons analysed was 237 bases and the MSH2 exons 

239 bases, suggesting that SSCP should identify over 2/3 of the mutations present. Due to 

the fragmented nature of the DNA extracted from paraffin embedded tissue the larger 

exons, MLHl exon 12 and MSH2 exon 3 proved difficult to amplify and primers were
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designed to divide them into 2 smaller sections thereby a PCR product was produced. It 

seems unlikely that the PCR reaction itself was defective, the primers used had previously 

been published (Wijnen et al., 1996), annealing temperatures were calculated to produce 

the best PCR product and SSCP temperatures designed to give maximal separation of the 

DNA in each case. However since only genomic DNA was investigated large deletions or 

splice site mutations may be missed and sequencing should be performed on PCR products 

for each primer set to ensure the target sequence has been amplified.

Failure to identify mutations within either the hMLHl or HMSH2 genes in MSI-H cancers 

that demonstrate expression of both proteins supports the immunohistochemical findings. It 

is unlikely that abnormalities in either gene are responsible for the development of these 

MSI-H cancers. Méthylation of the HMLHl promoter region acts by transcriptional 

silencing and should lead to the complete loss of protein expression however, the continued 

expression of HMLHl in the presence of promoter region méthylation may represent partial 

méthylation which does not cause transcriptional silencing (Miyakura et al., 2001) (Chapter 

7). Such findings are consistent with the hypothesis that mutation of a “minor” MMR gene 

may contribute to the development of these malignancies, causing MSI-H in the absence of 

HMLHl or HMSH2 mutations.
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CHAPTER 9 

CONCLUSIONS
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Chapter 9

The multiple cancers used in this study were obtained from patients treated in 12 district 

general hospitals throughout the southeast of England and were not identified through 

clinics specifically treating patients suspected of having an inherited cancer syndrome. All 

patients fulfil the Bethesda criteria for MSI testing and represent a cross section of the 

population who develop multiple colorectal cancers. The family history of these patients 

was unavailable for analysis owing to restrictions imposed by the regional ethics 

committee. This limits the conclusions that can be drawn from the study, however since 

over 90% of colorectal cancers from patients with HNPCC demonstrate MSI-H, the 

majority being caused by germline mutations of the hMLHl and HMSH2 genes, analysing 

these aspects of the cancer should enable the incidence of HNPCC in the study group to be 

estimated.

The incidence of MSI-H within the control group of patients who developed a single 

colorectal cancer (13%) is in-keeping with other published data. However MSI-H was 

identified in 53% of malignancies from patients who developed multiple primary cancers 

and is slightly higher than data evaluating patients with multiple cancers which excluded 

those fulfilling the Amsterdam criteria (33-42%) (Brown et al., 1998;Masubuchi et al., 

1999). There was no difference in the incidence of MSI-H between the metachronous and 

synchronous group also confirming the findings of others (Pedroni et al., 1999). The 

increased incidence of cancers that demonstrate MSI-H in those developing multiple 

primary cancers may result from an underlying genetic predisposition to develop tumours 

that follow the “mutator” pathway towards malignancy such as HNPCC or may reflect the
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influence of mutations of MMR repair genes other than the two predominatly mutated 

genes in this syndrome, hMLHl and HMSH2, giving rise to an “attenuated” form of 

HNPCC. Alternatively it may be related to the improved prognosis associated with MSI-H 

cancers. Patients who developed MSI-H cancers may have a prolonged survival and 

therefore live a sufficient length of time to develop further malignancy. Although the 

pathological stage of the cancers was not available for analysis, it seems unlikely that 

improved prognosis could explain this finding since the incidence of MSI-H detected in 

“second” cancers from the metachronous group and synchronous cancers was similar to 

that seen in the “index” cancer cancers from the metachronous group.

The most valuable malignancies available to understand the underlying genetic mechanism 

of the development of multiple cancers, were those in which 2 or more cancers were 

available from a single patient. Those likely to have a germline mutation in MMR genes 

would be expected to demonstrate MSI-H in both tumours; patients with MSI-L and MSS 

cancers can probably be safely excluded (Terdiman et al., 2001). Since only 25% of paired 

cancers showed MSI-H in both tumours, it is unlikely that the incidence of HNPCC is 

higher than this. In addition paired cancers with a common germline mutation should 

demonstrate comparable genetic abnormalities. Of the 19 paired cancers for which 

inununohistochemistry data was available 6 were potential candidates for HNPCC. 

Furhtermore, patients with paired cancers in which only 1 demonstrated MSI-H were 

significantly older at presentation than those in whom both cancers demonstrated MSI-H in 

conjunction with loss of MMR expression, suggesting that the former group simply 

represent patients who developed sporadic MSI-H cancer, probably via different genetic 

pathways such as HMLHl promoter region méthylation.
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Explanation of the high incidence of MSI-H multiple cancers continued to express both 

MLHl and MSH2 (53%) is problematic. If experimental error is discounted as a potential 

cause, the possibility remains that mutations in alternative MMR genes such as, hMSH6 

hMSH3 or hPMSl may be responsible. Although the most likely gene to account for this, 

based on previously published work, is hMSH6 (Rodriguez-Bigas et al., 1997;Miyaki et al., 

1997;Akiyama et al., 1997b), only 1 such cancer failed to express MSH6 in isolation, the 

remaining malignancies expressing the protein normally. The 4 other malignancies that 

failed to express MSH6 also failed to express one of the other MMR genes raising the 

possibility that loss of hMSH6 mutation is a secondary phenomenon occurring in a cell with 

pre-existing MMR deficiency. In addition MSH6 was expressed in all single cancers and all 

MSI-L or MSS from the multiple group suggesting that it does not play a significant role in 

the development of these cancers. Another explanation for MSI-H cancers that express 

MLHl and MSH2 may be that truncation mutations exist leading to the expression of a 

non-functioning protein which continues to bind to the antibody, however mutational 

analysis failed to demonstrate any such mutations.

Méthylation of the hMLHl promoter region appears to be uncommon in cases of HNPCC 

but prevalent in MSI-H sporadic cancers (Wheeler et al., 2000;Potocnik et al., 

2001;Yamamoto et al., 2002). The absence of identifiable HMLHl mutations in conjunction 

with the high incidence of HMLHl promoter region méthylation in MSI-H multiple cancers 

would be compatible with the hypothesis that many of these cancers are sporadically 

occurring and not due to an underlying germline mutation. However the low level of 

méthylation detected in the MSI-H cancers that express HMLHl and HMSH2 equates to
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background levels of méthylation previously published (Herman et al., 1998) and may 

reflect partial méthylation of the promoter region that is not associated with transcriptional 

silencing (Miyakura et al., 2001), further analysis of the hMLHl promoter region would be 

required to fully evaluate this.

Based on this data around a quarter of patients who developed multiple colorectal cancers 

may represent cases of HNPCC requiring further evaluation. The majority of patients 

however are not, having cancers, which demonstrate a variety of genetic mutations. 

However, irrespective of the underlying genetic cause, the high incidence of MSI-H cancers 

in patients who develop multiple cancers may have a role in identifying those at risk from 

developing metachronous disease. Since the majority of MSI-H cancers in the population 

occur proximal to the splenic flexure and are associated with the development of a single, 

sporadically occurring malignancy, the identification of an MSI-H cancer in this position 

will not accurately predict those at risk. However MSI-H cancers rarely occur distal to the 

splenic flexure in those who develop a single malignancy, but are commonly detected in 

patients with multiple colorectal cancers. Identifying MSI-H in a cancer distal to the splenic 

flexure accurately predicts the development of metachronous cancers and in spite of the 

low sensitivity could be an accurate way of identifying a small but important number of 

patients who might benefit from further genetic analysis and intensive, long term follow up.
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Appendix 1 

Chemical Solutions

197



DNA extraction

DNA extraction buffer 

lOmM Tris-HCL pH 7.5 

ImM EDTA

1% SDS

Polymerase chain reaction

PCR reagents

Component Concentration/Quantity per Reaction

Autoclaved, deionised H2O 

Taq
(HT Biotechnology) 

Forward Primer 

Reverse Primer 

lO x d ^  
(Pharmacia)

lOx Taq Buffer 

(HT Biotechnology)

DNA

1 unit

25pmoles

25pmoles

0.2mM

10mMTris-HClpH9 

l.SmM MgCh 

50mM KCL 

0.1% Triton X-100 

0.01% (w/v) stabiliser 

Variable (depending on quality of 

extracted DNA)
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Agarose gel

Tris-borate-EDTA (THE)

0.089M Tris

0.089M Orthoboric Acid

0.002M Ethylenediaminetetraacetic Acid(EDTA)

Agarose Gel Loading Dye 

0.25% Bromophenol Blue

0.25% Xylene Cyanol FF

40% Sucrose in H2O

Single stranded conformational polymorphism

SSCP Loading Dye

50pl Agarose gel loading dye

1ml Formamide

Polyacrylamide Gel (ExcelGel)

Stacking Gel (33mm) T=6%, C=3%

Separating Gel (77mm) T=12.5%, C=2%
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Anode Buffer Strip (ExcelGel) 

0.45mol/l Tris/Acetate

4g/l

0.05g/l

SDS

Orange G

Cathode Buffer Strip (ExcelGel) 

0.08mol/l Tris

0.8mol/l Tricine

6g/l SDS

Silver staining

Reagents for Silver Staining SSCP Gels

Reagent Composition

Fixing Solution (x5) Benzene sulphonic acid; 3% in 24% w/v

ethanol

Staining Solution (x5) Silver nitrate 1% w/v

Benzene sulphonic acid 0.35%

Sodium Carbonate Solution (x5) Sodium Carbonate 12.5% w/v

Formaldehyde 37% Formaldehyde 37% w/v in H2O

Sodium Thiosulphate 2% Sodium Thiosulphate 2% w/v

Stopping and Preserving Solution (x5) Acetic Acid 5% v/v

Sodium acetate 25%w/v

Glycerol 50% v/v
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Reagent Preparation

Working Reagent Supplied Reagent Components Added to 

Make Up Working 

Reagent

Fixing Solution 

Staining Solution 

Developing Solution

lOOmls 24% ethanol 

lOOmls H2O

Stopping and Preserving 

Solution

Water for Washing

25mls Fixing solution (x5)

25mls Staining Solution (x5)

25mls Sodium Carbonate (x5) lOOmls H2O 

125pl Sodium Thiosulphate 

125pl Formaldehyde

25mls Stopping and lOOmls H2O 

preserving solution (x5)

>125mls

N.B. Sodium Thiosulphite and Formaldehyde were added to the developing solution as 

close to the onset of step 3 as possible since they are both compounds are unstable when 

exposed to light

Hoefer® Automised Gel Stainer ProtocoliDNA Silver Stain

Step Solution IN-Port OUT-Port Processing Time

1 Hxing Solution 1 8 30min

2 Silver Staining Solution 3 9 30min

3 Water (washing) 0 7 Imin

4 Developing Solution 4 8 8min

5 Stopping and Preserving 

Solution

5 7 30min
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Bisulphite conversion

3M Sodium Bisulphite

3.77gm sodium bisulphite (Sigma) in 10ml distilled deionised water 

Adjust to pH 5 with the addition of 200pl of lOM sodium hydroxide.

lOmM Hydroquinone

1 Img Hydroquinone (Sigma) in lOmls H2O.
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Microsatellite Primers
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Primer sequences were previously published (Dietmaier et al., 1997). All sequences are 

given in the 5’ to 3’ direction

BAT25

Site

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

Intron KTT oncogene (4ql2) 

TCGCCTCCAAGAATGTAAGT

TCTGCATTTTAACTATGCTC

90 bp

50°c

15°c

BAT26

Site

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

Intron 5 MSH2 (2pl6) 

TGACTACTTTTGACTTCAGCC

AACCATTCAACATTTTTAACCC

80-100 bp

50°c

15°c
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BAT40

Site

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

Intron HSD3B1 (lpl3.1)

ATTAACTTCCTACACCACAAC

GTAGAGCAAGACCACCTTG

80-100 bp

45°c

15°c

D2S123 (AFM093) 

Site

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

2pl6

AAACAGGATGCCTGCCTTTA

GGACTTTCCACCTATGGGAC

197-227 bp

50°c

50°c

D5S346 {APQ 

Site

Forward primer 

Reverse primer 

Product size 

Aimealing temperature 

SSCP temperature

5q21-5q22

ACTCACTCTAGTGATAAATCG

AGCAGATAAGACAGTATTACTAGTT

96-122 bp

55°c

15°c
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D17S250(M/</75CA)

Site

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

17qll.2-17ql2

GGAAGAATCAAATAGACAAT

GCTGGCCATATATATATTTAAACC

150 bp

55°c

15°c
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hMLHl Primers
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Primer sequences were previously published (Wijnen et al., 1996), except for exon 12 for 

which primers were designed to ensure smaller PCR products were produced. All 

sequences are given in the 5’ to 3’ direction

Exon 1

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

AGACGTTTCCTTGGCTCTTC

CCGTTAAGTCGTAGCCCTTA

257 bp

55°c

5°c

Exon 2

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

TTTTCTGTTTGATTTGCCAG

CGCACAAACATCCTGCTACT

210 bp

50°c

5°c

Exon 3

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperture

TGGAAAAATGAGTAACATGATT

CAACAGGAGGATAmTACACA

255 bp

55°c

5°c
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Exon 4

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

TTCCTTTTTCTTTCAGTCTATTT

TGAAATATATATGAGTAAAAGAAGTCAG

207 bp

45°c

5°c

Exon 5

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

TCTCTCTACTGGATATTAATTTGTT

AAGCTTCAACAATTTACTCTCC

214 bp

50°c

5°c

Exon 6

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

CAAGAAAAATCAATCTTCTGTT

ATGACAAATCTCAGAGACCC

223 bp

55°c

5°c

209



Exon 7

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

TCTAGTGTGTGTmTGGCA

AACAAAACCATCCCCCATAA

194 bp

50°c

5°c

Exon 8

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

AATCCTTGTGTCTTCTGCTG

AAAGATTTTTTTATATAGGTTATCG

217 bp

50°c

15°c

Exon 9

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

CAAAAGCTTCAGAATCTCTT

TTTCCCATGTGGTTCTTTTT

233 bp

50°c

15°c

210



Exon 10

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

GGACAGnTTGAACTGAGTTG

GTCTTGGTTGAGGAGTTTGG

227 bp

50°c

5°c

Exon 11

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

AAGGTAATTGTTCTCTCrrATnr

CACAAGTAGCTGGATGAGAA

280 bp

50°c

5°c

Exon 12

Forward primer 1

Reverse primer 1

Product size with primer set 1

Annealing temperature for primer set 1

SSCP temperature for primer set 1

TTAATACAGACTTTGCTACCAG

ATCCTCTGTGACAATGGCCT

245 bp

55°c

15°c
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Forward primer 2 AGGCCAITGTCACAGAGG

Reverse primer 2 ATACAGATAAAGAGTAGCTGTACrr

Size of PCR product with primer set 2 224 bp

Annealing temperature for primer set 2 45°c

SSCP temperature for primer set 2 15°c

Exon 13

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

CTGCACTTCCmTCTTCAT

CCCTATGCATCCCAGGCA

270 bp

55°c

15°c

Exon 14

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

AAGTGGGGTTGGTAGGATTCT

CTCCCTGGACCATTGTTGTAG

232 bp

55°c

5°c
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Exon 15

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

AATTCAGCmTCCTTAAAGTC

AAAnrCAGAAGTGAAAAGGA

200 bp

55°c

5°c

Exon 16

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

CTCCTTCATGTTCTTGCTTC

AGAAGTATAAGAATGGCTGTCA

280 bp

50°c

15°c

Exon 17

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

TTCCCTTGTCCTTTTTCCTG

CATGTACCGAAATGCTTAGTA

222 bp

55°c

15°c
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Exon 18

Forward primer 

Reverse primer 

Product size 

Annealing temperaure 

SSCP temperature

TAAATTCGTACCTAmTGAGG

CTAGCCTGGTCCAGTGTCAT

251 bp

55°c

15°c

Exon 19

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

GGAGGCTTATGACATCTAATG

AAGAACACATCCCACAGTGC

300 bp

55°c

5°c
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Primer sequences were produced by the Imperial cancer research fund based on previously 

published sequences. Alternative primers were designed for exon 3 since it proved difficult 

to amplify. All sequences are given in the 5’ to 3’ direction

Exon 1

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

CTTCAACCAGGAGGTGAGGAGGT

GAAATGAGCCGCGCCACAAG

360 bp

55°c

15°c

Exon 2

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

ATGTAATATCTCAAATCTGTAATGT

ATAAGTAAATTAAAAAGGAAGATAA

226 bp

50°c

10°c
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Exon 3

Forward primer 1 TGTTCAAGAGTTTGTTAAATTTTT

Reverse primer 1 CCTGTCTCTGGCCATCAACT

Size of PCR product with primer set 1 158 bp

Annealing temperature for primer set 1 55°c

SSCP temperature for primer set 1 55°c

Forward primer 2 CAGCTTCCATTGGTGTTGTG 

Revererse primer 2 TGGAATCTCCTCTATCACTAGACT 

Size of PCR product with primer set 2 256 bp

Annealing temperature for primer set 2 40°c

SSCP temperature for primer set 2 15°c

Exon 4

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

TCTTATTCCTTTTCTCATAGTAG

TATTGTAATTCACATTTATAATCC

224 bp

50°c

10°c

217



Exon 5

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

CCAGTGGTATAGAAATCrrCG

AACCATTCAACATTTTTAACCCT

243 bp

55°c

15°c

Exon 6

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

AATGGAGCTTGCCATTCTTTCTA

TGCAGGTTACATAAAACTAACGAA

219 bp

55°c

15°c

Exon?

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

AATATnTACATTAATTCAAGTTAA

ATATATTGTATGAGTTGAAGGAA

283 bp

40°c

15°c
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Exon 8

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

ATTTGTTTGTTTTACTACTTTC

AAATAACTACTGCTTAAATTAA

154 bp

45°c

10°c

Exon 9

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

GGATTTTGTCACTTTGTTCTGTTTG

TTCCAACCTCCAATGACCCATTC

178 bp

50°c

15°c

Exon 10

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

ATACTTTTTCTTTTCTTCTTGATTA

GGTTAAAAATATAATAACGACTTG

209 bp

50°c

15°c
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Exon 11

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

TTAATAAAACTGTTATTTCGATTTG

AGCCAGGTGACATTCAGAACATTAT

168 bp

50°c

15°c

Exon 12

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

TGTGTACATTTTCTGTTTTTATmTA

AAACGTTACCCCCACAAAG

317 bp

45°c

15°c

Exon 13

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

AAACTTGCTTTCTGATATAATTTGT

CATTTCTATCTTCAAGGGACTAGGA

272 bp

50°c

5°c
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Exon 14

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

TTCAGGTAATTATGTGCTTCA

TACTGAATTTAGAGTACTCCAATAGT

301 bp

50°c

15°c

Exon 15

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temperature

TCTCATGCTGTCCCCTCACG

TAAGTTAAACTATGAAAACAAACTG

246 bp

50°c

15°c

Exon 16

Forward primer 

Reverse primer 

Product size 

Annealing temperature 

SSCP temerature

ATTTTAATTACTAATGGGACATr

GCTTATCAATATTACCTTCATTC

245 bp

45°c

15°c
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The bold atg at positions 934-936 represents the MLHl start codon. The adanine residue

at the start codon is taken as base 1 in many published studies (Deng et al., 1999;Miyakura 

et al., 2001) bases 5' to this are signified with a negative number relative to this base, bases 

3' are signified with positve number thus region amplified by the méthylation specific 

primers used in these experiments is from base -721 to -598. The region corresponding to 

annealing sequence for the forward primers is signified by bold type, the region 

corresponding to annealing sequence for the reverse primers is signified by underlined type. 

Primer sequences are taken from previously published work (Herman et al., 1998). Prior to 

MSPCR, DNA underwent amplification with non-specific flanking primers that amplified 

bisulphite modified DNA but would not preferentially amplify eithet methylated or 

unmethylated DNA (Herman et al., 1998). All primers are given in the S' to 3' direction.

Non specific primers

Forward GAGTAGTTTiTTTTTTAGGAGTGAAG 

Reverse AAAAACTATAAAACCCTATACCTAATCTA 

Annealing temperature 60°C

Primers for methylated bases 

Forward ACGTAGACGTTTTATTAGGGTCGC

Reverse CCTCATCGTAACTACCCGCG

Annealing temperature 60°C

223



Primers for unmethylated bases

Forward ITITGATGTAGATGTnTATTAGGGTrGT

Reverse ACCACCTCATCATAACTACCCACA

Annealing temperature 60°C

1 ggatcctctg ccttgtgata tctggagata agtcaacgcc ttgcaggacg cttacatgct 
61 cgggcagtac ctctctcagc aacacctcca tgcactggta tacaaagtcc ccctcacccc 
121 agccgcgacc cttcaaggcc aagaggcggc agagcccgag gcctgcacga gcagctctct 
181 cttcaggagt gaaggaggcc acgggcaagt cgccctgacg cagacgctcc accagggccg 
241 cgcgctcgcc gtccgccaca taccgctcgt agtattcgtg ctcagcctcg tagtggcgcc 
301 tgacgtcgcg ttcgcgggta gctacgatga ggcggcgaca gaccaggcac agggccccat 

361 cgccctccgg aggctccacc accaaataac gctgggtcca ctcgggccgg aaaactagag
421 cctcgtcgac ttccatcttg cttcttttgg gcgtcatcca cattctgcgg gaggccacaa
481 gagcagggcc aacgttagaa aggccgcaag gggagaggag gagcctgaga agcgccaagc
541 acctcctccg ctctgcgcca gatcacctca gcagaggcac acaagcccgg ttccggcatc
601 tctgctccta ttggctggat atttcgtatt ccccgagctc ctaaaaacga accaatagga
661 agagcggaca gcgatctcta acgcgcaagc gcatatcctt ctaggtagcg ggcagtagcc
721 gcttcaggga gggacgaaga gacccagcaa cccacagagt tgagaaattt gactggcatt
781 caagctgtcc aatcaatagc tgccgctgaa gggtggggct ggatggcgta agctacagct
841 gaaggaagaa cgtgagcacg aggcactgag gtgattggct gaaggcactt ccgttgagca

901 tctagacgtt tccttggctc ttctggcgcc aaaStgtcgt tcgtggcagg gg
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Appendix 6 

Single Cancer Data
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Key

Yes The presence of MSI, expression of protein by immunohistochemistry or the

presence of méthylation 

No The absence of MSI, expression of protein by immunohistochemistry or the

presence of méthylation 

X Sample unavailable for testing or not tested

F Failure of a sample to give results that could be used for subsequent analysis
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1 yes yes yes F yes yes 5 no no yes X no no 1 Low 38 Maie Rectum yes yes yes no
2 yes yes yes F yes yes 5 no no yes X no no 1 Low 62 Maie Rectum F yes F no
3 yes yes yes F yes yes 5 no no no X no no 0 Stable 77 Maie Rectum F yes F no
4 yes yes yes F yes yes 5 no no no X no no 0 Stable 65 Female Rectum yes yes yes no
5 yes yes yes X X X 3 no no no X X X 0 Stable 69 Male Rectum yes yes yes no
6 yes yes yes F yes yes 5 no no no X no no 0 Stable 72 Male Rectum yes yes F no
7 yes yes yes X X X 3 yes no no X X X 1 Low 68 Male Rectum yes yes F no

8 yes yes yes X X X 3 no no yes X X X 1 Low 67 Male Rectum yes yes yes no
9 yes yes yes F yes yes 5 yes no no X no no 1 Low 75 Male Rectum yes yes F no
10 F yes yes X X X 2 X no no X X X 0 Stable 46 Male Rectum yes yes F X

11 yes yes yes F yes yes 5 no no no X no no 0 Stable 90 Female Rectum yes yes yes X

12 yes yes yes F yes yes 5 no no no X no no 0 Stable 53 Male Rectum X X X X

13 yes yes yes F yes yes 5 no no no X no no 0 Stable 87 Male Rectum yes yes yes no

14 yes yes yes F yes yes 5 no no no X no no 0 Stable 71 Male Rectum yes yes yes X

15 F yes yes X X X 2 X no no X X X 0 Stable 59 Male Rectum yes yes yes X

16 yes yes yes F yes yes 5 no no no X no no 0 Stable 66 Female Rectum yes yes yes no

17 yes yes yes F yes yes 5 no no no X no no 0 Stable 82 Female Rectum X X X X

18 yes yes yes F yes yes 5 no no no X no no 0 Stable 66 Male Rectum yes F F X

19 yes yes yes X X X 3 no yes no X X X 1 Low 67 Female Rectum X X X X

20 F yes yes F yes yes 4 X no no X no no 0 Stable 73 Male Rectum X X X X

21 yes yes yes F yes yes 5 no yes yes X no yes 3 High 86 Female Rectum yes yes yes yes
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22 yes yes yes X X X 3 no no no X X X 0 Stable 91 Female Unknown yes yes yes no

23 yes yes yes F yes F 4 no no no X no X 0 Stable 74 Male Sigmoid yes yes yes X

24 yes F yes F yes yes 4 no X no X no no 0 Stable 72 Female Sigmoid yes yes yes X

25 F yes yes yes yes yes 5 X no no no no no 0 Stable 69 Female Sigmoid X X X X

26 yes yes yes yes yes yes 6 no no no no no no 0 Stable 75 Female Caecum X X X X

27 yes F yes yes yes yes 5 yes X no no yes no 2 High 89 Female Unknown no yes yes yes

28 F yes yes yes yes yes 5 X no yes no no no 1 Low 85 Male Sigmoid yes yes yes X

29 yes F yes yes yes yes 5 no X no no no yes 1 Low 66 Male Sigmoid yes yes yes no

30 yes yes yes yes yes yes 6 no no no no no no 0 Stable 100 Male Caecum yes yes yes X

31 yes yes yes yes yes yes 6 no nç no no no no 0 Stable 73 Male Caecum yes yes yes X

32 yes yes yes yes yes yes 6 no no no no no no 0 Stable 83 Female Transverse yes no yes no

33 yes yes yes yes yes yes 6 no no no no no no 0 Stable 82 Female Sigmoid yes yes yes no

34 yes F yes F F F 2 no X no X X X 0 Stable 84 Female Ascending yes yes F X

35 yes F yes yes yes yes 5 no X no no no no 0 Stable 78 Male Caecum X X X X

36 yes yes yes yes yes yes 6 no no no no no no 0 Stable 74 Male Sigmoid yes yes F F

37 yes F yes yes yes yes 5 no X yes no no no 1 Low 68 Male Caecum yes yes yes X

38 yes F yes yes yes yes 5 no X no no no no 0 Stable 68 Male Transverse yes yes yes X

39 yes yes yes yes yes yes 6 yes yes no no no no 2 High 81 Female Ascending yes no yes F

40 yes F yes yes yes yes 5 no X no no no no 0 Stable 90 Male Sigmoid yes yes yes X

41 yes F yes yes yes yes 5 no X no no no no 0 Stable 80 Female Descending yes yes yes F

42 yes F yes yes yes yes 5 no X no no no no 0 Stable 64 Male Transverse yes yes yes X
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43 F yes yes yes yes F 4 X no no no no X 0 Stable 58 Male Rectum yes yes F no
44 yes yes yes yes yes yes 6 no no no no no no 0 Stable 68 Male Sigmoid X X X X
45 yes yes yes yes yes yes 6 no no no no no no 0 Stable 86 Male Rectum yes yes yes no
46 yes yes yes X X X 3 no no no X X X 0 Stable 76 Male Rectum yes yes yes X
47 yes yes yes X X X 3 no y ŝ yes X X X 2 High 53 Female Rectum yes no yes F
48 yes yes yes X X X 3 no no no X X X 0 Stable 63 Female Rectum yes yes yes X
49 F yes yes yes yes yes 5 X no no no no no 0 Stable 58 Male Caecum yes yes yes X
50 yes yes yes yes yes yes 6 no no no no no no 0 Stable 60 Male Transverse yes yes F X
51 F yes yes yes yes F 4 X no yes no no X 1 Low 77 Female Caecum yes yes yes X
52 F yes yes yes yes yes 5 X no no no no no 0 Stable 89 Female Sigmoid yes yes yes X

53 yes yes yes yes F F 4 no no no yes X X 1 Low 74 Male Caecum yes yes F X

54 yes yes yes X X X 3 no no no X X X 0 Stable 64 Female Unknown yes yes yes X

55 F yes yes yes yes yes 5 X no no yes no no 1 Low 70 Male Unknown yes yes yes X

56 yes yes yes yes yes yes 6 no no no no no no 0 Stable 77 Female Caecum yes yes F X

57 yes yes yes yes yes yes 6 no no no no no no 0 Stable 77 Male Sigmoid yes yes yes X

58 yes yes yes yes yes yes 6 no no no yes no no 1 Low 80 Male Ascending X X X X

59 yes yes F yes yes yes 5 no no X yes no no 1 Low 81 Male Ascending yes yes yes X

60 yes yes yes X X X 3 no no no X X X 0 Stable 33 Male Sigmoid yes yes yes X

61 yes yes yes F yes yes 5 no yes yes X no no 2 High 68 Female Unknown F yes yes F

62 F yes yes F F F 2 X no no X X X 0 Stable 67 Male Sigmoid yes yes yes X

63 F yes yes X X X 2 X yes yes X X X 2 High 88 Female Caecum no yes F F
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64 F yes yes yes yes yes 5 X no yes yes no no 2 High 82 Female Caecum yes yes yes yes
65 F yes yes F F F 2 X no no X X X 0 Stable 67 Male Sigmoid yes yes yes X
66 yes yes yes yes yes F 5 no no no no no X 0 Stable 67 Female Rectum X X X X
67 yes yes yes yes yes F 5 no no no yes no X 1 Low 53 Male Ascending yes yes yes no
68 yes F F F F F 1 no X X X X X 0 Stable 60 Male Caecum X X X X
69 F F yes F yes F 2 X X no X no X 0 Stable 82 Female Caecum yes yes yes X
70 yes yes yes yes yes yes 6 yes yes yes no yes no 4 High 71 Male Caecum no yes yes no
71 yes yes yes yes yes F 5 yes yes no no no X 2 High 69 Female Caecum no yes yes no
72 yes yes yes yes yes F 5 no no no no no X 0 Stable 59 Female Sigmoid yes yes yes X
73 yes yes yes yes yes yes 6 yes no no no no no 1 Low 54 Female Ascending yes yes yes no

74 yes yes yes yes yes yes 6 no no no yes no no 1 Low 80 Female Sigmoid X X X X

75 yes yes yes yes yes yes 6 no no no no no no 0 Stable 85 Female Sigmoid yes yes yes X

76 yes yes F yes yes F 4 no no X no no X 0 Stable 78 Male Transverse yes yes yes X

77 yes yes F F F F 2 no no X X X X 0 Stable Female Sigmoid yes yes yes X

78 yes yes F F yes F 3 yes no X X no X 1 Low 56 Male Unknown yes yes yes X

79 yes yes yes F F F 3 no no no X X X 0 Stable 57 Male Sigmoid yes yes yes F

80 yes yes yes F yes yes 5 no no no X no no 0 Stable 81 Male Sigmoid X X X X

81 yes yes yes X X X 3 no no no X X X 0 Stable 57 Male Caecum yes yes yes X

82 yes yes yes yes yes yes 6 no no no no no no 0 Stable 79 Male Sigmoid yes yes yes X

83 yes yes yes yes yes yes 6 no no no yes no no 1 Low 73 Female Caecum yes yes F X

84 yes yes yes yes yes F 5 no no yes no no X 1 Low 89 Female Sigmoid yes F F no
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85 yes yes yes yes yes F 5 no no no no no X 0 Stable 75 Male Rectum yes yes yes no
86 yes yes yes X X X 3 no no no X X X 0 Stable 65 Male Rectum X X X no
87 yes yes yes yes yes F 5 no no no no no X 0 Stable 69 Male Rectum yes yes yes X
88 yes yes yes yes yes yes 6 no yes no no no no 1 Low 51 Male Descending yes yes yes X
89 yes yes yes X X X 3 no no no X X X 0 Stable 80 Female Rectum yes yes yes yes
90 yes yes yes X X X 3 no no no X X X 0 Stable 72 Female Ascending yes yes yes X
91 yes yes yes yes yes yes 6 no yes no yes no no 2 High Male Ascending no yes yes yes
92 yes yes yes X X X 3 yes no no X X X 1 Low Female Ascending yes yes yes no
93 yes yes yes yes yes yes 6 no no no no no no 0 Stable 57 Male Ascending X X X X

94 yes yes yes yes yes yes 6 no yes no no no yes 2 High 80 Female Ascending no yes yes no

95 yes yes yes yes yes yes 6 yes no no no no no 1 Low 61 Female Sigmoid yes yes yes no

96 yes yes yes yes yes yes 6 no yes no no no yes 2 High 68 Female Ascending no yes yes yes

97 yes yes yes yes yes yes 6 no n<p no no no no 0 Stable 49 Male Caecum yes yes yes yes

98 yes yes yes yes yes F 5 no no no yes no X 1 Low 38 Male Rectum X X X X

99 yes yes F F yes F 3 no no X X no X 0 Stable 80 Female Ascending X X X X

100 yes yes yes yes yes yes 6 no no no no no no 0 Stable 91 Female Rectum yes yes yes X

101 yes yes yes X X X 3 no no no X X X 0 Stable 80 Male Rectum yes yes yes X

102 yes yes yes yes yes yes 6 no no no no no no 0 Stable 79 Female Caecum F yes F X

231



Appendix 7 

Multiple Cancer Data
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Key

Yes The presence of MSI, expression of protein by immunohistochemistry or the

presence of méthylation 

No The absence of MSI, expression of protein by immunohistochemistry or the

presence of méthylation 

X Sample unavailable for testing or not tested

F Failure of a sample to give results that could be used for subsequent analysis
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01 030 yes yes yes yes F F 4 no no yes no X X 1 M 56 Female Sigmoid X X X X
01 031 yes yes yes yes F F 4 no yes yes no X X 2 M 63 Female Descending yes yes yes F
02 132 yes yes yes yes yes yes 6 no no yes no no no 1 S 54 Male Sigmoid yes yes yes X
03 142 yes yes yes X X X 3 no no no X X X 0 M 49 Female Transverse X X X X
04 087 yes yes yes yes yes yes 6 yes yes no no no no 2 S Unknown Female Sigmoid X X X yes
04 088 yes yes yes yes yes F 5 no yes no no no X 1 S Unknown Female Rectum X X X X
05 111 yes yes yes yes yes yes 6 yes yes yes yes no yes 5 M 63 Female Transverse no yes yes yes
06 081 yes yes yes yes F F 4 no no yes yes X X 2 S 74 Male Caecum yes yes yes F
07 075 yes yes yes yes yes yes 6 no no no no no no 0 S 77 Male Transverse yes yes yes X
08 002 yes yes yes yes yes yes 6 no no no no no no 0 M 68 Male Caecum X X X X
08 003 yes yes yes yes yes F 6 yes yes no yes no X 3 M 60 Male Rectum yes yes yes no
09 053 yes F F F yes yes 3 yes X X X no no 1 S 46 Female Caecum no yes yes X
11 145 yes yes yes F yes yes 5 yes no no X no no 1 M Unknown Female Caecum X X X X
12 080 yes yes yes yes F F 4 no no yes yes X X 2 M 65 Male Ascending yes yes yes F
13 032 yes yes yes yes F F 4 yes yes yes no X X 3 M 70 Female Splenic flexure no yes yes no
14 124 yes yes yes yes yes yes 6 no no no no no no 0 M 77 Male Sigmoid yes yes yes X
15 046 yes yes yes yes F F 4 no yes yes no X X 2 M 81 Female Descending yes yes yes yes
16 092 yes yes yes yes yes F 5 no yes no no no X 1 M 67 Female Caecum yes yes yes X
16 098 yes yes yes yes yes yes 6 no no no no no no 0 M 64 Female Rectum yes no F no
17 117 yes yes yes yes yes yes 6 yes yes yes no no no 3 M 84 Male Transverse X X X no
17 138 yes yes yes X X X 3 yes no yes X X X 2 M 67 Male unknown no no no F
18 090 yes yes yes yes yes yes 6 no no no no no no 0 M 80 Female Sigmoid yes yes yes X
19 066 yes yes yes yes F F 4 yes yes yes yes X X 4 M 53 Female Sigmoid yes no no yes
19 091 yes yes yes yes yes yes 6 yes yes yes yes no no 4 M 42 Female Caecum X X X no
20 118 yes yes yes yes yes yes 6 yes yes yes yes no no 4 S 73 Male Ascending X X X yes
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20 127 yes yes yes yes F F 4 no yes no yes X X 2 S 72 Male Rectum yes yes yes no
21 012 yes yes yes yes yes yes 6 no yes no yes no no 2 M 73 Female Sigmoid no yes yes X
22 144 yes yes yes yes F F 4 no no yes yes X X 2 S 53 Male Rectum X X X F
23 137 yes yes yes X X X 3 no no yes X X X 1 M Unknown Female Rectum yes yes yes X
24 067 yes yes yes yes F F 4 yes no yes yes X X 3 M 64 Female Recto-sigmoid yes yes yes no
25 110 yes yes yes yes yes yes 6 yes yes yes yes yes no 5 M 72 Female Hepatic flexure X X X yes
26 060 yes yes yes yes yes yes 6 no no no no no no 0 S 73 Male Caecum yes yes yes X
26 061 yes yes yes yes yes yes 6 no no no yes no no 1 S 73 Male Ascending yes yes yes X
27 009 yes yes yes yes F F 4 no no no no X X 0 M 66 Female Caecum yes yes yes X
28 140 yes yes yes X X X 3 yes yes yes X X X 3 M 61 Male Transverse no yes yes no
29 133 yes yes yes yes F F 4 yes yes yes yes X X 4 M 70 Female Splenic flexure yes yes no no
30 121 yes yes yes yes yes yes 6 yes yes yes ho no no 3 S 78 Female Caecum no yes F yes
30 122 yes yes yes yes yes yes 6 yes no no yes no no 2 S 79 Female Sigmoid yes yes F no
31 042 yes yes yes yes yes yes 6 no no yes no no no 1 S 72 Female Sigmoid yes yes yes X
31 043 yes yes yes yes yes yes 6 no no yes no no no 1 S 70 Female Caecum yes yes yes X
32 112 yes yes yes yes yes yes 6 no no no yes no no 1 S 78 Female Sigmoid X X X X
32 113 yes yes yes yes yes yes 6 no no yes yes no no 2 S 78 Female Caecum X X X F
34 082 yes yes yes yes yes yes 6 no no no no no no 0 S 82 Female Ascending yes yes yes X
34 083 yes yes yes yes yes yes 6 no no no yes no no 1 S 82 Female Rectosigmoid X X X X
35 047 yes yes yes yes F F 4 no no no no X X 0 M 73 Female Rectum X X X X
36 131 yes yes yes X X X 3 yes yes yes X X X 3 M Unknown Female Ascending yes F yes F
37 116 yes yes yes yes yes yes 6 yes yes yes yes no no 4 M 69 Female Splenic flexure no F yes yes
38 033 yes yes yes yes F F 4 yes yes yes no X X 3 M 69 Female Caecum X X X F
39 107 yes yes yes X X X 3 no no no X X X 0 M 76 Female unknown X X X X
40 100 yes yes yes F yes yes 5 no yes no X no no 1 S 35 Female overlap X X X X
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40 101 yes yes yes F yes yes 5 no no no X no no 0 S 35 Female Rectum X X X X
41 109 yes yes yes X X X 3 no yes yes X X X 2 S 75 Female Sigmoid yes yes yes yes
42 119 yes yes yes yes yes yes 6 no no yes yes no no 2 M 84 Female Caecum yes no F F
42 135 F yes yes X X X 2 X no no X X X 0 M 73 Female unknown X X X X
43 038 yes yes yes yes yes yes 6 yes yes yes no yes no 4 M 67 Male Sigmoid no yes yes yes
43 039 yes yes yes yes F F 4 yes yes yes no X X 3 M 73 Male Caecum no yes yes yes
44 126 yes yes yes yes F F 4 yes yes yes no X X 3 M 78 Female Caecum no yes F yes
44 139 yes yes yes X X X 3 yes no yes X X X 2 M 71 Female Sigmoid X X X F
45 Oil yes yes yes yes F F 4 no no no yes X X 1 M 75 Male Hepatic flexure yes yes yes X
46 084 yes yes yes yes F F 4 yes no yes no X X 2 S 76 Male Rectum yes yes yes yes
46 085 yes yes yes yes F F 4 yes no yes no X X 2 S 76 Male Sigmoid yes yes yes no
46 086 yes yes yes yes F F 4 yes no yes no X X 2 S Unknown Male Ceacum yes yes yes no
47 120 yes yes yes yes F F 4 no no yes no X X 1 M 91 Female Transverse X X X X
47 141 yes yes yes X X X 3 no no no X X X 0 M 70 Female Rectum X X X X
48 103 yes yes yes yes yes yes 6 yes yes yes yes no no 4 M 40 Male Splenic flexure yes no no no
48 104 yes yes yes yes yes yes 6 yes yes yes yes no no 4 M 43 Male Rectum yes no yes F
49 095 yes yes yes X X X 3 no yes no X X X 1 M 70 Female Caecum yes yes yes X
50 015 yes yes yes yes F F 4 no no no no X X 0 S 78 Female Sigmoid yes yes yes X
50 016 yes yes yes yes yes yes 6 no no no no no no 0 S 77 Female Transverse yes yes yes X
51 017 yes yes yes yes yes yes 6 yes yes yes yes no no 4 S 58 Male Splenic flexure X X X F
51 018 yes yes yes yes yes yes 6 no no no yes no no 1 s 59 Male Descending X X X X
52 013 yes F yes yes F F 3 no X no yes X X 1 M 69 Female Caecum yes yes yes X
52 014 yes yes yes yes yes yes 6 yes yes yes no no no 3 M 75 Female Transverse yes yes yes F
54 106 yes yes yes yes yes yes 6 no no yes yes no no 2 S 77 Male Caecum yes yes yes no
54 108 yes yes yes X X X 3 no yes yes X X X 2 S 76 Male Rectum X X X no
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55 073 yes yes yes yes yes yes 6 no no yes yes no no 2 M 57 Female Recto-sigmoid yes yes yes F
56 076 yes yes yes yes yes yes 6 no no yes no no no 1 S 75 Female Rectum yes yes yes yes
56 077 yes yes yes yes F F 4 no no yes yes X X 2 S 75 Female Rectum yes yes yes F
57 071 yes yes yes yes yes yes 6 no no no yes no no 1 S 68 Female Ascending F no yes no
57 072 yes yes yes yes yes yes 6 yes yes yes yes no no 4 S 68 Female Sigmoid no yes yes yes
58 143 yes yes yes X X X 3 no no yes X X X 1 M 59 Male Caecum yes yes yes X
59 054 yes F F X X X 1 no X X X X X 0 S 74 Male Sigmoid yes yes yes X
60 007 yes yes yes yes yes yes 6 no no no no no no 0 M 81 Female Sigmoid X X X X
61 078 yes yes yes yes yes yes 6 no no no no no no 0 S 84 Female Rectum yes yes yes X
61 079 yes yes yes yes yes yes 6 no yes no yes no no 2 S 84 Female Caecum yes yes yes F
62 005 yes yes yes yes F F 4 no no no yes X X 1 M 73 Female unknown yes yes yes X
62 006 yes yes yes yes yes yes 6 no no no yes no no 1 M 69 Female Splenic flexure yes yes yes X
63 125 yes yes yes yes F F 4 yes yes yes yes X X 4 M 87 Female Caecum yes F F yes
64 063 yes yes yes F yes yes 5 no yes yes X no no 2 S 60 Female Rectum yes yes yes F
64 074 yes yes yes F yes yes 5 no no yes X no no 1 S 62 Female Rectum yes yes yes X
65 128 yes yes yes X X X 3 no no yes X X X 1 M 67 Female Sigmoid yes yes yes X
66 096 yes yes yes X X X 3 no no no X X X 0 S 74 Female Transverse yes yes yes X
66 097 yes yes yes X X X 3 no yes no X X X 1 S 74 Female Rectum F yes yes X
67 069 yes yes yes yes yes yes 6 no no no yes no no 1 S 62 Male Rectum no yes yes no
67 070 yes yes yes yes yes yes 6 no no yes yes no no 2 S 62 Male Caecum no yes F no
68 044 yes yes yes yes yes yes 6 no no yes no no no 1 S 59 Female Transverse yes yes yes X
68 045 yes yes yes yes yes yes 6 no no no no no no 0 S 57 Female Rectum yes yes yes X
69 134 yes yes yes yes yes yes 6 yes yes yes yes no no 4 M 76 Female Caecum X X X yes
70 008 yes yes yes yes yes yes 6 yes no yes yes no no 3 M 60 Male Sigmoid yes no yes no
71 049 yes yes yes yes yes yes 6 yes no yes no no no 2 M 83 Male Rectum yes yes yes no
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72 040 yes yes yes yes yes yes 6 yes no yes yes no no 3 M 82 Female overlap X X X yes
72 041 yes yes yes yes yes yes 6 yes yes no no no no 2 M 73 Female Sigmoid yes yes yes F
73 115 yes yes yes yes yes yes 6 no yes yes no no no 2 M 65 Male Splenic flexure no yes yes no
73 136 yes yes yes X X X 3 yes yes no X X X 2 M 50 Male Caecum no yes yes no
74 036 yes yes yes yes yes F 5 yes yes yes no no X 3 S 54 Male Rectum yes no yes no
74 037 yes yes yes yes F F 4 yes yes yes no X X 3 S 55 Male Caecum yes no no no
75 123 yes yes yes yes yes yes 6 yes yes yes yes no no 4 S 74 Female Caecum no yes yes yes
76 026 yes yes yes yes F F 4 no yes yes no X X 2 M Unknown Female Sigmoid no yes yes no
77 019 yes yes yes yes yes yes 6 no no no no no no 0 M 70 Male Ascending yes F F X
78 035 yes yes yes yes F F 4 no yes yes no X X 2 S 70 Male Appendix no yes no yes
79 068 yes yes yes yes yes yes 6 no yes no no no no 1 M 75 Female Splenic flexure yes yes yes X
79 094 yes yes yes F yes yes 5 no no no X no no 0 M 72 Female Sigmoid X X X X
80 051 yes yes yes yes yes yes 6 no no yes no no no 1 M 70 Male Transverse yes yes yes yes
80 052 yes yes yes yes yes yes 6 no no yes no no no 1 M 73 Male Sigmoid yes yes yes X
81 130 yes yes yes yes F F 4 yes no no no X X 1 M 73 Male Descending X X X X
82 029 yes yes yes yes F F 4 no no yes no X X 1 M 63 Female Transverse X X X X
83 089 yes yes yes X X X 3 yes yes yes X X X 3 M 80 Female Splenic flexure yes yes yes F
83 099 yes yes yes yes yes yes 6 no yes no yes no no 2 M 74 Female Caecum yes yes F F
84 064 yes yes yes yes yes yes 6 no no no no no no 0 M 68 Male Rectum F yes yes X
84 065 yes yes yes yes yes yes 6 no no no yes no no 1 M 65 Male Sigmoid X X X X
85 062 yes yes yes yes yes yes 6 yes yes yes no no no 3 M 80 Male Caecum X X X F
85 102 yes yes yes F yes yes 5 no no no X no no 0 M 74 Male Rectum yes yes yes X
86 034 yes yes yes yes F F 4 yes yes yes no X X 3 M 61 Male Descending X X X no
87 027 yes yes F yes F F 3 no no X no X X 0 S 58 Male Rectum yes yes yes X
87 028 yes yes yes yes F F 4 no no yes no X X 1 S 59 Male Sigmoid no yes F yes
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88 050 yes yes yes yes yes yes 6 yes no yes no no no 2 S 79 Male Descending yes yes yes F
89 093 yes yes yes yes yes F 5 no yes yes yes no X 3 M 82 Male Sigmoid yes yes yes yes
89 105 yes yes yes yes yes yes 6 no no no no no no 0 M 73 Male Transverse no yes yes yes
90 048 yes yes yes yes F F 4 no no no no X X 0 S 63 Female Rectum yes yes yes X
91 001 yes yes yes yes yes yes 6 no no no no no no 0 S 72 Male Sigmoid yes yes yes X
91 004 yes yes yes yes yes yes 6 yes yes no no no no 2 s 74 Male Splenic flexure X X X yes
91 055 yes F yes X X X 1 yes X yes 'x X X 2 s Unknown Male Splenic Flexure yes yes yes yes
92 129 yes yes yes yes yes yes 6 no no no yes no no 1 M 75 Male Rectum X X X X
93 010 yes yes yes yes yes yes 6 no no no no no no 0 M 66 Male Sigmoid yes yes yes X
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