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Abstract 

Colorectal cancer (CRC) is globally a major cause of morbidity and mortality. Each year 

more than one million patients will be diagnosed with colorectal cancer, with about 15 - 

20% of these patients having a family history or an inherited colorectal cancer syndrome. 

Somewhere between 1% and 7% (dependent on population under study) of these cases 

will have Lynch syndrome, which is the most common hereditary autosomal-dominant 

inherited cancer syndrome caused by germline mutations in deoxyribonucleic acid 

(DNA) mismatch repair genes.  

 

Patients diagnosed with Lynch syndrome who harbour a confirmed germline mutation in 

DNA mismatch repair (MMR) genes have an 80% lifetime risk of developing an 

epithelial malignancy. Each patient belongs to a family that requires special medical 

attention including genetic counselling, DNA testing for mismatch repair genes (most 

frequently hMLH1 or hMSH2) and screening for CRC.  

 

There is, however, considerable variation in the age of disease onset which is explained 

by a combination of genetic and environmental factors. The studies described in this 

thesis are aimed to better understand the genetic modifying effects on disease expression 

and how they relate to the likely age of colorectal cancer onset.  

 

Previous studies have identified a polymorphic CA repeat region in IGF-1 and two 

specific single nucleotide polymorphisms in MTHFR  that were thought to alter the age 

of disease onset in individuals with Lynch syndrome.  The effects of these 
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polymorphisms were examined in larger multinational cohorts of patients and found to 

have significant effects on disease onset age. This is discussed in chapters 2, 3 and 4.  

 

Another similar study had identified a single nucleotide polymorphism in DNMT3B 

which was reported to have a significant effect in colorectal cancer expression in Lynch 

syndrome. The effect of this polymorphism was examined in a large multinational cohort 

of patients however, it was found to have no effect on the age of disease onset. Several 

candidate polymorphisms were also identified in the DNA repair genes BRCA2, hMSH3, 

Lig4, hOGG1, XRCC1, XRCC2 and XRCC3 but no significant associations were 

identified. The results from these studies are discussed in chapters 5 and 6.  

 

All data generated from these studies were extensively analysed by a combination of 

statistical tests that included Kaplan-Meier survival and Cox hazard regression analysis 

allowing data to be stratified by both single and multi variable factors. Allele frequencies 

were also tested for significant deviation from the Hardy-Weinberg equilibrium, while 

Pearson’s Chi-square test was utilised to evaluate differences in the allele frequencies 

between the multinational cohort groups and distribution of genotypes. 

 

The results described in this thesis contribute to a better understanding of disease 

expression in Lynch syndrome as it identifies genetic factors involved in the etiology of 

malignancy in this disease. The progress made in this area of medical research will aid in 

providing better predictive information of greater accuracy regarding the risks of 

colorectal cancer and enable the development of personalised cancer surveillance 

regimens.
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1.1 Background 

Recent advances as a result of the human genome project continue to further our 

knowledge into genetic mechanisms that govern life on a molecular basis. In all living 

organisms the general process by which growth and development proceeds is overseen by 

an underlying series of molecular events. This has been summarised in the central dogma 

of molecular genetics. This states that genetic information is carried in deoxyribonucleic 

acid (DNA), and that this information is then transcribed into ribonucleic acid (RNA) 

before finally being translated for protein synthesis providing the basis for living 

tissue.[1]  

  

 

Figure 1 – The central dogma of Molecular Genetics. 

The central dogma of molecular genetics forms the backbone of molecular biology. Three 

distinct steps are involved in this process: DNA replication, transcription of the genetic 

information into RNA, then the translation of the RNA in protein.  
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DNA is a large macromolecule which is susceptible to a range of endogenous and 

exogenous agents that can potentially damage its integrity. DNA mutations can arise 

during transcription and replication, occurring in either somatic cells (cells not involved 

in reproduction) or germcells (reproductive cells). A germline mutation occurs in germ 

cells which can then be passed onto offspring and  inherited from generation to 

generation; whereas somatic mutations occur spontaneously after birth and cannot be 

passed onto offspring, often occurring in specific tissues as a result of environmental 

influence. De novo mutations however can also occur in germ cells which can then be 

inherited from generation to generation. Most de novo mutations reside in the germ cells 

of the individual and as such there is a lack of any phenotypic expression in the 

transmitting parent [2].  A mechanism by which de novo changes may occur is through 

genetic mosaicism. Mosaicism is the presence of two or more genetically different cell 

lines occurring in the same organism, which can occur in both somatic and germline 

tissue. Mosaicism of a genetic disease in either somatic or germline cells will not usually 

cause expression of the disease in that individual. Mutations occurring in a parent's 

germline however can cause de novo inherited disease in a child. When a de novo 

germline mutation is present in a person who harbours a large clone of mutant germline 

cells, a normal couple with no previous family history can produce more than one child 

with the same disease.   

 

To ameliorate the effect of mutations, several DNA repair mechanisms have evolved to 

maintain genetic integrity and therefore ensure the functional activity of the respective 

protein. Figure 2 displays a summary of the role of DNA repair in the cell cycle.  
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Figure 2 – DNA repair in response to DNA damage.  

The role of DNA repair is to correct genetic errors which arise throughout the cell cycle. 

This figure shows a dual model of what occurs in the presence of and in the absence of a 

sufficient DNA repair system.  Abnormalities in the repair process which are unchecked 

before entering cellular replication may lead to disease.   

 

1.2 DNA Repair Pathways 

In response to DNA damage a series of very efficient mechanisms which reduce the risk 

of DNA mutations and assist in the preservation of genomic integrity have evolved. The 

genes involved in genomic integrity are those whose function involves either DNA 

damage recognition or repair. There are several different types of DNA repair including: 

double strand (DS) break repair, single strand (SS) repair and excision repair. The term 

DNA excision repair includes further specific types of DNA repair that include; base 

excision repair (BER), nucleotide excision repair (NER) and mismatch repair (MMR). 

All three types of DNA excision repair are involved in the removal of either incorrect 

nucleic acid bases or bases that have been modified as a result of chemical interaction. 

They are then replaced with the appropriate sequence or base [3-9].  
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1.2.1 - DNA Mismatch Repair 

The basic process of DNA MMR involves the detection of a single base mismatch which 

occurs during DNA replication. To begin with, the correct base must be identified and the 

erroneous one removed via an excision repair pathway. The major active components of 

the MMR system are described as the Mut proteins, including MutS, MutL and MutH.  

These three proteins are of particular importance in the detection and the recruitment of 

excision repair. The Mut proteins were originally discovered in bacteria; however 

homologous Mut proteins have since been identified in eukaryotes. In humans, the 

homologues of mutS (hMSH2/hMSH3) produce a heterodimeric complex which binds to 

the DNA mismatch. The mutL homologues (hMLH1 and hPMS1 and hPMS2) then form 

a heterodimeric complex which contributes to the overall MMR process. A MutH 

homologue has not been identified in humans; instead repair of the correct strand appears 

to be directed by nicks in the newly replicated strand [10-13]. A summary of the MMR 

pathway in eukaryotes is shown in figure 3.  
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Figure 3 – Overview of the mismatch repair process.  

A mispaired base is recognised by the hMSH2/hMSH3 complex. Mut L related proteins 

(hMLH1/hPMS1&2 complexes) then interact with the Mut S related proteins that are 

already bound to the mispaired base. Cleavage of the base is then assisted by DNA 

exonucleases and helicases which are guided by nicks in the newly replicated strand. The 

gap is then sealed by DNA polymerase and DNA ligase in the final step of the process.  

Adapted from Marti et al [14]. 

 



  Chapter 1 - Introduction  

 

7 

 

1.3 - The Pathway to Cancer 

Three main classes of genes exist that may become inactivated resulting in an increased 

likelihood of malignancy. These are oncogenes, tumour suppressor genes, and the genes 

involved in the maintenance of genomic integrity such as those involved in mismatch 

repair [11, 15]. Oncogenes are genes which stimulate cellular proliferation, however 

when they acquire activating mutations, uncontrolled proliferation is often the result [15, 

16]. Tumour suppressor genes slow down cell division, repair DNA errors and control 

cell death. Their role is to prevent or inhibit cells with irreparable DNA damage 

continuing further through the cell cycle, or by a programmed cell death process known 

as apoptosis [17]. Different types of tumour suppressor genes exist, some of which are 

similar to those involved in genomic integrity, however others are involved in different 

cell cycle check points including genes which control cell division and apoptosis. The 

RB1 (retinoblastoma) gene is an example of a tumour suppressor gene that has an 

important role in controlling cellular proliferation [18]. In cases where DNA integrity is 

significantly compromised apoptotic signalling results via the cell cycle checkpoint 

control protein TP53 which results in the elimination of the damaged cell.   

 

Gene loss of function occurs when tumour suppressor genes are inactivated either by 

mutation, deletion or both. Knudson’s two hit theory states that a single inactivating 

mutation in either a tumour suppressor or similar gene associated with genomic integrity 

are not enough to trigger cancer development as long as an intact allele remains. A 

further inactivating “hit” is required in the second allele in the same cell for loss of 

function to occur. The two hit hypothesis provides insight into why germline mutations 

are more often observed in tumours in younger cancer patients compared to those with 
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sporadic disease. This is thought to be due to germline mutation carriers already having 

one allele inactivated at birth and therefore only require a second inactivating mutation 

for gene loss of function. In individuals who have no genetic predisposition (i.e. have 

both normal copies of the allele) two sporadic hits are required before gene inactivation 

occurs [19, 20]. Figure 4 gives an illustrated example of Knudson’s two hit theory, 

highlighting the difference between inherited and sporadic forms of disease syndromes.   

 

 

 

 

 



  Chapter 1 - Introduction  

 

9 

 

 

 

Figure 4 – Gene inactivation by Knutson’s two hit hypothesis.  

When an inactivating mutation is inherited via the germline (as in an autosomal dominant 

disorder) only one subsequent “hit” is required in the second allele for complete loss of 

function. When two functional copies are inherited however, two random somatic 

inactivating mutations are required for total gene inactivation. This is thought to be the 

foremost reason of why sporadic cancers usually occur later in life compared to inherited 

cancer syndromes.  

Adapted from Richards M 2001 [21] 
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More recent evidence, however, suggests that this simplistic view is currently being 

challenged as it appears that a series of “driver” mutations are required for cancer to 

progress. A driver mutation provides a growth advantage to a cell and therefore may be 

implicated in oncogenesis as it has been specifically selected for during tumour 

development. Initial evidence suggested that the accumulation of somewhere between 

five and seven driver mutations were needed for malignancy to progress. Given new 

techniques that can interrogate entire genomes rapidly however, there may be as many as 

20 driver mutations required for tumour development [22-25]. 

 

1.4 - The Genetics of Colorectal Cancer 

Colorectal cancer (CRC) is the third most common cancer worldwide and second most 

frequent malignancy in some developed countries including the United States [26]. 

Despite being one of the more preventable cancers, it accounts for over 677,000 deaths 

annually according to the World Health Organisation [27]. There is a strong familial 

component associated with CRC which is thought to account for between 15% and 20% 

of all cases [28]. In terms of understanding genetic risk factors associated with CRC 

much of the familial component still remains largely elusive, however there are two well 

defined genetic syndromes, familial adenomatous polyposis (FAP) and Lynch 

syndrome/hereditary non-polyposis colorectal cancer (HNPCC), that have been well 

characterised since the identification of the genetic basis of the two diseases [28]. Most 

colorectal tumours including both sporadic and familial develop from adenomas, 

however the number of adenomas can vary considerably. The process of colorectal 

cancer development may take several decades to occur with the requirement of driver 

mutation accumulation in a series of tumour suppressor and oncogenes.  
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Two basic categories of genes are involved in CRC; including gatekeeper and caretaker 

genes. Gatekeeper genes are tumour suppressor genes and directly prevent malignancy by 

monitoring cellular growth or by promoting cell death by apoptosis [29]. When 

gatekeeper genes are functional, mutations in other tumour promoting genes will not 

result in cancer as they will be recognised and repaired. An inactivating mutation in a 

gatekeeper gene however may lead to the accumulation of genetic errors in a series of 

oncogenes resulting in uncontrolled cellular proliferation. In CRC the tumour suppressor 

gene adenomatosis polyposis coli (APC) is considered a gatekeeper that is frequently 

found to have undergone an inactivating mutation [30].  

 

The second category comprises genes referred to as caretakers.  Caretaker genes are 

involved in maintaining genomic integrity and may have an indirect effect on growth. 

These genes do not directly promote cancer; however their inactivation will result in 

genetic instability significantly altering the likelihood of mutation accumulation in all 

genes, including gatekeepers. Well recognised examples of caretaker genes are DNA 

repair genes that include those involved in the DNA mismatch repair pathway (hMLH1, 

hMSH2, hMSH6). When inactivated, the result is a failure to recognise or repair DNA 

mismatches (indicated by the presence of microsatellite instability) which can lead to the 

inactivation of tumour suppressor genes and the uncontrolled activation of oncogenes 

[31, 32]. In CRC inactivation of MMR genes can lead to accumulation of genetic errors 

in tumour suppressors and oncogenes including p53, APC and K-ras thereby altering the 

probability of malignant transformation [2]. As there is a requirement for several genetic 

mutations to occur before tumourigenesis, including the silencing of a tumour suppressor 

gene, individuals who inherit a germline mutation in a tumour suppressor gene are at 
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greater risk of developing a malignancy earlier in life than those who inherit a similar 

mutation in a gene involved in genomic integrity.  This is observed in FAP where the 

average age of disease onset is earlier compared to Lynch syndrome. 

 

There are two forms of genetic instability recognised thus far, chromosome instability 

(CIN) and microsatellite instability (MSI) that constitute the major molecular subtypes of 

CRC [33]. CIN and MSI lead to the accumulation of genomic instability, thereby 

increasing risk of tumour suppressor inactivation and uncontrolled oncogene activation 

[29]. As a result of CIN, structural rearrangements may occur such as deletions, 

amplifications or translocations arising from breaks in DNA. Alterations can also occur 

in the number of intact chromosomes, referred to as whole-chromosome missegregations 

that arise from errors in mitosis [32]. CIN tumours have been associated with poor patient 

prognosis, however to date it is still not entirely clear whether there is any significant 

difference in patient prognosis between CIN and MSI tumours [34].  MSI occurs through 

replication slippage in short tandem DNA repeat regions ranging from two to six base 

pairs long which may be repeated numerous times in length. The presence of MSI in 

CRC tumours is indicative of an impaired MMR system as a non functional MMR gene 

allows for the accumulation of genetic errors through DNA polymerase slippage during 

replication. MSI is frequently observed in HNPCC tumours whilst also present in 

approximately 15% of sporadic CRC cases [35].  

 

 

 

 



  Chapter 1 - Introduction  

 

13 

 

1.5 - Lynch Syndrome 

Lynch syndrome, also referred to as hereditary non polyposis colorectal cancer 

(HNPCC), is the most common form of hereditary CRC and is best understood as a 

hereditary predisposition to malignancy caused by a germline mutation in a DNA MMR 

gene. It is an autosomal dominant syndrome which includes a wide range of epithelial 

malignancies in addition to CRC.  Malignancies commonly identified in Lynch syndrome 

include endometrial cancer, gastric tumours, brain tumours (most often glioblastoma 

multiform), ovarian and kidney tumours [36]. Initial reports were first described in 1895 

by Aldred Warthin [37] however it was not until the 1960’s when Henry Lynch revisited 

Warthins observations and began to more accurately define this form of hereditary cancer 

[38-40]. Initially, it was widely reported that there were two separate syndromes 

including; Lynch syndrome I (Hereditary Site-Specific Colon Cancer), which only 

included those families with colon cancer and Lynch syndrome II (Cancer Family 

Syndrome) that encompassed families presenting with a range of extra colonic cancers in 

addition to colorectal cancer. Soon afterwards however the term “hereditary non 

polyposis colorectal cancer” was introduced which covered both Lynch I and II 

syndromes [41, 42].   

 

With the knowledge of this newly identified cancer syndrome, registries for hereditary 

cancers began to collect and describe families who had features similar to that described 

by Lynch. In an effort to standardise the collection of families and clinical reporting a set 

of guidelines were established by the International Collaborative Group on HNPCC in 

1991 to aid in the identification of the genetic basis of the disease [43] known as the 

Amsterdam criteria. With the implementation of the Amsterdam criteria it was not long 
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before the genetic basis of Lynch syndrome/HNPCC was discovered. This was first 

described by Peltomaki and Lindblom who were able to isolate the chromosomal regions 

associated with cancer occurrences in several families by using microsatellite markers for 

linkage analysis [44, 45]. Soon afterwards, it was found that MSI was present in most 

CRC’s occurring within the context of Lynch syndrome [44, 46] which also provided 

clues as to what genes were involved in this disease.   DNA mismatch repair has been 

extensively studied in yeast and bacteria and indicated a high frequency of DNA 

mismatches in these organisms when the respective genes had been knocked out. [47]. In 

1993 the first Lynch syndrome related gene (a yeast MutS homologue) hMSH2 was 

identified [48, 49], closely followed by the MutL homologue hMLH1 in early 1994 [50, 

51].  A further two MMR genes (hPMS2 and hMSH6) have since been discovered in 

Lynch syndrome families [52, 53], although these are observed less frequently in 

comparison to hMLH1 and hMSH2 mutations.  Additional MutL, MutS and MYH 

homologues have been since discovered however their involvement has yet to be proven 

[52].  

  

With the genetic mechanism of Lynch syndrome identified it soon became evident that 

the criteria listed in the first Amsterdam protocol were too restrictive to accurately define 

all families who carried a germline mutation in their MMR genes. The main limitation of 

the Amsterdam I criteria was the lack of scope for families where there were extracolonic 

malignancies. To help cover this shortfall, the second Amsterdam criteria II was 

implemented in 1999, allowing for the addition of several extra-colonic cancers into the 

guidelines including endometrial, small intestine and ureter malignancies [54, 55]. The 

second version of the Amsterdam criteria is still in current use, albeit with further 
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guidelines attached.  The new guidelines, as listed in the Bethesda Criteria, were devised 

with a greater understanding of the genetics behind Lynch syndrome/HNPCC and in 

particular MSI. The additional guidelines have allowed for greater sensitivity by using 

the criteria set out in the Amsterdam II protocol but also integrating further details. The 

Bethesda Criteria has allowed for the inclusion of tumour pathology leading to an 

additional specific outline for accurate diagnosis. Additional malignancies were also 

adopted into this criteria that had not been previously covered in Amsterdam II including; 

biliary tract, stomach, ovary, pancreas and brain cancers [56, 57]. Despite the expansion 

offered by the Bethesda criteria, it is expected with evolving knowledge into Lynch 

syndrome/ HNPCC further adjustments to these guidelines will be required [58].  

Table 1 – Summary of Amsterdam I and II criteria and Revised Bethesda Criteria  

    

Name Criteria 

  

Amsterdam I At least 3 relatives with CRC 

 At least 2 successive generations affected, 

 with at least one family member diagnosed before 50 years of age 

 The exclusion of familial adenomatous polyposis 

  

Amsterdam II Same criteria as described in Amsterdam I plus CRC may be 

 substituted for by other HNPCC related malignancies including 

 endometrial, small bowel and pelviureter 

  

Bethesda Must meet criteria listed in the Amsterdam criteria 

 CRC below 50 years of age 

 Multiple CRC or HNPCC related cancers 

 CRC with a MSI related histology 

 CRC or HNPCC related tumour in 1 or more first degree relatives, 

 with 1 of the cancers being diagnosed under the age of 50 

 CRC diagnosed in 2 or more first or second degree relatives with 

 HNPCC  related tumours, regardless of age 
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1.6 - Lynch Syndrome Risk 

It has been recently defined that only families that adhere to the Amsterdam or Bethesda 

criteria are described as having HNPCC. However, not all families fulfilling these criteria 

have Lynch syndrome unless they are carrying germline DNA MMR mutations. 

Germline mutations in hMLH1 and hMSH2 account for approximately 60% of Lynch 

syndrome cases, with a smaller percentage accounted for in hPMS2 and hMSH6 [59, 60]. 

As mentioned previously, Lynch syndrome is the most common form of hereditary CRC 

with an incidence of approximately 1:4000, responsible for somewhere between 1% and 

6% of all CRC cases [61].  The most accurate figures for the frequency of HNPCC are 

derived from the Danish cancer registry which indicates that 1.7% of all CRCs are due to 

Lynch Syndrome.  If only CRC cases under the age of 50 years are considered Lynch 

syndrome is predicted to be responsible for 14.7% of these [62]. Nevertheless the 

frequency of Lynch syndrome cases can vary between different countries and populations 

largely due to genetic and environmental influences and the recruitment of families 

suspected of having this syndrome. It is widely reported that the penetrance is 

approximately 80% risk of developing a Lynch syndrome related malignancy by 70 years 

of age [63]. The overall lifetime risk of developing a Lynch syndrome related malignancy 

has been estimated at around 80%, with men having a significantly higher risk of 

developing CRC (74%) than women (30-52%) by 70 years of age [63-65]. On average, 

the age of CRC onset is 44 years, compared to 64 years for sporadic disease [28, 66]. In 

women, the risk of endometrial cancer is thought to be at least that of CRC if not greater, 

with estimates ranging from 42-54% by 70 years of age [63, 64]. There have been 

suggestions that cancer risk estimates in Lynch syndrome are overestimated due to the 
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selection criteria. This was supported recently in a study suggesting a significantly lower 

risk for CRC in 36 confirmed Lynch syndrome families located in France. The report 

claimed the risk of developing CRC in men and women was in the vicinity of 47% and 

33% by 70 years of age, respectively [67]. Whether this is an accurate representation of 

the overall risk of endometrial and CRC within the Lynch syndrome population is still 

open to debate until additional studies are completed on larger population sizes and on 

different ethnic groups. 

 

The presence of malignancies such as breast and rarer types of cancers within Lynch 

syndrome families also raises questions on which cancers should be included in the 

definition of this syndrome. Before the genetics of Lynch syndrome were revealed it was 

assumed that all types of cancers over-represented in families with this syndrome were a 

result of a deficient MMR system. Considerable variation exists between families with 

breast and rarer types of cancers which appear to be more prevalent in some populations 

compared to others [59, 68, 69].  MSI in tumours not thought to be part of the spectrum 

of disease encompassed within Lynch syndrome indicated that the mechanisms 

underlying these malignancies is due to an ineffective MMR activity. This leads to the 

suggestion that any type of tumour displaying MSI from a confirmed Lynch syndrome 

family member should be included as part of the syndrome, even if it is not part of the 

current Amsterdam/Bethesda criteria. Until further studies are completed in investigating 

tumours and their genetic composition in larger patient cohorts a more precise definition 

of this syndrome will await.  
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The risk of developing a malignancy is also thought to vary depending on which MMR 

gene is inactivated. As most cases are diagnosed with either an hMLH1 or hMSH2 

mutation disease risk, penetrance is more likely to be predicted between these two genes. 

To date it is still not conclusive as to whether a significant difference in disease risk 

exists between hMLH1 and hMSH2 mutation carriers; however a trend for increased 

disease penetrance in hMSH2 has been reported [70]. Additionally, families harbouring 

hMSH2 mutations have a tendency to present with more extra-colonic cancers compared 

to families with mutations in hMLH1 [70, 71]. Families with hMSH6 gene mutations 

have been described as having an over-representation of endometrial cancers, whilst also 

having a later age of CRC onset compared to hMLH1/hMSH2 mutation carriers [71-74]. 

Initially it was unclear whether hPMS2 was implicated in Lynch syndrome and 

difficulties still remain in determining the exact penetrance of hPMS2 due to small 

numbers of patients carrying this mutation and adjacent pseudogenes that cause 

significant difficulties for mutation detection [75, 76]. Current estimates in the number of 

families accounted for by this gene range from somewhere between 5% and 7% [77, 78] 

however these figures are not accurate. As information has accumulated it is clear that 

mutations in hPMS2 are more frequent than first thought as they display a range of 

associated tumours [78].   Whilst it is clear that a degree of variability exists in disease 

expression between MMR genes, taken as a whole there is still much to discover in 

relation to disease penetrance before accurate estimates can be made. This is only likely 

to be revealed once larger studies of combined Lynch syndrome cohorts are compiled and 

analysed. 
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1.7 - Lynch Syndrome Disease Expression 

In addition to the inconsistency observed in MMR genes and their influence on disease 

expression, there still remains a clear difference in cancer onset age and overall disease 

expression within Lynch syndrome families, independent of either a germline MMR 

mutation or genetic variance within the gene. Despite having an approximate lifetime risk 

of 80% of developing CRC, considerable differences in symptoms and disease diagnosis 

age are frequently observed in and between families who carry the same dysfunctional 

MMR gene or mutation [79-82].  

 

Since the discovery of the genetic basis of this syndrome, numerous studies have been 

aimed at trying to determine whether there are any genetic modifying factors that may 

provide a significant difference in disease risk. This is of particular importance in 

families with Lynch syndrome as there are no pre-malignant markers or symptoms 

associated with it. The presence of a tumour in a particular family member gives no 

accurate prediction of the age of diagnosis that another family member may have in 

developing the disease. Comprehensive pedigree analyses of Lynch syndrome families 

indicate a considerable range of disease onset ages and phenotype [83]. The difference in 

disease expression can be explained by either environmental, genetic or a combination of 

both factors.  Whilst there is evidence that several environmental and lifestyle risk factors 

affect CRC risk [84-90], they remain difficult to precisely define, which may in part be 

due to the subjective manner in which many of these studies are undertaken. Individuals 

included in such studies are often required to provide information on their dietary and 

lifestyle habits which is affected by poor recall thereby adversely influencing the 

outcome measures [91]. Genetic studies on the other hand offer more definitive clues in 
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CRC risk as patient genotypes are more easily and accurately defined. This is indeed the 

case in assessing modifying effects on CRC onset age in Lynch syndrome families. As 

there are relatively fewer patients with Lynch syndrome compared to those with sporadic 

disease there have been many more studies into genetic risk factors in sporadic cases 

compared to hereditary ones. Genome wide association studies where thousands of DNA 

samples are examined have revealed numerous single nucleotide polymorphisms (SNPs) 

which have been identified in having significant influence on CRC risk.  

 

1.8 - Modifying Effects by Single Nucleotide Polymorphisms (SNPs) 

The majority of research focused on identifying key modifier genes in Lynch syndrome 

has utilised the candidate gene approach where genetic polymorphisms have been shown 

to have functional consequences in their respective genes. Genes identified by these 

studies are often those associated with the cell cycle and DNA repair genes.  Since 

polymorphisms in these genes may influence cell cycle regulation through subtle changes 

to the DNA structure, they make excellent candidate modifier genes, in particular in an 

impaired DNA repair system as found in Lynch syndrome.  Numerous studies have 

focused on these genes; however in many cases, inconsistencies have arisen. An example 

is a common polymorphism, R72P, found within the tumour suppressor gene TP53. 

Initially this polymorphism had been associated with lung cancer susceptibility [92-96], 

then later in gastric cancer [97]. In 2004 a report from the United States described a 

significant association between the R72P polymorphism and earlier disease onset in 

Lynch syndrome patients [98]. The report revealed that patients who carried the 

heterozygous form of the polymorphism were significantly more likely to develop CRC 

13 years earlier than those carrying the wild type. This finding was subsequently 
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followed up by a further two studies in which cohorts from Australia, Poland and Finland 

were included; however neither study could confirm the initial claim [99, 100]. Whilst 

there is a possibility that the observed discrepancy between these studies may have been 

due to differences in allele frequencies between the different populations, a more likely 

explanation is the reporting of a type 1 statistical errors.  The original report from the 

United States was based on a cohort of 92 Caucasian patients, whereas both the Finnish 

and Australian/Polish follow up reports included the considerably larger numbers of 193 

and 220 patients, respectively. Taking into account both these larger population sizes it is 

likely these provide a more accurate representation, compared to the initial report thereby 

supporting the notion of a type 1 statistical error.  

 

Another gene, ATM, is involved in the recognition DNA errors and repair involving 

double strand breaks, whilst also regulating several oncogenes [101]. One report  claimed 

that the ATM  D1853N polymorphism was associated with an increased risk of 

developing colorectal cancer within Lynch syndrome families [102]. Although not 

specifically followed up at this stage, another report has since emerged claiming D1853N 

has no effect on disease onset age which casts some doubt on increased penetrance of 

CRC [103] in Lynch syndrome patients harbouring the D1853N ATM SNP.  

 

The R72P and ATM polymorphisms are not the only examples where controversy exists 

in the literature in regards to Lynch syndrome modifier genes. There have been several 

studies into the genes which are involved in xenobiotic metabolism, including NAT1 and 

NAT2 both of which have pivotal roles in the acetylation of aromatic amines. A report 

emerged in 1999 claiming an association between polymorphisms within NAT2 and 
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Lynch syndrome. The authors claimed a protective effect between the NAT2 phenotype 

and CRC development in both hMLH1 and hMSH2 carriers in a total of 78 patients [104]. 

A further study of NAT2 in 86 Lynch syndrome patients varied in some detail, however 

overall it appeared to give weight to the initial report, indicating that NAT2 genotypes 

may be an important factor in CRC and other cancers related to Lynch syndrome [105]. 

Follow-up studies including populations residing in Australia, Poland and Germany, 

however failed to substantiate the original report [106, 107]. As both more recent reports 

included larger population sizes it is likely that these provide a more accurate 

representation with no overall significant association in CRC risk within Lynch syndrome 

cases.  

 

The xenobiotic enzyme, glutathione-S-transferase (GST), is a further example of where a 

modifying effect has yet to be validated in Lynch syndrome expression. Genetic 

polymorphic forms of GST have been associated with the risk of various malignancies 

including bladder, lung and hepatocellular carcinomas [108-110]. Inactivating mutations 

within different forms of GST can lead to enzyme deficiency resulting in reduced 

detoxification thereby increasing disease risk and possibly modifying effects on disease 

expression. Studies of the modifying effects caused by GST variants have also been 

inconsistent with some studies reporting a significant association whereas others have 

not. A small study from Korea consisting of 104 HNPCC family members found an 

association between null GSTM1 alleles and disease risk [111]. This was consistent with 

a pilot study from 59 males in South Africa which described similar results in GSTM1 

null alleles [112]. When examined in larger Australian and European populations 

however, the effect disappeared [100, 104]. To date one of the main problems in 
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searching for modifying genes has been the small sample sizes used to identify a true 

effect.  From this it is clear that studies focused on potential genetic modifying effects in 

hereditary cancer syndromes such as Lynch syndrome require larger patient cohorts that 

are capable of providing greater statistical robustness to support any association with 

disease.  

The study of modifier genes can potentially identify more specific effects in defined 

subsets of Lynch syndrome patients.  At first pass there does not appear to be much 

variance between MSH2 and MLH1 mutation carriers as the presenting disease phenotype 

is very similar.  Nevertheless, a consideration of the role of causative gene in this disease 

does need to be considered.  For example a polymorphism residing within the cyclin D1 

gene was claimed to be associated with the age of onset of disease in  a group of patients 

from the United States in 2000 [113]. Follow-up studies on larger Lynch syndrome 

cohorts could not substantiate this finding [114, 115] suggesting that the original study 

was symptomatic of a type 1 error. When examined in a combined Australian and Polish 

population, no significant association could be found in the complete set of patients, but a 

significant association was observed in hMSH2 carriers when the analysis was divided by 

MMR mutation type [116]. Intriguingly, the two groups where no association was 

observed were predominantly composed of patients with MLH1 mutation carriers [113, 

114] Whether or not this is indicative of a true representation in hMSH2 carriers, it 

highlights the need to look into the specifics of the study cohorts for associations that 

may not be clear initially. This emphasises the importance of sufficient numbers of 

patients from different population groups to be included which would not only give a 

more robust estimate of modifying effects with greater sample sizes but also provide 
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valuable information in potential variation in allele frequency between ethnic groups and 

the effect this may have on disease expression.  

1.9 Aim of Project  

Many reports in the literature have provided valuable insight into the potential role of 

modifier genes but clearly much more information is required before the role of modifier 

genes can be implemented clinically. As previously discussed, genes involved in DNA 

repair and integrity as well as xenobiotic metabolism have been prime modifier gene 

candidates some of which will be examined in this project. Additionally there are new 

target candidate genes that may influence Lynch syndrome penetrance which continues to 

be identified and will be examined in this thesis.  

 

Given that there is much unknown in the role of modifying genes in Lynch syndrome 

expression, the aims of this study are targeted towards polymorphisms in several 

previously identified candidate genes including: 

 

 To further investigate the role of the IGF-1 CA repeat polymorphism in Lynch 

syndrome disease expression,  

 To further examine the association of two key polymorphisms located within the 

important folate metabolism gene MTHFR and their combined influence on 

Lynch syndrome disease expression, 

 To further investigate the role of an intronic polymorphism located near the 

promoter region of key gene involved DNA methylation known as DNMT3B and 

any effect on Lynch syndrome disease expression, and  
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 To identify several target polymorphisms in target DNA repair genes and 

investigate the association in Lynch syndrome expression.  

 

The assembly of a diverse range of Lynch syndrome families through collaboration is of 

great benefit for this project as it allows for the consideration of differences in allele 

frequencies between specific populations of participants and ads to the veracity of the 

results.  The combining of these different populations in statistical analysis where 

significant polymorphic variation may occur will provide valuable information on 

reported disease expression both within certain populations as well as providing greater 

statistical robustness in the reported results.  

 

It is anticipated that the increased understanding and validation of the role of these 

modifier genes in Lynch syndrome expression will contribute to further understanding of 

this disease. It is then hoped that this will identify targets for new treatments and may 

eventually lead to a more personalised approach to the medical care for Lynch syndrome 

patients.  
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Insulin-like growth factor-1 (IGF-1) has emerged as a candidate gene due to its integral 

role in the cell cycle and reported association with a range of malignancies including  

cancers of the lung, breast, prostate and CRC [117-121].  The differential effects of IGF-

1 expression have been shown to be associated with polymorphisms located within and 

adjacent to the coding regions of the gene [122-125]. Polymorphisms in genes such as 

IGF-1 that are associated with altered gene expression are excellent candidate modifier 

genes when considering their potential role in mediating disease risk.  

 

The IGF-1 gene has been reported in having a potential modifying effect in Lynch 

syndrome expression owing to a CA repeat polymorphism located near the promoter 

region [125]. It has been described that this gene may have an association with the 

average age of disease onset depending upon the number of CA polymorphic repeats 

each Lynch syndrome individual carries.  [125]. In the following two chapters the CA 

repeat region of IGF-1 is further examined across two ethnically diverse populations of 

Lynch syndrome participants to provide greater insight into this intriguing association.  
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Another reported modifier in Lynch syndrome expression is the 

Methylenetetrahydrofolate reductase (MTHFR) gene. MTHFR is a key folate-

metabolizing
 
enzyme involved in both DNA methylation and DNA synthesis. This 

enzyme is required for important steps in purine and thymidine synthesis which is 

necessary for methionine production. If thymidine synthesis is inadequate this can lead to 

uracil misincorporation during DNA synthesis, resulting in increased incidence of DNA 

damage and genetic instability. The pivotal role played by MTHFR has lead to 

polymorphisms associated with MTHFR gene function prime candidates as factors that 

may be involved in disease risk.  

 

Two polymorphic regions within the MTHFR gene, C677T and A1298C, have been 

shown to influence the resultant enzyme activity to reduce folate utilization. Both C677T 

and A1298C have also been associated with a marked influence in folate metabolism and 

are reported to influence the risk of a range of malignancies including CRC in Lynch 

syndrome patients [126-129]. In this chapter we examine the role of these two important 

polymorphisms in diverse populations of Lynch syndrome participants to further clarify 

their role in overall disease expression.  
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DNA methylation is a crucial part of the cell cycle and plays important roles in cellular 

development and genomic integrity. DNA methylation is regulated by a family of DNA 

methyltransferases (DNMTs), of which three active forms (DNMT1, DNMT3A and 

DNMT3B) have been identified in mammalian cells. Aberrant DNA methylation has 

been associated with a large number of human malignancies where hypermethylation of 

tumour suppressor genes and/or global hypomethylation may occur.  Increased DNA 

enzyme activity of the DNA methyltransferases DNMT1, DNMT3A and DNMT3B, has 

been shown to be elevated in several types of disease including leukaemia, prostate, lung, 

breast and endometrial cancers which has lead to these becoming areas of interest for 

modifying effects in disease expression. A polymorphism located within DNMT3B drew 

particular attention as it had been suggested that in in vitro assays the C>T variant could 

alter promoter activity, leading to an increase of activity of up to 30%. Not long 

afterwards this polymorphism was reported in a small cohort of Lynch syndrome 

participants in the United States as significantly altering disease expression. In this 

chapter the DNMT3B C>T polymorphism is studied in greater detail in a diverse 

combined population of Lynch syndrome participants. The results described provide 

valuable information into the previously reported results of this polymorphism.  
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As previously mentioned the greater part of research into the search for modifying genes 

in Lynch syndrome expression has been focused on the candidate gene approach.  

Genetic polymorphisms similar to those described in IGF-1 and MTHFR have been prime 

candidates as they have been shown to have functional consequences in their respective 

genes, and are often associated with the cell cycle or DNA repair.  Polymorphisms which 

are capable of altering gene function in these important domains may influence cell cycle 

regulation through subtle changes to the DNA structure and make excellent candidate 

modifier genes, in particular in an impaired DNA repair system as found in Lynch 

syndrome. In this chapter a selection of polymorphisms located within the DNA repair 

pathway genes BRCA2, hMSH3, Lig4, OGG1 and XRCC 1, 2 and 3 were chosen as these 

genes have been previously implicated in a wide range of malignancies. None of the 

selected polymorphisms had been previously been assessed for disease risk in Lynch 

syndrome, however were considered as prime candidates owing to their location within 

these genes. In this chapter the selected 8 polymorphisms BRCA2 (rs11571653), MSH3 

(rs26279), Lig4 (rs1805386), OGG1 (rs1052133), XRCC1 (rs25487), XRCC2 (rs3218536 

and rs1799793) and XRCC3 (rs861539) were genotyped across the cohort of both 

Australian and Polish participants. With the utilization of multivariable statistical analysis 

the association of these DNA repair polymorphisms on CRC expression was investigated.  
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Factors associated with hereditary cancer syndromes such as Lynch syndrome continue to 

prove elusive in regards to the prediction of individual specific disease risk. Patients 

diagnosed with Lynch syndrome have a significantly increased life time risk of 

developing a malignancy especially CRC. Despite this well known likelihood of 

developing disease, accurately defining individual risk and at what age a malignancy is 

likely to develop is a much more challenging task that requires the assessment of multiple 

factors, both genetic and environmental.   

 

Risk factors for CRC have traditionally included
 
obesity, a diet low in fruits and 

vegetables, physical inactivity,
 
and smoking [130, 131]. More recently however, the list 

of dietary factors has been severely challenged with the reported protection against CRC 

by fruits and vegetables to be at best modest [132].  Nevertheless CRC has traditionally 

been a disease characteristic of developed nations that include the United States, Europe 

and the countries of Oceania whose populations were more significantly influenced by 

inappropriate nutrition [133]. In recent years however,
 
CRC rates have been reported to 

be increasing in more advanced developing
 
countries where disease risk was once 

considered low [134, 135].
 
The increasing prevalence of obesity and decreasing physical

 

activity in many parts of the world, resulting from the influence of industrialization
 
will 

likely continue to contribute to the growing international
 
CRC incidence rates as the trend 

in affluence increases [136].
 
This is likely to be compounded in countries where aging 

populations are the norm.  
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Disease risk is not only a function of environmental influence.  How an individual 

responds biologically to an environmental trigger is influenced by their genome.  This 

suggests that there will be individuals who harbour genetic variation that either promotes 

disease development or inhibits it given a particular environmental insult.  At present 

there is an increasing body of evidence to suggest that disease risk is influenced by 

genetic polymorphisms that are linked to important processes such as cellular metabolism 

or DNA repair pathways. The examination of a model disease like Lynch syndrome is 

important because not only does it better define disease risk in this hereditary condition, 

it also serves as a mechanism to identify genetic variation that influences disease risk in 

the general population. 

 

In the context of Lynch syndrome, genetic variation combined with  lifestyle factors are 

likely to modulate the effect of predisposing mutations between individuals particularly 

in an impaired DNA repair environment. A significant outcome in the identification of 

modifying genes affecting disease expression in Lynch syndrome is that this will result in 

a more accurate assessment of disease risk in these individuals so that prophylactic 

measures could be implemented patient specifically thereby reducing the risks of 

screening for disease.  
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7.1 The IGF-1 Gene 

The IGF-1 gene was first reported as a potential modifying gene in Lynch syndrome 

expression in 2006. The CA repeat polymorphism located near the IGF-1 promoter 

region was described as having an association with the age of disease onset in a cohort of 

121 Lynch syndrome participants originating from the United States [125]. Certainly this 

is not the first time that a repeat region has been implicated in disease; with numerous 

studies reporting a link between DNA repeat regions significantly altering risk of 

prostate, [137-171] breast, squamous cell carcinoma, bladder and lung cancers [172-175]. 

DNA microsatellite repeat regions are also strongly associated with Lynch Syndrome and 

are considered a genetic tumour phenotype [35].  

 

IGF-1 is important for cellular proliferation and differentiation, however, elevated levels 

of IGF-1 have been reported to have significant links to disease such as CRC which is 

thought to be a result of the mitogenic and anti-apoptotic effects elicited by this protein  

[125, 176]. Several environmental and physiological reasons have been proposed that 

influence IGF-1 expression; however it has been only recently that evidence has 

accumulated suggesting a genetic role.  Rosen et al. was the first to report that the length 

of the CA repeat region in IGF-1 may be associated with circulating IGF-1 levels [177]. 

In a similar growth factor related gene, Epidermal Growth Factor Receptor (EGFR), a 

CA repeat region is located in intron 1. A study of this EGFR polymorphic repeat region 

revealed lower transcriptional activity with increasing numbers of polymorphic CA 

repeats coinciding with lower levels of gene expression [178]. In 2007, a similar result 

was reported for the IGF-1 gene in swine where the length of the CA repeat region was 

clearly associated with circulating levels of IGF-1 [179]. More recently additional human 
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data has been published which supports the notion that this polymorphism is linked to 

serum levels of IGF-1 [180]. From this data a trend is emerging that CA repeat 

polymorphisms in growth factor related genes, such as IGF-1, are related to gene 

expression differences which is reflected in the serum levels of these important genes.  If, 

as is the case for EGFR, longer CA repeats in IGF-1 are predicted to result in a decrease 

in circulating serum levels which in turn potentially lead to a reduced likelihood of 

disease in Lynch syndrome patients. Accumulating evidence suggests that serum IGF-1 

levels appear to be linked to disease with recent reports indicating that elevated levels of 

IGF-1 are observed in breast, prostate and CRC [181-184]. There have even been some 

estimates that higher circulating levels of IGF-1 result in a 15% increase in the risk of 

developing disease, insinuating the importance of circulating IGF-1 in disease 

progression [185].  

 

As CRC involves the accumulation of
 
a number of specific molecular alterations [186, 

187], consistently high
 
IGF-1 serum levels may increase cellular proliferation, thereby 

enhancing
 

the rate by which genetic alterations accumulate. Both normal colonic
 

epithelial and transformed cells are IGF-1 responsive; thus,
 
IGF-1 can influence not only 

the likelihood of disease initiation but also disease progression. This overall process 

provides some insight into how intracellular serum levels of IGF-1 may have a significant 

influence in accelerating the accumulation of genetic errors leading to disease, especially 

in persons who have inherited a predisposition to develop malignancy characterized by a 

mutator phenotype as observed in Lynch syndrome.  
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An equally important facet to disease risk as a result of increased levels of IGF-1 is its 

link with obesity.  Obesity and physical inactivity are strong independent determinants of 

insulin resistance and hyperinsulinaemia [188-193] and is associated with an increased 

risk of CRC [194, 195]. Increased blood insulin lowers IGF-1 binding protein levels, 

which often result in an increase of free IGF-1 [196]. As IGF-1 is associated with both 

percentage body fat and general overall obesity levels [197], an increased level of IGF-1 

expression as a result of shorter CA repeat lengths may have an enhanced effect in 

persons who are obese where IGF-1 serum levels are already elevated.   

 

In addition to the IGF-1 effect, CRC risk is also increased in obese patients through 

oxidative stress in fat. This is caused by increased lipid peroxidation leading to the 

production of reactive oxygen species. In regards to cancer, reactive oxygen species can
 

damage DNA by several methods including DNA base modification,
 
deletions, frame 

shifts, strand breaks, DNA-protein cross-links,
 
and chromosomal rearrangements [198]. 

Both these components may promote tumour development
 
by generating reactive oxygen 

species, increasing hormone production/bioavailability
 
of IGF-1 and providing

 
an energy-

rich environment. This combined mechanism is potentially a risk factor for all types of 

CRC, however in Lynch syndrome this may be of greater significance in a deficient DNA 

repair environment where enhanced levels of IGF-1 inhibit cell death whilst encouraging 

cellular proliferation. Together, the relationship between obesity and IGF-1 CA repeat 

length may be of particular importance in obese Lynch syndrome cases as these may be 

at greatest risk of developing disease at a younger age.  
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The role of inherited factors in circulating IGF1 serum levels is likely to be substantial 

with estimates of the proportion of variance in IGF-1 that is genetically determined 

varying somewhere between 38% to over 80% [199]. Considerable data exists revealing 

differences in IGF levels across ethnic groups [200-202], however more recent data is 

suggestive of dietary and lifestyle factors having a more modifiable effect in serum levels 

when combined with genetic ancestry. One such study has shown that the impact of 

several nutritional factors such as calcium, dairy products and vegetables on IGF levels is 

quite different in race stratified models between African-American and European 

American males [203]. This is strongly suggestive of there being ethnic differences that 

differentially modify the effect of several nutrients on IGF levels.  Together this 

information is suggestive that environmental factors such as dietary intake, lifestyle and 

demographic factors are probably playing a substantial role in ethnic variation in disease 

risk in regards to serum IGF levels. This is intriguing as it may also be contributing to the 

differences in relative disease risk observed between the Polish and Australian cohorts as 

described previously. 

The data presented in chapters 2 and 3 combined with others [125] indicate a significant 

interaction between the CA repeat polymorphism length and disease expression in Lynch 

syndrome which is likely to be linked to circulating levels of IGF-1. The data indicated a 

significant correlation for earlier onset CRC in participants who carry 17 or less IGF-1 

CA repeats in over 400 Lynch syndrome patients of multinational decent. An 

encouraging aspect of these described results is the fact that significance is retained 

across different population ethnicities where differences in IGF-1 allele frequencies 

occur.  A limitation however in defining the exact relationship between IGF-1 expression 
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and cancer incidence in Lynch syndrome patients is the genotype–phenotype correlation 

between the IGF-1
 
CA-repeat number and the corresponding serum levels in

 
MMR 

mutation carriers. Assessment of serum IGF-1 concentration however,
 
have for the most 

part had the inherent problem of serum IGF-I measurements being
 
done at one time point 

whilst, what is required for accurate assessment is multiple tests performed on any given 

patient. Whether it would be feasible to monitor IGF-1 serum levels in families with 

Lynch syndrome is an area which would need to be further investigated. If more evidence 

is found to support the role of IGF-1 in disease risk monitoring may become a 

worthwhile practice, and it is reasonable to suggest that investigations into the IGF-1 CA 

repeat polymorphism in other hereditary CRC cancer syndromes as well as sporadic 

disease may well be warranted. Future work should also include additional candidate 

polymorphisms located within IGF-1 or IGFBP-3 that interact with the IGF-1 pathway 

and may provide further insight into the overall IGF-1 effect.  At present, however the 

IGF-1 pathway remains largely under-investigated, and there is now a requirement for 

further work to develop a more thorough understanding of the relationship between IGF-

1 genotype, expression and its implication in disease risk.  
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7.2 - The Methylenetetrahydrofolate Reductase (MTHFR) Gene 

There have been tantalizing reports in the literature that polymorphisms in the MTHFR 

gene are associated with altered CRC risk.  These polymorphisms occur in relatively high 

frequency in the general population and the two that promote special attention are both 

associated with altered enzyme function. MTHFR is a key folate-metabolizing
 
enzyme 

involved in both DNA methylation and DNA synthesis. The enzyme catalyses the 

irreversible conversion of 5,10-methylenetetrahydrofolate (5,10-MTHF), needed for 

purine and thymidine synthesis, to 5-methyltetrahydrofolate (5-MTHF), which is 

necessary for methionine production. Insufficient thymidine results in uracil 

misincorporation into DNA, leading to single-strand and double-strand breaks.  This can 

increase the incidence of DNA damage, thereby increasing the risk of genetic instability. 

The understanding that folate metabolism can both equally influence DNA synthesis and 

methylation has made the study of environmental and genetic variants associated with 

this metabolic pathway particularly attractive candidates as factors that influence cancer 

susceptibility. Two common polymorphisms, C677T and A1298C are located within the 

MTHFR gene and have been linked in altering the function of the encoded protein. This 

has lead to these variants becoming the focus of numerous studies into CRC risk outside 

the context of an inherited predisposition to disease. Both polymorphisms result in a 

substitution of an amino acid and have been previously shown to significantly influence 

MTHFR enzyme activity [204]. C677T is located within the coding region for the 

catalytic domain, resulting in an amino acid substitution from alanine to valine that is 

associated with a reduction of enzyme activity. The A1298C polymorphism, located in 

the regulatory region of MTHFR, substitutes an amino acid change from glutamine to 

alanine. Evidence suggests that A1298C also reduces MTHFR activity, however it is 
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reported to be less influential than C677T [204]. This modifying effect incurred by the 

presence of one or both polymorphisms in a pivotal folate metabolism pathway and its 

association with sporadic disease suggests that these polymorphisms are of particular 

interest with respect to modifying disease risk in Lynch syndrome.    

 

Both A1298C and C677T are in strong linkage disequilibrium with no evidence of the 

existence of a MTHFR allele that carries both homozygote genotypes (C1298C/T677T) 

[205-207]. Owing to this linkage disequilibrium, no participants in this study were found 

to inherit both homozygote forms of these polymorphisms when screened throughout the 

study cohort.  

 

The data indicated that in this cohort of Australian and Polish Lynch syndrome 

participants both heterozygote forms of the MTHFR variants were required for a 

significant protective effect to occur. The Kaplan-Meier survival estimates predicted a 

median age gap of 10 years later for CRC onset in patients carrying the combined 

heterozygote MTHFR genotype which was supported by multi variable regression 

modelling statistics. The data also suggested this effect was significant in both hMLH1 

and hMSH2 carriers, where previously only a significant association had been described 

in hMLH1 for C677T only [129]. The most plausible cause for this discrepancy between 

our reported results and those by Pande et al is likely due to a type 1 error as the reported 

association in hMLH1 carriers were in a considerable smaller sample size, although 

differences in the ethnicity of Lynch syndrome cohorts cannot be ruled out as a 

contributing factor.  
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The mechanism by which C677T and A1298C appears to influence disease risk can be 

explained by the functional effects that these polymorphisms have on MTHFR and 

consequently folate metabolism.  Previous reports have demonstrated a reduction of up to 

60% in the activity of MTHFR when both C677T and A1298C heterozygote alleles were 

present in the gene. The reduction of MTHFR activity leads to an increased concentration 

of its substrate 5,10-MTHF. The increased pool of 5,10-MTHF pushes folate metabolism 

towards DNA synthesis, in turn reducing the pool of uracil. A reduced quantity of uracil 

potentially reduces the overall risk of uracil misincorporation as a result of its limited 

availability. For individuals with a MMR deficiency, the effect of reduced MTHFR 

enzyme activity may be advantageous since uracil misincorporation could be particularly 

deleterious in conjunction with an impaired DNA repair pathway. The subsequent lower 

levels of 5-MTHF may also be beneficial due to a potential reduction in DNA 

methylation. Hypermethylation of the promoter of tumour suppressor or MMR genes 

may lead to gene silencing, therefore a reduction in methylation through decreased 

MTHFR activity could lead to lower probability of this type of gene silencing occurring 

[205].  

 

Numerous case control and cohort studies have investigated the relationship between 

folate intake and CRC risk with the majority reporting a reduction in CRC incidence with 

higher levels of folate [208]. The outcome of one meta-analysis suggested that CRC risk 

could be reduced by up to 25% with a high level of dietary folate compared to a low level 

one [209].  Further studies are required to clarify to what extent total folate has on disease 

risk; however it is generally accepted that there is an association and that a number of 

common genetic variants alter either the cellular levels or functioning of folate 
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metabolism enzymes and are likely to have an important role in determining an 

individual’s response to changes in dietary folate. With this in mind further studies into 

functional polymorphisms in the folate metabolism pathway would benefit significantly 

by including total folate levels so that a more exact assessment of the role of folate could 

be made. Using this approach a more precise view of the relationship between folate 

intake and disease risk may become apparent where Lynch syndrome patients may be 

able to be stratified by MTHFR genotype whilst including important disease-folate 

associations in the subgroup of the cohort as defined by these genetic variants. Accurately 

estimating dietary folate intake however may prove difficult and therefore the analysis of 

plasma folate levels may be a more viable alternative. This may provide a more accurate 

measure of folate status, however be more susceptible to short-term fluctuations in 

dietary folate intake which could lead in the requirement of several measurements over 

time for an accurate baseline to be calculated. Future studies would also benefit to 

include other dietary factors including alcohol, choline, and methionine intake which are 

known to effect folate metabolism besides folate and folic acid [210]. An accurate level 

of folate plasma combined with MTHFR C677T and A1298C genotypes is an interesting 

prospect and may provide a more accurate indicator of an individual’s risk of developing 

a Lynch syndrome related CRC.  

 

The identification of MTHFR polymorphisms being associated with divergence in disease 

risk in Lynch syndrome provides the basis for targeted intervention measures that could 

be used to influence the risk of disease development. Dietary supplementation of 

folate/folic acid in Lynch syndrome families may prove to be beneficial in decreasing 

disease risk or prolonging the time before the diagnosis of malignancy.  Dietary 
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supplementation and a change in disease risk however, are more complex than previously 

thought. Folic acid supplementation has been proven to be beneficial in decreasing neural 

tube defects (NTD’s), [211] and was the catalyst for the United States and Canada 

introducing the compulsory supplementation of folic acid in flour in 1996 in an aim to 

reduce the incidence of NTD’s. Despite proving successful for this purpose an 

unexpected trend was observed in both countries as described by Mason et al. who 

investigated the relationship between the onset of folic acid fortification and rises in the 

incidence of CRC. This analysis indicated that in the early part of the 1990’s the age-

adjusted incidence of CRC had declined gradually in both countries. Between 1995 and 

1996 however, the incidence rate in the United States showed a slight increase followed 

by more marked increases in 1997 and 1998. A similar finding was observed in the 

Canadian population which also corresponded to the mandatory supplementation of folic 

acid. In both populations the increase in CRC incidence was highly significant when 

compared to pre-existing trends in both men and women. These observations have lead to 

a hypothesis that mandatory folic acid supplementation was responsible for the spike in 

CRC rates which after peaking approximately 2-3 years after its introduction have begun 

to decline once again  [212].  

 

The association of increased CRC incidence with folate supplementation has been 

supported by the results of two large scale studies which have recently emerged from 

both the United States and United Kingdom. In both these phase III studies a common 

trend was observed in participants who supplemented their diets for three years with a 

daily dose of 1000ug and 500ug folic acid respectively, and an increased risk of 

developing a colorectal adenoma, with the greater risk in those participants consuming 
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the higher 1000ug dose [213, 214]. Studies in mismatch repair or tumour suppressor gene 

deficient mice have demonstrated that the timing of folate supplementation is important 

in the association it may have on disease risk. In the first few months of folate 

supplementation a threefold decrease in colorectal adenomas has been observed when 

compared to mice with a moderately folate deficient diet. Dietary folate treatment after 

the development of carcinomas had the opposite effect however, with folate deficiency 

significantly decreasing the number of adenomas compared with supplementation [215, 

216].  Together, this evidence suggests that as long as an individual is healthy, folate 

supplementation is protective whereas if a tumour has been initiated folate restriction is 

more important. This dual modulator role of folate may be of even greater influence in an 

impaired DNA mismatch repair pathway as found in Lynch syndrome patients. In this 

case folate supplementation may be particularly beneficial or deleterious depending upon 

any early tumour development.  

 

7.3 - Candidate Polymorphisms Not Associated With Disease Risk 

Not all polymorphisms which have been associated with hereditary disease have 

remained consistently significant across cohorts.  An example is the delta DNMT3b SNP 

which was reported to have a significant association in a cohort of participants in the 

United States [217]. DNMT3B has been identified as a candidate in disease modifying 

risk due to its role in methylation. DNA methylation is regulated by a family of DNA 

methyltransferases (DNMTs), of which three active forms (DNMT1, DNMT3A and 

DNMT3B) have been identified in mammalian cells [218]. It has been reported that an 

increase in DNA methyltransferase enzyme activity of the DNA methyltransferases 

DNMT1, and DNMT3A and DNMT3B, is elevated in several types of disease including 
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leukaemia, prostate, lung, breast and endometrial cancers [219-222]. A polymorphism 

located within DNMT3b has been reported to influence enzyme expression through 

altering promoter activity. It has been suggested that in in vitro assays the C>T variant 

could lead to an increase of promoter activity of up to 30% [218].  Using a study group of 

over 400 individuals, no association was observed between age of onset and DNMT3b 

genotype in an Australian and Polish Lynch syndrome cohort.  The failure to confirm the 

potential modifying influence of a polymorphism in one population compared to another 

could be simply due to insufficient numbers of test subjects.  If a polymorphism is a true 

modifier however its response should be similar no matter what population is examined 

even though it may not reach statistical significance.  In the case of the delta DNMT3b 

SNP no such trend was observed suggesting type 1 or type 2 statistical errors may be 

playing a role. The Australian/Polish study group was approximately three times larger 

than the participants of a previous study [217] reducing the likelihood of a type 1 error in 

this cohort.  Notwithstanding, it is worth noting that it does not rule out the possibility 

that DNMT3b expression may be associated with Lynch syndrome disease expression. 

Different isoforms of DNMT3b exist therefore expression levels of these may vary 

influencing disease risk. Numerous other polymorphisms have also been reported in the 

functional domains of DNMT3b which could also alter methylation status and thereby 

influence disease risk.  

 

Genes involved in DNA repair have also been prime candidates in the search for 

modifying effects due to their important role in the cell cycle. Polymorphisms located 

within genes involved in this process have been widely reported to be associated with 

cancer susceptibility in an extensive range of malignancies that include CRC. For our 
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combined cohorts, eight common polymorphisms were selected across several genes 

involved in the DNA repair pathway including BRCA2, hMSH3, Lig4, hOGG1 and XRCC 

1, 2 and 3 which had not previously been assessed for disease risk in Lynch syndrome. 

The data from this work resulted in some interesting and somewhat surprising results in 

that two of the eight polymorphisms indicated a significant association in the Polish 

cohort however was not observed in the Australian counterparts. Cox regression 

modelling indicated a significant protective effect in Polish participants for both 

polymorphisms hMSH3 A>G (rs26279) and XRCC2 G>A (rs1799793). This finding was 

somewhat contradictory as the homozygote form of both rs26279 and rs1799793 have 

been previously weakly associated with an increased risk of CRC and bladder cancer 

respectively [223, 224]. In both cases rs26279 and rs1799793 had significantly different 

minor allele frequencies compared to the Australian cohort providing a possible 

explanation to the lack of significance in either the Australian or combined population 

analysis. Most notably however were the hazard ratios in the Australian cohort which 

pointed in the opposite direction to those in the Polish cohort.  If a true modifying effect 

were present it is reasonable to assume that hazard ratios should at least point in the same 

direction, even if not being significant. The previously published results before this study 

is therefore suggestive of a type 1 error which may be caused by differences in allele 

frequencies between groups. For this reason it has been beneficial to have access to two 

separate Lynch syndrome cohorts where background ethnicity provides variation in allele 

frequencies. If a modifying effect is then observed it is more likely to be that of a true 

effect if remaining consistent in both populations.  
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7.4 – Overall Conclusions 

In conclusion, the research conducted in this project has further discovered and defined 

several new interesting associations in disease expression in Lynch syndrome patients 

including:  

i) The CA repeat region in IGF-1 has now shown a significant effect in disease 

onset age in three separate cohorts of Lynch syndrome participants of 

multinational descent. The studies performed in this thesis have also further 

defined the specific number of 17 or less CA repeats to be the greatest risk of 

developing earlier onset disease and that population specific risk may occur.   

ii) A significant result was further established for the target functional 

polymorphisms in the MTHFR gene. This was also particularly exciting as strong 

significance was retained across multinational study cohorts, despite some 

variation in allele frequencies. This combined with IGF-1 is likely to prove to be 

of particular importance in the understanding of the development of CRC in 

Lynch syndrome and at the very least aid in providing a more accurate estimate in 

CRC onset age. 

iii) The study into the polymorphism located within DNMT3B was found to have no 

effect on the age of disease onset in Lynch syndrome. This was in disagreement 

with a previous smaller study which hypothesized a mechanism by which this 

polymorphism may regulate the epigenetic status of a gene at a separate locus, 

however this could not be confirmed in a larger cohort of Lynch syndrome 

participants.  

iv) An investigation into the target polymorphisms located within the DNA repair 

genes BRCA2, hMSH3, Lig4, hOGG1 and XRCC did not reveal a substantiated 
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significant association in disease onset age in Lynch syndrome.  The 

polymorphisms found in MSH3 (rs26279) and XRCC2 (rs1799793) in the Polish 

cohort did demonstrate a trend. However, the size of the population did not allow 

for the confirmation of any modifier effect with multiple testing rendering the 

trend insignificant.  

 

7.5 – Future Directions  

With increased knowledge into hereditary genetic diseases such as Lynch syndrome, 

more questions often arise as we gain insight into the modifying influences driving 

disease expression. Although the results published throughout this study have been of 

significant value more questions arise that will no doubt be the target of more defined 

research to come.   

 

Future studies into the combination of the polymorphisms in IGF-1 and MTHFR could 

benefit substantially by gaining more information into additional factors such as Body 

Mass Index and dietary intake of foods and nutrients of specific interest such as folate. 

This may then be able to be stratified by genotype and ethnicity providing potentially 

powerful information into these “modifiable” modifiers in overall disease risk. It is 

plausible to suggest that when a certain combination of both IGF-1 and MTHFR 

polymorphisms are present, a more profound effect in disease risk may be observed 

which opens up an exciting new avenue of research. The collective influence on disease 

risk by a combination of these gene polymorphisms may be amplified in effect by a 

number of lifestyle and dietary factors. This is likely to be of a greater significance in 

westernised societies providing partial explanation into why CRC incidence is higher in 
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these regions, whilst ethnicity may also be modifying the effect on not only genetic 

disease risk, but also on how great an influence some of these factors may have. 

 

The candidate gene approach for the identification of modifier genes has proven to be a 

useful approach in better defining the role of additional genetic factors that are associated 

with disease onset in inherited susceptibilities to cancer.  The major drawback in using 

the candidate approach is the reliance on the identification of functional polymorphisms 

thereby limiting the choice of gene to study. Furthermore, additional changes occurring in 

the genome that may confer novel alterations in function and or point to new genes 

cannot be investigated using this approach. With the advent of genome wide association 

studies and the unbiased identification of new polymorphisms associated with disease 

risk it is inevitable that hitherto unexplored genes and polymorphisms will contribute 

further to our knowledge about modifier genes and their roles in dictating disease risk in 

inherited forms of malignancy. 
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7.6 - Summary 

The data gathered in this project has been of significant value in the search and 

clarification of genetic modifying effects in Lynch syndrome. In addition to specific 

genotypes, these genes may also have a wider implication in disease risk in concert with 

other environmental factors that may not only be restricted to Lynch syndrome. 

Individuals with obesity are already at an increased risk of developing CRC by an 

imbalance of hormones, reactive oxygen species, and energy availability which promotes 

cell transformation, angiogenesis, migration, and proliferation, as well as inhibition of 

apoptosis. These patients could be of an even greater risk in cases where the IGF-1 CA 

polymorphism was present resulting in a growth advantage in any early stage colonic 

tumours. In a similar instance in cases where an individual has wild type forms of the 

polymorphisms located within MTHFR and a high folate diet, this may lead to a selective 

growth advantage for neoplastic growth. 

 

The results described for DNMT3b and DNA repair genes (BRCA2, hMSH3, Lig4, 

hOGG1 and XRCC) despite being insignificant in disease association, are still useful in 

our overall knowledge in Lynch syndrome disease expression. These results will prove 

beneficial for future studies as it may allow for researchers to focus on other genome 

areas of interest. When searching for modifying effects it is important to report those 

polymorphisms where no significant association is found. The majority of literature 

reports are of significant Lynch syndrome modifying associations; however there is a 

requirement to publish non-significant findings so that some potential modifying 

polymorphisms may be ruled out from future studies.  
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As with some of the cases previously illustrated however, care still needs to be taken in 

ruling out SNPs where no modifying effect is observed in small numbers of participants 

where type 2 errors may occur.  Given the numbers and the diverse population groups 

included in this study however, there is an increased likelihood that these reported results 

give a more accurate representation.  

 

The biological consequence of the variants reported herein on disease risk has the 

potential for a more personalized approach to medicine dependent on the genetic 

constitution of each individual. This will allow for a more accurate risk assessment of 

predicted age of disease onset in families diagnosed with Lynch syndrome along with 

measures that can be incorporated to help prevent the onset of disease. 
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