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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

Vi



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.

vii



Chapter 1

General Introduction




Chapter 1 - Introduction

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]

Replication

DNA

\L Transcription

RNA

Translation

Protein

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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Chapter 1 - Introduction

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].



Chapter 1 - Introduction

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 (hnMLH1 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].
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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



Chapter 1 - Introduction

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.
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Germline Mutation
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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.

10
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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

11
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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].

12
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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 | (Hereditary Site-Specific Colon Cancer), which only
included those families with colon cancer and Lynch syndrome Il (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

13
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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 hMSH®6) 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 | criteria was the lack of scope for families where there were extracolonic
malignancies. To help cover this shortfall, the second Amsterdam criteria Il 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

14
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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 Il 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 Il 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 Il criteria and Revised Bethesda Criteria

Name Criteria

Amsterdam | 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 Il  Same criteria as described in Amsterdam | 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

15
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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 hMSH®6 [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 @ 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:

e To further investigate the role of the IGF-1 CA repeat polymorphism in Lynch
syndrome disease expression,

e 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,

e 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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e 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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IGF-1 Gene Polymorphism and Risk for Hereditary
Nonpolyposis Colorectal Cancer
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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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CORRESPONDENCE

Re: IGF-1 Gene Polymorphism
and Risk for Hereditary
Nonpolyposis Colorectal Cancer

Recently. Zecevic et al. (1) reported an
association between the size of the CA-
repeat sequence residing in the 5" untrans-
lated promoter region upstream of the
start site of the IGF-1 gene and age of dis-
ease onsef in 121 hereditary nonpolyposis
colorectal cancer patients who harbored
germline mutations in the mismatch repair
(MMR) genes hMILHI or hMSH?2 (1). In
their study. an association between the
length of the polymorphism and age of dis-
ease onset in patients harboring hMSH2
germline mutations was observed.

To determine if this relationship was
applicable to other populations. to only
hMSH2 mutation carriers, or to only men
or women, we investigated the IGF-1
CA-repeat polymorphism in a total of
220 MLH1 and MSH2 mutation—positive
patients from 36 families, including 123
probands/single family members with
confirmed hMLH1 or hMSH2 germline
mutations. Polymerase chain reaction con-
ditions and CA-repeat analyses were as
previously described (1,2). Allele sizes
were categorized as reported by Zecevic
et al. (1) such that patients were grouped
as having one allele with 17 or fewer CA
repeats (<17 CA) or both alleles with 18
or more CA repeats (=18 CA).

A clear relationship was observed for
early-onset disease in the patient group
with 17 or fewer CA repeats. Overall,
patients with 17 or fewer CA repeats were
more likely than patients with 18 or more
repeats to have early onset of colorectal
cancer using the log-rank (LR) test (LR
[df = 1] = 4.71. P = .03). Kaplan—Meier
analysis also revealed a 15-year differ-
ence in the age of colorectal cancer onset
between patients in the two groups (<17
CA. median age = 48 years, 95% confi-
dence interval [CI] = 44.5 to 51.3 years.
range 21-84 years versus =18 CA, median
age = 63 years, 95% CI = 51.8 to 74.2
years, range 21-95 years). When patients
with hMSH2 and hMLH1 mutations were
analyzed separately. a statistically signifi-
cant difference in the age of disease onset
was observed only among the hMTLHI
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Fig. 1. Kaplan—Meier analysis of time to onset of colorectal cancer for patients with 17 or fewer IGF-1
gene CA repeats (red) and patients with 18 or more CA repeats (green). The hatched curves represent 95%
confidence intervals. Kaplan-Meier analysis was used to conduct univariate analysis with mutation type
and sex along with time to onset of colorectal cancer in regards to CA-repeat length. The age of diagnosis
was used as the age of onset in all patients with colorectal cancer. For the unaffected mismatch repair gene
mutation carriers, the age at last follow-up was used as the age of onset. and these subjects were censored
in the analysis. All proportional hazard assumptions were verified using Schoenfeld residuals. and statisti-
cal tests were two-sided and performed using Intercool Stata 8.2 (Stata Cotp, College Station, TX).

mutation carriers (<17 CA versus =18
CA. IR [df=1]=5.05, P=. 025).

For proportional hazard Cox regres-
sion modeling. two models were tested
including hMLHI-hMSH2 mutation
group. IGF-1 CA-repeat group alone.
and IGF-1 CA-repeat group plus sex
with or without family clustering. No
association between colorectal cancer
risk and hMLHI-hMSH2 mutation or
interaction between hMLHI1-hMSH?2
mutation group and the two CA-repeat
IGF-1 groups was observed, which con-
tradicted the Kaplan—Meier results based
on MMR mutation type. The Cox model
interpretation is preferred over the indi-
vidual Kaplan—Meier survival curves.
and it appears from the interaction test
that it is the IGF-1 CA-repeat group
alone. which is associated with risk
of colorectal cancer and not the MMR
mutation type. The final model from Cox
regression analysis included the IGF-1
group plus sex and family as a cluster
variable. The smaller number of IGF-1
CA repeats had the strongest association
with colorectal cancer risk compared
with the 18 or more CA group. (=17 CA
group, hazard ratio = 1.5, 95% CI=1.02
to 2.16: P = .044). The association be-
tween sex and risk of colorectal cancer
approached borderline statistical signif-
icance (compared with females. for males.
hazard ratio = 1.40. 95% CI = 0.97 to
2.03; P=.071).

Our results indicate that the increased
risk for colorectal cancer is equal in both
hMLH1 and hMSH2 carriers. Although
the association was not statistically sig-
nificant in this study. the risk of colorec-
tal cancer may be slightly more profound
in males.
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RESPONSE

Hereditary nonpolyposis colorectal
cancer (HNPCC) is an autosomal domi-
nant disorder caused by DNA mismatch
repair (MMR) gene mufations with
hMLHI and hMSH?2 being the most fre-
quently mutated (). Reeves et al. have
genotyped a series of MMR gene muta-
tion carriers for a CA-repeat polymor-
phism in the 5’ untranslated region of
the insulin-like growth factor 1 (IGF-1)
gene to determine whether findings from
our recent study on this polymorphism
were applicable to other populations. In
our study. a group of 121 MMR gene
mutation carriers for either MSH2 or
MLH1 were genotyped for the IGF-1
gene polymorphism. We found a statisti-
cally significant association between
shorter IGF-1 CA-repeat lengths and
increased age-associated risk for HNPCC
among the mutation carriers. When we
stratified by MMR. gene mutation. the

association between HNPCC risk and
IGF-1 CA-repeat length was statistically
significant for MSH2 gene mutation car-
riers but not for MLH1 mutation carriers.

It is exciting that the work by Reeves
et al. confirms the association between
shorter IGF-1 gene CA-repeat lengths
(<17) and earlier disease onset in their
study of 220 MMR. gene mutation carri-
ers. It will be interesting to find out
whether shorter IGF-1 gene CA-repeat
lengths influence risk for other cancer
types as well.

When Reeves et al. stratified by MMR
gene mutation. they observed the oppo-
site from what we reported—a statisti-
cally significant association between
HNPCC risk and IGF-1 CA-repeat length
for MLH]1 gene mutation carriers but not
for MSH2 mutation carriers. Although it
is possible that differences between the
findings of the studies may have been
due to differences in environmental and
genetic backgrounds between the two
study populations. it is also likely that
they are due to the small sample sizes of
the study groups created after stratifi-
cation for the underlying MMR gene
mutations. However, because the Cox
regression modeling of Reeves ef al.
suggested that it is the IGF-1 CA-repeat
group that was associated with the risk
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for HNPCC development and not the
MMR mutation type per se. we tend fo
favor the latter hypothesis. Larger stud-
ies are needed to determine whether the
type of MMR gene that is mutated influ-
ences the effect of the IGF-1 CA-repeat
polymorphism.
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Chapter 3

IGF-1 is a Modifier of Disease Risk in Hereditary Nonpolyposis
Colorectal Cancer (a more detailed analysis)
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IGF1 is a modifier of disease risk in hereditary non-polyposis colorectal cancer
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Patients diagnosed with HNPCC harbouring a confirmed germline
mutation in DNA mismatch repair (MMR) genes have an 80%
lifetime risk of developing an epithelial malignancy. There is, how-
ever, considerable variation in the age of disease onset in these
patients. Insulin-like growth factor-1 (IGFI) has been implicated
in colorectal cancer (CRC), and elevated plasma IGFI levels are
associated with both sporadic and hereditary CRC risk. In this
study, we further investigate the cytosine-adenine (CA) dinucleo-
tide repeat polymorphism located near the promoter region of
IGF1 and its relation to early onset CRC risk in 443 Australian
and Polish MMR gene mutation carriers using DNA sequencing,
Kaplan-Meier survival curves and Cox proportional hazard
regression analysis. A significantly smaller number of IGF1 CA
repeats was observed in the Polish patient population, which was
associated with an earlier age of disease onset compared to the
Australian patients. The threshold for the observed modifying
effect was again shown to be in patients with 17 or less CA repeats
compared to those with 18 or more. Furthermore, when MMR
mutation group (i.e., MLH1 or MSH2), gender and family cluster-
ing were included in the final Cox model we observed a more ro-
bust trend for the role of the IGF1 CA repeat in predicting age of
disease onset in HNPCC patients. In addition, this effect was
shown to be equal in both MLH1 and MSH2 mutation carrier
groups and not restricted to a particular MMR subgroup (p =
0.001). We conclude that the IGF1 CA repeat is an important
modifier of disease onset in HNPCC and the first polymorphism to
yield consistent results across different populations.

© 2008 Wiley-Liss, Inc.
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Hereditary nonpoylposis colorectal cancer (HNPCC) is an auto-
somal dominantly inherited cancer prcd]spocmon characterized by
the early onset of colorectal cancer (CRC).! HNPCC patients are
also at an increased risk of developing a range of extracolonic epi-
thelial malignancies such as endometrial, ovanan stomach, biliary
tract, small bowel, pancreas and brain tumours. * This syndrome is
a result of inactivating germline mutations in DNA mismatch
repair (MMR) genes, in particular MLH1, MSH2 that account for
~60% of HNPCC cases.” HNPCC is the most common form of
hereditary CRC, with an incidence of ~1:2000; however, screen-
ing methods are less than 100% effective therefore these figures
are likely to be underestimated.

The age of CRC onset in HNPCC patients has been shown to
vary quite considerably which is thought to be associated with
both genetic and environmental influences. Previous studies have
demonstrated polymorphisms in genes other than those associated
with MMR. may play a significant role in carly onset disease risk
in HNPCC but the results are controversial *

Recently, a polymorphism in the IGF1 gene has been shown to
be associated with the age of onset of disease in HNPCC.”* Insu-
lin-like growth factor 1 (IGF1) is a polypeptide that plays an im-
portant role in cell proliferation, differentiation and apoptos‘le and
is essential for mammalian growth and dcvclopmcnt However,
elevated IGF1 levels have been implicated in cell transformation,
tumour growth and metastasis that are thought to be a result of the
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mitogenic and anti apoptotic effects of IGF1 on cells.”'” This has
lead to several studies showing significant links between IGF1 and
an increased risk of prostate cancer and CRC.'*"*

Environmental and physiological factors including smoking,
physical activily. stress and age can regularly cause fluctuations in
IGF1 expression. However, %cnctic components have also been
shown to alter 1GF1 lcvc]s A region of particular interest has
been the Cytosine—Adenine (CA) repeat polymorphism located in
the untranslated region 969 bp upstream of the initiation start site
of IGF1. The length of this CA repeat has been shown to influence
transcription by altering promoter activity,'® which is similar to
the control of gene expression in other growth related genes such
as EGFR (Epidermal Growth Factor Receptor) and acetyl-coen-
zyme carboxylase.!”!®

The first report showing an association between age of disease
onset and CA repeat length in the IGF1 gene indicated that only
patients who harboured MSH2 gene mutations were significantly
more are risk of developing malignancy if their IGF1 CA repeat
length was less than or equal to 17 CA units. We have since shown
that the IGF1 CA-repeat length, in 220 Australian MLHI and
MSH2 mutation carriers were associated with a more robust trend
in predicting age of disease onset in HNPCC and that this effect
was not restricted to patients harbouring MSH2 mutations.

In this report, we have genotyped a further 223 HNPCC cases
(a]l harbouring either an MLH1 or MSH2 mutations) of Polish ori-
gin for IGF1 CA-repeat polymorphleme When combined with the
previously reported data,® we find a significantly higher associa-
tion between IGF1 CA-repeat length and the risk of early onset
disease. Furthermore, we also have confirmed the cut off point of
<17 CA repeats using Hazard ratio (HR) testing. We conclude
that the IGF1 CA repeat is an important modifier of disease onset
in HNPCC and is the first polymorphism in our knowledge to
yield consistent results across different populations.

Material and methods
Patients

This study included a total of 443 HNPCC mutation carriers
that comprised 249 Cases from 75 families and 194 unrelated indi-
viduals with confirmed causative MLH1 or MSH2 germline muta-
tions. All missense mutations included in this study were deemed
causative as there was evidence of their pathogenicity assessed by
functional studies or segregation analysis in the literature. There
was also no statistically significant difference in the average age
of CRC diagnosis between patients harbouring missense mutations
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TABLE I = CLINICAL AND DEMOGRAPHIC CHARACTERISTICS OF THE
PARTICIPANTS USED IN THIS STUDY

Sex

Female 119 142 261 (58.9%)

Male 100 82 182 (41.1%)
Age

Median - 41.5

Mean (SD) 41.6(16.2) 41.6

Range 16-95 16-95
Age of CRC

Median 43 -

Mean (SD) 433(11.2) 433

Range 16-78 16-78
Proband

Yes 135 59 194 (43.8%)

No 84 165 249 (56.2%)
MMR Mutation

MLHI1 122 136 258 (58.2%)

MSH2 97 88 185 (41.8%)
Mutation Type

Truncation/ 175 176 351(79.2%)

deletion

Missense 44 48 92 (20.1%)

(41 years of age) compared with those with truncation/deletion
mutations (43 years of age). Eighty-five healthy MMR proficient
controls were also included from both Australian and Polish ori-
gins. The Institutional Ethics review boards of the Pomeranian
Academy of Medicine and the Hunter New England Health Serv-
ice approved the study. All participants gave written informed
consent for the DNA samples to be used for research into
HNPCC.

The clinical and demographic characteristics of the participants
used in this study are shown in Table 1.

PCR conditions and CA-repeat analysis

The CA repeat polymorphism 969 bp upstream of the transcrip-
tion initiation site was genotyped using the forward 5'-GCTAGC
CAGCTGGTGTTATT-3' primer and the 5-ACCACTCTGGGA
GAAGGGTA-3 reverse primer. Polymerase Chain Reaction
(PCR) analysis was performed in 25 pl reactions using 50 ng of
genomic DNA, 1X PCR buffer, 0.2 mM dNTP, 1 mM MgCl,,
20 uM of each primer and 04 U of Platinum Taq Polymerase
(Invitrogen). PCR reactions were performed in an Eppendorf PCR
instrument (Eppendorf) using the following cycles: 94°C for 2
min, followed by 3 cycles of 94°C for 1 min, 61°C for | min and
72°C for | min then 29 cycles of 94°C for 30 sec, 61°C for 30 sec
and 72°C for 2 min. This was followed by a final extension at
72°C for 6 min. IGF1 CA-repeat number was obtained through
direct nucleotide sequencing of PCR products.

Statistical analysis

For the statistical analysis, 2 methods were employed for result
interpretation. Kaplan-Meier (KM) analysis was used to conduct
univariate analysis with mutation type and gender along with time
to onset of CRC in regards to CA repeat length. Tests included in
KM analysis were; the Log Rank Test (LR), which gives more
weight to differences in the survival curves at higher ages relative
to the Wilcoxon test (W) which give more weight to differences at
lower ages, and finally the Tarone-Ware Test (TW) which gives
an intermediate of the LR and W tests.

Cox proportional hazard regression models were then used to
clarify KM results taking into account multiple variables including
gender, MLH1/MSH2 mutation group and IGF1 repeat group with
family clustering. This model also allowed for the testing of any
interaction between MLH1 and MSH2 mutation groups. All statis-
tical analysis was completed using Intercooled Stata 8.2 (Stata
Corp, College Station, TX).
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In the patients who had developed disease, age of CRC onset
was defined as the patient’s age of diagnosis. The age for the unaf-
fected HNPCC carriers was determined by using their date of birth
and disease free status at last follow-up, which was treated as cen-
sored in the analysis.

Results

Using sequencing analysis, the frequencies for both the total
number of alleles and the shortest allele were determined in study
participants and controls for the IGF1 repeat as shown in Tables 11
and IIL In both the Australian and Polish populations the most
common repeat length was 19 when both alleles were taken into
consideration. No significant difference in the frequencies of the
most common allele lengths (17, 18 and 19) were observed
between participants and controls (p = (.8). Our main focus, how-
ever, was on the shortest allele of IGFI as it is in this repeat region
where associations with CRC onset age have been previously
reported. ™

The frequency of the shortest IGF1 allele in the Polish popula-
tion was determined as a percentage of a total of 223 alleles: 11
(1, 0.4%), 15 (4, 1.8%), 16 (52, 23.3%), 17 (126, 56.5%), 18 (37.
16.6%), and 19 (3, 1.3%) When combined with the Australian
data, the combined frequencies in 443 alleles were as follows: 10
(0.7%), 11 (0.5%). 15 (0.9%), 16 (15.1%), 17 (49%), 18 (27.3%).
19 (6.3%) and 20 (0.2%).

Analysis of the shortest IGF1 allele within the population
groups revealed differences between the two. Despite nearly equal
numbers of participants in both groups (220 Australians compared
to 223 Polish), the Australian participants overall had a higher rep-
resentation of larger repeat lengths compared to the Polish in both
participants and controls as seen in Tables I and III. The distribu-
tion of the IGF1 genotypes between the Australian and Polish
groups clearly demonstrate population stratification when the
polymorphism repeat numbers are considered independently with
respect to the participants country of origin.

Nevertheless, in both population participant groups the most
frequent shortest repeat number was 17, however, this accounted
for more than half (56.5%) of the Polish participants studied com-
pared to only 41.4% of Australian participants. In the Australian
group, we also observed a similar number of participants harbour-
ing the 18 CA repeat allele (38.2%) and a total of 50.1% of the
Australian participants having 18 or more. In the Polish popula-
tion, however, only 17.9% were in the 18 CA repeat allele group
or greater and 79.8% of participants had either 17 or 16 CA repeat
alleles. This was reflected in the Polish controls having a similar
combined percentage for these alleles. Overall we observe a dif-
ferent distribution of IGF1 alleles in the Australian group com-
pared to the Polish group. The difference in distribution of propor-
tions for the IGF1 CA-repeat alleles between the 2 population
groups was statistically significant (p = <0.001).

The previous 2 reports examining IGFI CA repeat length and
the risk of early onset colorectal cancer divided the participant
groups into 17 or less compared with 18 or more CA repeats based
on the majority of participants in these studies having either 17 or
18 repeats on the shortest allele and little variation outside of this
range for statistical analysis to be performed.

We tested the cut off point of CA < 17 or CA > 18 to deter-
mine whether this arbitrary decision represented an associative
difference in the control of IGF1 using a single variable Cox
regression model with a 5 group version of IGF1 to determine haz-
ard ratios and 95% confidence intervals (CI) on the combined pop-
ulation of participants. This analysis would reveal whether or not
there was a differential relative risk of disease between different
numbers of CA repeats. The results are shown in Table IV, where
the repeat number of 19 is used as a reference point as it is
reported to be the most common repeat 1en§1h inthe general popu-
lation whilst also correlating with our data.”>
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TABLE H - IGFI CA REPEAT PERCENTAGE DISTRIBUTIONS IN AUSTRALIAN AND POLISH STUDY PARTICIPANTS
IGF-1 CA repeat number—Study participants
Total Alleles 10 11 15 16 17 18 19 0 21 "
Australia 3(0.7) 2{0.4) 0 16 (3.6) 88 (20) 109 (24.8) 138 (31.4) 77 (17.5) 7 (1.6) 440
Poland 0 1(0.2) 4(0.9) 52(11.7) 129 (28.9) 65 (14.6) 155 (34.8) 39(8.7) 1(0.2) 446
Combined 3(0.3) 3(0.3) 4(04) 68 (7.7) 217 (24.5) 174 (19.6) 203 (33.1) 116 (13.1) 8 (0.9) 886
Shortest
Australia 3(14) 1(0.5) 0 15 (6.8) 91(41.4) 84 (38.2) 25(114) 1(0.5) 0 220
Poland 0 1(0.4) 4(1.8) 52(23.3) 126 (56.5) 37 (16.6) 3(L.3) 0 0 223
Combined 3(0.7) 2(0.5) 4(0.9) 67 (15.1) 217 (49) 121 (27.3) 28 (6.3) 1(0.2) 0 443
TABLE III - IGF1 CA REPEAT PERCENTAGE DISTRIBUTIONS IN AUSTRALIAN AND POLISH STUDY CONTROLS
IGE-1 CA repeat number—Study controls
Total Alleles 10 11 15 16 17 18 19 )] 21 "
Australia 0 1(0.6) 0 4024 40 (23.5) 54 (31.8) 67 (39.4) 3(1.8) 1(0.6) 170
Poland 0 3(1.8) 1] 5(29) 56 (32.9) 32(18.8) 69 (40.6) 4(2.4) 1(0.6) 170
Combined 0 4(1.2) 0 9(2.6) 96 (28.2) 86(25.3) 136 (40) 7(2.1) 2 (0.6) 340
Shortest
Australia 0 1(1.2) 0 4(4.7) 38 (44.7) 33(38.8) 7(8.2) 0 0 85
Poland 0 3(3.5) 0 5(5.9) 55(64.7) 2124.7) 1(1.2) 0 0 85
Combined 0 4(24) 0 9(5.3) 93 (54.7) 61(35.9) 3(L.8) 0 0 170
TABLE IV - HAZARD RATIOS AND 95% CONFIDENCE INTERVALS FOR : . £
IGF1 CA REPEAT LENGTHS IN RELATION TO EARLY ONSET CRC 2 Kaplan- Meier Survival Analysis
95 0% confidence - =
Repeat length Number of l_:;’?:fm interval (CT) g
Lower Upper B
o
<15 9 1.85 0.586 5.830 g
16 a7 1.90 0.965 3718 g o
17 217 1.60 0.861 2.976 S
18 121 0.98 0.503 1.888 E-
>19 29 1 - - g
<17 203 1.70 1.25 2.31 o
>18 150 1 - _
8
o Mr T
0 80

Using 19 repeats as a reference it is observed that the 18 CA
repeat allele group has a HR of nearly 1 (0.98), i.e., nearly the
same risk to that of the 19 CA repeat allele reference group. For
the 17 CA repeat allele group, however, the HR increases to 1.6
and continues to increase for even lower numbers of repeats sug-
gesting an increased risk for every decrease of 1 CA repeat but the
greatest increase in risk was observed between 17 and 18 CA
repeats. Combining the genotypes into the 2 groups of CA > 18
and CA < 17 gives a HR of | compared with 1.70, respectively.
The change in the relative risk of disease between 17 and 18 CA
repeat allele size provides statistically significant support that this
is the most appropriate cut off point for the 1GF1 effect. There
was another observed small increase in risk between 17 and 16
repeats (HR 1.60-1.90), which stabilized in the <15 CA-repeat
group that warrants further investigation in a larger population.

KM survival analysis revealed significant associations between
the participants with CA repeat allele sizes <17 and >18 and an
earlier onset of CRC. Breaking the results down into individual
populations, a significant effect was observed in the Australian
population for all tests (LR, p = 0.03, W p = 0.03, TW p = 0.02).
In the Polish group KM analysis was also significant but the W
test was marginally outside of the 0.05 significance value (LR p =
0.03, W p = 0.08, TW p = 0.04), see Figure 1. The reason for the
less significant Wilcoxon test is due to smaller differences
between the 2 CA repeat groups for early ages. Both population
groups were then combined together in a final KM curve which
proved to show a greater significant model overall. All 3 tests used
were in agreement, including the (LR) test (p = 0.001), (W) test
(p = 0.009) and finally the (TW) test (p = 0.002). This analysis
additionally revealed a 12-year difference in the median age of
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FiGure 1 — Kaplan Meier Survival Analysis by IGF1 CA repeat ge-
notype in Polish participants. The plots show the effect of the IGF1
genotypes on the risk of early onset cancer in the CA < 17 group
(lower unbroken line) compared to the CA > 18 group (upper dis-
jointed line).

CRC onset between patients in the CA < 17 category (48 years)
compared to the CA > 18 category (60 years). A graphical repre-
sentation of the KM curve for all 443 participants included in this
study is shown in Figure 2.

Cox proportional hazard regression models were then used to
test the strength of this association with multiple variables
included and reported p values being based on the Wald test. When
included in individual population based Cox models including all
variable factors (i.e., IGF1, gender and family) both Australian (HR
1.48, 95% CI 1.02-2.16, p = 0.044) and Polish (HR 1.95, 95% CI
1.01-3.75. p = 0.046) groups gave significant results overall, with
both having a similar pattern indicating the CA < 17 group has
higher HR than participants in the CA > 18 group.

Combining populations, the Cox model that included MMR
mutation group (MLH1/MSH2) confirmed that this was not a sig-
nificant factor as a main effect with HR = 0.98 for MSH2 relative
to MLH1, 95% CI 74-1.30, p = 0.88. The interaction of MMR
group with the 2 CA-repeat IGF1 groups was also not significant,
p = 0.86. The final Cox model contained the IGF1 group plus gen-
der and family as a cluster variable. An examination of Schoenfeld
residuals indicated the proportional hazards assumption was not
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Figure 2 — Kaplan Meier Survival Analysis by IGF1 CA repeat ge-
notype for the combined populations. The plots show the effect of the
IGF1 genotypes on the risk of early onset cancer in the CA < 17 group
(lower unbroken line) compared to the CA > 18 group (upper dis-
jointed line).

broken. This model showed that the IGF1 group was the strongest
predictor (p = 0.001) with the HR for the CA < 17 group being
1.74 times greater than for the CA > 18 group (95% CI 1.25-
2.43). Interestingly gender was also shown to be significant in this
final Cox model, which was independent of the IGF1 effect (p =
0.010, HR 1.41, 95% CI 1.09-1.82). This result suggested that
men have a 1.41 times greater risk of developing earlier onset col-
orectal cancer compared to females in our combined population
groups independent to any effect caused by IGF1.

Discussion

Overall our findings show a significant link between shorter
IGF1 CA-repeat lengths and early onset CRC in patients who har-
bour MMR mutations. Both the Australian and Polish HNPCC
cohorts displayed a clear association for early onset disease for
people in the IGF1 CA < 17 group. Interestingly, the Polish
HNPCC population was found to have significantly shorter IGF1
repeat lengths compared to the Australian HNPCC population in
this study. In addition, when both population groups were incorpo-
rated into a Cox regression mode! that included only country as a
variable, a significant result was observed with an increased risk
of earlier cancer onset in the Polish patients (p = 0.01, HR 0.70,
95% CI 0.53-0.92). When IGF1 was included into this model,
however, the country effect lost its significance (p = 0.10, HR
0.79, 95% CI 0.60-1.05), suggesting IGF1 having an influence on
Polish HNPCC cases to develop cancer at a younger age compared
to the Australian group. This is an intriguing finding as it hints at
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the possibility of a greater or lesser disease risk between different
populations as a result of population specific variations in IGF1
CA-repeat number.

KM survival analysis revealed a 12-year median difference in
age of onset between the 2 general IGF1 groups when both popu-
lations were combined, resulting in significant p-values for the
LR, W and TW fests. The Cox models are a preferred method of
analysis as it provides a more robust form of analysis including all
important variability factors. Utilizing Cox modeling, the com-
bined power of 2 different population groups revealed a final sig-
nificant value of p = (.001 for the IGF! effect which is to date the
strongest association found between IGF1 CA repeat number and
early onset HNPCC.

The gender effect was significant in the Polish group, p = 0.05
(HR 1.48) and approached significance in the Australian group p
= 0.07 (HR 1.4). In each case, the HR for males was greater than
the HR for females. This is independent of any 1GF1 effect as the
interaction between the 2 was not significant (p = 0.93), therefore,
it must be attributed to some other factor. When IGF1 was tested
in relation to gender no significant difference between the effect
of this gene and disease risk was observed in either population or
when they were combined. This indicates that any difference in
the risk of colorectal cancer in males and females harbouring
MMR mutations is not associated with variance in the IGF1 gene.

We confirmed by HR testing the cut of point of 17 IGF1 CA-
repeats was most appropriate as there was the largest increase in
the relative risk of disease between the CA repeat sizes of 17 and
18. There was another observed small increase in risk between 17
and 16 repeats stabilizing in the <15 CA-repeat group. This result
is suggestive of a possible functional difference in the expression
of IGF1 between these 2 groups with further investigations
required to define disease risk into 3 CA repeat groups (>18, 17,
<16). To observe differences in overall relative risk between these
groups, sufficient patients need to be included into a study to accu-
rately characterize disease risk. Further studies may also include
more separate population groups in order to determine any trends
in IGF1 from country to country and perhaps the combined influ-
ence of other candidate polymorphisms such as cyclin DI,
IGFBP3 and IRS1.720-%

In this study, we report the strongest association thus far found
of the IGF1 CA-repeat effect on early onset colorectal cancer in
HNPCC patients. We show that this trend is not limited to an indi-
vidual population and may play a significant part in the differences
in cancer risk between separate countries or populations depend-
ing on their IGF1 genotype.
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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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MTHFR 677 C>T and 1298 A> C polymorphisms and
the age of onset of colorectal cancer in hereditary
nonpolyposis colorectal cancer

Stuart G Reeves', Cliff Meldrum?, Claire Groombridge?®, Allan D Spigelman®, Janina Suchy?*,
Grzegorz Kurzawski®, Jan Lubinski*, Patrick McElduff® and Rodney J Scott"?

' Discipline of Medical Genetic, Faculty of Health, University of Newcastle, and the Hunter Medical Research Institute,
New-Lambton Heights, Newcastle, NSW, Australia; Division of Genetics, Hunter Area Pathology Service, John Hunter
Hospital, Newcastle, NSW, Australia; *Hunter Family Cancer Service, Hunter New England Health Service, Newcastle,
NSW., Australia; *International Hereditary Cancer Center, Department of Genetics and Pathology, Szczecin, Poland;
SFaculty of Health, School of Medicine and Public Health, University of Newcastle, and the Hunter Medical Research
Institute, New-Lambton Heights, Newcastle, NSW, Australia

Hereditary non-polyposis colorectal cancer (HNPCC) or Lynch syndrome is characterized by inactivating
germline mutations in DNA mismatch repair genes resulting in an increased risk of developing an epithelial
malignancy. There is considerable variability in disease expression observed in this syndrome, which is
thought to be due to a combination of genetic and environmental factors. Alterations in the kinetics of
methylene tetrahydrofolate reductase (MTHFR) due to the presence of polymorphisms in the MTHFR gene
have been associated with an increased risk of colorectal cancer (CRC). Two common single nucleotide
polymorphisms (SNPs) located within the MTHFR gene, 677 C>T and 1298 A= C, that alter the function of
the encoded protein have been the focus of many studies on CRC risk outside the context of an inherited
predisposition to disease. In this report, a total of 417 HNPCC participants were genotyped for the 677
C>Tand 1298 A>C SNPs to determine whether there exists an association with the age of disease onset of
CRC. Genotyping of both SNPs was performed by TagMan® assay technology. Associations in disease risk
were further investigated using Kaplan—Meier survival analysis and Cox hazard regression. The average
ages of disease diagnosis were found to be different between individuals harbouring either one of the
MTHEFR polymorphisms. Both Kaplan-Meier and Cox hazard regression analyses revealed a more complex
relationship between the two polymorphisms and the age of CRC onset. The Kaplan-Meier survival
analysis revealed that compound heterozygotes for the two SNPs developed CRC 10 years later compared
with those carrying only wild-type alleles.
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recognition and correction of mismatched bases during
DNA replication. This results in an increase in genomic
instability, which can be visualised in tumour DNA, where
there is a loss of MMR activity. This is known as
microsatellite instability (MSI), a hallmark of HNPCC
tumours.” Mutations in the MMR genes hMLH1 and hMSH2
account for approximately 60% of HNPCC cases.? It has
been commonly reported that individuals with HNPCC
have an 80% lifetime risk of developing CRC by 70 years of
age and this predisposition accounts for somewhere
between 2 and 7% of all diagnosed cases. Analyses that
are more recent suggest, however, that CRC penetrance has
been significantly overestimated, being 47% and 34% for
males and females, respectively.* The average age of onset
of CRC is 44 years of age (as assessed from high-risk
families) compared with 64 years in individuals who do not
have this genetic predisposition.>® In addition to CRC,
there is an increased risk of other epithelial malignancies
that include cancers of the endometrium, stomach,
ovaries, uroepithelial and biliary tracts, small intestine
and brain.”

Despite the presence of a germline mutation in a MMR
gene being a strong predictor of disease, there is consider-
able variation in the phenotypic expression in HNPCC
patients, in particular the age of CRC onset.® This appears
to be largely independent of the type or location of
MMR mutation, suggesting that genetic or environmental
modifying effects influence the age of disease onset.

Methylene tetrahydrofolate reductase (MTHFR) is an
essential enzyme in folate metabolism and subsequently
plays a key role in DNA synthesis and rrmth),rlatir:mAS The
role of this enzyme is to catalyse the irreversible reaction of
5,10-methyl-tetrahydrofolate (MTHF) to 5-MTHEF, which is
an integral part of the folate metabolism pathway. 5,10-
MTHEF is required for DNA synthesis and is in particular
involved in uracil incorporation, whereas its product 5-
MTHEF is the methy] donor for regeneration of methionine
from homocysteine for methylation reactions.” MTHFR
activity can therefore affect levels of both 5,10-MTHF and
5-MTHE, both of which may influence the initiation and
growth of tumour cells. Fluctuating amounts of 5,10-MTHF
may lead to uracil misincorporation during DNA synthesis
resulting in double-strand breaks,'® whereas inconsistent
amounts of 5-MTHF can affect methylation, therefore
potentially influencing tumour suppressor or oncogene
expression 31!

Two common polymorphisms found within the MTHFR
gene have recently been the focus of numerous studies on
CRC 1isk.>*">~"® The nucleotide polymorphism 677 C=>T
(rs1801133) is located within the region coding for the
catalytic domain of MTHFR and results in an amino acid
substitution from an alanine to a valine at codon position
222 (exon 4).%'? The 677 C>T variant has been associated
with a reduced enzyme activity. ! This single nucleotide
polymorphism (SNP) has been implicated in CRC risk in
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several CRC patient populations;'” however, conflicting
results remain.® The second polymorphism, 1298 A=>C
(rs1801131), results in an amino acid change from a
glutamine to alanine at codon position 429 (exon 7) and
is found in a regulatory region of the MTHFR enzyme.'*
This polymorphism is also thought to cause a reduction in
MTHFR activity, although its effect is considered to be less
than that conferred by the 677 C=T cha.ngu:.'5 Further
studies indicate that individuals heterozygous for both
SNPs have a 50-60% decrease in MTHFR enzyme activity
compared with their wild-type counterparts.'*

Despite numerous studies examining associations of
these two SNPs and CRC risk, there has only been one
report that has specifically focused on the potential
association of the MTHFR variants, 677 C>T and 1298
A>C, with the age of diagnosis of CRC in HNPCC."® In a
small study by Pande ef al'® among 185 iMSH2 or hMLHI
mutation carriers, an ~4-year difference in the age of CRC
diagnosis was observed in patients harbouring the 677
C=T polymorphism, whereas no effect was observed for
the 1298 A>C SNP.

In this study, we investigated whether the 677 C>Tand
1298 A=C SNPs in MTHFR influence the age of CRC
diagnosis in a large group of 417 HNPCC cases, all of which
harboured causative mutations in either tIMLHI or hMSHZ.

Methods

The sample population consisted of 220 (53%) Australian
and 197 (47%) Polish participants. All participants har-
boured causative mutations in MLHI or MSH2. Both the
Australian and Polish participants were all of North-
Western European origin. The Australian patients enrolled
in this study were clinic-based and recruited from family
cancer clinics from the State of New South Wales. The
Polish patients were recruited from the hereditary cancer
clinics in and around the city of Szczecin. There were 194
(47%) MLH1 and 193 (46%) MSH2 cases with truncating or
exon splice site mutations and 30 (7%) missense cases
(deemed causative as there was pathogenicity evidence
determined by functional studies or segregation analysis
reported in the literature). There was no difference in the
average age of disease diagnosis in the missense mutation
carriers with disease compared with the truncating or exon
splice site mutation carriers. Average age of missense
mutation carriers was 41 years, whereas that of the
nonsense mutation carriers was 43 years. To certify that
the missense mutations were deleterious, expression
analyses of MSH2, MLH1, PMS2 or MSH6 were performed
by immunohistochemistry, and in cases with an ambig-
uous result, DNA microsatellite testing was undertaken. All
tumours associated with missense mutations failed to
express the respective protein or showed MSI (data not
shown).



Of the 417 participants, 206 (49%) had been diagnosed
with CRC as their first tumour. Only patients presenting
with CRC as their first tumour were included in this study.
The median age of the participants in this study with CRC
was 43 vears compared with 41 years for those without
CRC. The Institutional Ethics Review Boards of the
Pomeranian Academy of Medicine and the Hunter New
England Health Service approved the study. All participants
gave written informed consent for the DNA samples to be
used for research into HNPCC. The clinical and demo-
graphic characteristics of the study participants are shown
in Table 1.

SNP genotyping

Genotyping of the MTHFR 677 C>T and 1298 A= C SNPs
was performed on the ABI PRISM™ 7500 Real-Time (RT)
PCR System (PE Applied Biosystems, Foster City, CA, USA),
using primers and probes from Assay-by-Demand (Applied
Biosystems) for 677 C>T (rs1801133, assay ID: 526886)
and 1298 A=C (151801131, assay ID: 526686). The assay
was performed under universal conditions, with each
reaction containing 50ng DNA, 0.125pl 40x Assay Mix
and 2.5 pl TagMan ¥ Universal PCR master mix made to a
final volume of 5ul with sterile water. Thermal cycling
conditions were as follows: 50°C for 2min, 95°C for

Table 1 Demographics and genetic traits of HNPCC
study participants according CRC status
CRC No CRC Total
(n=206) (n=211) (n=417)
Gender
Male 83 73 156 (37.4%)
Female 123 138 261 (62.6%)
Age of onset (years)
Mean (SD) 42.7 (11.4) 41.1(15.2) 41.9 (13.3)
Median 43 41 42
Range 16-78 17-95 16-95
MMR mutation
Truncation 188 199 387 (92.8%)
Missense 18 12 30 (7.2%)
MMR gene mutation
MLH1 104 120 224 (53.7%)
MSH2 102 91 193 (46.3%)
MTHER 677 C=>T
105 101 206 (49.4%)
CT 83 91 174 (41.7%)
T 18 19 37 (8.9%)
MTHFR 1298 A=C
AA 92 86 178 (42.7%)
AC 89 98 187 (44.8%)
cC 25 27 52 (12.5%)

CRC, colorectal cancer; HNPCC, hereditary non-polyposis colorectal
cancer; MMR, mismatch repair.
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10min, and 50 cycles of 92°C for 155 and 60°C for 1 min.
After the PCR reaction, plates were scanned by the ABI
PRISM™ 7500 PCR system to determine genotypes by
allelic discrimination. Genotyping accuracy was assessed
by repeating 10% of the DNA samples, which were
randomly selected from both the control and affected
patient populations. Concordance of 100% was observed
between both genotypes for all samples.

Statistical analysis

Differences in the average age of disease onset in the
polymorphism carriers compared with patients wild type
for both polymorphisms were determined using the
Student's t-test.

The assessment of any association between MTHFR
genotypes and the age of CRC onset was carried out by
the survival analysis methods of Kaplan-Meier and Cox
hazard regression modelling. Kaplan-Meier survival curves
were used to plot the proportion of participants who were
cancer free versus the patient age of diagnosis of CRC in
relation to MTHFR genotype. This univarate survival
analysis method used the Wilcoxon test, which emphasises
observations from early diagnosis, the log-rank test, which
gives more weight to later ages, and finally the Tarone-
Ware test, which is an intermediate of the two previous
tests. In cases where nonsignificant results were found for
all three tests, only the log rank test was stated. Cox
proportional hazard regression models were used to test
significant findings found by Kaplan-Meier and to gene-
rate hazard ratios (HRs) and 95% confidence intervals (CIs)
in a multivariate analysis taking into account MMR
mutation, family member status and gender. Age of
diagnosis was defined as patient age at the time of CRC
diagnosis. For unaffected participants, age was based on the
date of birth and disease-free status at last follow-up, being
treated as censored in the analysis. All statistics were set at
a significance level of P<0.05. The statistical analysis in
this study was carried out using Intercooled Stata 8.0 (Stata
Corp., College Station, TX, USA).

Additional survival analysis was performed using haplo-
type pairs rather than SNPs as the predictor variable of
interest. The haplotype analysis was implemented using a
stochastic EM algorithm in a Cox proportion hazards
regression framework.?” Additional predictor variables
included in the model were gender, MMR mutation type
(missense or truncation/deletion) and MMR gene muta-
tion. The model was fitted using THESIAS software.

Results

The MTHFR genotypes were determined for 677 C=>T and
1298 A= C by RT-PCR. Both SNPs were found to be in the
Hardy -Weinberg equilibrium in both the Polish and
Australian participants. There was no significant difference
in allele and genotype frequencies between the Australian
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and Polish participants, which allowed for pooling of the
genotyping results. The allele and genotype distributions
by CRC status, mutation and gender are shown in Table 2.
Using Lewontin statistics, the two SNPs were found to be in
linkage disequilibrium with a D score of 0.96.

MTHEFR genotypes and the average age of disease onset
A comparison of the average age of disease diagnosis
revealed a significant difference (P=0.008) in the age of
disease diagnosis in individuals who harboured one or
more polymorphisms in MTHFR (43.72 years) compared
with those CRC cases who did not harbour either SNP
(37.62 years).

Association of the 677 C>Tand 1298 A>C
polymorphisms with CRC penetrance

The Kaplan-Meier survival analysis was undertaken to
determine more precisely the relationship between the two
polymorphisms and disease expression. No statistically
significant association between the 677 C=T genotypes
and the age of CRC onset (log rank, P =0.57) was detected
(see Figure la). Also when the heterozygotes and variant
homozygotes were compared with wild-type homozygotes
no association was observed (test, P=0.41) (Figure 1b).

Chapter 4 - MTHFR

Analysis of the tIMLHT and hMSH2 mutation carriers alone
failed to reveal any association (log rank, P =0.65 and log
rank, P=0.86, respectively). Subdivision of the group by
gender also revealed no associations (males: Log rank test,
P=0.76; females: Log rank test, P =0.52).

Genotyping of the MTHFR 1298 A>C SNP revealed
similar results (Figure 2a). No significant difference in the
age of onset was found for the individual 1298 A=C
genotypes (log rank, P=0.13), hMLHI (log rank, P=0.17),
hMSH2 (log rank, P=0.1), nor by subdividing by gender,
males (log rank, P=0.79) or females (log rank, P=0.11).
When the heterozygotes and variant homozygotes were
compared with wild-type homozygotes, however, a protec-
tive trend for 1298 A>C polymorphism was observed
(Figure 2b). A significant association in two of the three
tests was found (log rank, P=0.045 and the Tarone-Ware,
P=0.044). The Wilcoxon test, which emphasises cases at
an early age of diagnosis, showed a trend in the same
direction (P=0.053). Overall, the Kaplan-Meier analysis
suggested that the median age of diagnosis was 50 years of
age for the heterozygous/homozygous variant 1298 A=C
allele carriers compared with 47 years of age for the wild-
type carriers. Multivariate Cox hazard regression model-
ling, including the variables MMR mutation, gender and

Table 2 MTHFR allele frequencies for 677 C>T and 1298 A= C for the study cohort

MTHFR 677 C=T cc cT 1T Any T allele
All participants (n=417) 206 (49.4%) 174 (41.7%) 37 (8.8%) 211 (50.6%)
Allele frequency 0.703 0.297
CRC status
CRC+ (n=206) 105 (51%) 83 (40.3%) 18 (8.7%) 101 (49%)
CRC- (n=211) 101(47.9%) 91 (43.1%) 19 (9.0%) 110 (52.1%)
Mutation
MLH1 (n=224) 105(46.7%) 95 (42.4%) 24 (10.7%) 119 (53.1%)
MSH2 (n=193) 101(52.6%) 79 (40.7%) 13 (6.7%) 92 (47.6%)
Gender
Male (n=156) 72 (46.2%) 70 (44.9%) 14 (8.9%) 84 (53.8%)
Female (n=261) 134(51.3%) 104 (40%) 23 (8.7%) 127 (48.7%)
MTHFR 1298 A>C AA AC cc Any C allele
All participants (n=417) 178(42.5%) 187 (44.9%) 52(12.6%) 239 (57.5%)
Allele frequency 0.650 0.350
CRC status
CRC+ (n=206) 92 (44.7%) 89 (43.2%) 25 (12.1%) 114 (55.3%)
CRC- (n=211) 86 (40.8%) 98 (46.4%) 27 (12.8%) 125 (59.2%)
Mutation
MLHT (n=224) 94 (41.8%) 103 (46.2%) 27 (12%) 131 (58.2%)
MSH2 (n=193) 84 (43.5%) 84 (43.5%) 25 (13.0%) 109 (56.5%)
Gender
Male (n=156) 69 (44.2%) 67 (43%) 20 (12.8%) 87 (55.8%)
Female (n=261) 109 (41.8%) 120 (46%) 32(12.2%) 152 (58.2%)

CRC, colorectal cancer.
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Figure 1 Kaplan-Meier survival curves for MTHFR 677 C>T
representing time to age of CRC by genotype. (a) By wild type (CC),
heterozygote (CT) and homozygote (TT) genotypes. (b) By combined
heterozygote/homozygote variant (CT/TT) versus wild type (CC).

family, was then used to determine the significance of the
Kaplan-Meier analysis. Without the family variable, the
association retained its borderline significance (HR: 0.79,
95% CI: 0.6-1.0, P=0.073), but when the family variable
was included into this model the final outcome was non-
significant (P=0.11). Despite this statistically nonsignifi-
cant result, the trend for wild-type carriers of 1298 A>C to
develop CRC at an earlier age still remained.

Next, a joint analysis was performed between hetero-
zygote forms of MTHFR 677 C>T (CT/TT) and 1298 A>C
(AC/CC) compared with the wild types (CC/AA) for both
SNPs. A strong association between the age of CRC onset
and the combined MTHFR genotypes was detected (Fig-
ure 3). The log rank (P=0.001), Wilcoxon (P =0.0008), and
Tarone-Ware (P=0.0005) tests were all highly significant
with the median age of CRC onset 10 years later (52 years
of age) in the participants heterozygous for both SNPs
compared with those carrying both wild-type genotypes
(42 years of age). This result was substantiated using Cox
modelling where the variables of MMR mutation, gender
and family were included. A significant P-value was
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Figure 2 Kaplan-Meier survival curves for MTHFR 1298 A>C
representing time to age of CRC by genotype. (a) By wild type (AA),
heterozygote (AC) and homozygote (CC) genotypes. (b) By combined
heterozygote/homozygote variant (AC/CC) versus wild type (AA).
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Figure 3  Combined Kaplan-Meier survival analysis for MTHFR 677
C>T and 1298 A>C. Plots comparing time with CRC onset by
combined heterozygote (CT/AC) versus combined wild type (CC/AA).

obtained (P=0.007; HR: 0.47; 95% CI: 0.27-0.81) among
the 133 patients who carried both heterozygous or both
wild-type genotypes. Owing to the absence of patients
carrying both homozygous variant genotypes, these were
not assessed.
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The haplotype analysis verified the results of the
heterozygote forms of MTHFR 677 and 1298 compared
with the wild types (CC/AA). The frequency of the AC, CC,
AT and CT haplotypes were 36, 34, 29 and 1%, respectively.
Compared with the AC haplotype, the HRs for the AT and
CC haplotypes were similar and statistically significant
with estimates of 0.70 (0.55, 0.90) for the AT haplotype and
0.66 (0.52, 0.84) for the CC haplotype. The HR for the CT
haplotype was 1.06 (0.44-2.56).

Analysis of hMSH2 mutation carriers alone carrying the
combined 677 C>T/1298 A>C (CT/AC) genotype com-
pared with those with only the wild-type alleles revealed
a significant difference in the age of disease onset similar
to that identified in the combined study population (log
rank: P=0.05; Wilcoxon test: P=0.037; and Tarone-Ware
test: P=0.032). Similarly, differences in the age of CRC
onset were also observed for hMLHI mutation carriers
(log rank: P =0.005; Wilcoxon test: P =0.007; and Tarone-
Ware: P=0.005).

Discussion

MTHFR polymorphisms have been the focus of many
studies and in particular for investigations into CRC
where fluctuations in folate levels caused by 677 C=>T
and 1298 A= C variants potentially lead to an altered risk
of cancer by subsequent variation of the deoxynucleotide
pool_a,sr,lz-m

The results from this study are highly suggestive of a
protective effect against CRC development in HNPCC
individuals who harbour the heterozygote genotypes of
677 C>Tand 1298 A>C in MTHFR compared with those
carrying only wild-type alleles. Overall, a significant effect
was observed for the patients who carry 677 C>T SNP (CT
or TT) regarding the average age of disease onset compared
with those who did not carry this SNP (P=0.0279). These
findings are consistent with several studies that have
shown the 677 C>T change to be associated with a
reduced risk of bowel cancer in unselected CRC popula-
tions and in the study by Pande et al,"® which reported a
similar effect with the TT genotype being associated with
later ages of CRC onset.

The differences in the average ages of disease onset
indicate that there is a protective effect conferred by the
presence of one or more polymorphisms in the MTHFR
gene. This type of analysis does not, however, provide any
information regarding age-specific differences that may
become stronger or weaker as patients get older. To address
this issue, a more specific measure of the effects of the
polymorphism(s) is required. This has been achieved by
examining where the greatest protective effects of the
polymorphisms exist.

The MTHFR 1298 A=C SNP has also been found to have
a similar protective effect in sporadic cases of CRC and our
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findings also indicate a protective effect in HNPCC as
homozygote and heterozygote carriers together had an
average age of disease onset of 44.32 years compared with
non-carriers whose average age was 37.62 years (P=0.009).
This is in contrast to Pande et al,"® who did not observe any
significant association in the age of disease onset in
HNPCC patient with this SNI.

MTHER has a fundamental position in folate metabolism
catalysing the irreversible reaction of 5,10-MTHF to
5-MTHE. A decrease in 5-MTHF may lead to a reduction
in DNA methylation, whereas 5,10-MTHF is required for
thymidine synthesis,'® emphasising the significance of
MTHEFR enzyme activity for these two important biochem-
ical pathways. It has been shown earlier that individuals
who carry the heterozygote forms 677 C>Tand 1298 A=C
have a 50-60% decrease in MTHFR activity compared with
those with only wild-type alleles."* A reduction in MTHFR
activity leads to greater quantities of its substrate 5,10-
MTHE required for DNA synthesis, and thereby reduces the
availability of uracil. Misincorporation of uracil during
DNA synthesis may result in double-strand breaks during
DNA excision repair.'” The increased pool of 5,10-MTHF
pushes the folate metabolism towards DNA synthesis, in
turn reducing the pool of uracil. Reduced amounts of uracil
may also reduce the overall risk of uracil misincorporation
owing to its limited availability. For individuals with MMR
deficiency, the effect of reduced MTHFR enzyme activity
may be a substantial advantage as 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 less
likelihood of this silencing occurring. Despite the risk of
oncogene activation, a decreased level of DNA methylation
may help maintain the integrity of the active allele in
MMR-deficient individuals as seen in HNPCC cases.

This notion of methylation levels and uracil misincor-
poration being linked to age of CRC onset in HNPCC
patients is shared by Pande et al;'® however, our findings
differ quite considerably. Our results are based on a larger
sample size (419 versus 185), thereby providing more robust
statistical support. The claim by Pande et al'® of an earlier
disease onset age for hMLHI mutation carriers harbouring
only the wild-type allele MTHFR (C677C) could not be
substantiated in our study. In the study by Pande et al '8
the association observed was based on relatively few
observations and it remains likely that this represents a
type 1 statistical error rather than a true association.

The main limitation of our study is that we were unable
to include any dietary or lifestyle factors, in particular
levels of folate. Folate has been shown to be strongly linked
to CRC in many studies,” with low levels of folate found to



increase risk by hypomethylation and the misincorpora-
tion of uracil. In contrast to this, however, folate deficiency
in rapidly dividing cells as found in a tumour could lead to
inefficient DNA synthesis and eventual apoptosis of the
developing cancer. In this case, increased folate levels
would promote malignant gmwth&'s Evidently, folate
status also influences MTHFR enzyme activity and would
therefore be extremely useful information in future studies.

In conclusion, our findings indicate significant evidence
for the combined MTHFR 677 C>Tand 1298 A= C effectin
CRC onset age for HNPCC cases. We speculate that this
effect is because of the substantial influence of both
these SNPs in folate metabolism, with both heterozygote
forms required to make a significant impact on disease
expression.
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The -149C>T SNP Within the ADNMT3B Gene is Not Associated
with Early Disease Onset in Hereditary Nonpolyposis Colorectal
Cancer
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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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Abstract

Hereditary non-polyposis colorectal cancer (HNPCC) is an autosomal dominantly inherited syndrome caused by germ-
line mutations in mismatch repair (MMR) genes. HNPCC patients have a lifetime risk of 80% of developing colorectal
cancer (CRC); however the likely age of onset is difficult to predict. A single C>T polymorphism located within the pro-
moter region of the ADNMT3B gene has recently been reported to be associated with a significant increase to the risk of
early onset CRC. In this study we determined the ADNMT3B genotype in 404 confirmed HNPCC participants (total of
194 CRC cases) from Australia (203) and Poland (201). From the total number of participants there were 194 diagnosed
cases of CRC and 210 healthy MMR gene mutation carriers. The study was undertaken to assess whether the reported
effect observed in a previous study of 146 HNPCC patients is consistent in a larger separate and unrelated participant
cohort. Through the statistical tests of Kaplan-Meier survival analysis and Cox hazard regression models we did not
observe any significant association between the ADNMT3B C>T SNP and early onset CRC in HNPCC patients.
© 2008 Elsevier Ireland Ltd. All rights reserved.

Keywords: DNMT3B; Hereditary non-polyposis colorectal cancer; Disease expression; Epidemiology

1. Introduction colorectal cancer (CRC), accounting for approxi-
mately 2-5% of all CRC cases [1]. The disease is

Hereditary  non-polyposis  colorectal cancer due to either a loss or reduced function of one of
(HNPCC) is the most common form of hereditary the DNA mismatch repair (MMR) genes MLHI,

MSH2, MSH6 or PMS2 [2]. A reduction in the fidel-
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however, insult to these genes is not limited to
HNPCC. Approximately 15-20% of sporadic can-
cers display features that are suggestive of MLHI
silencing [4] likely to have arisen from aberrant
DNA methylation.

Three  methyltransferase  enzymes, namely
DNMTI, 3A and 3B catalyse the DNA methylation
process in humans. The DNMT1 form is largely
responsible for duplicating the methylation pattern
on the newly synthesized DNA strand following
replication. The de nove methyltransferases,
DNMT3A and 3B, however are thought to establish
and co-ordinate methylation during times of devel-
opment and in imprinting [5]. Due to their mecha-
nism of action, it is thought that the de novo
methyltransferases are responsible for the aberrant
methylation of promoters. Expression of DNMT3A
and 3B is elevated in multiple forms of cancer [6-8],
and the DNMT3B methyltransferase levels have
been shown to be 3.7-fold greater in colon tumour
tissue compared to normal surrounding tissue [9].

Four enzymatically active variants of the
DNMT3B gene have been identified namely,
DNMT3BI, 3B2, 3B3 and 3B6. In 2006, a new iso-
form, ADNMT3B. has been identified and has been
shown to be the predominant form of DNMT3B
expressed in non-small cell lung cancer cell lines
[10]. Tt is stated that the ADNMT3B version uses
an alternate promoter located within intron 4 and
exon 5 of the DNMT3B gene.

In 2004 it incorrectly reported that a C>T single
nucleotide polymorphism (SNP) was present within
the promoter of DNMT3B6 [11], as the SNP does
not fall within the promoter region of DNMT3B6
(Accession No. NM 175850.1). In 2006 the same
SNP was again incorrectly reported to fall within
the promoter of DNMT3B [12] but this does not
match the Genbank record for DNMT3B (Acces-
sion No. NM_006892.3). Both of these reports are
referring to the same SNP that is within the pro-
moter of the ADNMT3B isoform (located at posi-
tion 1570351, Accession No. NT_028392),

—149 bp from the transcription start site of

ADNMT3B. which falls on intron 4 of the regular
DNMT3B gene. The T variant of this SNP has been
associated with a 2-fold mcrease in promoter activ-
ity [13], and the ADNMT3B C>T SNP has been
reported to play a role in the age of onset of colorec-
tal cancer [12], where it has been proposed that the
T wvariant allele results in increased ADNMT3B
expression, and aberrant de nove methylation,
which is expressed as an earlier age of cancer onset.

In this study we have further investigated the role
of the ADNMT3B SNP and its association with the
age of colorectal cancer onset in 404 MSH2 and
MLHI mutation positive participants. Using
restriction fragment length polymorphism analysis,
Kaplan—-Meier statistics and Cox hazard regression
models we re-assessed the correlation between the
ADNMT3B C=>T SNP and carly onset CRC in
HNPCC patients.

2. Methods
2.1. Patients

All participants included in this study were enrolled
after they had been evaluated at a family cancer clinic
and were diagnosed with HNPCC. The selection criteria
used for enrolment into this study was strictly defined
on the basis of a molecular diagnosis of this syndrome
due to the presence of a causative germline mutation in
a DNA mismatch repair gene. Our study included a total
of 404 participants (194 CRC cases) including 203 Austra-
lian and 201 Polish cases of which there were 143 unre-
lated probands and 261 patients from 69 families all
with confirmed hMLHI or hMSH2 germline mutations.
The Institutional Ethics review boards of the Pomeranian
Academy of Medicine and the Hunter New England
Health Service approved the study. All participants gave
written informed consent for the DNA samples to be used
for research into HNPCC.

The clinical and demographic characteristics of the
participants used in this study are shown in Table 1.

2.2. PCR conditions and C>T SNP analysis

The region containing the C=>T SNP located —149 bp
from the transcription start site of ADNMT3B were geno-
typed using the same primers as described previously by
Jonesetal. [12]. A 376 bp fragment spanning the region sur-
rounding the SNP was generated using Polymerase Chain
Reaction (PCR). Reactions were performed using 50 ng
of genomic DNA, 1x PCR buffer, 0.2 mM dANTP, | mM
MgCl,, 1.2 pM of each primer and 0.2 U of Platinum Tag
Polymerase (Invitrogen). Thermal cycling conditions
involved a denaturation step at 94 °C for 5 min, 14 cycles
of 94 °C for 30s, 63 °C for 45 s (decreasing by 0.5 °C per
cycle to 56.5 °C), 72 °C for 1 min then 20 cycles at the above
conditions with an annealing temperature of 56 °C. This
was followed by a final extension step at 72 °C for 10 min.

PCR products were digested for 16 h at 37 °C with the
restriction enzyme Avrll (New England Biolabs) before
being run on a DNA electrophoresis gel to determine
results. Digestions were performed using 3 ul PCR prod-
uct, 1x buffer (50 mM NaCl, 10 mM Tris-HCI, 10 mM
MgCl. 1 mM dithiothritol), and 0.6 U of Avrll. This
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Table 1
Clinical and demographic characteristics of study participants
Characteristic Colorectal No colorectal Total
cancer cancer n =404

Population

Australian 98 105 203

Polish 96 105 201
Gender

Female 113 139 252

Male 81 71 152
Age

Mean - 46.5 46.5

Range - 18-95 18-95
Age of CRC

Mean 42.7 - 427

Range 16-78 - 16-78
Proband

Yes 87 56 143

No 109 152 261
MMR mutation

MLH1 108 128 236

MSH2 86 82 168
Mutation type

Truncation/ 171 173 344

deletion

Missense 23 37 60

*All missense mutations included were deemed to be pathogenic
through previous functional assay studies. Age for participants
without colorectal cancer is defined as age at last follow up.

cut the 376 bp PCR product only when the C>T SNP was
present, producing two bands (136 bp and 240 bp) for a
homozygote C>T change or three bands (376 bp, 240 bp
and 136 bp) if a heterozygote change was present. For
wild-type C/C genotypes the 376 bp product remained
intact. Genotyping was repeated in a total of 5% of partic-
ipants to confirm the original analysis; re-genotyping
revealed a concordance rate of 100%.

2.3. Statistical analysis

All statistical analyses were completed using Intercool
Stata 8.2 (Stata Corp, College Station, TX).

Kaplan-Meier (KM) analysis was initially used to con-
duct univariate analysis with models including MMR
mutation type, and gender compared to the age of clinical
onset of CRC in relation to the ADNMT3b C>T SNP
genotype. Through several statistical tests including the
long rank test, KM was able to identify the proportion
of the patient population that are cancer free at the age
of evaluation compared to those patients who have devel-
oped discase.

Cox proportional hazard regression models were
employed to determine the association of early onset colo-
rectal cancer risk with multiple variables. These models
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allowed us to take into consideration the variables of: gen-
der, MLHI/MSH2 mutation group, ethnicity and
ADNMT?3b genotype in regards to family clustering (i.e.
groups of participants belonging to the same family).
p-Values generated through Cox modelling were sup-
ported with hazard ratios (HR) and 95% confidence inter-
vals (CI) giving an overall more robust model.

The age of diagnosis was defined as the patient’s age at
the time of colorectal cancer diagnosis, whereas the age
for unaffected MMR gene carriers was determined by
using their date of birth and disease free status at last fol-
low-up, which was treated as censored in the analysis.

3. Results

Utilising the technique of PCR a 376 bp fragment was
generated. Restriction enzyme digestion followed by aga-
rose gel electrophoresis allowed three different
ADNMT3B genotypes (CC, CT, TT) to be identified as
shown in Fig. 1.

Participants were genotyped for ADNMT3B by this
method before results were tabulated. Table 2 shows a
summary of the patient demographics included in the
study, mcluding CRC status, gender, mismaich repair
mutation and type, ethnicity and allele frequency by
ADMNT3B genotype. Both populations were assessed
separately and found to be in Hardy-Weinberg Equilib-
rium (HWE). When analysed as a single population, the
allele frequencies remained in HWE (p = 0.18).

KM analysis was performed on all genotypes gener-
ated to determine whether any significant differences
between the ADNMT3B C>T SNP and early onset dis-
ease were present. P values were determined using the
Log Rank (LR) test, which gives equal weight to all fail-
ures, Wilcoxons (W) test, which emphasises observations
from early onset patients, and finally the Taron-Ware
(TW) test that gives an intermediate of the LR and W
tests. Table. 3.

The three different ADNMT3B genotypes (CC, CT,
TT) were first individually tested for all participants how-
ever no significant result was found overall (LR, p = .83),
(W, p=.82) and (TW, p=.77). We then divided the
patient data into two more general groups namely wild-
type homozygous (CC) and combined heterozygous/
homozygous (CT or TT) SNP. This again however

cC

CT

TT

Fig. 1. DNMT3b genotypes (CC, CT, TT) generated by Avrll
restriction enzyme digestion.
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Table 2 AS—
Patient demographics by DNMT3B genotype o F‘_—hi(; — SNP homozygous TT
S o % <o Wil type homozygous CC
CC, CT, TT, Total Z by - - - - heterozygous CT
n (%) n (%) n (%) x o 1111':
Colorectal cancer = -:
Yes 57(29.4)  91(47.0) 46(23.6) 194 £ v T
No 63(30.0) 97(46.2) 50(23.8) 210 g = L
o o - [—
Gender s 0 20 40 80 80 100
Male 48(31.6)  70(46.0) 34(22.4) 152
Female 72(28.6) 119(47.2) 61(24.2) 252 Age of CRC Onset (years)
MMR gene B g ] bined hethom SNP CT+TT
MLHI 68(28.8) 111(47.0) 57(24.2) 236 g - T camuned netiom
o weeeeeees il typE homozygous CC
MSH2 52(31.0)  77(45.8) 39(23.2) 168 w2
[ —
MMR mutation type S 2]
Truncation/ 106(30.8) 157(45.6) 81(23.5) 344 € o
deletion k= ©
Missense 14(23.3)  31(51.7) 15(25.0) 60 E‘ o |
i
Ethnicity =F
Australian 61(30.0)  93(45.8) 49(24.2) 203 : > a0 M & 100
Polish 59(29.3)  95(47.3) 47(23.4) 201 Age of CRC Onset (years)
Allele frequency Fig. 2. Kaplan—Meier survival analysis by ADNMT3B genotypes
C alleke 0.5347 The plots show the non-significant effect of the ADNMT3B
T allele 0.4653

Table 3
Hazard ratios and 95% confidence intervals by ADNMT3B
genotype

Genotype HR 95% CI p-value
CT 0.94 [0.66, 1.31] 0.70
T 0.94 [0.63, 1.42] 0.78
CT+TT 0.94 0.68, 1.29] 0.70
Per allele dose model 0.97 [0.79, 1.12] 0.77

Reference group for CT, TT and CT + TT is CC.
Per allele dose model refers to the individual CC, CT and TT

genotypes.

showed no significant p-values for early onset disease
associations (LR, p=.54), (W, p =.63), (TW, p=.51).
Kaplan—Meier plots of these results are shown below in
Fig. 2.

No significant difference was also observed in the sep-
arate population groups (Australian vs. Polish) or in the
specific MMR mutation groups (MLHI1 vs. MSH2), data
not shown.

Cox regression models were then used to verify results
shown by KM as well as to take into account any vari-
ables that may prove to be significant. Cox analysis on
the individual genotypes (CC, CT, TT) along with the het-
erozygote, homozygote and combined heterozygote/
homozygote forms were tested using the wild-type allele
as a reference. All models included in this analysis con-
tained gender and family clustering as additional variables
resulting in non-significant p-values with hazard ratios
pointing in the opposite direction as opposed to Jones

genotype on age of onset for CRC in HNPCC patients. (A) By
specific genotype and (B) by CT and TT genotypes compared to
CC wild-type.

et al. [12] Additionally, dividing participants into groups
of <40 vs. 40 did not alter this non-significant associa-
tion for either individual (CC, CT, TT) or combined
(CC vs. CT/TT) genotypes. Individual gender affects
along with separate populations and MMR mutation
groups were also included in additional Cox models.
These also confirmed the initial KM results showing no
significant association overall.

4. Discussion

We have analysed the ADNMT3B C>T SNP in
404 HNPCC participants to determine if the geno-
type correlates with the age of onset of colorectal
cancer. Our results suggest no association between
this SNP and age of CRC onset in our study
populations.

This 1s inconsistent with the results published by
Jones et al. [12] where a significant difference in age
of onset between wild-type, heterozygous and
homozygous mutant carriers in the ADNMT3B
gene was reported. We utilised KM survival analysis
and Cox hazard regression models to assess for dif-
ferences amongst the three genotypes and addition-
ally to compare wild-type against the combined
heterozygotes and homozygote forms. Our results
show the ADNMT3B C>T SNP did not alter age
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of onset in either the Australian or Polish popula-
tion, and no eflect was observed when patients were
grouped based on the type of MMR mutation they
harboured (i.e. MLH1 or MSH2). The LR, W and
TW tests were all used to assess for significant differ-
ences at different time points of the KM survival
curves. The results of these tests however suggested
no significant association for earlier disease onset
age.

Cox regression modelling that included gender,
MMR group and family clustering as variables also
confirmed the KM results for no significant associa-
tion for each individual genotype or for the homo-
zygous/heterozygous C>T SNP versus wild-type.
This was found to be the case for individual popula-
tion groups (Australia and Poland) and additionally
when both groups were combined together.

The ADNMT3B promoter SNP lies within an
intronic region between the fourth and fifth tran-
scribed exons of the longest isoform of the
DNMT3B gene (DNMT3BI). It has been demon-
strated that this SNP causes an increased level of
expression of the ADNMT3B gene [13], and whilst
it has been proposed that this SNP causes an earlier
age of disease onset in HNPCC patients, our results
provide evidence to suggest this is not the case. It is
plausible however. that basic expression of
ADNMT3B, rather than the presence of the
ADNMT3B C=T SNP, is related to carlier age of
discase onset. Wang et al. [10] reported that
ADNMT3B is the predominant form of DNMT3B
expressed in non-small cell lung carcinoma, and that
a smaller percentage of matched healthy tissues
express the ADNMT3B form of the gene. In this
case, a patient who carries the ADNMT3B T allele
may not develop disease any earlier than a patient
with the C allele, as the ADNMT3B form is not
expressed. This may also explain the discrepancies
between our results and that of Jones et al. [12].

Considering the 3-fold larger participant size in
this study. it is likely that a type | error may account
for the discrepancy of results between these two
studies. Jones et al. included only 12 confirmed
CRC patients who carried the CC wild-type allele,
45 with a heterozygote CT and 17 patients with
the homozygote TT allele. Statistical tests on such
few patients in each category are therefore more
likely to give an erroneous result due to the small
sample size. Our cohort however contained 57 CC,
91 CT and 46 TT genotypes in patients with CRC;
therefore the larger sample size supports greater
strength to our statistical analysis.

Potential limitations of the current study may
include population stratification however; we
believe this should not aflect overall outcomes as a
true modifying polymorphism will affect disease
expression in all HNPCC patients independent of
population group. Additionally, no significant eflect
was observed for this SNP in either the Australian
or Polish population by Cox analysis (results not
shown) providing support of limited population
stratification confounding effects. Different environ-
mental influences on CRC onset age between the
two countries, could potentially affect the results,
but again this is unlikely as the average age of onset
for the Australian and Polish groups were 42.8 and
43.5 years, respectively. The potential for individual
environmental effects however cannot be entirely
ruled out. Another limiting factor in this study is
the reduced power to detect any small moderate
effects that may be occurring. Despite being one of
the larger HNPCC participant cohort studies, it
would be beneficial to examine larger HNPCC pop-
ulations thereby providing greater statistical rigour.

In conclusion, we have found no significant asso-
ciation for earlier cancer onset age in the Australian
and Polish HNPCC populations or in a combined
population cohort of 404 participants. Our findings
lead us to conclude that there is no distincet correla-
tion between the C=T SNP in the ADNMT3B pro-
moter and early onset CRC in HNPCC patients and
believe previous results reporting a positive associa-
tion may be due to a type | error.
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Chapter 6 — DNA Repair Polymorphisms

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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DNA repair plays a pivotal role in maintaining genomic integrity with over 130 genes involved in various Q2
repair pathways that include base excision repair, nucleotide excision repair, double strand break repair
and DNA mismatch repair. Polymorphisms within genes that are involved in these processes have been
widely reported to be associated with cancer susceptibility in an extensive range of malignancies that
include colorectal cancer (CRC). Lynch syndrome is caused by inherited germline mutations in DNA
mismatch repair genes, predominantly in MLH1 and MSH2, that predispose to a variety of epithelial
malignancies, most notably CRC. Despite being a relatively well understood hereditary cancer syndrome
DNA repair polymarphisms there remgin se\.re‘ral que}lions in relaliop to gene‘lic inﬂuences‘ on fiis‘ease‘ expression. Sincz‘e Lynch
Modifier genes syndrome is associated with a breakdown in DNA mismatch repair variation in other DNA repair genes
SNPs may influence disease expression. In this report we have genotyped 424 Australian and Polish Lynch
syndrome participants for eight common DNA repair gene polymorphisms to assess any assodation with
the age of CRC onset. The DNA repair gene SNPs included in the study were: BRCA? (rs11571653), MSH3
(rs26279), Lig4 (rs1805386), 0GG1 (rs1052133), XRCC1 (rs25487), XRCC2 (rs3218536 and rs1799793 )and
XRCC3 (rs861539). Cox multi-variant regression modelling failed to provide any convincing evidence of
an effect in any of the polymorphisms analysed. The data suggest that polymorphisms in DNA repair
genes do not contribute to cancer risk in a population of CRC patients who are at increased risk of disease
as a result in a deficiency of DNA mismatch repair.
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1. Introduction

Lynch syndrome is an autosomal dominant disorder character-
ized by an increased risk of epithelial malignancies, in particular
colorectal cancer (CRC) [1,2]. This syndrome is associated with
inactivating germline mutations in genes involved in DNA
mismatch repair (MMR), with the gemes MLH1 and MSH2
accounting for approximately 60% of all diagnosed Lynch
syndrome cases [3]. It is the most common form of hereditary
CRC and is estimated to account for somewhere between 2% and 7%
of all CRC cases [4]. Initial reports on the penetrance of Lynch
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syndrome indicated an 80% lifetime risk of developing CRC [4,5].
More recent analyses suggest, however, that colorectal cancer
penetrance has been significantly over-estimated and is more
likely to be in the vicinity of 47% and 34% for males and females,
respectively [6].

Despite being one of the better understood hereditary cancer
syndromes, there is considerable variation in disease expression
and no obvious gene-specific genotype/phenotype correlations
have been demonstrated nor does there appear to be any
relationship between the location of a mutation and type of
disease. This variability in disease expression is especially evident
in regards to the onset age of CRC which varies considerably
between family members who have inherited the same causative
DNA MMR gene mutation [3]. The best explanation for such
differences in disease expression is likely to be either a result of
genetic, environmental andfor a combination of both factors.

DNA repairis essential for the maintenance of genomic integrity
which has evolved to ameliorate the effects ofenvironment insult on
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DNA as well as correcting errors that occur during DNA synthesis. Table 1

There are at least 130 genes involved in a variety of different DNA Demographics of HNPCC study participants according CRC status.

repair pathways that all play significant roles in maintaining the Colorectal cancer No colorectal Total

veracity of the genome [7]. The DNA repair pathways of mismatch (n=209) cancer (n=215) (n=424)

repair and base excision repair are both involved in the identifica- Gender

tion, removal and repair of replication induced DNA errors. The Male 82 76 158

mismatch repair system involves correcting mismatched bases that Female 127 139 266

occur during DNA replication [8] whereas base excision repair (BER) Agn::]fno{nsssg 428 (113) 405 (15.1) 41.9(13.3)

is highly specific for the repair of oxidative DNA damage [9]. Loss of Median 43 40 42

DNA MMR activity can be observed as changes in the size of Range 16-78 17-95 16-95

microsatellite DNA, which is observed in tumours from Lynch MMR mutation

syndrome patients and is known as microsatellite instability [10]. Truncation 192 192 384

. . . . . Missense 17 23 40

Several variants in DNA MMR genes have been implicated in cancer Gene mutation

susceptibility and are not restricted to Lynch syndrome [11-13]. MLH1 108 122 230
A series of enzymes are involved in BER including oxoguanine MSH2 101 93 194

glycosylase 1 (0OGG1) and X-ray repair cross-complementing 1 Ethnicity

(XRCC1). Both of these genes harbour polymorphisms that have ’;;;;rr‘:'”" :gg 1;‘: ;;g

been associated with a change in the risk of malignancy. A codon
326 polymorphism in OGG1 has been associated with the risk of
lung, stomach and bladder cancer [14-16] and the codon 399
polymorphism in XRCC1 has been reported to be associated with a
decreased risk of bladder cancer but an increased risk of lung
cancer [16,17].

Double-strand breaks (DSBs) in DNA can be repaired by either
non-homologous end joining (NHE]) or homologous recombina-
tion (HR). HR requires the use of the sister chromosome for the
correct repair of DNA double strand breaks. XRCC2 and XRCC3 are
two key components in HR that repair DNA double-strand breaks
whilst also having essential roles in the maintenance of chromo-
some stability during cell division [8]. Polymorphisms in XRCC2
and XRCC3 have been linked to susceptibility of smoking related
pancreatic and oral/pharyngeal tumours [18,19]. BRCAZ is also
involved in the repair of DSBs involving homologous recombina-
tion [20]. It is recognized that truncating mutations BRCAZ are
associated with breast cancer however polymorphisms in this gene
have also been linked to an increased risk of not only breast cancer
but also prostate cancer [21]. NHE] requires DNA ligase 4 (Lig4) to
form a complex in order orchestrate this repair process. Polymor-
phic variations in Lig4 have also been associated with cancer
susceptibility [22-24)]. The recognition that many polymorphisms
in DNA repair genes have been associated with cancer susceptibil-
ity suggests that altered repair function may explain some of the
phenotypic differences observed in Lynch syndrome.

In this study we have genotyped a total of 424 Lynch syndrome
participants all with causative MLH1 or MSH2 germline mutations
for common polymorphisms in; MSH3, 0GG1, XRCC1,XRCC2, XRCC3,
BRCAZ2 and Lig4 to determine if one or more of the variants could be
associated with the diversity of disease expression observed in
Lynch syndrome.

2. Methods
2.1. Study subjects

A total of 424 participants, including 220 Australian and 204
Polish cases, were included in this study. The selection criteria for
inclusion in this study was based on the molecular diagnosis of
Lynch syndrome with the presence of either a MLH1 (54.2%) or
MSH2 (45.8%) germline causative mutation. Within these cases 384
(90.6%) harboured a truncating or splice site mutation, whilst 40
(9.4%) were missense mutations. All missense cases were deemed
causative as a result of functional studies, segregation analysis, and
in silico analysis as reported in the literature. There was no
difference in the average age of onset of patients with missense
mutations compared to nonsenseftruncating mutations. Out of the
424 participants 209 (49.3%) had been diagnosed with CRC. The

median age in cases with CRC was 43 years compared to 40 years in
those who were CRC free. The Institutional Ethics review boards of
the Pomeranian Academy of Medicine and the Hunter New
England Health Service approved the study. All included partici-
pants had given written informed consent for their DNA samples to
be used for research into Lynch syndrome. The clinical and
demographic characteristics of participants included are shown in
Table 1.

2.2. SNP genotyping

The SNPs used in this study were chosen due to their functional
significance or tight linkage disequilibrium with function variants
located in the respective gene. Genotyping for all DNA repair SNPs
in participants was performed on the ABI PRISM™ 7500 Real-Time
(RT) PCR System (PE Applied Biosystems, Foster City, CA), using
primers and probes from Assay-by-Demand (Applied Biosystems)

for BRCA2 A>G (rs11571653), MSH3 A~G (1s26279), Ligd T=C
(rs1805386), 0GGI C>G (rs1052133), XRCC1 G>A (rs25487),
XRCC2 G=A (rs3218536), XRCC2 G=>A (rs1799793) and XRCC3
C=>T (rs861539). The assay was performed under universal
conditions with each reaction containing: 50 ng DNA, 0.125 pl
40x assay mix and 2.5 pl Tagman@ Universal PCR master mix
made to a final volume of 5 pl with Milli-Q water. Thermal cycling
conditions were as follows: 50 °C for 2 min, 95 °C for 10 min, then
50 cycles of 92°C for 15 s and 60 °C for 1 min. Following the PCR
reaction, plates were then scanned by the ABI PRISM™ 7500 to
determine genotypes by allelic discrimination.

2.3. Statistical analysis

A power calculation was undertaken to determine whether
there was a sufficient number of samples to reveal any association.
Using the power calculator from the University of British Columbia
(http://www.stat.ubc.caf~rollin/stats/ssize/caco.html) the popu-
lation used for this study had on average enough power to detect a
RR of 1.5 with a p value of 0.05.

Using the standard y? statistics, allele frequencies were tested
for significant deviation from the Hardy-Weinberg equilibrium.
Pearson’s Chi-square test was also used to evaluate differences in
the allele frequencies between cohort groups and distribution of
genotypes. The assessment of the association between the DNA
repair SNP genotypes and age of CRC onset was initially
performed using Kaplan-Meier (KM) survival analysis. The KM
survival curves were used to plot the proportion of participants
who were cancer free against the patient age of CRC diagnosis in
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relation to specific genotypes. This univariate survival analysis
method used three statistical tests including: the Wilcoxon test,
emphasising observations from early diagnosis, the log-rank test,
which gives greater weight to later onset ages and the Tarone-
Ware test which is an intermediate of both the Wilcoxon and log
rank tests. In cases where a significant value was obtained in KM
testing Cox proportional hazard regression modelling was used
to test the significant findings of KM analysis more rigorously.
Through these Cox models hazard ratios (HR) and 95% confidence
intervals (Cl) could be generated in a multivariate analysis taking

A Kaplan-Meier survival estimates, by BRCAZ rs11571653
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into account population group, MLH1/MSH2 mutation, family
clustering and gender. The age of diagnosis was defined as
patient age at the time of CRC diagnosis. In the unaffected
participants, age was based on date of birth and disease free
status at last follow-up which was treated as censored in the
analysis. Bonferroni corrections were applied to all statistical
results to account for multiple testing. All statistics were set at a
significance level of p < 0.00625. The statistical analysis in this
study was carried out using Intercooled Stata 8.0 (Stata Corp.,
College Station, TX).
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3. Results reach the significance threshold required for multiple testing but

The genotypes for all DNA repair gene polymorphisms were
successfully determined for all participants by RT-PCR. The
distribution of alleles within both ethnic groups was consistent
with Hardy-Weinberg equilibrium. The minor allele frequency
distributions differed significantly by ethnicity for three of the eight
SNPs included in this study, however when the two populations
were combined the genotype frequency was similarto that recorded
in the National Center for Biotechnology Information database. The
minor allele frequencies reported in the overall population under
study and for the separate Australian and Polish populations
included in the analysis are shown in Table 2.

Kaplan-Meier survival analysis failed to show any significant
association of the DNA repair SNPs examined when combined in an

3 overall analysis of all 424 participants (see Fig. 1). This was also the

case when the analysis was repeated using wild type ws.
heterozygote /homozygote cases for the SNPs studied for either
Australian or Polish cohorts or in either MLHT or MSHZ2 gene
mutation carriers alone (see Fig. 2a and b, respectively). Data
output for KM analysis for the combined and individual Australian
and Polish groups are displayed in Table 3.

Examination of the individual ethnic groups revealed no overall
significant difference by KM analysis for the Australian partici-
pants for all SNPs studied. In the Polish group however, differences
were observed in the minor allele frequencies of the MSH3 A=G
SNP (rs26279) and XRCC2 G=A (rs1799793) SNPs. The presence of
the MSH3 SNP as either a heterozygote or homozygote was
compared against wild-type carriers resulting in a trend in age of
disease diagnosis attributed to the presence of the SNP. This was,
however, not significant at all age groups studied as determined by
the Log rank (p=0.028), Wilcoxon (p=0.009) and Tarone-Ware
(p=0.009) tests when correction for multiple testing was included.
Similarly, the results for the XRCC2 G=>A SNP (rs1799793) did not

Table 2

did display a trend towards an association.
4. Discussion

In this study we explored the association of several common
DNA repair pathway polymorphisms and risk of early onset CRC in
Lynch syndrome. The frequency distributions of three of the minor
alleles in MSH3, Lig4 and OGG1 varied significantly by ethnicity in
population specific cases but when considered within the context
of the entire study cohort remained similar to the frequencies
listed in the National Center for Biotechnology Information (NCBI)
data base. The difference in frequencies between the two
populations is most likely a result of specific genetic differences
between the Anglo-Celtic and the Slavic populations. There are
several reports indicating that there are founder mutations in
Poland, most notably the 5382insC mutation in BRCAT which is the
most common mutation identified in that population whereas it is
not frequently observed in the Anglo-Celtic population [25].

The association between the majority of the polymorphisms
investigated and risk of an earlier age of cancer diagnosis was not
significant in all eight polymorphisms. No trend at all for BRCA2
A=G (rs11571653), Ligd T>C (rs1805386), 0GG1 C>G (rs1052133),
XRCCIT G=A (rs25487), XRCC2 G>A (rs3218536), and XRCC3 C=T
(rs861539) was observed, suggesting that in the context of Lynch
Syndrome these SNPs do not modify disease risk.

Two SNPs in the Polish population did, however, demonstrate a
trend in altering the age of disease diagnosis in Lynch Syndrome.
The SNP rs26279 located in MSH3 and rs1799793 in XRCC2 both
were associated with a decreased age of disease diagnosis. These
two SNPs were not found to be significant in the Australian
population. Both MSH3 and XRCC2 have pivotal roles in the DNA
mismatch repair and double strand break repair, respectively. The
failure to detect an effect in the Australian population may be

Frequency distribution of minor alleles among participant cohort by characteristic for combined, Australian and Polish HNPCC participants. p-Value refers to difference in

allele frequency between Australian and Polish populations.

SNPs Minor NCBI listed Combined Australian Polish Frequency of Frequency of Frequency of Frequency of p-Value
allele  frequency SNP SNP SNP SNP in CRC SNP in CRC SNP in MLH1 SNP in MSH2
frequency frequency frequency +ve patients ve patients  mutation carriers mutation carriers
MSH3 (rs26279)* G 0312 0.241 0279 0.201 0.246 0.235 0.228 0.255 0.006
0GG1 (rs1052133)* G 0224 0213 0.257 0.168 0.211 0.214 0.189 0.204 0.001
XRCC1 (rs25487) A 0303 0325 0323 0.329 0328 0.323 0.296 0.322 0.859
XRCC2 (rs3218536) A 0.092 0.081 0.101 0.061 0.074 0.088 0.076 0.091 0.039
XRCC2 (rs1799793) A 0314 0376 0.341 0.415 0.352 0.401 0.335 0.387 0.028
XRCC3 (rsBG61539) T 0417 0.361 0.359 0.363 0371 0.351 0.339 0.397 0912
Lig4 (rs1805386)* C 0.164 0171 0134 0.212 0.171 0.172 0.174 0.168 0.003
BRCAZ (rs11571653) G 0.006 0.068 0057 0.081 0.072 0.065 0.072 0.064 0.265
* Allele frequency was significantly different between the Australian and Polish populations.
Table 3
Statistical analysis of the combined and individual populations against the respective single nucleotide polymorphisms (SNP).

Gene SNP (rs number) Kaplan-Meier statistical test

Combined Australian Polish

Log rank Wilcoxon Tarone-Ware Log rank Wilcoxon Tarone-Ware Log rank Wilcoxon Tarone-Ware

(p) (p) (p) (p) (p) (p) (p) (p) )
MSH3 A=G (rs26279) 0238 0.408 0311 0.647 0.188 0.284 0.085 0.066 0.074
0GG1 C=G (rs1052133) 0.565 0.484 0.544 0537 0.387 0.462 0.541 0479 0.101
XRCCT G=A (rs25487) 0.767 0.834 0.804 0957 0.637 0.858 0.561 0.553 0.537
XRCC2 G=A (rs1799793) 0358 0.519 0315 0.761 0.966 0.961 0.145 0.587 0.452
XRCCZ G=A (rs3218536) 0477 0.155 0222 0.187 0.184 0.456 0.126 0321 0.151
XRCC3 C=T (rs861539) 0.665 0.636 0.737 0233 0.397 0.361 0.426 0.743 0.687
Ligd T=C (rs1805386) 0.685 0.776 0.769 0.346 0.386 0.427 0.186 0.083 0.082
BRCAZ A=G (rs11571653) 0.866 0.716 0.804 0.671 0.835 0.775 0.991 0571 0.711
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associated with population differences in which case the size of the
Polish population studied is too small to allow for the identification
and confirmation of any modifier effect. Since these two genes are
important regulators of different aspects of DNA repair the failure
to identify an association in the Australian population does not rule
out their possible involvement in modifying disease expression in
Lynch syndrome.

E

Kaplan-Meier survival estimates, by xrcc1r398qga

050 075

025

000

0.5 075

025

000

08 07

0%

o

0.50 o7s

028

om

The failure to observe any association with SNPs associated
with DNA repair does not negate the findings of others in terms of
their effects on disease risk in the general population. The focus of
this report is on a highly selected population who all carry
deleterious germline changes in genes involved in DNA mismatch
repair and as such this may outweigh the effects conferred by other
more subtle alterations in DNA repair.

Please cite this article in press as: Reeves SG, et al. DNA repair gene polymorphisms and risk of early onset colorectal cancer in
hereditary nonpolyposis colorectal cancer. Cancer Epidemiology (2011), doi:10.1016j.canep.2011.09.003

64



G Model
CANEP 355 1-7

Chapter 6 — DNA Repair Polymorphisms

6 S.G. Reeves et al. / Cancer Epidemiology xxx (2011) xxx-Xxxx

b
A

Kaplan-Meier survival estimates, by brca2rs11571653ag

E

Kaplan-Meier survival estimates, by xrcc1r399qga

Fig. 2. (Continued).

In conclusion the results in this study indicate that common
polymorphisms in DNA repair genes do not appear to be
associated with the risk of developing colorectal cancer in a
susceptible population. These results of this report do not
rule out the possibility that the SNPs chosen for this study

may be associated with disease progression andjor overall
survival.

Finally, this study does not rule out the possibility of a small
influence on disease risk in Lynch syndrome as it did not have the
power to identify small effect sizes and as such larger studies are
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required to delineate the exact effects of functional polymor-
phisms in DNA repair genes.
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Chapter 7 — General Discussion

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 (MTHFER) 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

75



Chapter 7 — General Discussion

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 Il 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 (DNMTSs), 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:

) 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.

i) 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,
hOGGL1 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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