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Abstract
Hereditary Non-Polyposis Colorectal Cancer (HNPCC) is the most common type of
inherited colorectal cancer. Eighty to nit  y percent of identified mutations in HNPCC
families involve MSH2 or MLHI genes. However, a great degree of variability has been
observed within and between families carrying the same mutation. . ..erefore, other
factors such as modifyln  genes may be involved in the presentation of this disease.
The cell cycle, the mismatch repair pathway, and folate metabolism have been associated
with cancer. Therefore, [ studied 31 single nucleotide polymorphisms (SI ’s) from genes
in these pathways to determine if they had a modifying effect on the disease penetrance.
Two MSH2 kindreds were used in this study, one from Newfoundland and one from the
Lower North Shore of Quebec. They included 135 mutation carriers. I identified 3 SNPs
CCNDI "™ GC, CCNA2 GA, and CDKNIB (p27%"') TG, which had significant effect on

the age of disease onset.
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Chapter 1 Introduction and Overview

1.1 Introduction

Colorectal cancer (CRC) is a disease affecting both women and men. The age of onset
varies from youth to the elderly population depending on the type of CRC and the genetic
or environmental influences that are involved. This disease is curable provided it is
detected in an early stage.

Determining what stage the cancer is in is based ona s ific set of criteria that has
evolved over time. In 1932, C.E.Dukes first introduced the Dukes staging system. This
system was pathologically based on tumour resection that measured the depth of invasion
through the mucosa and bowel wall. It was categorized as follows: Dukes A—tumour
confined to mucosa, Dukes B——tumour invading through the intestinal wall (no lymph
node involvement), Dukes ¢  )ositive lymph nodes identified, Dukes D—distant
metastases has occurred. The specifics of this system have been revised several times
since its first use because it did not provide detailed information about the tumour size,
nodal involvement, or spread throughout the body. Finally, in 1990, the American Joint
Committee on Cancer (AJCC) replaced Dukes staging with a more descriptive and
detailed model called the TNM st~~‘ng system.

According to the TNM staging system T represents the primary thickness of the tumour,
N describes nodal involvement, and M indicates the presence or absence of distant
metastases. Each of these letters contains numerical subcategories that describe the cancer
stay For example, the Tisst livided . 1-4 based on the level of tumour invasion

(Table 1.1). .ue N is described as 0, 1, or 2 where 0 refers to no nodal involvement, 1









early age, colonoscopies are offered at ages <50 years based on the age prevalence within
that family. The general rule of initiating screening in such families is 10 years younger
than the youngest age of malignant diagnosis within a given family.'

The preventative purpose of the colonoscopy procedure is to detect and remove any
polyps that may be present. Since polyps are believed to be pre-cursors to cancer,
removing them eliminates their potential of evolving into a malignancy. Due to the
common asymptomatic nature of CRC in the earlier stages, if the indivic al is not
undergoing regular routine colonoscopy screening, it is often late stage III or stage IV
before it is diagnosed. During these later stages the symptoms tend to become more
prevalent and severe. Therefore, the prognosis is often poor for unscreened individuals
when CRC is finally detected.

Once CRC is detected and family history taken, the type is determined as one of the
following three categories: hereditary, familial or sporadic. Sporadic CRC occurs in
approximately 6-7% of the general population.” It does not have any obvious family
history or mode of inheritance and there are very few to virtually no family occurrences
of CRC at all. Familial CRC presents in family clusters more than would be expected in
the general population but no genetic factors are clearly identified. Hereditary CRC is a
single gene disorder and its risk can be identified in families as long as the gene(s)
involved are known.

The two most common hereditary forms of CRC are Familial Adenomatous Polyposis
(FAP) and Hereditary Non-Polyposis Colorectal Cancer (HNPCC). FAP involves
mutations in the APC :ne and some HNPCC involves mutations in genes of the

Mismatch Repair Pathway (MMR) following a dominant mode of inheritance.



In Newfoundland and Labrador and the Lower North Shore of Quebec, Canada there have
been large families or founder clusters of families identified with HNPCC. These families
serve as very informative models for studying this type of genetic disease due to
geographical isolation, ethnic homogeneity, and a large number of individuals within

each of the families remaining in the ancestral region.

Mutations in an MMR gene MSH2 were identified in three of these Newfoundland and
Quebec families and family clusters. In the Newfoundland and Labrador families from
Bonavista North, referred to as Family C, there was a mutation found ir e (A>T942+3)
3’splice region of intron 5; a group of families from Trinity/Conception Bay were
identified to have a deletion of exon 8; while the Quebec family (Family 11) has a
deletion in exons 4-16.> Each family has multiple mutation carriers identified, but there is
variation in the phenotype presentation. For example, there is a variation in the age of
onset, location of cancer, the number of primary cancers between indiv 1als within each
family as well as be zen families. Therefore, other factors must be involved in
determining phenotype expression besides the identified MSH2 mutation. This study
included two of these three families, Family C and Family 11 for the purpose of
investigating these variations.

1.2 Colorectal Cancer

Colorectal cancer (CRC) is the second leading cause of cancer death for men and women
in North America. The Canadian Cancer Society estimates that ~ 21,500 Canadians will
be diagnosed with CRC and about 8,900 will die from their disease in 2008. In

Newfoundland and Labrador (NL) approximately 480 people will be di: 10sed in 2008



with CRC and >50% of them will eventually die from their disease. Wom  and men are
at unequal risk of developing CRC with men having a slightly higher incidence rate than
women. After the age of 50 years, the risk of developing this form of can  increases
significantly.’ The incidence rate of CRC in NL is 27% higher than the Canadian
average.” This demonstrates the importance to the people of Newfoundland and Labrador
of investigating this disease.

Because CRC is usually asymptomatic until it is in a late stage, it generally has a poor
prognosis at the time of diagnosis. Even if symptoms are present, many people are too
embarrassed to talk about their “bowel problems” thus delaying diagno  until their CRC
is advanced and difficult to treat. For these reasons, it is important that the public be
educated about the seriousness and prevalence of CRC in the general population.

The Canadian Cancer Society recommends that screening with colonoscopy after age 50,
and earlier if there is a family history, is the most important preventative ethod to date.
The current treatments available for those with colon cancer are surgery (total colectomy,
partial colectomy, and tumour resection), chemotherapy, and radiation. The extent of
surgery depends on the location and stage of cancer.

In 2007, t1  cost of treatment of Canadians with CRC was estimated to be approximately
$500,OOO,OOO.2 Therefore; research on the cause, treatment, and preven Hn of this disease
is of importance to those involved both provincially and federally in managing health care
expenses.

The actual cause of the different types of CRC has not yet been fully determined.

Therefore, CRC may or may not follow different mechan 5 of disease fo 1ition.



However, all cancers do involve char s in genes in somatic cells and sometimes in
conjunction with germline cell mutations.*>

There are three categories of mutated genes that are commonly associated with CRC: * !
oncogenes, tumour suppressor genes, and DNA mismatch repair genes. The cellular
proto-oncogenes are up-regulators of cell proliferation.® Hence, a mutation in one of these
genes can result in it being transformed into an oncogene. Once this occurs the oncogene
can cause the cell to proliferate uncontrollably. For instance, mutations in the B-raf and
K-ras oncogenes have been associated with an increased risk of colorectal cancer.’
Tumour suppressor genes, predicted in Knudson’s model of the “two-hit theory” in
retinoblastoma, function as negative regulators of cell proliferation.'® Thus, an effect is
seen only when both alleles are mutated.'® '' The DNA mismatch repair (MMR) genes
repair errors that occur during DNA replication.' 1 As a result, a loss of MMR function
leads to an accumulation of mutations throughout the genome including mutations in
growth regulatory nes."

As the above description indicates, both inherited and sporadic cancer involves
mutational alterations of genes. It is believed that all colorectal carcinomas develop from

> Together, hered” , and environmental factors contribute to the

adenomas.'
development of these neoplasms.

In 1990, Fearon and Vogelstein developed a model that describes the development of a
tumour from polyp to carcinoma.> * First, a pocket of colonic epithelial stem cells!'®
containing a coupled mutation between oncc mnes and tumour suppressor genes cause

these mutated cells to propagate. As  ire of these mutated ce™ divic | make cloned

copies, a >wth advantage of mutated cells over surrounding 1 al cells is believed to
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occur. The genes most frequently found to be involved in this process a the oncogene

17, 18

K-ras and the tumour suppressor gene p53.19’ 20 Approximately 50% of colorectal

adenomas >1 cm in diameter, as well as carcinomas, have K-ras mutations.”' >* However,
only ~10% of adenomas <1 c¢cm in diameter have a mutation in this g : regardless of
whether the CRC arose sporadically or in the context of an inherited pred osition.”>?*

In adenomas only one p33 allele is mutated. The mutated p53 protein functions in a
dominant negative pattern by binding to the wild type p53. Such binding prevents normal

228 rats,? and humans.?® * In cells

function of this prtoein. This was observed in mice,
that have an impaired wild type p53, the adenoma is able to continue to ow. Since these
adenomas also grow and divide at a faster rate than normal cells, they are at an increased
growth advantage to the normal cells. This in turn, increases the likelihood for the wild
type p53 gene to also be mutated as more copies of the cells containing both a mutated
and wildtype allele proliferate. Once both of the p53 alleles are mutated the tumour
suppressor function is completely knocked out. It is at this stage tt adenomas often
progress further to become carcinomas.”* *°

An accumulation of 4 or more mu ions in these oncogenes, tumour suppressor genes, or
other genes must take place in the [ before it forms a mal’ iant tumc . If there are <4

3.3V 1t is the

accumulated mutations, the adenoma will remain a benign tumour.
accumulation of mutations rather than the sequence of events that determine the tumour’s
biological properties. Finally, although tumour suppressor genes generally act in a

recessive pattern, some behave in a dominant n¢ tive fashion at the cellular level as in

the case described above for p53.%



1.2.1 Sporadic Colorectal Cancer
People with sporadic colorectal cancer have very few to only one family member affected
with the disease. This category of CRC has a late age of onset usually starting over 50
years of age and includes 70-75% of all CRCs.> The cause is believed to be a multi-
factorial result of dietary, environmental, and genetic factors that have yet to be defined.’
The sporadic incidence of CR ™ h  been identified with mutations in somatic cells rather
than in the germline cells that are noted in hereditary forms of this disease.* Apart from
these gene mutations, recent studies have also associated a possible epi; 1etic cause such
as the hypermethylation of the CpG islands and microsatellite instability (MSI).**
Hypermethylation of CpG islands in promoter regions of genes are an epigenetic process
that inhibits transcription of specific genes throughout the genome. Microsatellite
instability is the result of a ‘:netic mutation that causes the number of microsatellite
repeats in a particular region of the cell’s genome to vary from that of a normal cell.
Together, hypermethylation of p/6 and MMR deficiency of MLH]I, relates to loss of cell
cycle control.>*** This phenomenon is found at very high frequencies in MSI tumors.>*3¢
Hong-Zhi et al (2002) related p/6 hypermethylation to MSI tumours and suggested it be
used as a marker in serum analysis for the prediction of colorectal cancer prognosis.3 7
Since Sporadic CRC includes the vast majority of CRC, a better understanding is
necessary in order to determine who is at risk of developing it. As it is only apparent in
population history, individuals are at a lower risk of developing this disease when

compared to familial and hereditary forms of CRC. Therefore, regular screening is

recommended for anyone over the age of 50 as _ 2viously described.



1.2.2 Hereditary Colorectal Cancer
Individuals with relatives that ha hereditary colorectal cancer are at the highest risk of
developing the disease in comparison to those at risk of sporadic or familial colorectal
cancer. It is in this group where screeni  programs are generally implemented. One of
the main differences between hereditary and familial CRC is its earlier age of onset.
Hereditary CRC almost always develops at <50 years of age rather than the later age of
onset (60+ years) observed in the familial groups. This earlier age of onset that is
observed in hereditary cancers results from a germline mutation in one wild type tumour
suppressor allele. Therefore, only one more “hit” in the tumour suppressor gene is
required for a cell to lose its tumour suppressor function.
Out of all of the colorectal cancers approximately 5-10% of them demonstrate a pattern of
dominant inheritance.***® These dominantly inherited CRCs are referred to as hereditary
colon cancers. .ue two best-known forms are HNPCC and FAP. Together, both of these
types are inherited autosomal dominantly and account for approximately 5-6% of all
CRCs.
FAP occurs in <1% of all colorectal cancers.!' In this form of the disease the colon can
develop several hundred to thou: 1ds of adenomatous polyps, typically beginning in the
second or third decade of life. These polyps are initiated at a greatly increased rate
compared to the general population, but once formed, their rate of prc ession to
carcinoma is remarbably fast.* ** Inevitably, one or more of the polyps will progress into
an invasive carcinoma.
Extr; »lonic manif ionsa also r nin families with FAP. T include polyps

in the stomach or duodenum, which may also progress to cancer, desmoids, osteomas, or
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epidermal (sebaceous) cysts. Papillary thyroid cancer and brain tumours, usually
meduloblastoma, occur rarely in these families but at an increased rate in comparison to

the general public.

The FAP locus was mapped to chromosome 5g21 after the discovery of an interstitial
deletion of chromosome 5q21 in an individual with FAP and mental retardation.***® The
adenomatous polyposis coli (4PC) gatekeeper gene v identified in s r¢ ‘on*’ and
extends 120 kilobases with 15 exons. The protein product of the APC gene has 2843
amino acids whose function is to negatively regulate the Wnt signaling pathway. It does
this by binding to and destroying beta-catenin. Loss of this function causes an unregulated
intracellular build-up of beta-catenin.*® The biological significance of this build-up is that
elevated levels of beta-catenin are associated with an increased growth advantage of

tumour cells.

Inherited APC mutations co-segre ite with FAP in affected families.*” Other studies
showed that the location of the mutation influenced the phenotype of iis disease. For
example, truncating mutations between codons 463 and 1387 are associated with
congenital hypertrophy of the  inal pigment epithilium (CHRPE) *° while mutations
between codons 1403 and 1578 are linked to desmoid and osteoma cancers but not
CHRPE.?' However, there is considerable variation of disease presentation even with the
same mutation and non-penetrance has been observed.* It is yet unknown whether these
varying phenotypes are caused by environmental or genetic modifiers. Having said that,
the MOMI gene on chromosome 4 in multiple intestinal neoplastic (M...{) mice has
demonstrated a genetic mo«  ing effect on the numl - of polyps lini1 the colon of mice

with germline APC mutations.> ...e environmental ¢ cts on these pl  otypes have also
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been shown through both chemo-preventive non-steroidal anti-inflammatory drugs

355 ygether these

(NSAID) and dietary factors such as arachidonic acid lipids.
environmental findings correlate with the genetic MOMI modification described above
since MOMI normally expresses an enzyme that metabolizes arachidonic +ids.’® If there
is an abnormality in the MOM!I gene then its enzymatic activity may also be altered and
could result in a change in the way that these acids are metabolized Thus, environmental
influences may enhance the effects of the MOMI mutation in an ep’ :netic manner.

Apart from this classical form of FAP, there is an : _ pical phenotype referred to as
attenuated familial adenomatous polyposis (AFAP). In AFAP, the number of polyps
varies and they are smaller in size than those observed in FAP phenotypes. Individuals
present with AFAP later in life and have a reduced penetrance of the disease.” *" Quite
often AFAP can be mistaken for HNPCC in terms of the clinical features.” *’

HNPCC accounts for ~3-5% of all colorectal cancers with a high penetrance of 80-
85%.%* °% Unlike FAP, usually no polyps or a small number (1-5) form in the colon of
those with this syndrome. These adenomas form at approximately the same rate as in the
general population.*”* Once formed, however, they progress 2-3 times more rapidly.** ¥
The age of onset of HNPCC is variable from the third to the seventh decade with a
median age of 42 years.

HNPCC has recently been re-named and divided into two groups: Families with
mutations in the mismatch repair (MMR) genes are considered to have Lynch Syndrome,
while families without evidence of MMR gene mutations are referred to as having

Familial Colorectal Cancer Syndrome X (FCC-X). The aver: : age at onset of CRC is

typically earlier in Lynch Syndrome than FCC-X.
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Lynch Syndrome commonly has extracolonic cancers that occur either exclusively or in

addition to CRC. They include cancers of the endometrium, ovaries, stomach, small

bowel, transitional cells in the uretergenital system, skin (sebaceous cell cancer), and less
commonly glioblastomas.“'“’ The MMR genes that have been identified in association
with this syndrome are MSH2, MLHI, MSH6, MSH3, PMS1, and PMS2.

To date, no genes have been found assoc ed with FCC-X. Unlike Lynch Syndrome, the
presentation of extracolonic cancers in this particular group is rare. It is also uncommon
in FCC-X to find the synchronous or metachronous CRC that are observed in other forms
of CRC.

Identification of HNPCC is done through family history. The International Society of
Gastro Hereditary Tumours (INSIGHT) previously known as the Interne nal
Collaborative Group on HNPCC (ICG-HNPCC) defined the “Amsterdam criteria” used
mainly for research purposes in order to identify this disease.’”® The criteria includes the
following: (1) three or more first di ee relatives with CRC, one must be a first degree
relative of the other two, (2) at least 2 successive generations affected, (3) one or more of
these cases identified before age 50, (4) Familial adenomatous polyposis should be
excluded, and (5) tumours should be verified by pathological examination.®® After this
guideline was published Lynch et al. (1993) stated that these criteria were too stringent
because extracolonic cancers such as endometrial cancer were not considered.” As a
result “Amsterdam 2 criteria” were defined.”' These new criteria took into account extra-
colonic cancers as follows: (1) three or more first degree relatives with an HNPCC-
related cancer (CRC, endometrial, small bowel, ureter, or renal pelvis); and one must be a

first degree relative of the other = 10, (2) at least 2 successive generations should be
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affected, (3) and one or more of these cases identified before age 50, (4) Familial
adenomatous polyposis should be excluded, and (5) tumours should be verified by
pathological examination.”"

Once a kindred has been identitfied with HNPCC, at-risk family members are offered a
clinical screening program to identify and treat early cancers or precancerous lesions.”!
There are two main ways of doing this. First, if no mutation has yet been found in an
HNPCC kindred all first degree relatives are assumed to be at 50% risk and recommended
to have a colonoscopy every 1-2 years starting at 10 years prior to the age of the youngest
HNPCC cancer diagnosed in that family.' Screening for extracolonic cancers may also be
recommended based on family occurrence. Secondly, when a mutation has been
identified in a family, only those who test positive for the mutation are screened
aggressively through colonoscopy, and screening for extracolonic HNPCC-related
cancers is also applied.®* ”>"* These extracolonic screening protocols include endometrial
biopsy, transvaginal ultrasound to view the endometrium and ovaries, and IVP
(intravenous plyelogram) cystoscopy monitoring of tl  genitourinary tract.”® 7>77

Preventative treatments are also an option for those with a strong history of HNPCC, and |
are usually offered following genetic counselln  along with the advice of a surgeon or

oncologist. These options include prophylactic surgeries, such as hysterectomy,

oophrectomy, and subtotal or total colectomy with ileorectal anastomosis followed by

58. 60,75

regular screening of the rectum. 78 Other organs at risk may : 0 require

screening and prophylactic surgery.>® 7% @78
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1.2.3 Familial Colorectal Cancer

Familial colorectal cancer is a cluster group of CRC in families that do not meet the
Amsterdam criteria and the disea causing or contributing genes have not yet been
identified. This group of CRC has a slightly higher risk than that of the general population
noted in sporadic CRC.

Approximately 20% of all CRCs are Familial. The number of individuals diagnosed
within a family is higher than what would be expected by random chance in the general
population of those without any obvious family history. However, an inheritance pattern
is less obvious for these familial colon cancers in comparison to hereditary forms. For
example, the family history may include more distantly related affected relatives such as
the individual affected and his/her aunt/uncle (primary degree relative), and/or cousin
(second degree relative). In addition, the cancers in these families usually do not present
until later in life such as age 60 or older.

The risk for relatives within these families increases based on the numl - of cancers that
are present within the family. Tl ore, if a person has two first-degree relatives (FDR)
with CRC, that person’s risk is increased two-fold compared to the general population
and ten-fold if there are three FDRs.” Also, if there are relatives in the family that had a
polyp or CRC before the age of 60, the individual is at an even higher risk of developing
CRC.” If there are also second- or third-degree relatives with this type of cancer the risk
is increased by >50% compared to the general population.” As in the sporadic group, the
cause for Familial CRC is unknown. It has been hypothesized that familial CRCs may
result from a combination of both genetic and environmental factors such as radiation

exposure and/or smoking.’
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Recently, it has been observed that the province of Newfoundland and Labrador has 43%
of all its CRC cases to be of a familial nature®®and 31% have at least one first-degree
relative that has been affected with CRC.*® The reason Newfoundland and Labrador has a
higher proportion of familial CRC than found in other populations is currently under

. . . 8
investigation. 0

1.3 HNPCC Mutations

Although mutations in >50% of HNPCC families have not yet been identified, to date all
of the mutated genes that were found to be associated with HNPCC are part of the
mismatch repair (MMR) pathway.

The mismatch repair pathway is a process in the cell cycle where DNA is checked for
nucleotide mismatches after DNA replication.®' This pathway occurs in the S-phase
checkpoint of the cell cycle and is a necessary process for progression to the next phase.®*
83 If there is a base-base mismatch or an insertion deletion loop in the DNA, the MMR
pathway w  repair it.%** Otherwise, a different cell signal will direct the cell to die via
apoptosis.®*¢ These replication errors generally are caused by sl page of repeated
sequences of the DNA polymerase.” Some of the genes known to  involved in the
mismatch repair pathway are A" 7/, A" "(3, MSH2, MSH3, MSH4. MSHS5, MSH6. PMSI,
PMS2, PMS2L3, and PMS2L4.%

In brief, the MSH2 protein forms a heterodimer with either MSH3 or MSH6. If there is a
base-base mismatch in the DNA, MSH2 will bind with MSH6, whereas for insertion
deletion loop repair, it will bind with both MSH3 and MSH6.* * MLHI also forms

heterodimers in this pathr /by | ling with PMS2 to operate the m tch recognition
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complex. It may also bind with other MMR proteins such as proliferating cell nuclear
antigen, DNA polymerase § and ¢, single stranded DNA-binding proteins, and helicases.
MLHI1 may also form a heterodimer with MLH3 for insertion deletion op repair and
with PMS1 where the function has not yet been clearly defined.”'™

To date, mutations in six mismatch repair genes have been identified in JPCC families
around the world. These genes are MSH2 (mutS homolc 2) located on chromosome
2p16,”* MLHI (mutL homologl) on 3p21,”>*® MSH6 (mutS homolog 6) on 2p16,”” MLH3
(mutL homolog3) on 14q24,”® PMSI (postmeiotic segregation 1) on 2g31.” and PMS?2
(postmeiotic segregation 2) on 7p22.%° More than 80% of HNPCC mutations have been
identified in either MSH2 or MLHI.*" '% ® 19" The remaining MMR mutations are
mostly in MSH6 with less then 10% of families having an alteration in MLH3, PMSI, or
PMS2¥ The ICG-HNPCC database (www.nfdht.nl) has reported more then 1000
different mutations in these MMR genes in over 500 kindreds globally.87 A new database
developed at Memorial University of Newfoundland documents >2400 variants in these

genes (http: //www.med.ir "~ a/mmrvariants/ ).102

A feature observed in those with HNPCC and 15% of sporadic colon cancer cases
involves short repeating nucleotide fragments of the DNA calle microsatellites.'®
Changes in the number of repeated nucleotides in microsatellites eit r throv "1 deletion
or addition in tumour cells with an MMR defect, is called microsatellite instability (MSI).
During testing for MSI, the number of repeats or deletions for a particular marker is
compared between tumour cells and normal cells. The number of repeated nucleotides
fluctuates after a biallelic loss of the MSH2 or MLHI gene or a combit  n of other

minor MMR genes.'®
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Three categories of microsatellite instability (MSI) are recognized: MSI-high if more
than 30% of the microsatellites tested for a particular marker are unstable, MSI-low if 20-
29% of the tested microsatellite markers present with instability, &  microsatellite
stability (MSS) when no instability is noted. Guidelines known as the “Bethesda criteria”
were compiled in 1997 to identify individuals that should be tested for MSL.'®1%
To improve the specificity the guidelines were revised as follows: (1) colorectal cancer
diagnosed in a patient who is less than 50 years of age, (2) presence of synchronous, or
metachronous colorectal or other HNPCC-associated tumours, regardless of age, (3)
colorectal cancers with the MSI-high histology diagnosed in a patient who is less than 60
years of age, (4) colorectal cancer or HNPCC-related tumour diagnose in one or more
first-degree relatives, with one of the cancers being diagnosed under age 50 years, and (5)
colorectal cancer or HNPCC-related tumours diagnosed in two or more first- or second-
degree relatives, regardless of age.'*
Phenotypic variations have been observed in HNPCC families depending on which MMR
gene carries the mutation.5* 87 There is some evidence that MSH2 mutations present with
more extracolonic cancers than do the MLHI mutations.** ¥ MSH6 mutation carriers
generally have a later age at onset, a h" " er incidence of endometrial cancer, and have
tumours that are typically MSS or MSI-low.”” 17111 pq1 H3 mutations result in tumours
with MSI variations ranging from low, intermediate, to high numbers of short nucleotide
sequence repeats.''?

1.3.1 Family C
A large kindred in Newfound , Canada, referred to as Family C, was involved in the

identification of MSH? as a susceptibility gene for HNPCC.'" This was the first human
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mismatch repair gene linked to HNPCC. The Family C mutation was identified as a
founder mutation at the splice-site of codon 942+3 A>T.'* ,.is m ationt is also
recurrent in other parts of the world. Since these findings, more then 1000 mismatch
repair gene mutations have been identified with ~40% MSH2, 41% Ml ', 12% MSHS,
and 7% PMS2. %51

Family C has now been extended to ~ :lude 16 Newfoundland sub-: nilies that trace
back to a common ancestor originating from Bonavista Bay, which is on the northeast
coast of Newfoundland, Canada. Three North American families and four English
kindreds were identified with the same mutation that disrupts the 3 splice site of intron 5
thus leading to deletion of the exon 5 seqi  ce from MSH2 mRNA.""* """ The result was
an inframe deletion of amino acids 265-314 of the protein.''* '"® Eight percent of CRC
families in eastern Er “and have this mutation.''* ' The HNPCC phenotype expressed in
this family includes endometrial, ovar , skin, colon, and rectum.''® Less frequent are
cancers of stomach, ureter, small intestine, upper bil 7y tract, and br: .'"® The number
of people in Family C is >1000 with >200 carriers of the MSH2 mutation.

1.3.2 Family 11

Another MSH?2 mutation identified in an HNPCC kindred d in this study was a multi-
exonic deletion from exon 4 to 16.' This mutation was identified in a kindred from the
lower north shore of Quebec, Canada referred to as Family 11. This large family is of
English background living in an isolated area with a stable population. The phenotypic
expression of this mutation is mainly colon, rectal, ureter, and endon rial cancers.'?! 122
Less frequent a  skin, stomach, ai ~ brain. Interestit 'y, no ovarian cancers have been

observed in this kindred.'*" %
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There are >577 people in Family 11. Of these 577, 125 were tested by haplotype analysis
for the MSH2 multi exonic deletion. Sixty-eight out of the 125 tested were mutation
positive carriers and 57 were negative. However, 11 of the 57 who were negative
developed a polyp or presented with HNPCC/HNPCC-related characteristics. Outside of
the 125 individuals that were tested in this family, 34 people that did not have testing

were assumed to be at 50% risk of having the mutation based on their family history.

1.4 Modifier Genes

1.4.1 Modifier Gene Definition
Phenotypic variation of disease within families with the same disease predisposing
mutation has been attributed to several different causes. Some of these causes include
genetic imprinting, environmental influences, X-inactivation, and modifier genes.
The concept of modifier genes was first proposed approximately 100 years ago.'”
However, it is only in recent years, through molecular and genetic technological
advances; that this phenomenon can be investigated.
Starting with the most widely accepted definition, Nadeau (2001) suggested the
following: a modifier gene is a locus that alters the phenotypic output of a major effect

12 1t can either reduce or incr e the penetrance,

locus referred to as the target :ne
expressivity, pleiotropy, or severity of a phenot  : giving it either protective or
susceptibility effects, respectively.'**'?® Nadeau also defined modification as an epistatic

process where a genetic interaction of one allele with another could mask the phenotype

. . . 4
caused by a mutation or sequence alteration in one of those genes.
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A less accepted definition comes from Weatherall (2001) who recognized three categories
of modifiers: (1) primary modifiers (i.e. Nadeau’s target genes), (2) secondary modifiers
(Naudeau’s modifier genes) and (3) tertiary modifiers, being genes that alter pathologic
processes that are not related directly to the function of primary modifiers.'*’

Finally, in 2003, Slavotinek stated in her review of modifier genes tt  both of these
definitions have imperfections because no two loci equally interact to influence a
phenotype.128 In other words, there may not always be a major locus, such as with the
case of digenic inheritance where two loci each have necessary and equal effect.
Slavotinek also points out that genes and gene products interact in networks rather than
linearly. Therefore, a continuous spectrum of the degree of allele impact on many
phenotypes caused by alleles at different loci should be expected.'”® Based on these
criticisms, Slavotinek stated that the most common effects of modifier genes could be
described as either additive or multiplicative.'”® That is, the relative risk of a disease
phenotype resulting from mutations at two different loci was €i”" : the sum or multiple of
the risks from each individual allele, separately.128

There are numerous types of effects that modifiers can mediate. It can be cell-
autonomous, tissue specific or systemic action; qualitative or quantitative, both at the
level of the protein and the disease phenotype; specific or non-s :ific action on the
disease pathways; direct action, or requiring activation through somatic mutation or a
specific environment.'?® Modification could involve any aspect of a trait from the primary
action of the target :ne, as in transcription, through to the intermediate phenotypes at the

molecular or cellular levels, or the organ, system or whole body lev: 124
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1.4.2 Methods For Identifying Modifiers
I[dentifying genetic modifiers is more complex and time consuming than searching for
disease-causing mutations. The reason is that they occur more frequently in e
population and have a higher susceptibility to environmental influences than the
pathogenic mutation. The two main methods used for identifying modifiers are linkage
analysis and association (candidate gene) analysis.
In situations where the pathology of the disease is understood, any other gene(s) involved
in the primary process are considered to be candidates for modifying the 1enotype of the
disease. Under such conditions, association analysis is the method commonly used.
The association of different alleles of these candidate genes is measured relative to the
severity of the disease or other clinical variables such as age of onset or rate of disease
progression. These studies are usually done in a case-control setting or through a
transmission disequilibrium test (TDT) when DNA of both parents is available.'*
If the pathological process of the disease has not yet been clearly defined, it becomes less
obvious which genes to choose as candidate modifiers. Therefore, a linkage analysis is
required.
[* 7 age analysis of mod...cr genes is most commonly conducted in a mouse model or in
human families. Quite often when the pathology of the disease is not completely
understood mouse models can have advantages. For example, mouse models permit large
numbers of matings in shorter periods of time due to their short gestation periods."! Also,
it is easier to control environmental influences that m" "1t cause variability of the disease
phenotype.13I However, there are also disadvantages to studying hu diseases by using

animal models. For instance, in Mendelian diseases there may be a difference in the
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13U At other

phenotypic expression between mice and humans with the same mutation.
times, there is a different genetic pathway involved even though the same type of disease
is present.”’' Therefore, finding a disease locus or modifying effect in the mouse model
does not mean there will be the same result when studying humans.

Another problem with mouse models versus human disease is with selective pressures
and the effects of chance on the type and extent of genetic variability that can change
from strain to strain in mice, as well as the transfer of data between human and mice
studies’®' Thus, finding a genetic locus in an animal model does not im;  that it will exist
in humans.

Sometimes a knockout mouse model may be required to test a hypothe . Unfortunately,
inbred laboratory mice may disrupt linkage disequilibria making it difficult, if not
impossible, to identify a modifying gene in the pure strain because e wild type genes
may have been “bred out” from inbreeding.'*'

Mainly for these reasons, it is 1 ter to use human families whenever possible. Linkage
analysis of modifiers in1 an diseases is based on human | ligrees. Since identifying
modifier genes is not as stra 1itforward as identifying primary disease loci, sib pairs are
often used. The benefits of us 3 sib pairs are that the relative risk of disease between

131

siblings is higher than it would be in distant relatives. ”" Also, the frequency of the

modifying allele must | considered in determining co-segregati  with the primary

B! Therefore, siblii . would have an inc  sed likelihood of a shared modifier

disease.
allele when compared to distant relatives or the neral population.”’! In cases where

environmental influences on the disease phenotype are a conc 1, nuclear families

become more informative as they generally share a similar environment.'*' Finally, sib
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pairs are usually close in age thus reducing age-dependent factors that may contribute to
the phenotypic variation of the disease of interest.'*!
In sib pair analyses, two methods can be used: affected sib pairs (ASP) and discordant
sib pairs (DSP). ASP is generally the method of choice for identifying t|  primary disease
locus.”! However, for determinir netic modifiers, DSP are more useful.'”!
Discordant sib pairs consist of one affected and one unaffected sib."*! Since ASP tend to
have a higher incident rate and ¢ ‘eased survival because both are affected, it is more
difficult to obtain clinical information on living subjects.'*' DSP are less likely to have
these issues and therefore such comparisons provide the strongest /idence of any genetic
modifying effects they may possess. Therefore, both quantitatively and qualitatively, DSP
make the best model for studying modifiers of human genetic diseases.'®' It is expected
that if both individuals have the primary disease causing mutation, the : ected individual
will also have the modifier allele tI  the unaffected sib does not have.

1.4.3 Identified Modifiers
Despite the preference for human systems outlined above, animal models have provided
the most information regarding modifier :nes so far. More is known of the biological
systems of animal models, and their 1viro-genetic status is controllable. One example
involves a strain of mice known to have a dominant mutation in the Apc mouse gene at
codon 850 in exon 15."*2 This strain of mice is referred to as the multiple intestinal
neoplasia (MIN) mou model, which is analogous to Familial Adenomatous Polyposis
(FAP) in humans. Despite the common primary Apc mutation, in the mouse model, the
number of colonic poly] with  etic bacl . This Dlies = ¢ " 1 s

must be involved which affects ™ : |’ ‘notypic presentation of the disease. Thro1
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studies using a backcross with inbred MIN mice, a Modifier of MIN (MOM1) locus has
been identified in the ~4cM region of mouse chromosome 14 syntenic to human
chromosome 1p35-p36.'* It accounts for ~40% of the genetic variance observed in the

13 Genes found in this region that are candidate

number of polyps in the Apc™" mice.
modifiers are Pla2g2a, Egfr, Dnmtl, and Mmp7. Of these candida , the strongest data to
date involves Pla2g2a.'® ' Mice with the mutated Apc™", along with a null Pla2g2a
gene had more polyps at a younger age than s ns with the Pla2g2a wild type allele.”’
One study in humans found a significant correlation with the Pla2g2a modifier and
patient survival.'*’

It has been more difficult to confirm modifying genetic effects in human disease. Some of
the difficulties in studying modifiers in humans include genetic complexity, a longer life
span compared to animal models, and ethical issues regarding study designs. Despite
these obstacles, some modifier loci and genes have been identified in humans for diseases
such as cystic fibrosis, familial hy  cholesterolemia, and hereditary deafness.

Through linkage analysis, a penetrance modifier was found in the homozygous recessive
form of a deafness gene linked to the DFNB26 locus on chromosome 4q31."°% A
modifying locus within a 5.6cM region of chromosome 1q24 has been identified and
named ‘deafness nonsyndromic modifier 1° (DFNMI)."’® This modifier suppresses
deafness for those homozygous for the primary mutation in the DFNB26 gene.'*®

Another human genetic modifier affects the expression of mutations in t : cystic fibrosis
transmembrane conductance  ulator (CFTR) gene responsible for the autosomal

recc ve disease cystic fibrosis. C. .R, a gene of 230 kilobases on chromosome

7q31.3,139 encodes a 1480 amino acid protein that is expressed in the apical membrane of
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epithelial cells lining the lungs, sinuses, pancreas, intestines, sweat ducts, and vas
deferens.'*® The CFTR gene significantly influences sodium transport and water balance
since it functions as a cAMP-dependent chloride channel that interacts with numerous
other channels.!*! There are a number of different phenotypes expressed in cystic fibrosis,
such as lung disease, pancreatic enzyme insufficiency, and meconium ileus. Differences
in the more than 800 mutations in CFTR cannot completely account for the clinical
variations of this disease.'*” Throi "1 multipoint and haplotype analysis of sib pairs and
parents in nuclear CF families, an approximate 7.65Mb locus on chromomosome
19q13.2-q13.4 was identified as a modifier of the penetrance of meconium ileus in those
with CFTR mutations.'** This CF modifier locus includes 141 candidate modifier genes.

Finally, a cholesterol-lowering gene on chromosome 13q has been proposed as a human
disease modifier for the familial fo  of hypercholesterolemia (FH). FH is an autosomal
dominant disorder, which affects chole: ‘ol metabolism causing higher than normal
serum cholesterol levels. Knoblauch et al. (2000) u | linkage analysis, multipoint
quantitative-trait-locus (QTL) linkage analysis, an independent study of monozygotic and
dizygotic twins, and an identity-by-decent (IBD) linkage analysis of an Arab family in
Armenia to confirm a locus on chromosome 13q as a modifier locus.'® Those with the
modifier have decreased cholesterol levels because of lower LDL concentrations and do
not present with FH.'*® Further studies are being conducted to identify the exact gene(s)

involved in this protective effect.
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1.4.4 Modifier Genes and Cancer

The number of cancer modifier genes identified is limited. However, several candidate
modifiers continue to be evaluated. Two examples include RAD5! (135C/G) and
CyclinD1.

Cyclin DI (CCNDI) is found on chromosome 11q13. It is a cell cycle checkpoint gene
critical for the G1/ S phase transition of the cell cycle (see cell cycle: cyclins and cyclin
complexes section below). 8183 A single nucleotide polymorphism (SNP), CCNDI
(870A/G), has been studied as a candidate modifier for phenotypic variation of squamous
cell carcinoma of the head and neck (SCCHN), "** non-small cell lung cancer (NSCLC).
145 and hereditary non-polyposis colorectal cancer (HNPCC)."*¢*8 In 1995 Betticher et
al. reported that NSCLC patients with the AG and AA genotypes had a shorter relapse-
free survival time when compared to the homozygous G group. Matth . et al., (1998)
found the opposite to be true for SCCHN.'* They concluded that the GG genotype of
SCCHN correlated with a shortert 3 to tumour recurrence and with poor differentiation.
In another study, Kong et al. (2000) reported an 11-year earlier age of onset of HNPCC
for those with either the homozygous A or heterozygous AG alleles compared to the
homozygous G genotype.'*® Hov , Mcl 7/ et al. (2000) did not find any clinical
significance for either genot__ : in those with HNPCC."*® To date, no definitive study has
implicated CCNDI as a diagnostic/prognostic indicator for cancer treatment.

A second example, R4AD5] has also been studied for its role in cancer. This gene is
responsible for maintaining genomic stability during recombination'*® and is essential for
recombination repair of breaks in double stranded ~NA.'*® R4D57 is known to interact

with the two breast cancer 1es 7“4/ and BRCA2."*" "2 One study found that a
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RADS51 (135G/C) allele was associated with an increased risk of breast cancer in both
BRCAI and BRCA2 mutation carriers.'> They concluded that BRCA2 mutation carriers
with a RADS51 (135G/C) C allele should be considered modifier candidates for an

. ) . . 153
increased risk of bre: cancer and a decreased risk of ovarian cancer.

Another study
found no association between breast cancer and the RADS5/ G/C SNP,. d concluded that
it may not be a reliable candidate for modifying breast cancer risk.'>* Two other studies
could only find a correlation between the penetrance of the BRCA2 (6174delT) and the C
allele of the RAD5I (135G/C) SNP."* 1% No association was found with BRCAI
(185delAG) penetrance. 135. 156 If further studies demonstrate significance of this modifier
in relation to increased risk, then the RADS5! (135G/C) SNP could be used to indicate
which indivi 1als might require more aggressive screening or preventative measures for
breast cancer.

It is common to find discordance in the data for candidate modifiers from one study to
another. Different cancers and even different studies with the same cancer are yielding
different results despite studying the same candidate modifier gene polymorphism. This
demonstrates the complexity involved in cancer development, its multigenetic
attributions, as well as non ‘:netic influences or the limitations in the design of the
studies. Therefore, when comparii  studies, it is important to consider the population
size, ethnicity, allele frequency, age, as well as how the data are collected 1d analyzed to

rule out any underlying factors that may be associated with disease expression.
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1.5 The Cell Cycle

1.5.1 Overview

The cell cycle is a process a cell undergoes in order to reproduce itself.'"””"* This
complex pathway, although still not completely understood, requires the expression and
interaction of numerous genes and mitogens. First, a cell will duplicate its DNA and cell
mass. Following this step it will divide into two cells after appropriate signaling. The new
cells are referred to as daughter cells while the original is called the parent cell.

The steps involved in cell replication have been categorized into four main phases: Gap 1
(G1), Synthesis (S), C 2 (G2), and Mitosis (M). When the cell is not replicating it is in
a resting state and referred to as Quiescent Gap 0 (GO) phase. The phases are a strictly
regulated process as the int¢ ity of the DNA and replication machinery is a vital
component to the cell’s viability. The length of time it takes to replicate is variable.
However, a typical somatic cell is in the S-phase for approximately 10 hours, G2 for 4.5
hours, and M-phase for about 30 minutes. The variation in cell cycle duration depends on
the transition time from GO to G1.

Within these phases there are also sub-phases, as well as slight alterations pending on
which type of cell is undergoing division. For instance, a mammalian germ cell will have
additional phases know as meiosis that include a second cell division without going
through the S phase. An Amphibian cell has rapid cell division that alter1  :s between the
S and M phases without any cell growth. The end sult is 4000 cells with a full

160

complement chromosomes at the end of 12 cleavage cycles. ™ As for the mammalian
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somatic cell cycle, it begins when a cell starts to increase in size and duplicate its
contents. It ends when the daughter cells resulting from this process do the same.

Cancer has a genetic etiology resulting in uncontrolled cell growth. Proto-oncogenes
becoming activated while tumor suppressor genes are deactivated causing genetic
instability leading to tumorigenesis. Since DNA dan  : and errors in DNA replication
play such an important role in the malfunction of the cell resulting in the development of
cancer, the normal prc ession of the cell cycle will be reviewed. The following sections
refer to the mammalian somatic cell pathway. They describe how various genes, proteins,
and mitogens are involved in the reproduction of a cell.

1.5.2 Cyclin Dependent Kinase (CDK) Regulation

The regulation of cyclin dependent kinases (cdks) involves a series of activations and
inhibitions depending on where they are in the cell cycle and what signals are being
given. To date, 9 cdks have been identified in mammals. Each of these protein kinases are
between 30 and 40 kilodaltons (kD) in size with > 40% sequence identity to one another.
Only those involved in the cell cycle will be discussed here.'®''® These include cdkl, 2,
4, 6, and 7. The cdk2, 4, and 6 are all required for G1 progression whe 1s only cdk2 is
known to be active in the S-phase. The cdk7 forms the cdk-activating kinase (CAK)
trimeric complex. This cdk is involved in the cell cycle transition from G1->S phase.
Finally, cdkl also known as cell division cycle2 (cdc2) is active both in 1e S-phase and

mitotic entry and exit of the cell cycle.'** '
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[.5.2.1 Activation

Cyclin dependent kinases (cdks) are protein kinases that are inactive as monomers. To
become active cdks bind to protein subunits called cyclins (CCN) forming heterodimers.
They become further activated through the phosphorylation of the threonine 160 (Thr160)
residues'®®or through the dephosphorylation of tyrosine 15 (Tyrl5) residues. In more
detail, the cdk protein has a T-loop that prevents ATP from binding to its active site when
the cdk is in its monomeric state.'®” '®® However, binding of a cyclin subunit causes a
conformational change that removes the T-loop from the activation site of the cdk. In its
heterodimeric state, cyclin-cdk can be phosphorylated at the Thr160 residue of the cdk to
further enhance the enzymatic activity of this complex.166 Phosphorylation of this residue
is done by the CAK trimeric complex.'®"'7

Apart from the above, cdks can also be activated through the dephosphorylation of their
Tyrl15 inhibitory site. The cell division cycle (cdc) 25 phosphatase removes a phosphate
group from the Tyr135 residue of the cdk in the cdk-cyclin complex to make it active.'”>!”’
There are three isoforms of cdc25: cdc25a, cdc25b, and cdc25¢ and each has its own role
in the cell cycle pathway although the details are still only vaguely understood.!” 78 1%
In general, cdc25a functions in the nucleus throughout the cell cycle by activating the
CCN-cdk complexes involved in the G1->S transition, S-phase, and the G2->M phase
transition.'”® 7 82 These CCN-cdk complexes include CCNE-cdk2 and CCNB-cdkl.
Next, the cdc25b is hyperphosphorylated during the S phase and early G2 thus activating
CCNB-cdkl, CCNA-cdkl, and CCNA-cdk2. Cdc25b is involved in the G2->M transition

and is localized in the cell’s cytosol."**# 1 \lly, hyperphosphorylated cdc. : is also a

rc 1lator of the M-phase by main’ * ing CCNB-cdkl1 activity.m’ 188 Otherwise, cdc25c¢ is
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not active throughout any other part of the cell cycle and exactly where it is localized is
controversial.'#* 1!
1.5.2.2 Inhibition

Cyclin-dependent kinases are inhibited through phosphorylation by either weel and mik1
kinases or by subunits called cdk inhibitors (CKIs). When these inhibitors are over
expressed, the result is an arrest of the G1 phase. This occurs in response to any DNA
damage or antiproliferative agents that may be present in the cellular environment. There
are two mammalian classes of CKIs, (1) the INK4 proteins and (2) the Cip/Kip family.'*
The INK4 proteins are p15™*, p16™%* p18™%* and p19™**, They specifically bind
to the inhibitory subunit of cdk4 and cdk6 enzymes when they are complexed with cyclin
D to make them inactive. '®* Tl e proteins can also bind to monomeric cdk4 and cdk6 to
prevent formation of a heterodimer complex with cyclin D.'%

The pl5 protein is also known as INK4B. Its gene is on chromosome 9p21."% An
antiproliferative agent, TGF-f, stimulates an increase in p15. As p15 levels increase they
replace any p27KIP1 inhibitors that may be bound to CCND1-cdk4 or CCND3-cdk6. '*?
The p27 inhibitors then travel to the CCNE-cdk2 complexes. pl6, also referred to as

1. %2 p16 directly

INK4A, is another INK4 protein whose gene is on chromosome 9p2
inhibits CCNDI1-cdk4 complexes. Several different mutations of pl6 have been
associated with various cancers such as melanomas, leukemia, gliomas, non-small cell

194202 As with pl15 and pl6, a lot is still

lung carcinoma, and esophageal cancers
unknown about the complete involvement of p18 and p19 in the cell cycle other than their

association with inhibiting CCND  dk4 comple:

32



The second class of inhibitors is the Cip/Kip CKls. They are uni- ‘sal cdk inhibitors that
can inhibit all CCN-cdk complexes in the G1 and S-phases of the cell cycle. '*? There are
three types of these universal CKls, which include p21<'*', p27 K®'  and p57%"%. The
p21CipI, located on chromosome 6p21, inhibits G1 cdk activity when DNA damage has
been detected.’” Transcriptional activation is the main form of regulation of this enzyme.

193. 204 However, post-translational modification, as well as the stability of mRNA can also
influence p21Cipllevels. 193.204 1 the promoter r¢ on of p21Cipl there ar¢ /0 binding sites
for p53. The p53 protein detects any damage and then signals for the transcription of p21.
Following this, p21Cip] binds to the cdks in the G1 phase of the cell cycle and causes Gl
arrest. 2>** Apart from the p53-binding site, p21""! has an amino terminal site that binds
with cdk and a carboxy terminal site for PCNA (proliferating cell nuclear antigen; a
DNA- replicating promoting protein) binding.2%?% The purpose of these binding sites is
to stop the G1 phase of the cell cycle when DNA damage has occurred and to prevent the
cell from completing the cell cycle once it has been registered for programmed cell
death. 166210

Another type of CKI, the p27Kipl inhibitor, is located on chromosome 12p13*''~ 13 with a
42% homol¢ / to the cdk bindir - domain of 1! 2! It is very similar to the p?.lCipl
inhibitor except that it is not regula | by p53.'"#'? Instead, p27Kipl is st ulated through
extra cellular mitogenic and antimitogenic signalling'®? It binds to the catalytic cleft of

cdk so that ATP cannot bind the cdk-cyclin complex for activation.”"® One example of a

cyclin-cdk-p27Kip] complex is with cyc]” 7 cdl © This particular type of binding

218y P! is complexed

inactivates the kinase and causes G1 arrest of the cell cycle. v uen p2.
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with CCNE-cdk2, it blocks the phosphorylation site that is normally phosphorylated by
CAK enzymes.217

Apart from the function just described, p275"*' is also involved in the cell-to-cell contact
inhibition of the cell cycle. Durii  such an event, the p27""' expression levels increase
thus acting as a med or for this form of inhibition to take place.”’® On the contrary,
when the oncogene Ras is activated it causes a decrease in the synthesis of p27"' as well
as an increase in its degradation. This function has lead to the postulation of Ras being a
late G1 regulator that decreases p27Kipl resulting in G1 restriction point issage and entry

219 Without this function, increased p27%P' levels will lead to a G1

into S-phase entry.
arrest of the cell cycle. Therefore, p27°"' is an inhibitory mediator of cell cycle
progression in response to extc  al stimuli. Interestingly, p27Kipl has been observed to be
in a methylated state in various tumors such as in the pituitary gland.m

Finally, the last CIP/KIP CKI to be discussed is p575"%. Although this CKI is known to
be restricted to termii ly differentiated tissue, little is known of its exact function. It
shares homology with the p27Kipl inhibitor'®™ #*! and is located on chromosome
11p15.5%%%° Notably, this particular locus contains several imprinted genes including
the Beckwith-Wieden =n Syndrome (BWS) gene.  The expression of p57K"p2 is
maternal since the paternal allele is methylated and transcr , ionally silent.”*  ° The
paternal allele only represents 5% of the expressed protein in various human tissues
excluding fetal brain where both parental alleles are expressed almost equally.m"229 As
for the function of p57%""? it inhibits the cdks involved in the G1 to S hase of the cell
cycle and has also | 'n associated with inhibiting the cyclin B-cdkl complex of

mitosis.??!
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Apart from these two classes of cdk inhibitors there is another known method of CCN-
cdk inhibition. This method involves phosphorylation of the tyrosine 15 residue (Tyrl5)
of cdks. When phosphorylated, Tyrl5 can stop cyclin-cdk activity regardless of whether

230 . . .
170, 172, 230232 The kinases involved in

the Thr160 residue is phosphorylated or not.
phosphorylating this residue are weel and mik1. Activation of either of these two kinases
sets the baseline for cdk activity in order to determine mitotic phase entry of the cell
cycle, 181: 190233236

1.5.3 Cyclins and Cyclin Complexes
As was discussed in the previous section, cyclins form heterodimers with cdks in order to
activate them. Their expression is rate |  ting for the activation of cdks and their levels
are controlled by transcription and regulated proteolysis by the ubi iitin-proteasome
system. The subunits of cyclins determine cdk activity at different times throughout the
cell cycle based on which cyclin and cdk is present. For example, during the G1 phase in
the mammalian cell cycle, the D and E cyclins associate with cdk 4/6 or cdk2,
respectively.
All 16 mammalian cyclins have a conserved homologous region known as the cyclin box.
They are as follows: cyclin A, cyclin Bl, cyclin B2, cyclin C, cyclin D1, cyclin D2,
cyclin D3, cyclin E, cyclin F, cyclin G1, cyclin G2, cyclin H, cyclin I, cyclin K, cyclin
T1, and cyclin T2. Only those involved in cell cycle regulation will be discussed here.
Cyclin D (CCND) is the best understood of the cyclins. This cyclin initi; s the cell cycle
as its expression begins early in the G1 phase. Unlike the other cyclins, CCND level is

directly influenced by the extracellular st' 1li of mitogens.'®®> As long as there are

mitogenic stimuli, CCND will r at h™ 1 levels. If there is an over expression of
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CCND the G1 phase will be shortened and less mitogenic influence will be required.23 7
2% On the contrary, if CCND is inhibited the cell will not proceed through the Gl
phase.”® 2° The RAS/RAF/MAPK pathway controls the mito; 1ic sti  li and results in
the activation of CCND tran . on.'®* 2 Three isoforms of CCND have been
identified, CCNDI1, CCND2, and CCND3. Each of these isoforms is expressed in a cell

161,162,231 2 hd each associates with either cdk 4 or cdk 6.

type-specific fashion
CCNE is activated in the G1 phase after CCND peaks at the G1-S phase boundary.
Without CCNE kinase activity the cell will not enter the S-phase. As the S-phase
progresses the level of CCN. decreases.”**** The level of CCNE is transcriptionally
controlled by E2F through the phosphorylation of the pRb active site by the CCNE-cdk2
complex itself. After pRb has been :tivated it releases the transcriptional inhibitory E2F
factor allowing further gene transcription of cyclin E. Increased levels of cyclin E activate
the CCNE-cdk2 complex through autophosphorylation.*** CCNE-cdk2 * also regulated
through proteolysis. [f CCNE is 01 expressed it will shorten the G1 ph : and therefore,
less mitogenic influence is required to activate the progression through to the next phase.
If CCNE-cdk?2 is inhibited, the mit_ _: phase will not begin.**’

Another cyclin that fc 5 cc _lex with cdkl is cyclin B (CCNB). Durit  the S and
G2-phases of the cell cycle this cyclin forms a cdk complex in the cytoplasm. However,
this is inactive due to phosphorylation of the Thr14 and Tyrl5 residues of cdkl by the
inhibitory kinases mytl and weel. The CCNA-cdkl complex first phosphorylates the
cdc25b phosphatase and in the activated state removes the weel kinase m cdk1.2%%%
This in turn activates CCNB-cdk1 formation. After critical levels of CCNB-cdkl are

form¢ " this complex is transferred to the nucleus to allow the initiation of mitosis. > %
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In doing so CCNB-cdkl regulates both mitotic entry and exit.**’ CCNB-cdkl is also
important in the expression of the protein Survivin. This protein functions in sustaining
the life of the cell and the regulation of mitotic spindle formation.?'2*

Cyclin A (CCNA) can fi  a heterodimer with either ¢dk2 or cdk1 (cdc2) subunits. The
CCNA-cdk2 complex is required for starting the S-phase once this heterodimer has been
actively phosphorylated by CAK. This active CCNA-cdk2 complex directly inactivates
the E2F factor thus allowing the S-phase to begin. When CCNA forms a heterodimer with
cdkl, it is involved with the transition from the G2 to the mitotic phase.?***¢

Another cyclin indirectly contributing to cell cycle progression is cyclin H which when
complexed into a trimeric form becomes an essential component of cell cycle continuity.
This trimeric complex consisting of CCNH-cdk7-Matl also called p35, is known as the
cdk-activating kinase (CAK). *° 2% The role of CAK is to phosphorylate cdkl, 2, 4, and 6
at their Thr160 residue when they are complexed with their cyclin unit. This
phosphorylation step is necessary for activation of the cyclin-cdk complex and
progression of the cell cycle.'’> 26026

The C cyclin (CCNC) is of unknown function, however, it has been hypothesized that
CCNC-cdk8 complexes are involved in the tr  riptior k and therefore
cor bute to the cell cycle indirectly via  1lation of t scription.2¢% 2%7

Cyclin F (CCNF) is the largest cyclin identified with a molecular weight of 87 kD and its
gene sequence is closely related to that of CCNA and CCNB. The :act function of
CCNF is unknown but it may have some involvement in the GI M transition.

Although much is yet to be explored about cyclins their importance is clear. They appear

bl

to act as the “star s” and “extinguishers” of the cell cycle. However, as more is
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discovered it is becoming evident that they not only influence cell cycle progression and
arrest, but also the regulation of transcription, DNA repair, cell di rentiation, and
apoptosis.

1.5.4 Cell Cycle R _ ilation
Regulation of the cell cycle is not completely understood. What is known thus far
involves such things as restriction points, checkpoints, and cyclin dependent kinase
substrates. These processes work together to permit a cell to replicate, »air, or destroy
itself based on circumstances of both the cell and its environment.
The restriction point is the point at which the cell no longer requires stimulation by
external growth factors.®*?’! This is when the cell is transferring from a quiescent GO
state to a proliferative G1 phase. Once the cell passes its restriction point it cannot revert.
Instead, it is committed to either proliferate or destroy itself based on details within the
cell itself. Such events involve mechanisms referred to as checkpoints.
Checkpoints of the cell cycle are mechanisms that monitor the quality and viability of
DNA. They also follow mitosis and cytokinesis to ensure that it is carried through
correctly.”’" 22 Two 1 types « checkpoints are: (1) DNA damage checkpoints and
(2) Mitotic phase (M-phase) checkpoints. However, they can be subi ided into four
groups (1) G1-phase checkpoints, (2) S-phase checkpoints, (3) G2-phase checkpoints, and
(4) Spindle checkpoints (also known as Mitotic phase checkpoints).
After a cell is committed to proliferation the G1 checkpoint monitors the integrity of the
cell’s DNA. If damage such as double stranded breaks occur, or hypoxia, or oncoprotein

activation is detected this checkpoint prevents further proliferation until the defect has
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been corrected.””>?7® If it cannot be corrected the cell will be directed into apoptosis and
cell death.
Some of the main players in the G1 checkpoint are: the tumor si pressor p53, the

~ - CIPI/WAF . .
CIPIW ! casein kinase-1

oncoprotein mdm-2, the cyclin dependent kinase  aibitor |
(chkl) and -2 (chk?2), and the ATM and ATR pathways.
When the cell encounters damage, activation of the G1 checkpoint takes over. In response
to a defect, the levels of p53 increase rapidly and p53 becomes active through a series of
phosphorylations and dephosphorylations. Under normal cell circumstances p53 binds to
the oncoprotein MDM-2, which acts as a negative regulator of p53.27728% Quch binding
acts as a shuttle for transferring p53 from the cytosol to the nucleus. 2% However, when
there is a disruption in the G1 phase the ATM-dependent pathway mediates the
phosphorylation of p53 both directly and indirectly.”*® %9

First, ATM phosphorylates the threonine 68 residue of chk2, which in tumn
phosphorylates p53 at its s 1e 20 site.”®* ' This causes interference with MDM-2
binding. 2> ' A second phosphorylation of p53 at threonine 18 follows ATM activation
of chk1.”? Before this can occur, the serine 15 residue of p53 needs to receive a
phosphate group.””® Finally, ATM also phosphorylates MDM-2 at its serine 395
residue.’”® The purpose of phosphorylating p53 and M...M-2 is to prevent the two from
interacting with each other. 2*> When MDM-2 and p53 do not form a complex, the p53
accumulates and is activated by hyperphosphorylation. Once p53 is activated it signals for
|WAFICIPL294 o

the transcription of the cyclin dependent kinase inhibitor p2

suppresses CCNE-cdk2 and CCNA-cdk2 thus preventi  G1->S transition. **
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Apart from this chain of events, p53 can also trigger the cell into apoptosis depending on
the degree of damage involved.®® Another pathway called the ATR pathway is also
involved in the G1 phase checkpoint. E){actly how it participates is unclear but it is
believed to help in serine 20 phosphorylation by chk1 activation.***

Entering the next phase of the cell cycle involves the S-phase checkpoint, which delays
synthesis in the event of DNA double strand breaks (DNA dbsb) or im] red progression
of the replication fork. This checkpoint inhibits synthesis in order to give the repair
mechanisms a chance to repair these errors. Two main pathways inve ’ed include the
ATM and ATR pathways.

When there is a breakage in the DNA double strand that requires repair, ATM responds
through a series of phosphorylations. This process begins by phosphorylation of the
nibrin protein NBS1 at its serine 343, 397, and 615 residues.??¢**” The NBSI1 protein

forms a complex with Mrell and Rad50, which also work to maintain the genome.”*" **'

b 300

This trimer plays a role in recombinational repair of DNA dbs and 1s also an

upstream regulator of the phosphatase cdc25a discussed earlier.*®'=%

Another player involved in this form of DNA repair is the p53 binding proteinl
(1 JBPI1). This nucl ° protein responds to the damage immediately following ATM
phosphorylation.3 04.3%5 Its mode of action is not well understood other than having many
serine/threonine-glutamine sites and involvement in DNA dar 2e checkpoints
throughout the cell cycle.”®

Coinciding with the DNA repair is the inhibition of DNA synthesis. To do this ATM

phosphorylates the chk2 protein to activate it. Once chk2 has b 1 activated it

phosphorylates the s& 1e 123 site of cd ~"a in preparation for ubiquitin-proteasome
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degradation.’®” Without cdc25a, CCNA-cdk2 and CCNE-cdk2 cannot be activated thus
preventing DNA synthesis from continuing.3 07:309

The second player of the S-phase checkpoint involves the ATR pathway. ATR responds
to fork replication errors during synthesis. The details of this pathway = still being
worked out. However, what is known is that a polo/primase complex function initiates the
ATR pathway. ATR then phosphorylates a group of husl and Ra proteins. These
proteins somehow work together with ATR to activate chkl an breast cancer
susceptibility proteinl (BRCAT1) to delay the S-phase.3 10312 us1, Rad, 1 ATR also are
involved in the activation of BRCA1 and NSBI1 for homologous recombination
replication fork repair and restart. *'%>'?

Following along the cell cycle, after the successful completion of the S-phase is the
second gap phase (G2). This phase also involves both the ATM and ATR pathways. The
purpose of G2 is to ensure DNA viability and prevent further progression into mitosis if
damage is detected. Once repairs have been made the cell cycle is re-started to proceed
into the next phase. Otherwise, if the damage cannot be repaired the ce is signaled to go
through apoptosis for destruction.

The G2 checkpoint begins with the ATR pathway during the S-phase. DNA damaging
agents activate this pathway through Husl and various Rad proteins.3 13.314 When signaled
by these proteins ATR activates BRCA1, which goes on to regulate both chkl and chk2

1315317 Activation of ATR also leads to the

through phosphorylating the pS53BP
phosphorylation of the serine 345 iidues on chk1 that then bind with cdc25.3'53"7 This
process initiates the G2 phase checkpoint by enabling the binding of c¢dc25 to the 14-3-3

family proteins that normally sequester cdc25 and CCNB-cdkl in the cytoplasm.’"® S
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When bound together with chkl, cdc25 is unable to bind to CCNB-cdk1, thus inhibiting
G2 from going on to mitosis. Once the G2 checkpoint has been activated by ATR the
ATM pathway then takes over.

ATM activates MDC1 which also upregulates p53BP1. The role of ATM in G2
checkpoint control involves the threonine 68 phosphorylation of chk2.>'® Chk2 then goes
on to phosphorylate serine residue 216 of the cdc25 bound 14-3-3 complex. 318 This
phosphorylation step stops the G2-»M transition by inhibiting the phosphorylation of
CCNB bound cdkl. Apart = m this event chk2 phosphorylation also activates the weel
cdk1 inhibitor. *'® This inhibitor once upregulated stops the activation of CCNB-cdk].
Therefore, the cycle cannot progress to mitosis until signaled otherwise.

The final checkpoint to be discussed in this review is the mitotic phase checkpoint also
known as the spindle assembly checkpoint (SAC). It has been hypothesized that during
the M-phase unattached kinetochores somehow signal these checkpoints to stop the cell
cycle in mitosis.>'® **° Proteins associated with th pathway e F 1, Bub2, Bub3,
Madl, Mad2, and Mad3.2*1*% Of these proteins, Bubl and Mad2 have been found on
kinetochores that are unattached to spindles. In response to a lack of tension in the
kinetochores, these proteins stop the destruction of mitotic CCNB-cd” = complexes thus
preventing entry into anaphase. Mad? is first sequestered into the kit ochore region of
the DNA. Then Bubl and Mad2 bind together to trigger the MAP-dependent kinase
pathway.*?¢2% This causes an increase in CCNB-cdk2 activity and inhibition of the
anaphase promoting complex or cyclosome (APC/C), which br¢ s these cyclin

complexes down.
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The function of Mz ™~ involves a newly investigated pathway currently under study.
Somehow, Madl acts as a delivery unit carrying Mad2 from the cytosol to the nuclear
kinetochores of the microtubule spindles.”®” There are two forms of Mad2; open Mad2
(O-Mad2) and closed Mad2 (C-Mad2). ****The open form is found mostly in the

] 338-341,

Cytoso 3 Once it binds to Madl it takes on a closed conformation as it is moved

into the kinetochore region where the Madl transfers the Mad2 to cdc20 38341 34 gy
doing this the spindle assembly checkpoint (SAC) is activated. Sufficient binding of the
kinetochores to the spindles is necessary for adequate formation of the mitotic checkpoint
complex (MCC) otherwise anaphase will be delayed.*”’

Finally, substrates of CDKs include E2F transcription factors and pocket proteins p107,
p130, and retinoblastoma (pRb). In order to mediate positive and negative feedback loops
of the cell cycle, CDKs use these substrates. Within recent years much has been
discovered about pocket proteins and E2Fs. Previously, these substrates were believed to
be involved in a vaguely understood process with the G1/S transition and S-phase of the
cell cycle. However, the pocket proteins are now recognized to be involved in numerous
stages of the cell cycle includir GO0/Gl, G1/S, G2/M, DNA repair 1d recombination,
apoptosis, cell differentiation and development.3 44-346

E2F is a heterodimeric protein consisting of an E2F molecule and a DRTF1 polypeptide
(DP) molecule. There are eight related E2Fs labeled E2F1, E2F2, E2F3a, E2F3b, E2F4,
E2F5, E2F6, and E2F7 and two DPs, DP1 and DP2. Together, these heterodimers act as
an essential factor for the transcription of genes that are necessary for the initiation,

progression, and regulation of the S-phase.’*”?* Apart from this, the heterodimer(s) play

numerous roles throughout the cell cycle dependi  on which E2F is involved. These
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roles vary from being a player in tumorigenesis and oncogenesis, a regulator of cell death,
cell proliferation and differentiation, to acting as either an activator or repressor of
transcription.**

E2F1, E2F2, and E2F3a are transcription activators that are involved in the progression of
the cell cycle. However, E2F3b, '™ 74, E2F5, and E2F6 are transcription repressors that
assist in cell cycle exit and diffe itiation. E2F7 is also a transcription repressor ut its
exact mode of action is unknown.

Three subgroups of E2Fs that form complexes are as follows: (1) E2F/DP and pRb
dependent complexes which involve E2F 1-4, (2) E2F/DP dependent complexes without
pRb that involve E2F 4, 5, and 6, and (3) E2F7, which is independent of pRb and DP and
appears to be a homodimer.**® More specifically, 71, 2, 3a, and 3b can only form a
complex with pRb. The E2F4 can complex with any of the following three pocket
proteins pRb, p107, or p130. Fr«  the second group, E2F5 only binds with p130 while
E2F6 forms a complex outside of these pocket proteins. Instead, E2F6 forms a complex
with the polycomb protein PcG, which is also DP-dependent.

As described above these cdk substrates work together to either activate or repress the
transcription of genes that are involved at various points throughout the cell cycle. First,
the pocket proteins bind to the 7™~ factor in a hypophosphorylated state. Once they have
been hyperphosphorylated by various CCN-cdk complexes through a series of s s, the
E2F transcription factor is released and becomes transcriptionally active.**'

The next group of substrates to be discussed is referred to as the “po et proteins”. They
include p107, p130, and pRb. As mentioned these proteins work in conjunction with E2F

transcription factor proteins and cdks of CCN-cdk complexes.®®* *** They have multiple
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CCN-cdk binding sites and are genetically similar to one another because of sharing
sequence homology.354'3 *7 This homology has been conserved throughout evolution and
across species.3 5830 Therefore, although they are not yet completely understood, their
significance must be important. Of the three pocket proteins, p107 and p130 are most
genetically similar to one another*>*3¢!

The pRb protein is expressed in both proliferating and non-proliferating cells.*®? It is a
nuclear protein that is hypophosphorylated during the GO phase of the cell cycle.363 As
the cell cycle progresses to the G1 phase pRb becomes continuously phosphorylated until
it reaches a hyperphosphorylated state during the mitotic phase where it remains until late
mitosis.*® When pRb is hypophosphorylated it inhibits cell cycle proliferation through its
association with proteins such as E2F transcription factorl, 2, 3, and 4.7** The pRb pocket
protein responds to mitogenic stimulation of the cell cycle during the early to mid phase
of G1 in conjunction with the CCND-cdk4 and CCND-cdk6 complexes. It also associates
with CCNE-cdk2 during late G1.%**

The remainii  two pocket proteins, pl107 and p130 although described as somewhat
similar to pRb also have differences. Unlike pRb, which maintains relatively constant
levels throughout the cell cycle, p107 and p130 fluctuate antagonistically to one another
in each of the phases of cell replication.365 =367 Starting with the GO phase, p130 is
abundant and involved with cells beir exited from mitosis and maintained at a quiescent
state.*® 3% As the cell enters G1 and progresses through each phase of the cell cycle the
levels of p130 drop dramatically.>*®*® The opposite is true for pl 07370372

£ Hther difference from pRb is that p107 and p130 have a high affinity for CCNA-cdk2

or CCNE-cdk2.*%% 37373375 Alg0, even though they too bind with E2F, p107 and p130
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function more as co repressors acting as CDKIs rather than as activ  rs as discussed
above.’’® 3" The E2F transcription factors that they mainly interact with are E2F4 and
E2FS5. However, they can also bind with the E2F1, 2, and 3 factors when they are over
expressed.’’*%
1.5.5 Conclusion

In conclusion the cell cycle is a very sophisticated process that involves, directly and
indirectly, several pathways, key players, and influences from extra and intra-cellular
sources. Although only a portion of cell replication has been elucida 1 it is clear that
there is much to be discovered and completely understood. However, as more discoveries
are being accumulated the complex intricacy of the cell cycle become evident. Therefore,
a more complete understanding of cancer, cell differentiation, and development will
follow based on knowledge gained from cell cycle discoveries.

The relevance of the cell cycle to this study is to obtain a clearer understanding of how a
cell replicates, divides, and destroys itself. As previously mentioned, cancer is 2 result
of an uncontrolled cell. Knowing the process involve " in the cell cycle helps coordinate
an organized investigation for determining where or how a malfunction in this pathway
can lead to a cancerous cell. The fact that the MMR pathway of the families in this study

has an identified MSH2 mutation, suggests that cell cycle malfunctions are involved in the

development and possibly penetrance variations of HNPCC.
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1.0 Background and Rationale For Study

.60.1 Overview
HNPCC (hereditary non-polyposis colorectal cancer) has been linked to mutations in
mismatch repair (MMR) genes in some families. However, not all mutation carriers
develop cancer and there is a wide variation in phenotypic presentation and age of onset
within these carriers. Therefore, other factors must be involved.
Modifier genes may contribute to the phenotypic variation of HNPCC. Thus, it is
hypothesized that the :nes of pathways such as the cell cycle and DNA mismatch repair
may act as modifiers in individuals carrying a known MSH2 HNPCC mutation.
Of particular interest to this study are i) the MSH2 A>T point mutation at nucleotide
942+3A->T in the 3’ splice site of intron 5 and ii) an MSH2 deletion of exons 4-16.""* 12
In two HNPCC families from Newfoundland and Labrador and the lower north shore of
Quebec with either of these two identified AMMSH2 mutations, there is a variation within
each family in the age at onset or severity of disease despite similar environmental
backgrounds. Other environmental factors such as nutrition, smoking, alcohol, or
chemicals may play a modify1 role. Given our knowledge of modifier genes in animal
models and some human diseases, it is also possible that other genes 1y independently
modify the phenotype of the MSH2 mutations in these kindreds. For example, it has been
shown in diseases such as cystic fibrosis, deafness, and other forms of colon cancer that a
modifying gene affects the penetrance of their phenotypes. These modifiers can provide
either protection from or enhane  nent of the disease depending on the allelotype that the

individual has. Considerii the amount of phenotypic variations within HNPCC family
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members carrying the same mutation, it is possible that other genetic influences such as
modifiers may be playing a role. This modification can be either direct or indirect in a

metabolic, physiological, or disease pathway.'** Determining the risk due to such

modifiers may more clearly define the risk and severity of expression in individual
mutation carriers. In other words, identifying modifiers should aid in more precise

diz 0sis, prognosis, and treatment of HNPCC in these two families.

It is known that carcinogenesis involves a malfunction in the control of cell division.
Based on that fact, | focused my research on genes directly involved in the cell cycle
pathway. In my project I studied frequency and distribution of SNPs w  in genes of the
cell cycle in carriers of MSH2 mutations with different disease expression. Since MMR
genes are mutated in this disease, I also analyzed SNPs within MMR { es. In addition,
there have been a number of studies involving SNPs in the methylenetetrahydrofolate
reductase (MTHFR) enzyme in association with colon cancer. It was observed in these
studies that folate status and allele type for the C677T MTHFR gene might be involved
with expression of colorectal adenomatous and hyperplastic polyps.**"*** Therefore,
some MTHFR SNPs were also included in this analysis.

With the collected data I analyzed how the allele types of such genes were related to the
age of onset of HNPCC. The purpose of doing this analysis was to study genetic factors
that could modify the age-dependent penetrance of HNPCC. Confirmed results from this
data would be used to alter the current sc  1ing methods because of genetic
identification of those within these mutation positive carriers who might be more likely to
develop a specific form of HNPCC-related cancer (colon, rectal, endometrial, or other

forms). Such information would also be applied to identifying who in this group was
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more likely to develop the disease earlier than other family members wi  the same MSH?2

mutation.
Choosing the Newfoundland population for this study was based on the genetically
isolated homogeneous nature. The people of Newfoundland mainly came from the
southwest coast of England and south east coast of Ireland starting in the 1700’s. Fishing
was the livelihood of these people explaining their coastal habitat patterns. Since there
were few roads, many towns remained isolated from one another except by sea. This type
of setting contributed to a series of homogenous genetic isolates since little in or out
migration took place for approximately 250 years. The majority of far lies in
Newfoundland were large with the average family having 6 or more children. Also, the
community churches and later the provincial archives kept records of births and deaths of
everyone in the community. Combining family size and history records with isolation
makes Newfoundland a genetically rich resource for studying inherited diseases such as
HNPCC.

1.6.2 Specific Objectives

1. To identify candidate genes by a comprehensive literature and database search.

2. To genotype candidate modifier loci in HNPCC or polyp patients carrying one of

the two defined MSH2 mutations.
3. To determine if there is a polymorphic difference in the age of onset of those who

get HNPCC, an HNPCC-rela  cancer, or polyp and those who do not.
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Chapter 2 Materials and Methods

2.1 Subjects

Two large HNPCC kindred’s have been ascertained through studies at Memorial
University of Newfoundland (MUN) and the Charles S. Curtis Memorial Hospital, in St.
Anthony, Newfoundland and Labrador (NL). This includes a large NL family from the
Northeast coast of NL (called Family C), and a family from the Lower North Shore of
Quebec who traditionally received their healthcare from the hospital i St. Anthony, NL
(called Family 11). For each family, family history and medical records had been
collected to extend the pedigrees and to determine the type and age of onset of CRC and
extracolonic cancers in affected individuals.

MSH?2 mutations we identified in both of these families: (i) Family C carries a ¢.942+3
A->T point mutation of intron 5 resulting in a deletion of exon 5 from the mRNA at the
3’ splice site’™* and (ii) Family 11 ¢ s a multi-exonic deletion exter 1 from exon 4-
16.120

Family C includes twelve sub-families with >1000 family members. Ancestors of all sub-
families came from withina 40  radius of each other along a stretch of north eastern
coastline. A couple who settled in Newfoundland more than 200 years ago was identified
through archival searches as ancestral to four sub-families of Family C. All sub-families
have a common haplotype of linked markers in the immediate region of MSH2 of

chromosome 2 suggesting a common ancestor for all the sub-families.
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Family 11 has a pedigree size of >575 family members over 7 generations. The family is
Anglo-Saxon origin living in 1isolated area of the Lower North Shore of the St.
Lawrence River, Quebec and their clinical status regarding colorectal cancer has been
followed for over 30 years.

Only those who tested positive for the relevant mutation in these two fa ilies and gave
research consent were included in the present study. In total 135 :nomic DNA samples
including 94 from Family C and 41 from Family 11 were used for this study.

2.2 Phenotype Pre: itation

The HNPCC cancers occuring in Family C included colorectal, endon  ium, ovarian,
stomach, small bowel, and skin (sebaceous cell cancer and keratocanthomas).

In Family 11 HNPCC cancers included colorectal, endometrial, stomach, ureter, bladder,
kidney, and sebaceous cells but ovarian cancer was not observed. Both families had skin
lesions considered to be Muir-, urre features including keratocanthoma and sebaceous
adenoma.'*

2.3 Screening

When these families were identified and characterised a screening prc ‘am was offered to
affected and at risk family n \bers based on the type and frequency of the cancers
present in their family. Results of all sc  1ing investigations have b. 1 recorded.

2.4 DNA Samples

DNA samples were collected at the time of initial mutation testing of members of these
families. The DNA extraction method followed standard procedures.’® Family members
consented to the use of an aliquot of DNA for res :h studies. DNA samples were

grouped according to age of onset of an HNPCC related cancer or polyp.
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Thirty-one SNPs from 17 genes were chosen for study (1 CCNA2, 3 CCNDI1, 1 CCND2,
2 CCND3, 5 CCNH, 1 CDK2, 1 CDKNIA, 2 CDKNIB, 3 CDKN24 (pl6), 3 E2F2, |
RADS51,1 PMS2,2 MLH1,2 M¢ 1 MSH6, 1 TFD-P1,and 1 MTHI  (Table 2.1). The
allele frequency for each SNP v determined and analyzed according to the age of onset
categories.

2.5 MassArray

The MassArray is a homogeneous massExtend (hME) assay that ¢ be used for SNP
analysis. The analysis is done through the use of MALDI-TOF-MS (matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry), which permits high throughput
genotyping. This form of mass spectrometry allows for processing of numerous samples
simultaneously. Fewer reactions are required to obtain large quantities of data, when
compared to traditional procedures such as SSCP and RFLP. It is a useful method when
DNA supplies are limited, as each reaction only requires 2.5 ng of DNA.

In general, the MassArray involves a PCR step, a SNP region, and then an hME reaction.
The hME step is a process of adding hME nucleotides by using specific primers that are
adjacent to a SNP location on a gene. Since different alleles vi , in mass a SNP is
differentiated by the mass of the allele. Th iding hME nucleotides to the PCR
product allows tagging of each SNP of interest for identification by its mass so that the
laser MALDI-TOF-MS can identify it.

A multiplex reaction is also incorporated into this protocol. Multiplex is a reaction where
more than one SNP primer is added to the same tube of multiple PCR and hME products
and then dispensed into a single well on a sample plate. A computer prc am called

SpectroDESIGNER (Sequenom, Newtown, MA, USA) determines which SNPs can be



multiplexed together into one reaction tube. It also designs the PCR and MassEXTEND
primers required (Table 2.2 and 2.4), as well as the multiplex conditions for the
appropriate termination mix to be used for each reaction (Table 2.5).

Following the multiplex protocol the samples are transferred onto a 384 well chip (~1 x
1.5 inches). The 384 wells are ~1/4 mm in diameter. The samples are dotted onto the chip
by a robot. Once the chip has been spotted it is placed into the MassArray apparatus,
which does MALDI-TOF-MS analysis by reading each spot 3 times and then averaging
the peaks. The machine-called results must be reviewed manually before being
considered final.

2.6 SNPs Analyzed

SNPs were chosen using the National Center for Biotechnology Information (NCBI)
website as a guide. Initial criteria for choosing these SNPS were: (i) a minor allele
frequency of 5% or higher (ii) involvement in the cell cycle either directly or indirectly,
(iii) location in a MMR gene, and/or (iv) causing a non-synonymous amino acid change.
However, many of these SNPs were recently discovered and allele frequencies were

either unknown or less than 5%. (Table 2.1)
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Data was collected by either PCR-RFLP analysis or through MassArray. PCR-RFLP
involves using the polymerase ¢’ "n reaction to amplify a sample of DNA including the

SNP to be tested and then digesting the amplified DNA with a restriction enzyme. The

restriction enzymes cut the amplified DNA into fragments based on their ability to
recognize a specific DNA sequence (usually in the range of 6-10 basepairs in length). If a
DNA sample has the sequence recognized by a particular restriction enzyme it will be
cleaved at that specific region. If the SNP allele alters the restriction rate, cleavage will
not occur. Thus, the samples will be of different lengths depending on the SNP allele
enabling identification of the presence of a specific sequence. This m 10d can only be
used to genotype SNPs that occur in restriction enzyme recognition sequences.

The initial 3 SNPs (CCNDIA870G, CCNDI G1722C, and MTHFR C677T) were

analyzed using PCR-RFLP analysis. MassArray' ", was used (see below) for the
remaining SNPs (CCNA, CCNDI, CCND2, CCND3, CCNH, CDK2, CDKNIA (p21°?"),
CDKNIB (p27*%'), CDKN2A4 (p16), E2F2, RADS1, MLHI, MSH2, MSH6, PMS2 and
TFD-PI).

2.7 PCR-RFLP analysis was conducted on SNPs in CCNDI®”°, CCND1'7%, and
MTHFR®” as follows:

2.7.1 Genotyping of . CND1 A870G Pol, >rphism
The 168-bp fragment containit the A/G polymorphism in exc of CCNDI was
analyzed using the PCR-RFLP method. The PCR reaction was pe jrmed using the 5’-
GTGAAGTTCATTTCCAATCCGC-3> and 5-GGGACATCACCCTCACTTAC-3’
primers (Qiagen, Operon Technoli ‘es, Alameda, CA, USA). The PCR reactions

contained the following: 1x PCR buffer, 0.2 mM/dNTP, 1.5 mM ! Cl, 2.5 ul /primer,
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1U Taq, 20 ng DNA in a final volume of 25 ul. Amplification conditions were: 95°C for
10 min followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 60 s with a
final extension of 72°C for 7 min. The PCR product was digested overnight at 37°C using
10 ul of PCR product, 2.0 ul of 10x RE buffer, 0.5 ul (5 units) of ScrFI restriction enzyme
(New England Biolabs Inc., Beverly, MA, USA), and 7.5 ul ddH_ to make a final
volume of 20 ul. The presence of the G allele resulted in two fragments of 146 and 22 bp,
whereas the undigested product of 168 bp represented the A allele. RFLP products were
visualized on a 3% agarose :l.
2.7.2 Genotyping of CCND1 G1722C Polymorphism
The CCNDI G/C SNP was genotyped using the 5’-AAGTAGAAGAGGGTTTTAGG-3’
and 5’-TCGTAGGAGTGGGACAG-3" primers (Qiagen, Op »>n Technologies,
Alameda, CA, USA). The PCR reactions contained the following: 1x PCR buffer, 0.2
mM/dNTP, 1.5 mM MgCl, 2.5 ul /primer, 1U Taq polymerase, 20 ng DNA in a final
volume of 25 ul. The amplification conditions were an initial denaturing step at 94°C/ 2
min followed by 34 cycles of 94°C/1 min, 57°C/ 1 min, 72°C/ 1 min with a final
extension of 72°C/7 min. Ten micro-litres of PCR product were gested at 37°C
overnight with 0 ul (10 U/ul) of F enzyme, 2.0 ul of 10xRE buffer, and 7.5 ul of
dH,0 to make a 20 ul volume (New England Biolabs Inc., Beverly, MA). The products
were visualized on a 3% agarose gel. The restriction cut site was at the G allele and was
22 base pairs in length.
2.7.3 Genotyping of V... AFR C677T Polymorphism

The MTHFR C/T SNP was analyzed usiit the 5-TGAAGGAGAA GGTGTCTGCG

GGA-3* and 5-AGGACGGTGCGGTGAGAGTG-3" primers (Qiagen, Operon
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Technologies, Alameda, CA, USA). The 15 ul reaction mixture for PCR contained 1.5 ul
10X bufter, 0.45 ul/primer, 0.75 ul dNTPs, 0.20 ul Taq polymerase, 1 ul DNA, and 0.45
ul MgCl, The amplification conditions had an initial denaturing step at 95°C/3 min
tfollowed by 30 cycles of 94°C/30 s, 64°C/30 s, 72°C/45 s, and a final extension at 72°C/7
min. RFLP analysis was conducted by mixing 10 ul of PCR product with 0.5 ul of Hinfl
enzyme (New England Biolabs, Inc., Beverly, MA, USA) with a digestion period of
37°C/2 h. Alleles were visualized on a 3% agarose gel. The restriction cut site was at the
T allele.
2.8 MassARRAY analysis was conducted on SNPs in CCNA, CCNDI, CCND?2,
CCND3, CCNH, CDK2, CDKN14 (p21°?'), CDKNIB (p27*%'). CDKN24 (p16), E2F2,
RADS51, MLHI, MSH2, MSH6, PMS2 and TFD-PI. Some of the data was collected from
the samples used in the uniplex st runs (a uniplex reaction means that only one primer is
used per reaction tube). The purpose of such a test run was to determine if the protocol for
each primer, reagent, an¢ ~ NA samples was appropriate and working for this analysis.
The remaining data was collected in multiplex reactions (a multiplex reaction has more
than one primer used per reaction tube).

2.8.1 . ae following protoco! s used for the MassARRAY analysis:
First, a PCR reaction was performed for each SNP on the genomic DNA samples
provided for this study (Tables 2.3 and 2.4.). In this reaction, an additional 10 nucleotides,
5’-ACGTTGGATG-3’, were added to the 5° end of the forward and reverse primers
(Table 2.2). These extensions were referred to as a hME-10-mer tag and are used to
improve the hME reaction 1t followed (see below). This additional sequence tagged

unused primers from the ampl...cd PCR product so that they would have a greater mass.
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The larger mass of these tagged primers was outside of the parameters set for calling a
SNP sequence during the mass array analysis. Therefore, the tagging process screened out
unused primers.

Following the PCR reaction, SAP (shrimp alkaline phosphatase) was added to each of the
PCR reaction tubes, which were then incubated at 37°C for 20 minutes followed by the
hME reaction (Table 2.5). The SAP dephosphorylates dNTPs that were not incorporated
into the amplified DNA sequence.

Next, hME termination (Table 2.6) and primer mixes (Table 2.7 and 2.8) were added to
the SAP treated PCR product, which then underwent another series of 1ermocycling
(Table 2.9 and 2.10). A termination mixture was used to allow differentiation between the
SNP alleles. A single primer is used which anneals to the target sequence immediately
adjacent to the SNP. The ME reaction mix contains only 3 types of dNTPs which will
allow for the addition of only 1 or 2 bases, depending on the allele in the test sample. One
additional nucleotide was added immediately after the polymorphic site of one allele
while adding two additional nucleotides after the polymorphic site of the other allele. The
difference in nucleotide numbers created a difference in mass between the two alleles that
was identifiable by a later step using MALDI-TOF mass s; :trometry (Table 2.7).
However, before proceeding to the mass spectrometry, resin was added to desalt the final
product (Table 2.11). This removed any ions or other unwanted materials that could
interfere with the final result of the massarray analysis.

Finally, after resin treai  nt, the hME reaction products were spotted onto a silicon 384-

well SpectroCHIP. The d: v then collected usii  Spectra (MALDI-TOF MS) by

58



SEQUENOM, Newtown, MA, USA using Typer 3.0.1 software program for

displaying spectra and calculating the relative allele frequencies.
The same procedure was followed for both the multi — and uniplex reac ons with the

exception of variances in chemical concentrations and number of SNPs per reaction tube.

2.9 Statistical Analysis

Statistical analysis was conducted using SPSS for Windows 95 version 10.0. The
association between the age of onset and allele genotype was compared using Kaplan-
Meier survival curves, the log rank test hazardous ratios and Cox regression. Events were
characterized as age of first HNPCC cancer (colonic or extracolonic) or age of first
colorectal polyp. In other words, a single event was defined as having a minimum of one
of the following: an HNPCC cancer (colonic or extracolonic) or a polyp. Once a patient
presented for the first time with either of these criteria no further follow-up information
was included in this analysis. Furthermore, the specific site(s) and age at which the first
event occurred was the age and anatomical location that was entered into this study’s
analysis. Comparisons were then made between the age of first HNPCC cancer (colonic

or extracolonic) or colorectal polyp and SNP g Htype.
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Table 2.11: Desalting of hME product following PCR in preparation for
MALDI-TOF-MS analysis. The hME product plate was ro  ed for 20
minutes following this addition.

Amount added to
Desalting Agent product of each
‘ o hME reaction well
Resin 6n 11
| a0 16ur/well
"'sappenai? o -
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Sources of Materials for Genotyping

Software: MassARRAY™ Typer 3.0.1 or higher (Sequenom, Newtown, MA, USA) and
MassARRAY™ Assay Design 2.0 (Sequenom, Newtown, MA, USA).

Equipment: MassARRAY™ Liquid Handler (Sequenom, Newtown, MA, USA),
MassARRAY™ Nanodispenser (Sequenom, Newtown, MA, USA), and MassARRAY™
Analyzer (Sequenom, Newtown, MA, USA).

Consumables for PCR: Hot Star Taq (Qiagen Operon Technologies, Alameda, CA,
USA,), Hot Star Taq PCR Buffer (Qiagen, Operon Technologies, Alameda, CA, USA),
dNTPs, PCR primers.

Consumables for h(ME: MassExtend™ Starter Kit (Sequenom, Newtown, MA, USA),
Homogenous MassExtend™ Mix (Sequenom, Newtown, MA, USA), MassExtend™
Primers, Thermo Sequenase™ (Sequenom, Newtown, MA, USA), Clean Resin
(Sequenom, Newtown, MA, USA), Clean Kit (Sequenom Newtown, MA, USA,), and
Shrimp Alkaline Phosphatase (SAP) (Sequenom, Newtown, MA, USA).

SpectroCHIP Bioarrays™: 384-well silicon SpectroCHIP (Sequenom, Newtown, MA,
USA).

Clean Resin Dimple Plate: 6mg Dimple Plate (Seqt 1om, Newtown, MA, USA).
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Chapter 3 Results

2.1 RESULTS

Thirty-one SNPs from 17 different genes were chosen for this study. They were: 1
CCNA2,3 CCNDI, 1 CCND2,2 CCND3,5 CCNH, 1 CDK2,1 CDKNIA, 2 CDKNIB, 3
CDKN24 (p16),3 Ez. 2, 1 RAD51, 1 PMS2,2 MLHI,2 MSH2, 1 MSH6, 1 TFD-P1, and
| MTHFR (Table 3.1.1 & 3.1.2). Details of these SNPs were outlined in ¢ Materials and
Methods section above.

Two of the 31 SNPs (1 CCNH and 1 PMS?2) had to be eliminated as a result of invalid
primers either from contamination or sequence inaccuracies. There wi : two other SNPs
that yielded limited results because the sample size for their reaction was relatively small
(CCND3 T/G Ala->Ser and CCNH T/C Val->Ala). For this reason, both were eliminated
from the final analysis. Therefore, 27/31 of the SNPs that were selected for this study
were analyzed completely. However, CCND3 T/G Ala—>Ser and CCNH T/C Val->Ala
were analyzed using the limited data that was available before being eliminated because a
polymorphism was observed. No significant data in either of these two SNPs was found
regarding allele types in relation to the age of onset of an HNPCC-related cancer (either
CRC or an extra-colonic cancer) or colorectal polyps in males, females, or males and

females combined * :ither of these two SNPs (Table 3~ 3.3, and 3
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In total, 17 of these 29 SNPs were not polymorphic in our HNPCC sul :cts. The other
12/29 SNPs (including CCND3 T/G Ala—>Ser and CCNH T/C Val->Ala) were
polymorphic, and were analyzed based on the set parameters discussed in the materials
and methods above.

After CCND3 T/G Ala->Ser and CCNH TC Val->Ala were removed from the study, 10
polymorphic SNPs remained. Of those 10, CDKN24 (pi16) A/G Ala>Thr and E2F2 A/G
Asp—>Asn SNPs were only observed to be polym¢  1ic in Family C but not in Family 11
(Table 3.1.1 and 3.1.2). Three other SNPs from the polymorphic group were of
statistically significant value in the set parameters for this study. These three SNPs
included CCNA2 G/A (Figure 3.1 and 3.2), CDKNIB (p27KIP1) T/G (Figure 3.3), and
CCNDI G/C (Figure 3.4). Thus, altogether 5/10 or 50% of the polymorphic SNPs that
were completely analyzed displayed results that may be either candidates for further
investigation or have significance in relation to HNPCC.

For each polymorphic SNP, the age to first HNPCC-related cancer or colorectal polyp
and allele type was analyzed by Kaplan-Meier analysis under three categories: (i) Males
and Females combined (Table 3.2), (ii) Females only (Table 3), and (iii) Males only
(Table 3.4).

3.2 CCNA2 G/A

In the Males and Females combined group, those with a CCNA2 A allele were found to
have a significantly earlier age of onset of an HNPCC-related cancer, or colorectal polyp
than those with the homozygous G allele (j .0094; Mean age: 37; 95% CI: 32, 42; Cox
Forw:  Confidence In al (CI): 1.29-14.9) . .gure 3.1). The frequency for the

homozygous G/G allele type was 107/112 (46 male 61 females) with 50/107 (22 males;
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28 females) of these subjects havir had an event (Table 3.1.1). The heterozygous G/A
genotype was present in 5/112 (3 males; 2 females) with events having occurred in 3/5 (3
males; 0 females) (Table 3.1.1). There were no subjects in this analysis that had the
homozygous A/A alleles. When the males and females were separated and then re-
analyzed the male only group with the heteroz: >us G/A allele type remained statistically
significant for having a modifyir effect for an earlier age of onset (p = 0.0239; Mean
age: 35; 95% CI. 29, 42; Cox Forwarding CI: 4.3{1.29-14.9} (Figure 3.2 and Table
3.1.1).

3.3 CDKNI1B (p27kipl) T/G

The second SNP to demonstrate a significant modifying effect was CDKNIB (p27kipl)
T/G where there was an earlier age of onset of an HNPCC-related cancer or a colorectal
polyp in those with the homozygous G/G allele type in the female only group (p =
<0.0001; Mean age: 34; CI {28,40}) (Figure 3.3 and Table 3.1.1). There were 63
females in this group and 35/63 were homozygous T/T with 14/35 events, 24/63 were
heterozygous T/G with 9/24 events, and 4/63 were homozygous G/G with 4/4 events
(Table 3.1.1).

3.4 CCND1 G/C

Finally, in the male only group the CCND/ GC was found to be associated with the age
of onset of an HNPCC-related cancer or a colorectal polyp. There v : 46 males in this
group and 21/46 had had an event (Table 3.1.1). The homozygous G/G was observed in
4/46 with 3/21events, heterozygous G/C was in 19/46 with 8/21 events, and 23/46 were

homozygous C/C with 10/21 sents (Tab" 3.1.1). The homozygous C/C allele type of
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Figure 3.1: Kaplan-Meier survival curve of i :ofonset of ~ st HNPCC-related
« cer or first colorectal pol, | in males and females in the CCNA2 G/A SNP

(_ ).0094; Mean age: 37; 95% CI: {32, 42}). Individuals with heteroz: »us
G/A alleles had earlier age of onset than those who were homozygous G/G.

No one had a homozygous A/A alle in this analysis.
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Figure 3.2: Kaplan-Meier survival curve of age of onset of first HNPCC-related cancer
or first colorectal polyp in males | the CCNA2 G/A SNP (p=0.0239; Mean age: 35;
95% CI: {29,42}). Individuals with a heterozygous G/A allele tyj an earlier :of
onset than those with a homoz > G/G. No one in this analysis had the A/A allele type.
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Figure 3.3: Kaplan-Meier survival curve of age of onset of first HNPCC-related cancer
or first colorectal polyp in females and the CDKN1B (p27kipl) T/G SNP (p<0.0001;
Mean age: 34; 95% CI. {28, 40}). Individuals with homozygous G/G allele had earlier
age of onset than those with a T allele.
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Figure 3.4: Kaplan-Meier survival curve of age of onset of first HNPCC-related cancer
or first colorectal polyp in males and the CCNDI G/C SNP (p=0.0137; Mean age: 32;
95% CI: {25, 40}). Individuals w* = homozygous C/C had an earlier age of onset than
those with a G allele.
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Chapter 4 Discussion and Conclusion

4.1 DISCUSSION

Mutations in the MMR genes cause Hereditary Non-Polyposis colorectal cancer
(HNPCC), however, there is still a ~~eat deal about this disease, which is >t understood.
One area that has not been extensively studied is variations in the penetr: ce of
pathogenic mutations. Areas of interest surrounding these variations include: how to
predict who in the general population is at a higher risk than others for developing forms
of CRC, how to identify these people before they get cancer, why some members within
the same high risk family with the same predisposing mutation get CRC and related
cancers earlier in life than other m'  »sers, or why some of these family embers get
multiple primary tumours whereas othe in their family never develop cancer.

Past studies have centered on the examination of variants of single candidate genes for
their ability to modify the penetrance or expressivity of the MMR mutation. In this study,
I have examined a group of potential modifiers of HNPCC. I looked at how candidate
modifiers affected the age of onset of HNPCC cancers (and number) in 10se with the
same HNPCC mutatic. Thecand e modifiers included single nucleotide
polymorphisms (SNPs) in the cell cycle and related pathways (such as e mismatch
repair (MMR) pathway), and an epigenetic pathway involving folate metabolism via
methylenetetrahydrofolate reducatase (MTHFR)). I analysed these potential modifiers in
order to determine whether they correlate with age of onset of HNPCC in males and/or

females.
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The cell cycle genes and genes in the related functions were examined through SNP
analysis to determine their modifying impact on the penetrance of HNPCC. I focused
upon the cell cycle because carcinogenesis involves a malfunction in the control of cell
division, thus, implying that there is uncontrollable cell division in the presence of cancer
or the precursors leading to it. Therefore, it is possible that a v. nt that might increase
the rate of cell division could also include the potential for developing into cancer, or vice
versa.

Through the use of genetic analysis, some forms of CRC have been identified as resulting
from gene mutations that are inherited within families. The families used  this HNPCC
study were from that category. ...ey were described as being carriers of a mutation in one
of the MMR genes, MSH2. 120 There were two MSH2 mutations described in that study,
including a ¢.942+3A>T point mutation (Newfoundland and Labrador, Family C), and an
exon 4-16 deletion (Lower North Shore of Quebec, Fe 1y 11). '** Historically, mutation
carriers presented symptomatically with one or more HNPCC-related cancers. Penetrance
in hereditary cancer syndromes is traditionally calculated based on the percentage of
mutation carriers developing cancer. Ag related penetrance uses age at onset of cancer in
the calculation. However, son forms of screening for members of families with
hereditary cancer result in identification and removal of the pre-cancerous lesions such as
polyps. Thus, these individuals may never develop cancer. The definition of penetrance
therefore has to be revised to include age at development of pre-cancerous lesions such as
polyps, which may be markers for cancer development. Since genetic testing became
available in these families, screenii  interventions were offered to those who tested

positive for either of these two m1
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This has had a significant impact in decreasing the num!  of mutation positive carriers
that developed an HNPCC-related cancer in these two families. As polyps are removed
during colonoscopy screening, the occurrence of CRC is altered, and fewer subjects with
cancer are available. As a result, this study included age of onset of first colorectal polyp
identified during screening procedures, as well as age of onset of HNPCC. Therefore,
although the age at polyp identification may be younger than the age that the cancer
would have occurred, there is less bias than having eliminated the subjects as not having
had an event at all. As polyp studies provide more information on how long it takes for a
polyp to change into a carcinoma and which type of polyp becomes cancerous, more
accurate age to event data will be available for future studies such as this one. In fact, as
more mutations predisposing to hereditary CRC are identified, and increasing numbers of
subjects are having screening interventions, polyp history will be a more important
feature of hereditary CRC analysis and intervention.

At the start of my project, cell cycle SNP discovery was still in its prelim  ary stages with
limited information available. However, based on what was available and what is known
thus far about the cell cycle, a group of SNPs was chosen and analyzed (Table 3.1.1 in
Results). Ideally, the greater the allele frequency of the SNP the ore likely it would
provide definitive data. Due to the fact that many cell cycle genes are still being
discovered and that SNPs within these genes are currently being determined, allele
frequencies were not yet known for most of the ones chosen (Table 3.1.2 in Results).
Therefore, the criterion for choosing SNPs with unavailable frequencies was that the SNP
had to cause a non-synonomous amino acid char :in a coding region of one of the cell

cyc genes. Taking into consideration this limi ion, encouragir results were still
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obtained from 7 of the 29 SNPs (includes CCND3 T/G and CCNH T/C before
elimination) that were investigated. That is, approximately one quarter (24%) of the
analyzed SNPs demonstrated possible association with the penetrance of HNPCC.

The most significant observation noted in this study involved three SNPs that correlated
with the age of onset of an HNPCC-related cancer or first colorectal polyp, and are
potentially modifiers. These SNPs include: CCNDI'"G/C, CCNA2 G/A, and CDKNIB
(27%"") Val/Gly T/G. With the CDKNIB (p27X""!) SNP it was found that females with
the homozygous G/G allele type had an earlier age of onset of HNPCC or first colorectal
polyp compared to other family members having either a homozygous or heterozygous T
allele type (n = 63; events31; p= <0.00001) (Figure 3.3 from Results). Therefore, the
homozygous G allele in these two families demonstrated a possible association as a risk
factor for developing an HNPCC-related cancer or colorectal polyp. Women with
homozygous G/G had incidence of cancer/polyp in the third and fourth decade of life with
a mean age of diagnosis at 34 years. However, those possessing a T allele did not develop
an event until later in life with a mean age of 47. This coincides with a similar study in
oral squamous cell carcinoma of the head and neck (SCCHN), which found that the
homozy »us G/G allele of the CDKNi T/G var 1t might be associated with an
increased risk in those already in an at-risk subset for SCCHN.*®

Opposite results have been found in other studies. For  :ample, the CDKNIB T/G SNP
has been found to be associated with tumorigenesis in advanced prostate carcinoma
patients.”® It was concluded that those with the homozygous T/T allele that expresses for
the valine amino acid were associated with advanced »state can  pr¢ ession.’®?

Another study also observed a penetrance effect with the T allele in hereditary prostate
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cancer families.’®® However, their findings were not of significant value and they

suggested that this SNP might be involved in sporadic prostate cancers rather than in

hereditary cases with high-risk factors.’®

The second potential modifier identified involved the CCNA2 gene with the G/A
polymorphism. In the male and female combined group, those with the heterozygous G/A
alleles developed an event earlier than those with homozygous G/G (n=1 = events=50;
p=0.0094) (Figure 3.1 in Results). No homozygous A/A individuals were observed. The
same result was also found in the male only group. In this subgroup, the age to event was
earlier in those with the heterozygous G/A alleles compared with those with the
homozygous G/G. The mean age of onset for the heterozygous group was 35 years
compared with 42 years for the homozygous G/G. The A allele appears to be a risk factor
for these mutation positive carriers (I 9; events=22; p=0.0239) (Figure 3.2 in Results).
To my knowledge there have not been any other studies reported that investigate SNPs in
the CCNAZ2 gene and their association with cancer. However, other investigators have
reported an over expression of the CCNA?2 protein in association with various cancers
such as breast, lung, and liver.”*~*® It has been suggested that CCNA2 could potentially
be u: | as a predictive marker for tumor’ :nesis and prognosis of those already with
cancer 384388

Finally, for the CCNDI'"* G/C SNP, males with the homozygous C/C alleles had an
event earlier than males with eitt  G/C or homozygous G/G genotypes (n=46;

events=21; p=0.0137) (Figure 3.4 in Results). The mean age of onset for those with the

C/C alleles onset was 32 years compared with the m«  age of 40 years for those with
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either a heterozygous or homozygous G allele. Therefore, having a C allele is associated
with an earlier age of onset of either a colorectal polyp or an HNPCC-related cancer.

In the literature only one study was found regarding this particular CCNDI'" G/C SNP.
The study was conducted on the polym¢ | 1ism and expression in patients with squamous
cell carcinoma of the head and neck (SCCHN). ** It was because of this study that I
chose to investigate this SNP using our MSH2 mutation positive carriers and the
incidence of HNPCC. The results from the SCCHN study found that the homozygous C/C
SNP was associated with poorly differentiated tumours and decreased disease-free
interval.”® This coincides with my study in that the C/C genotype was correlated with an
earlier age of onset of HNPCC-related cancers. However, the study on the SCCHN from
the literature noted that their results had a higher association of the C/C allele type in
females whereas in my study there was a higher association in males.

It has also been observed that there are minor phenotypic differences between Family C
and Family 11. For instance ovarian cancer has only been found in Family C and not in
Family 11 and urothelial cancers were present in Family 11 but not Familt C. '*°
Therefore, altho "\ both families have an MSH2 mutation that leads to a higher risk for
HNPCC -related cancers compared to the general population, the effect of the location of
the primary mutation may be a factor. There also might be other undett  ned underlying
modifiers that contribute to these phenotypic differences. This study detected a difference
between these two families in the presence of polymorphisms for SNPs in 2 genes:
CDKN2A4 (p16) A/G Ala/Thr and E2F2 A/G Asp/Asn. These SNPs were polymorphic in
Family C but not in Family 11 (Tab 3.1.2 in Results). However,no s~ ‘ficant

difference was found with regards to the age to event and allele type for either of these
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two SNPs. Considering the phenotypic differences between these two families, further
analysis of the CDKN24 and E2F2 SNPs including various forms of penetrance variables
should be investigated in larger studies. Although there was no specific allele type
associated with family members having an HNPCC-related event compared to those who
did not in Family C, it might be part of a multi-genetic polymorphism that either protects
or predisposes for the occurrence of HNPCC. Therefore, investigations of polymorphisms
and polymorphic combinations within these two families should be considered.

A final observation in this study that warrants further investigation involves the CCND3
T/G Ala/Ser and CCNH Val/Ala SNPs. As described in the results section, these were
only partially analyzed in a small sample from Family 11 1 |2 CCND3; n=28 CCNH)
because of technical difficulties (Table 3.2). However, both SNPs were polymorphic
(Table.3.1.2 in Results). Thus, it would be interesting to investigate these two SNPs in a
larger sample to determine whether or not they contribute to a modifying effect on
HNPCC penetrance.

4.2 Conclusion

In conclusion, based on the data gathered in this study, SNPs in cell cycle genes should be
considered  potential modifiers of H... CC expression. This is especially true for the
families in this study with either the MSH?2 ¢.942+3 A>T point mutation or the MSH2
exon 4-16 multi-exonic deletion. As new cell cycle genes and their SNPs are identified a
better choice of candidate SNPs with higher allele frequencies will bec ne available and
be more informative for future studies. The other pathways invest’ ~ated such as the one
involving folate tabolism tM1 “Rw. not :ant in ~° study due to the

fact that other factors outside of genetics such  diet and smokir~ need to be considered
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in conjunction with allele types. This type of information was not available for this
project.

The SNPs that did not have any significant value in this analysis may be a result of the
study being underpowered. Increasing the sample size would present more significant
data. This would help determine if the SNPs found to be insignificant in this analysis
could be screened out and considered less important or not involved in the modifying
effects of penetrance of HNPCC.

The cell cycle genes that did present as candidates for modifying the age of onset of
HNPCC are significant players in the cell cycle. For instance, Cyclin A is a crucial cyclin
for transferring the cell cycle from G1 to S-phase, as well as the G2 to M -phase. It also
inhibits the E2F factors thus allowing the S-phase to begin. CyclinD1 brings a cell
through each restriction point so that it can be committed to completing G1. This cyclin is
also influenced by external stimuli and can prevent or initiate the start of the G1 phase

based on the stimuli that it receives. CDKN1B (p27**!

) is a cyclin dependent kinase
inhibitor of the phosphorylation of the cyclinE-cdk2 complex. Once phosphorylation of
the CCNE-cdk2 complex is inhibited the cell goes into G1 arrest. It is also influenced by
external stimuli such as cell-to cell contact inhibition, which prevents{ - cell from
proceeding through the G1 phase . 1 puts the cell cycle in arrest.

As for the other potentially modifying genes mentioned in this discussic , the CCNH
prtoein is a major player in the CAK complex, which activates the cyclin-cdk complexes.
Without this step the cell cycle cannot proceed. CCND3 has the same function as CCND1

discussed above. E_, . are  nscription activators involved in cell cyc  progression.

Finally, CDKM" A (p16™%**) inhibits the cyclinD1-cdk4 complexes. ...erefore, given
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their roles in the cell cycle and their noted polymorphisms despite being non-significant
in this study possibly because of the small sample size used, the potential for a larger
sample to yield significant results in these candidates should be investigated further. In
addition, the results from this study were not corrected for multiple test analysis.

Therefore, to solidify the value of this data further corrections should be done to confirm

| these findings.
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