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High frequency microsatellite instability (MSI-H) colorectal carcinomas (CRCs) display 

MMR deficiency and account for about 15% of human colorectal cancers. Gene inactivation via 

mononucleotide tract fmeshift mutations is characteristic of the pathogenesis of MSI-H 

colorectd carcinomas. Frarneshift mutations have only been described in selected candidate 

genes including TGFmI, IGFIIR, BAX and others '". We developed "Kangaroo", a program 

capable of highly specialized searches in nucleotide and protein sequence databases. Utilizing 

Kangaroo, we iden ti fied genes wi th coding pol yadenine tracts t hat had func tional si pi ficance in 

cell cycle regulation. Our results revealed widespread novel mutations in mismatc h repair 

deficient colorectal cancers, while Kangara, provided a method for genome scanning to identify 

candidate mutation hot spots in evolution and human disease. 
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Cancer 
- - - - - - . 

is the rnost cornmon-genetic disease: one in three people in the western 

cancer, and one in five die from it (www.cancer.ca). In ment years, the incidence 

world develop 

rates of cancer 

have steadily risen possibly due to the increase of carcinogens in the environment or perhaps as 

the result of impmved screening prograrns and diagnostics. Regardless of the reason, an 

enormous cancer burden in society implores the need for a cure. It is the h o p  that through our 

undeatanding of the etiology and pathogenesis of cancer, we will be able to offer the public 

diable early detection tests and improved novel therapies with less toxicity tailored for the 

patients' specific cancer. With the dramatic ment  advances in cancer biology research, for the 

first time, a cure for cancer seems attainable. 

Normal cells transform into malignant cells through a multi-step process. Gradually 

through the cells malignant progression, extemal damage is undetected due to loss of intemal 

contmls which ultimately affects the cells' ability to control cell growth in terrns of arrest, repair, 

and programmed ceIl death (PCD) ? Cancer cells have a clear growth advantage over 

smunding normal cells. They gain access to a unique supply of nutrients and oxygen by 

pmmoting angiogenesis, a pmcess that encourages the growth of new blood vessels and 

recruitment of existing ones '. Additionally, the telornerase enzyme is reactivated to maintain 

stabte tetomeres drrring repeated cycles of cet1 protifmation '. Cancer cefls gain this advantage 

thmugh mutations in proto-oncogenes and tumour suppressor genes and thmugh their ability to 

adapt to their changing environment. This process takes many years to occur. This perhaps 

explains why there is a lag period between the initiation of a cancer and its detection 9. 

Categonzation of cancers at the tissue level is based on the cell of origin from which the 

malignancy developed. Sarcomas are denved from soft tissue and bone, leukemias from blood 

and carcinomas from epithelial tissues. Cancer usually develops from a benign, well- 
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âifferentiated neoplasm 'O{ ~ukes, Osawa, et al. 1987 JUKES 1987 /id), which has a structure 
- - - -- - 

resembling that of normal tissue. Carcinoma in situ the; ensues. Through time and progression, 

the neoplasm reaches an invasive stage (cancer) where it attains the ability to penetrate the 

basement membrane and invade the underlying and sumunding tissues. These cells can also 

migrate through blood or lymphatic vessels to distant organs to form new colonies of cancer by a 

process called metastasis. 

The development and progression of a cancer is indeed a complex and dynamic process. 

It involves, many genes, cellcell interactions, and the interaction between cancer cells and their 

sumunding environment. In order to fully understand cancer biology, we should persevere in 

exploring every gene or protein, whatever its structure or putative function, as a possible 

candidate for its role in cancer. 

1.2 Clonai Expansion anà Natural Seleetion 

The mutation rate in human cells is approximately 1.4 x 10''' mutations per base per cell 

1 I generation, which can account for 2 to 3 mutations in a single ce11 throughout its lifetime . 
Cancer cells must thetefore acquire, an increased mutation rate, or the ability to select mutant 

cells with a growth advantage over its neighbours, that would expand and pass on its 

adventageous end neoplastic mutations to its clonal progeny. These cells must also acquire the 

progressive ability to escape host mechanisms that regulate cellular proliferation. The most 

powerful evolutionary force is natural selection, which works not only at the level of whole 

organisms but also at the level of its component cell (Figure 1.2-1) 12. 



One Mutation Clonal Next Natutal 
Expansion Mutation Selection 

F b r e  1.24 Cional expansion und natwal seleclion of individrral tumour cells. 

There are two ways of making a series of successive mutations more likely; some 

mutations enhûnce ce11 proliferation (activating oncogeneslinactivating tumour suppressor genes) 

creating an expanded target population of cells for the next mutation and other mutations affect 

the stability of the entire genorne (gatekeeper/caretaker genes), thus increasing the overall 

mutation rate 1 3 .  Additional mutations in the relevant target genes and consequent waves of 

clonal expansion produce cells that invade sumunding tissues and metastasize. 

Tumour development as explained by clonal expansion can result in new cellular 

equilibriurns in the tumour in contrast to the idea that dl malignant growth occurs in an 

exponential fashion. This may explain both benign tumours and long lag phases in tumour 

growth 14. 

1.3 Mutator Phenotype 

According to the Mutator phenotype (MMP) hypothesis, the mutation rate early in the evolution 

of a tumour must be much pa t e r  than the mutation rate in normal somatic cells ''. Initial 

mutation in a key enzyme involved in DNA replication or DNA repair would adversely affect the 

fidelity or efficiency of these pmcesses. Thus heterozygote carriers of defective MMR genes 

(hMSWhMLH1) have intact MMR function but acquinng a subsequent mutation that 

compromises the repair system increases their intnnsic mutation rates. As expected, the tumours 

of HNPCC patients exhibit markedly elevated mutation rates increasing the likelihood for 



mutations in key growth regdatory genes, thereby providing a selective growth advantage. Early 

mu&ions that affect genomic stability can pkduce the rnutator phenotype. 

The mutator phenotype can increase the probability that cells will gain the ability to adapt 

to the changing environment of the tumour thereby enabling the tumour ce11 population to 

progress dong the path toward metastasis. Dunng tumour development. the number of cells in a 

tumour may be severely constrained by factors such as nutrient andor blood supply. Selection 

may be weak in these situations and only a slow increase in the nurnbers of any genotype will 

occur. The next mutation that confen a selective advantage is relatively likely to occur in a ceIl 

with a raised mutation rate. Through clonal expansion and selection of cells exhibiting the 

mutator phenotype, tumour proliferation flourishes. 

Dunng the final stages of tumour progression, there might be selection against cells 

exhibiting a mutator phenotype since a deleterious or lethal mutation may be much more likel y 

than an advantageous mutation. An accunulated mutational load might induce apoptosis and 

slow the growth of this tumour. 

1.4 Cancer Genes 

It is understood that cancer is a genetic disease that Ases from genetic alterations of important 

functionat genes. These aiterations can him on proto-oncogenes or inactivate tumour suppressor 

genes. Either process would result in a proliferation signal leading to malignant potential of the 

altered cell. 

1.4.1 Oncogenes 

Within the genome, there are nomial genes known as proto-oncogenes that encode for proteins 

involved in ce11 growth and differentiation. When piotooncogenes are modified thmugh point 
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mutations (K-RAS), gene amplifications (C-MYC), or chromosomal translocations (BCWABL), 
-- - % -  - -A - 

16 they becorne oncogenes. Such char& gi& cells ktential for neoplastic transfomation . 

Approximately 100 dominant oncogenes have been identified at present. These oncogenes are 

classified according to their function: growth factors, growth factor receptors, signal transducers, 

ce11 cycle regulators, and transcription factors 16. A single mutant allele may affect the phenotype 

of the ceIl in a dominant negative manner. 

1.4.2 Tumour Suppi~ssor Genes 

Tumour suppressor genes (TSGs) function nomally as cell growth inhibitors but due to loss of 

function mutations, the ceIl loses this important maintenance mechanism. Loss of TSG function 

was first identified by loss of heterozygosity (LOH) studies, wherein large segments of 

chromosomes containing the TSGs are translocated or Iost. According to Knudson who based 

his work on the retinoblastoma gene suggested that both alleles must be inactivated for cancer 

formation to pmceed. This is known as the "Two-Hit" Hypothesis. This predisposition is 

dominantly inherited, while oncogenesis is recessive ". The second event might be a new 

intragenic mutation, gene deletion, chromosomal loss, or somatic recombination 

Curnntly, there have been approximately 30 TSGs that have been identified. Multiple 

mechanisms exia m the genetic cascade of cancer. Une key alteration is the activation of any or 

al1 of the various mechanisms that limit the proliferative autonomy of the cell. Some changes 

suppress proliferation by inhibiting transcription ( R B I ,  P l  6, VHL), w hile others effect 

differentiation (NFl ,  APC). Finally. some trigger apoptosis (TP53, WTi, PTEN) and others 

restrict angiogenic and metastatic capabilities. 

Ib4b2b 1 Gotekeeper Genes 
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Gatekeeper genes control the initiation of a neoplasm in a specific tissue. Early tumoungenesis 
-3. --a - - - -  . - 

of a particular neoplasm depends on the disiPtion of this gatekeeper gene that under normal 

circwnstances keep the cells in check. APC is one such gatekeeper gene. Its Ioss is a prerequisite 

for cancer formation in the colon 19. When AfC is intact, oncogenes such as KRAS. C-MYC and 

inactive TP53 are not capable of initiating the cancer cascade. Gatekeeper genes directly 

ngulate the growth of tumours by inhibiting their gmwth or by promoting their death. The 

function of these genes is rate limiting for tumour growth since both alleles must be inactivated 

for tumour development to occur. Individuals who inherit one darnaged copy of the gatekeeper 

gene will not develop cancer. A "second hit" must occur to the normal allele in order to 

predispose an individual to further mutation which ultimately resuits in cancer. Since these 

genes are rate lirniting they tend to k frequently mutated in cancers through somatic and 

germline mutations. 

1.4.2.2 Càretaker Genes 

The function of caretaker genes is to minimize the rate of genetic alterations or mutations during 

normal ceIl division and dunng carcinogenesis. The DNA mismatch repair system of genes is 

one such exarnple. These genes are involved in maintaining the integrity of the genome dunng 

c d  ;eplication. LQSS of function of bottr atlclcs makcs the cctt prone to makmg em>rs dumig 

replication. Inactivation of this repair system leads to genetic instability and indirectly promotes 

growth by causing increased mutations and thus accelerates the development of cancers. 

In dominantly inhented diseases, such as HNPCC, one mutant allele of a caretaker gene 

(hMSHUhMLH1) is inherited. In other cases, both alleles when inherited are mutated and thus 

subject the individual to cancer susceptibility earlier in life, eg. Xerodenna pigmentosum 20. 

Targets in cells with defective caretakers are the gatekeeper TSG. other TSG and oncogenes. 
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Somatic mutations of these genes are rmly found as initiator events in tumours arising in the 
-- - 2 ----- -- - 

general ppulation because such a m;tation 

mutations in order for tumour to develop, i.e 

would still need to be followed by several other 

BLM 21, ATM 22. The inactivation of these genes 

act to prime the environment for further aberrations. Failure of any of the cellular caretakers 

involved in maintaining replication fidelity will result in a mutator phenotype resulting in 

genomic instability. 

1.5 Colorectai Cancer 

Colorectal cancer (CRC) is the second most common diagnosed cancer in both men and women 

in Canada. It is estimated that 17,200 new cases will be diagnosed in the year 2001 and 

approximatel y 6.40 deaths wil l result from this disease. Colorectal cancer is generall y a 

malipancy associated with the elderly, with a mean age at diagnosis of 73 years 

(www sancetca). Most people (80%) present with sporadic disease wi th no apparent inherited 

genetic defects. The others (20%) have some family history of colorectal cancer, with only 56% 

of cases attributable to known genetic mutations. The overall incidence of colorectal cancer has 

been shown to gradually decrease in the last 10 years. The reason is likely a result of aggressive 

screening prograrns and early endoscopie intervention. As with other cancers, the development 

of colorectal carcinomas has both genetic and non-genetic factors inthiencing its progression. 

15.1 Pathologicai Cbaracterization of CRC 

Over 95% of colorectal cancers are carcinomas and about 95% of these are adenocarcinornas '. 
Virtually al1 of these lesions arise from polyps. Their development takes many years to occur 

and they evolve into several morphological patterns. Tumours in the proximal colon take on 

polypoid and exophytic characteristics and obstruction is uncommon. In the àistal colon, lesions 
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usually are annular and constricting in nature. Interestingly, nght-sided cancers typically 
----------4 - - A  2 - - . - & A  - - -- 

resemble tumours found in HNPCC patients. Histologically, these tumours are poorly 

differentiated, contain signet ring cells, and are necrotic. They tend to exhibit an immune 

response characteristic of a Cmhn's like lyrnphoid reaction with peritumoural lymphocytes and 

infiltrating lymphocytes ? 

15.2 The Adenorna-Carcinoma Sequence 

The genetic pathway leading to colorectal cancer has been extensively studied and the 

progression from a benign adenoma O a carcinoma is characterized by a series of well-defined 

histological stages. This progression may take up to 10 to 15 years 'O and is known as the 

adenoma-carcinoma sequence 24(IUN~~~~1996~). Kinzler and Vogelstein demonstrated that 

colorectal tumour initiation and progression requires at least seven different somatic changesz. 

The earliest detectable indication of the possible developrnent of a neoplasia in the colonic 

26-30 epithelium is the presence of ACF, aberrant crypt foci . Adenomatous polyps are benign 

growths that may undergo malignant transformation. These polyps are classified into 3 

histological types: tubular, tubulovillous, and villous. Mutations in the Adenomatous Polyposis 

Coli (APC) gatekeeper gene are proposed to occur early dunng the development of polyps 3'. 

Duxing the adenomatous stage, the tumour acquires K-RAS mutations 32 and during the transition 

to malignancy, TP53 mutations and deletions on chromosome 18q are observed. Not every 

tumour needs to acquire every mutation, nor do the mutations always need to occur in a specific 

order. Cytogenetic analysis of CRCs has revealed that tumour cells undergo loss or gain of parts 

of chromosomes. The most frequently obsewed losses involve chromosomal regions Sq, 17p and 

18q 24 



Figure 1.5.2-2 The adenonta-carcinoma sequence. The critical genes are illitstrated, the events above the sequence 
are typical events in the chromosomal insrabiliry pathwa whereas below the sequence represents the rypical 
genetic events associated with microsatellite irisrabiliry 3% 

In addition, other genes rnay be involved in this progression but have yet to be identified. 

At the present it is unknown how non-genetic factors such as environment, diet and smoking 

affect these genes and their mutability. 

1.6 Molecular Genomic Instability Pathways of Colorectal Carcinogenesis 

It is now widely accepteci that different types of genomic instability may result in distinct 

molecular pathways of carcinogenesis "? Two destabilizing pathways have emerged leading to 

the acquisition of the "mutator phenotype" in colorectal cancers. The first is the chromosomal 

instability pathway, which is characterized by allelic losses, aberrant chromosomal 

amplifications, and translocations M. The second is the microsatellite instability pathway, which 

is characterized by the instability of short, mpetitive DNA sequences (microsatellites). The genes 

responsible for this instability are the human DNA mismatch repait (MMR) genes. Mutations in 

these genes lead to the propagation of single base-pair mismatches, resulting in an increased 

somatic mutation rate. 
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Mutations in genes that internt with each other appear to be mutually exclusive within an 
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individual cancer. One such example iithe RB1 gene 37. It encodes a protein that has a critical 

role in the normal progression of cells through the cell cycle j8. RB1 is inactivated by 

hyperphosphorylation by cyclin Dl. Cancers with cyclin Dl overexpression do not have 

inactivation of RBl, suggesting that these two genetic events are redundant in dismpting the 

RB 1 pathway 39. This is also seen in colorectal cancers, where 8-Catenin (CTNNB 1) mutations 

are only observed in cancers with intact APC ". The fact that only a single gene mutation is 

observed within each functional pathway highlights the importance of these regulatory pathways 

in tumoungenesis and the frequency with which somatic genetic events may target their 

individual components. 

1.7 Chronn#rompl Instabiîity Pathway 

The hallmark of chromosomal instability (CSI) is clinically manifested by aneuploidy, and 

frequent LOH in tumour specimens. These changes are likely due to alterations in mitotic 

checkpoint genes such as BUBl 4' in some cases. It has k e n  hypothesized that methylation 

abnormalities are intrinsically and dmctly involved in the generation of CS1 42. Demethylation 

is associated with chromosomal aberrations, including mitotic dysfunction and translocation 43. 

Frequent reanangements are seen in rhese cancer cells resulting from chromosomal breaks. The 

most common numerical chromosome aberrations in CRCs, in order of decreasing frequency are: 

loss of chromosome 18, gain of chromosome 7, loss of the Y chromosome in males, gain of 

chmmosome 20, loss of chromosome 17, gain of chmmosome 13 and loss of chromosomes 14 

and 22 ". Mutations in tumour suppressor genes are cornrnon, as are somatic oncogene 

mutations or amplification. 
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Instability of chromosornai number can result h m  TP53 mutations, which alters 
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karyotypic replication of the cen&&me, genekting extra spindles and creating changes in 

ploidy but also with individual losses and gains ". 

1.71 Familial Adenomatous Polyposis and the A PC Gene 

Gennline mutations in the Adenomatous Polyposis Coli gene are responsible for Familial 

Adenomatous Polyposis (FAP) ". FAP is a dominantly inherited syndrome characterized by the 

development of hundreds of colonic pol yps in afflicted individuals at a very young age. A subset 

of these polyps invariably progress to cancer. In addition to colonic cancer, these individuals can 

also develop small intestinal adenomas, gastric adenomas, desmoid tumours, and thyroid 

neoplasms. The identification of this gene has led to a greater understanding sf the molecular 

genetics involved in the very early events of polyp formation and the pmgression to neoplasia. 

Its inactivation occurs very early in the adenoma-carcinoma sequence. Inactivated APC can be 

found in aberrant crypt foci (ACF) 47*48. There is increasing evidence that APC is a major 

gatekeeper within colonic epithelial cells and that inactivation of this gene leads to uncontrolled 

cellular proliferation. Biallelic inactivation of APC is initiated through somatic mutations in 

sporadic tumoun or initially with gem-line mutations in familial cases on a single allele 49. The 

second diete is either inactivated througtr methytation or through somatic loss teading to the 

formation of adenomas. AfC has many putative d e s  in the cell ? Its role in neoplasia is 

thought to be the result of its control of the WNT signalling pathway via regulation of p-catenin 

levels. APC mutations usually result in protein truncation and subsequent loss of function. APC 

inactivation causes fkatenin stabilization leading to the activation of the T-Cell Factor 

(TCF)/Lymphoid Enhancer Factor (lef) transcription pathway. Activation of this pathway results 

in the up-regulation of c-myc, cyclin Dl, Matrix Metalloprotease matrilysin, uPA, and Cox2. 



APC, therefore functions as a tumour suppressor gene and inactivation leads to a constitutively 
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active proliferative signal. The ~ ~ ~ a - c a t e n i n  signakg pathway is important in the initiation of 

carcinogenesis imspective of MSI or CS1 status. 

1.72 Other Genetic Targets in Chromosorml Instability Pathway 

l.7m2m1 Khten RAS 

Transducer signals from extracellular growth factors can regulate the cell cycle and therefore 

proliferation. One example is the KRAS gene. Mutations in KRAS have ken  identified in 

approximately 50% of CRCs. Most of these are point mutation in codons 12, 13 and 61". These 

mutations are also seen in 8040% of nondysplastic or hyperplastic ACF but only in 57% of 

dysplastic or adenomatous aberrant crypt foci 'O. Even though KRAS mutation is an early event, 

it is not entirely associated with tumoungenesis. In addition these mutations lead to a 

constituti vel y activated KRAS gene which nsults in the up-regulation of DNA meth yltransferase, 

c yclin D 1. and gastrin 47. 

1.7.2.2 TP53 

Loss of heterozygosity at chromosome 17p and missense mutations in the TP53 tumour 

suppressor gene on the remaining chromosome 17 are found in more than 80% of CRCs and 

represent a late event in the adenoma-carcinomas sequence 2451. Most of these mutations localize 

to exons 5-8 in the TPS3 gene. The gene product is a sequence specific transcriptional activator 

that plays diverse d e s  in the regulation of the ceIl cycle and apoptosis. TP53 acts as a 

checkpoint contml pmtein that detemines cellular fate upon DNA damage and is often referred 

to as the gatekeeper of the genome. TP53 can delay the GlIS transition thus allowing for repair 

of DNA darnage S2. It can altemativeiy trigger apoptosis in response to DNA darnage most 
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pmbably when the lesions are too extensive and DNA repair fails. Loss of TP53 tumour 
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suppressor a&ivity results in cells tolerating DNA damage, which eventually leads to cancer 

formation by giving these cells a growth advantage thmugh the cells inability to eliminate 

darnaged cells by apoptosis. 

1.7.2.3 18q 

Cytogenetic analysis has revealed frequent loss of the long ann of chromosome 18 (18q) in 

colorectal cancer. It is now known that approximately 50% of late adenomas and in 70% of 

CRCs have loss of 18q Several putative TSGs. DCC. SMAD4 and SMAD2 have been mapped 

to l8q2 1 53. DCC is a putative TSG that encodes for a cell surface receptor for the ligand netrin. 

Sevenil lines of evidence have pointed to the importance of DCC in colorectal cancer. First, in 

addition to fnquent loss of L8q in colon cancer, decreased DCC protein has been found in colon 

cancer cell lines. Second, fusion of normal 18q or the DCC gene itself in CRC cell lines 

suppresses tumourigenicity "". Third, decreased DCC protein expression has been associated 

with poor survival in patients with colorectal cancer 56. 

The SMAD genes play an important role in the transforrning growth factor beta (TGF-B) 

signal transduction pathway ". TGF-p is one of the more potent inhibitors of cell growth. 

Tumours can become resistant to TGF-B either by loss of function of one of the two receptors, 

TGF-PRI. TGF-PRII, which interact with the TGF-fl ligand ' or by mutations in other 

downstrearn genes e.g. members of the SMAD family, involved in the signalling cascade. 

Mutational analysis has revealed that SMAD4 and SMAD2 mutations only occur in 16% and 6% 

respectively in primary colorectal cancer 58*'9. SMAD4 is thought to play a late d e  in 

carcinogenesis since metastatic colorectal tumours are more likely to have SMAD4 mutations 

compared with primary tumours ". 



1.8 Microsateliite Instabiiity Pathway 

Approximately 15% of al1 CRCs display high freqwnc y microsatelli te instability (MSI-H) 

(alterations at >40% of the loci tested). Microsatellite instability (MSI), also known as 

replication e m r  (RER), is defined as a change in length of a microsatellite either through an 

insertion or deletion of repeated units within a tumour when compared with normal tissue. 

Mono-, di-. tri-, and tetranucleotide markers cm be used for studying MSI. Tumoun with MSI 

are commonl y diploid and a low percentage of cases display allelic loss 6'. Only 10% of these 

MSI-H CRCs are due to inheriied defective MMR genes. The other 90% of the cases are 

sporadic resulting from the probable suppression by methylation suppression of the pmmoter of 

the hMLHl gene. 

8 . 1  Microsateîlite DNA 

Microsatellite DNA sequences are short tandem-repeats that are randomly distnbuted, 

accounting for approximetely 1% of the human genome ". Typically these tandem sequences 

consist of DNA repeats of six base pairs or fewer and the total length of the stretch is less than 

100 base pairs. In humans, the most common repeat sequences are (A)J('ï). and (CA)J(GT),,, 

which arc chamcteristicatty located w i t h  nm-fodmg DNA sequences. The polymorphisms 

seen in microsatellites are unique to the individual and thus can serve a role in forensics through 

DNA fingerprinting. 

1.8.2 Criteria for Determinhg Mic1~)~8teUite Instabiiity 

In 1997, T h e  International Workshop on Microsatellite Instability and RER Phenotypes in 

Cancer Detection and Familial Redisposi tion" proposed a panel of five microsatellite rnarkea to 
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be used in MSI analysis '. For the purpose of providing unifonnity, two mononucleotide repeats 
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(BAT25 and BAT26) and three dinucleotide repeats ~ 2 ~ 1 2 3 ,  D5S346, and D17S250) were 

recommended. Using this reference panel, tumours having instability in two or more markers are 

defined as MSI-H (high instability), tumours having instability in one marker requires further 

testing with up to five additional marken (BAT-40, BAT-RII, D18S58, D18S69, and D l7S787) 

are screened. If ~40% of al1 markers exhibit MSI, the tumour is defined as MSI-L (Iow 

instability), and tumours where none of the markers exhibit MSI are defined as MSS 

(microsatellite stable). 

The mononucleotide marker BAT26 has some advantages over other markers in MSI 

analysis. It is extremely sensitive and shows negligible size variation between both alleles 

within one individual and between different individuals ". Several studies support the use of 

BAT26 on tumour DNA alone. without matching normal DNA 63.64.67 . Ho!rever, a germline 

65.68 polymorphism in the BAT26 locus has k e n  detected , although rare, emphasizing the need 

for the matching normal DNA to avoid misclassification. Instability at this marker is only 

informative when alleles are shifted more than 3 base pairs. 

MSI-H colorectal cancer appears to follow a different path from MSS. MSI tumoua 

show infiequent LOH, infrequent KRAS and TPS3 mutations whereas; MSS tumours frequently 

show mutations of these genes and tosses of 5q, 17p, 18q 6934. The rnethylation of gmes is 

becorning recognized as a method of inactivation and suppression of genes thought to be 

important in tumourigenesis. This mechanism of methylation needs to be elucidated to further 

our understanding of the etiology and pathogenesis of colorectal carcinomas m. 

8 Hereàitary Non-Polyposis Colorectal Cancer (HNPCC) 
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HNPCC is the second most cornmon inherited form of colorectal cancer accounting for 
LL- - -3- 

approx~mately 24% of al1 colorec&l cancer in-ihe Western world. Individuais afflicted with 

disease present with cancer ot a mean age of 45 and have first-âegree relatives with colorectal 

cancer, HNPCC or other varïants. These patients also have a better long-term prognosis and have 

a lower prevalence of metastatic lesions at the time of diagnosis. HNPCC is a cancer syndrome 

and therefore predisposes afflicted individuals to other cancers such as endometrial, gastric, 

rénal, ureteral, and ovarian cancer. The hallmark of this disease is a defect in the DNA mismatch 

repair system. The DNA of patients with HNPCC has a typical phenotype known as 

microsatellite instability. The frequency of MSI in HNPCC is >90% while it is only about 15% 

in sporadic colon cancer 63. There appears to be a global instability in the replication and repair 

of microsatellites thmughout the genome. Instability of these microsatellites in the coding region 

of key genes (oncogenes and suppressor genes) can in theory predispose cells to tumourigenesis. 

The link showing the involvement of MMR genes in HNPCC was shown with the 

discovery of the MSH2 gene in HNPCC kindreds. It is now believed that six MMR genes 

(hMSH2, hMLHI, hMSH3, hMSH6, hPMSI, and hPMS2) are important in HNPCC. hMSH2 and 

h m 1  play prominent roles in this synctrome. A high prevalence of mutations in hMSH2 

(50%) and hMLHl (30%) has been detected in these individuds. Usually, these individuals only 

possess a mutation in one of the MMR alkles retaining the m a l  allele. This i s  sufficient for 

the daily operation of the MMR system. It is when the remaining normal allele is altered that 

tumour formation is initiated through the subsequent mutations that inevitably occur. The end 

result is the p a t e r  accumulation of mutations in other key regulatory cell cycle control genes 

(KRAS, TP53, TGFBRII) that accelerate tumour progression. Thus, the mutations in the MMR 

genes promote a positive feedback loop that enhances this h ypermutabili ty. 
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Approximately 20% of HNPCC cases lack identifiable mutation in MMR genes 7' 
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suggesting either that there a& mutations in other possible MMR-related genes can predispose to 

the development of tumour with MSI '* or that the sensitivity of the currently utilized methods 

for mutation detection is not precise enough to reveal the remaining aberrations in these patients. 

Table 1.8.3-1. Human mismatch repair genes. 

MMR Gene Chromosomal Location Length Protein Size 

hMSH2 2~15-16 16 exons 106 kD 
hMLH1 3p21 19 exons 85 kD 
hMSH3 5q11-12 24 exons 160 kD 
M S H ~  2 ~ 1 6  160 rn 
hPMS2 7q22 1 Sexons 96 kD 
hPMS 1 2q3 1-33 

laSm4 Microsatellite Instability in Colore~tal Cancer 

Microsatellite instability is found in more than 90% of hereditary non-pol yposis colorectal 

cancer, but it is also seen in approximately 15% of sporadic colon cancers 75. The 

presence of MSI is thought to occur very early in carcinogenesis. This phenotype is present in 

ACF, which are microscopie lesions that have been postulated to precede the development of 

adenomas and are considered the earliest premalignant lesions in colon cancer '"*'*'? Whether 

the mutational events of the genes, APC, KRAS, and TP53 are specific for tumours of a particular 

MSI status, is unsettled (Table 1.8.4-2). 

Tabk 1.8.4-2. Mutation fiequencies of target genes in the adenoma to carcinonta sequence. 

Gene MSI-H CRCs MSS CRCs Reference 

APC 21% 43% M.76 

K M S  7% 22-3 1 % n,ta 

TP53 040% 33067% 49.77.78 
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It has been debated when 
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appears. It may be an early event 

carcinoma boundary "". They al1 
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during the adenoma to carcinoma sequence MSI actually 
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{SHIBATAZ@~). after M C  mutation, or at the adenoma- 

may be correct depending on the type of colorectal cancer. 

Konishi et al., (19%) found that in HNPCC patients. MSI is an early event and in sporadic cases, 

MSI is an event in the later stages of tumourigenesis ". Stoler et al.. (1999) thmugh their 

investigations revealed that MSI is not a late event but also occun early (evidence for genomic 

instability as a cause rather than an effect), even in sporadic tumours S2. 

1.83 Microsatellite Instability in Hereàitary Non-Polyposis Colorectal 
Carcinomas 

Abwt 10% of al1 MSI-H CRCs are due to inhented defects in MMR genes and this accounts for 

70% of the autosomal dominant cancer syndrome HNPCC 83. The majonty of gcnnline 

mutations responsible for this disease are present in hMSH2 and hMLHl and only rarely in 

hPMS2 and hMSH6 Most studies focus on detecting aberrant hMSH2 and hMLHl using 

standad mutation methods but this is inefficient. However the use of hMSH2 and hMLHl 

irnmunohistochemistry has ken shown to be an efficient alternative ". 

In hereditary cases, the gene mutations are present in the germline, and thus are present in 

every celt in the body. These genetic defects are passed h m  genention to generation resulting 

in a higher frequency of cancers in these families. Due to this preâisposition, kindreds of 

patients with hereditary colorectal syndromes should be screened for germline mutations in the 

MMR genes as a measure of early detection. 



Tabk 1.83-3. Mutation pequencies of genes in hereditary and sporadic cases of colorectal cancers. 

---A- - - - 

G e -  Repeat ~ e d i t a r y  CRCs Sporadic CRCs 

TGFWl (Ah0 78.83% 82-90% 
IGF2R ( (38 13% 9% 
BAX ( (38  52-5596 13-50% 
hMSH3 ( 4 8  50-5876 3 9 4 %  
hMSH6 (ch 33% 28-36% 

1 8 6  Microsatellite Instability in Sporadic Dis- 

The remaining cases of MSI-H CRCs are sporadic accounting for approximately 13-15% of al1 

CRCs. In sporadic cases of cancer, gene mutations are induced by exposure to carcinogens and 

gene silencing due to epigenetic mechanisms. The defect occurs in a somatic cell, and will only 

be passed on to this cell's descendants. This is a stochastic event and therefore the frequency of 

cancer in these families is not increased. In addition to HNPCC, defects in MMR have been 

associated with sporadic colorectal, endomeaial, and gastric carcinomas. Unlike the HMCC 

cases, the majority of these sporadic carcinomas do not have identifiable mutations in either 

hMUIl or hMSH2, but rather epigenetic transcriptional silencing has k e n  linked to their MSI 

phenotype. Muil methylation is usually responsible for the majonty of instability seen in 

87-89 sporadic cancers . 

1.8.7 DNA Mismstch Repair 

The DNA mismatch repair system is known to play two major d e s  in the cell. First, it repaits 

emrs made during DNA replication, or as a result of some environmental insult to the DNA or 

its precursors. Second, it is involved in the processing of recombination intemediates to yield 

new configurations of genetic markers 83. DNA mismatch repair genes encode for enzymes that 

survey the newly replicated DNA for emrs and repairs al1 mismatched bases. Defects in MMR 

genes result in replication emrs and genetic instability 90. 



This highly efficient mismatch repair system can adcùess heteroduplexes containing 
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extrahelical nucleotides 9'. It is extremely important especially in humans for this system to be 

intact due to the presence of numerous tracts of repeated nucleotide motifs in our genome. 

Mismatches occur during DNA replication at mononucleotide repeats when the primer and 

template strands slip relative to one another. The result is either an insertion if the primer strand 

slips back, or a deletion if the primer (nascent) slips forward ". 

A-A-A-A-A-A-A- Template Strand 

T-T-T-T-T-T-T-T Nasccnt Strand 

primer slip 

A 
A-A A-A-A-A 

T-T-T-T-T-T-T 

b l e t i o n  remnt m i t  i 
A-A- A- A- A- A- A 
T-T-T-T-T-T-T 

A-A-A-A-A-A-A 
T-T T-T-T-T-T 

T-T-T-T-T-T-T-T-T 

Figure 1.0.7-3. Consequences of slippriges in DNA replication with deficient mismatclr repair. 

A malfunctioning mismatch repair system would result in the transmission of the resulting 

insertionldeletion loops (IDLs) that result in frameshift mutations. When a subset of MMR 

genes are mutated in tumour cells, it is suggested that these cells acquire a selective growth 

advantage 92. 

The human mismatch repair machinery is cornplex. Mismatches and insertionldeletion 

lwps (DLs) are recognized by MutS homologs, hMutSa and hMutSp. Both of these homologs 

contain hMSH2, which heterodimerizes with hMSH6 (GTBP) in hMutSa 93*94 or with hMSH3 in 

hMutSP 959%. Studies have shown that hMutSa preferentially recognizes single base mismatches 

and lwps of 1 base, whereas recognition of IDLs containing 2 to 8 base pairs are primarily 
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mediated by hMutSP "*'". There appears to be some redundancy in the function of the MutS 
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homologs in that they both can recognize IDLs of 1 base 99*'W. The MutL homolog consisting of 

hMLHl and hPMS2 'O' binds the MutS heterodimers that are bound to mismatched DNA. In 

yeast, mlhl can form complexes with two other MutL homologs, MM2 and MLH3 102.103, n, 

mammalian homolog of the yeast MLH3 has been cloned and the microsatellite instability 

associated with expression of a dominant-negative MLH3 protein is consistent with its role in 

M m  102 . The predicted hMLH1 interaction domain indicates that hMLH3 might replace hPMS2 

in the mismatch repair complex. Very few gemline or somatic mutations have been found in 

hPMS2, and hPMS2-1- mice do not display colon cancer suscepti bi lity 104n105. However, MILH3 

might have a unique role in mismatch repair, since it does not show great similarity to hPMS2. 

Raschle et al., (1999) & Leung et al., (2000) have also identified another complex (hMutLp) 

formed by hMLHl and ~ P M S I ' ~ ~ ~ ' ~ ~ .  Research shows that there is redundancy in DNA repair 

functions within the cell. Therefore, it may be required that more than one MMR gene must be 

inactivated to in order to observe high frequency microsateliite instability 'O8. 

Figure 1.8.74 Schematic of the MutL and MutS homologs in the hrrman mismatcli repair system. Tlte MwSa 
heterodimers recognizes one mispairs and small !Dis, whereas the MutS$lreterodimers recognires the larger !DL. 
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Umar suggest that since hMSH2 interacts with replication 
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step preceding DNA resykhesis, the termini of the Okazaki 
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processivity factor PCNA at a 

fragments might be used to 

detemiine strand specificity 'O9. It could be the result of interactions between hMSH2 and PCNA 

or it could be the use of termini of Okazaki fragment as a strand discrimination signal '? A 

novel DNA misrnatch repair p n e  M B W ,  aiso known as MEDI, has recently been cloned "O, 

and was proposed to be a functional homolog of MutH. It forms a complex with hMLH1, 

binding to only methylated-Cpû containing DNA, thus suggesting a possible role as a mediator 

of methylation-based strand-specificity in eukaryotic rnismatch repair "O. 

Proliferating cell nuclear antigen (PCNA) encircles DNA and tethers DNA polymerase to 

the template during DNA replication. It has been speculated that the PCNA interaction might 

allow the MMR machinery to use the position of the replication compiex to determine which 

strand should serve as a template dunng repair Il', or might trîgger invola:ement of the 3' to 5' 

exonuclease acti vi ties of the DNA p l  ymerases in rnismatch removal '2v'13. It has k e n  

postulated that PCNA guides the MMR complexes to free termini in newly replicated DNA 

ll4.IIJ 

The human mismatch repair system has been linked directly to signaling to DNA 

damage-induced apoptotic response. A "h ydrol ysis-inde penden t sliding clamp" (SC) has been 

proposed by Rshel et at.(unpublished work). In the SC modei. the MMR proteins are signaling 

molecules that are direct sensors that promote DNA repair or incite apoptosis. Using ADP-ATP 

nucleotide exchange, the ADP bound MutS heterodimen bind the DNA. The bound ADP 

becomes ATP. which transfomis the structure of MutS so that it fonns a clamp amund the DNA. 

Multiple signaling clamps bind near the mismatch, to a reach a threshold number, which may 

explain the functional redundancy seen in the MutS heterodimen, Mutsa, and MutSP. If the 

MMR proteins do in fact act as direct sensors to downstream effectors of apoptosis signaling, 



then the need for a p53 nsponse is eliminated. Thus, the selection of these mismatch deficient 
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cells is based on theirLresistance to DNA damage-induced apoptosis. 

1 9  AlternativePathways 

The adenoma-carcinoma sequence may not be the only feasible pathway for the progression of 

CRCs. It is possible that cells acquire al1 the genetic mutations necessary for rnalignant 

behaviour without foming a visible adenornatous p l  yp ' "J ". This also suggests that genomic 

instability is an early event in the multi-step process of carcinogenesis that occun in a pre- 

neoplastic lesion. Studies have shown that MSI-H adenornas and carcinomas have similar 

degrees of genetic diversity 32 and equally long periods of progression have been proposed ' l a .  

Adenornas may anse after long periods of occult progression rather than simply king the 

starting point for carcinomas ' 18.  

1.9.1 CpG Island Methylator Phenotype 

A phenotype described by widespread gene methylation has been defined as the CpG island 

rnethylator phenotype (CIMP) 'O. It was postulated by Toyota et al., (1999) that colorectal 

cancers could be better classified according to their CIMP status rather than according to MSI or 

LOH status. The h ypennethylation of CpG islands within promoter regions leads to silencing of 

gene expression in the absence of coding region mutations 'O. CpG islands are short sequences 

nch in the CpG dinucleotide and can be found in the 5' region of about half of al1 human genes. 

Methylated CpGs are recognized by proteins that recmit histone deacetylases, leading to stable 

transcriptional repression Il9. This is most commonly seen in physiological conditions such as X 

chromosome inactivation and genomic impnnting '? Aberrant rneth y lation of CpG islands has 
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also k e n  detected in genetic diseases such as the Fragile X syndrome, in aging cells 121.122, , and 
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in cancer lu. 

There is global hypomethylation in benign adenomas and malignant colon cancers 

compared to in normal tissues 124. This global hypornethylation occun in the setting of localized 

hypermethylation '? Hypetmethylation has been proposed as a mechanism leading to the 

inactivation of tumour suppmssor genes. The causes for abemnt methylation are unclear. Aging 

could play a role in this process since the majority of CpG islands methylated in colon cancer 

have been shown to be methylated in a subset of normal colonic cells during the aging process 

1 22 

Approximately half of the tumour suppressor genes that have ken  shown to have gem- 

line mutations in familial cancers are aberrantly methylated in sporadic cancers ". Aberrant 

methylation of TSGs, RB, VHL, p 16, MLHl , and BRCA 1 have ken rrported 12? Methylation 

of hMLHI, as weil as I N K ~ A ~ ' ~  has ken  observed in 2845% of colon tumours 127,128 . 
It is still unclear where methylation lies in the sequence of tumourigenesis ". There is 

evidence that suggests CIMP precedes methylation of hMLH1. Fint, CIMP is detected in 

approximately half of al1 colonic adenomas but not al1 of these tumours have hMLHl 

methylation, and MSI is rarely seen. Second, CIMP is not simply caused by MMR defects 

ôecause MSI is absemt m more than haIf of t h e C W +  cases. hr sporadic CRCs, the majority of 

cases with MSI may be caused by CIMP followed by methylation of hMLHl and other MMR 

genes. 

However, based on the evidence by Esteller et al.. (2000), in their research in promoter 

methylation of various genes (p16"Kh, pl~"K4b, p14mF, p73, APC, BRCAI, hMLH1, GSTPl, 

MGMT, CDHI, TIMP3, and DAPK) in 15 different tumour types, they suggest that methylation 

is a cornmon event and is present in al1 tumour types. This would imply that methylation is not 



predictive of a particular tumour phenotype (CIMP) and thus could not be used to categorize 
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tumours regardless of MSI status 

1.10 Replication Errors 

Spontaneous point mutations in mammalian cells emerge as a function of time rather than as a 

function of the number of cellular division cycles '29. DNA replication is strictly regulated and 

produces <l error per 10'' nucleotides synthesized 'y The fidelity of base insertion by 

replication polyrnerases is less effective, making one mistake for every 104 to 106 nucleotides 

incorporated. The overall fidelity is attained through the combined effort of DNA polymerase 

pmfreading and further editing by the pst-replication mismatch repair system 

DNA synthetic emrs are initiated by one of two very different events: insertion of an 

incorrect deoxyribonucleoside monophosphate or template-primer slippage. Misinsertion results 

in a base substitution mutation whereas deletion and addition errors can result from template- 

primer slippage during pl ymerization. Mutations observed both in rnicmsatelli tes and in genes 

are consistent with errors due to slippage by DNA polymerase during the course of DNA 

synthesis. This is seen in MSI-H cancers as described above. 

The driving force for mutation accumulation is the production of alterations in nucleotide 

sequence that exceeds the cellular capacity for repair. Alternativety, the rate of DNA repair can 

be reduced, which leads to persistent darnage that causes mutations during subsequent rounds of 

replication. Acting as another positive feedback regulator for the emergence of a mutator 

phenotype, DNA polyrnerases may be targeted directly for mutation or indirectly by mutating a 

molecular switch, that causes the ce11 to use a less accurate polymerase (pol a) over a more 

accurate one ')'. Thus, polymerase alpha performs a pa t e r  amount of replication, the chances 

of acquinng replication errors increases. Through evaluating the sequence of polymerase a 



(GI35567) a pol yadenine 
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therefore presenting itself 
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repeat (Ah at nucleotiàe position the 3167 to 3174 was revealed, 
-- - - L 

as a target in MSI cancers. Nso. it has ken found that a specific 

mutation in the DNA polymerase epsilon causes +1 frameshift mutations in yeast, a mutational 

event seen typically in MSI-H tumoun It seerns likely that performing a mutational analysis 

of polymerase genes in specific cancer cells may elucidate the presence of emr-prone DNA 

polymerases. The observance that DNA polymerase B is mutated in 5 of 6 cases of colon cancer 

is evidence of this speculation '33. Additionally, mutations in DNA polymerase delta are present 

in colon cancer ceIl lines, further contributing to the accumulation of mutations in these cancers 

by compromising the fidelity of DNA replication '". 

Mononucleotide repeats are slippery sequences for DNA replication and for transcription 135,136 

It could be predicted that evolution would select against long stretches of adenines within protein 

coding sequences '". It is hypothesized that nature selects against long stretches of 

mononucleotide tracts in protein-coding sequences to avoid the possible propagation of an 

aberrant insertioddeletion. In one study, 150 Lys-Lys-Lys motifs in 128 human proteins from 

the SWTSS-PROT database were analyzed. It was found that the observed frequency (0.020) was 

much less than the predicted frequenc y of (0.067) tinding the tnpte lysine repeat. Evolution has 

elected to avoid long stretches of adenines as a means to code for Lys-Lys-Lys 

1.10*2 Somatic Genetic Targets of MSI CRCs 

1.10.2* 1 TGF-fl Pathwciy 

Typically, MSI-positive tumours acquire somatic deletions and insertions in simple repeated 

sequences. Several genes invol ved in tumourigenesis contain mononuc leotide repeats in their 
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coding wons.  One such gene is the Trumfonning Growth Factor-fl Receptor type II gene 
==%AL - - 

(TGF-/%Ur). TGF-p is a potent inhibitor of colonic epithelial cell growth '. About 90% of the 

DNA mismatch repair-deficient colorectal carcinomas display mutations in the poly-A tract and 

a short GT repeat present in the coding sequence of the TGF-fl RII gene 1*138-1a. Also somatic 

deletions have been seen in the Insulin-like Growth Factor Recepr  type II (IGFIIR) (1 3%) *. 
IGFIIR is required for the extracellular activation of TGF-fl and targeting of IGF by 

microsatellite instabi lity may represent another step at which disniption of the TGF-fi growth 

control pathway occun. 

l.la2.2 APC/,Catenin/TCF Pathway 

As mentioned above, APC is termed the gatekeeper of colonic epitheli um. Gennline mutations of 

this gene mult in FAP and somatic mutations (-80% of sporadic CRCs) also appear to be 

responsible for the initiation of colorectal cancers in the general population 48*'41. The APC 

protein interacts with GSK3-8 and AIUN to form a complex that is essential in downregulating 

B-Catenin '42v'43*'". APC mutations lead to the accumulation of intracellular 8-Catenin, which 

results in increased transcription at the TCFLEF promoter leading to the up-regulation of genes 

such as C-MYC, CYCLIN DI and other essential genes. In colorectal cancers, mutations in the 

mgulatory regions of the p-Catenin gene (CTNNBI) have been found exclusively in 

approximately 50% of colorectal tumours without APC mutations. Recently Liu et al., have 

shown AXIN2 mutations in MSI CRCs (1 1 of 45) with intact APC protein and without CTNNBl 

mutations '". Thus, these mutations are mutually exclusive in CRCs. Frameshift mutations have 

also been described in the (Ab tract of the TCF4 gene. 40% of the MSI CRCs exhibited 

mutations distal to the functional domains, in a region that encodes for altematively spliced 



transcripts. Therefote, the hinctional consequence of these mutations remains unclear. 
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Ubiquitination 

Figure 1.10.23-5. Schematic of Wnt signalling pathway. 

1 .lO.2.3 DNA MMR genes 

Moreover, the mismatch repair genes hMSH3 and hMSH6 frequently show somatic deletions 

'"{ 1 ). Accumulation of somatic mutations in these mismatch repair genes is believed to provide 

a positive feedback loop such that these tumours cm enhance their own phenotype. The target 

for mutations in W S X 3  is an (A)8 q a t ,  whereas hMSH6 has a (C)8 repeat. Both genes have 



- - 3 1 

confinned d e s  in human mismatch repair, and ged ine  hMSH6 mutations are associated with a 
- + A -  L - -  

minor subset of &C cases 147-149. The recently identified MEDl (MBW) gene is thought to 

be a homolog of the MMR genes and is mutated at the (A)io in 10 of 23 (43%) MSI CRCs and 

cell lines tested "O. 

1.10.2.4 m e r  Genes 

In the quest to find other relevant genes in MSI tumourigenesis, somatic mutations in other genes 

containing mononucleotide repeats have been identified. These genes include: BAX, an apoptosis 

regulator, PTEN, RIZ, caspuse 5, and hRAD50. 

BAX is a proapoptotic gene that is mutated with some specificity in MSI CRCs. 

Appmximately 50% of al1 MSI CRCs have acquirrd a frameshift mutation due to 

inseitioddeletion at the (G)8 repeat in the coding region of BAX. Fewer mutations exist in the 

caspase 5 gene that contains a (A)s. 

PTEN is a phosphatase and tensin homologue deleted from chromosome 10. PTEN is 

also known as MMACI, mutated in multiple advanced cancers or TEPI, (TGF-p regulated and 

epithelial cell-enriched phosphatase 1). PTEN degrades phosphatidylinositol (3-4,s)-triphosphate 

[RdIns(3,4,5)P3], which is a regulator of PKB/Akt. The loss of PTW indirectly regulates PKB 

through the accumulation of Ptdhs(3,4,5)P3 '? FEN interacts directly with focal adhesion 

kinase (FM) and rescues its tyrosine phosphorylation. Expression of PTEN was shown to 

inhibit cell migration, integrin-mediated cell spreading, and formations of focal adhesion ls1. 

Thus, the loss of PTEN could enable the cell take on rnalignant characteristics such as 

metastasis. This gene has been found to be mutated at the (A)a and (AI8 repetitive tracts in 19% 

of CRCs and cell lines with MSI. 



(Ab and (Ab mutations of the Retinoblastoma Rotein-Binding Zinc Finger (RIZ) gene 
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was identified in 259638 46 of MSI CRCS of MSÏ CRCS. most of these mutations wen 

found to be heterozygous. Mutations in the (Ab tract in the hRAD.50 gene was seen in 13 of 39 

MSI colon cancers"'. hRAD5O forms a complex with hMREll and MBSl and functions in 

homologous recombination, activation of ce11 cycle checkpoint, nonhomologous end joining, 

meiotic recombination and telomere maintenance 156.157 . 
The relative importance of these frarneshift mutations is relatively unknown. The 

presence of mutations in these genes does not establish a role in colorectal carcinogenesis. The 

National Cancer Institute workshop on microsatellite instabi lity made the following 

recornrnendations for establishing the role of exonic microsatellite mutations 

1) a high frequency of inactivation in MSI-H cancer; 

2) biallelic inactivation by simultaneous alteration of the other allele's repeat tract . point 

mutation, or loss; 

3) involvement of the target gene in a bona fide growth suppressor pathway; 

4) inactivation of the same gene, or another gene within the same pathway; and 

5) functional suppressor studies in in vitro or in vivo models. 

To date, TGF-@UI is the only candidate gene to fulfil most of these requirements. 

The majonty of colorectal cancers follow the chromosomaî instabi ti ty pathway towards 

tumoungenesis, and the several genetic targets have been identified at the various stages of 

progression. However, in the smaller subset of tumours wi th rnicrosatelli te instability, the 

pm&ression of the tumours may àiffer within individuals since countless genes are affected by 

the deficient rnismatch repair system. With only one identified gene (TGF-/%II) with a definite 

role in MSI pathogenesis, exhaustive searches are required to identify additional progression 

targets to further Our understanding of this pathway. 



1. To identify apoptosis regulatory genes with polyadenine repeats and characterize their 

mutation frequencies against a panel of high frequency microsatellite instability (MSI-H) 

primary colorectai cancers as well in a panel of colon cancer ce11 lines (Chapter Two). 

2. To develop, in collaboration, a bioinformatics approach to systematically identify genes 

containing a specific sequence in the coding region of the human genome from annotated 

human sequences (Chapter Three) 

3. To utilize this bioinformatics approach to investigate codon usage and codon bias in the 

human genome (Chapter Three). 

4. To implement this bioinformatics approach to identify genes with polyadenine repeats that 

have functional si pi ficance in cell cycle control and to characterize mutation freqwncies 

of the selected genes against the same panel of samples listed in Aim 1 (Chapter Four). 
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Chapter Two 
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Apoptotic Regulatory Genes in CoIorectal Carcinomas wi th Microsatellite Instability 

2.1. Background 

Apoptosis is critical for tissue morphogenesis, homeostasis, development of immunity, host 

defense mechanisms, and elimination of damaged and potentiall y neoplastic cells "*. Defective 

apoptosis may cause or exacerbate a variety of human diseases, including Alzheimer's, 

Huntington's Chorea. autoimmune diseases, and cancer Is9. A major fonn of human cancer is 

the epithelial derived carcinomas. They normal l y undergo apoptosis when the y detach from their 

sumunding substrates and when they are subjected to cellular insults. Therefore, suppression of 

apoptosis can be an important mechanism in promoting carcinoma development '6q 

In MSI-H cancers. de~gulation of apoptosis would seem to be particularly important in 

order to tolente the abundance of mutations that are acquired in association with the profound 

defect in DNA repair. Several genes with roles in the apoptotic pathway are mutated specifically 

in cancers that display microsatellite instability. The pro-apoptotic gene BAX, is one such 

example. Bax belongs to the Bcl-2 family of proteins and is a key player in apoptosis. 

Prograrnmed cell death is promoted by Bax-induced formation of ion-permeable channels that 

disrupt the mitochonàrial membrane barrier "'. Bax also contributes to the apoptotic response by 

binding to antiapoptotic proteins of the Bcl-2 family via its BH3 domain to inhibit their function 

Ib2. More than half of gastrointestinal MSI-H tumours contain BAY mutations, whereas these 

mutations are rarely found in MSS tumours. Bax and Bcl-2 are antagonists and their interactions 

regulate apoptosis and other apoptotic stimuli within a ce11 163. 

BAX mutations are found in approximately 50% of MSI-H CRCs 3.35.77.164-IF ou, 

mutational analysis in a panel of young patients with MSI-H CRCs concurs with the published 

findings. These inactivating mutations occur at a hotspot, (GI8 in the coding sequence of BAX 
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and may explain the lack of p53 mutations in MSI-H CRCs. The exact mechanism of p53- 
- --. --. % -  

mediated apoptosis is largely unknown. Bax is mostlikely involved and through the disruption 

of the mitochondrial membrane, it releases cytochrome c. Cytochrome c activates the Apaf-1 

protein, which in tum activates the enzyme procaspase 9. APAF-l also has a mononucleotide 

tract within its coding ngion and is likely to be a target for inactivation in MSI-H cancers. 

Although the functional significance is uncertain, APAF-1 has ken described to have somatic 

frameshift mutations at an (Ab repeat albeit in small number (4/30, 13%) of MSI-H CRCs 16'. 

Earlier this year, Soengas et al. established that APAF-l is inactivated in metastatic melanomas, 

which lead to defects in the execution of apoptosis. Interestingly, they found that APAF-I was 

inactivated through an epigenetic mechanism that silences the gene through methylation 

probably at an enhancer or insulator region of the APAF-l gene '19. Consequences of APAF-I 

mutations nsult in its inability to heterodimerize with caspase 9 through their respective CARDs 

(Caspase Recruitment Domain) and subsequent downstream signalling to the effector cnspase 

(caspase 3) is obliterated '". 
Caspases are r farnily of cysteine proteases that selectively cleave protein substrates 

involved in maintaining genomic integrity, thereby assuring the orderly execution of apoptosis 

'". Initiator caspases. 8 & 9, initiate the proteolytic cascade leading to the cascade of cleavage 

and activation of downstream caspases 3&6; these (downstreamlexecution) cleave sdected target 

proteins. Caspases disable normal DNA repair processes in order to prevent counterproductive 

events fmm occumng simultaneously. This is achieved by inactivating et least two key proteins 

involved in the homeostatic maintenance of genomic integrity; PARP (poly(ADP-ribose) 

pol ymerase), and DNA-PK "O. Caspase 3 is responsible for cleaving the above two proteins as 

well as ATM; the gene mutated in Ataxia Telangiectasia, RADSI; the recombination homolog, 

and BLM; the gene defective in Bloom's Syndrome "' . 
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MSI-H tumourigenesis requires 
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of the deregdation of these downstream apoptotic genes in 
A Ad 

scanning the coding sequences for hypennutable repetitive 

sequences. The catalytic subunit of DNA-PK contains two such repeats, an (A)lo and an (A)8, and 

BLM. an (Ab. ATM, DNA-PK, and ATR (Ataxia Telangiectasia and Rad3-related gene), that 

contains an (Ab tract in its protein encoding sequence al1 belong to the PI3-kinase family. 

Members of this family mediate phosphorylation of protein substrates, and are implicated in 

DNA darnage sensing pathways, DNA repair, and cell cycle control 17* { FLAGGS 1997 ). With 

the exception of BLM that has been found to be mutated in 2 of L I  MSI-H gastrointestinal 

tumoua, DNA-PK and ATR have not yet been implicated in MSI-H cancers. 

Earl y in the initiation of this pmject, BCLlO (B-cell CLUlymphoma 10) was cloned and 

described as a cancer-associated gene with pro-apoptotic activity. BCLlO encodes a protein that 

possesses at least two important functional domains, an amino-terminal CARD involved in NF- 

KB activation, and a carboxy-terminal non-CARD domain involved in activation of caspase-9 '''- 
ln. Ruland et al., (2001) showed that one-third of BcllO -/- mouse embryos developed 

exencephaly, leading to embryonic lethality. The surviving BcllO -/- mice were severely 

immunodefïcient and interestingly, Bcl l&' cells retained susceptibility to various apoptotic 

stimuli in vivo and in vitro '". While wildtype BCLlO supptesses transformation, mutant fonns 

of BCLZO identified in gastric MALT lpphomas !ose this property, and often acquire gain-of- 

function transforming activity '73*'n. In addition to its involvement in MALT lyrnphomas, 

BCLlO was also reported to be mutated in a variety of human neoplasms, including colorectal 

carcinoma 177.179,1%0 . Pmmpted by the identification of a single base frarneshift mutation in the 

(A)s in a cell line with known mismatch repair deficiency ln, we decided to explore the 

possibility of selective mutations in the two repetitive tracts, (A)8 and (Tb in BCLIO. 



Another reported apoptotic ngulatory gene with mutations in coding repetitive tracts is 
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caspuse 5 la, whkh is mutated in%2%-of MSI-H CRCs. This is an extrernely high mutation 

frequency that has not been investigated by other groups as of yet. 

Mutations may involve a host of other genes nlated to apoptosis regulation. The 

presence of hypermutable repetitive DNA sequences in these genes makes them highly 

susceptible to mutation in MSI-H CRCs. We screened several of these apoptosis regulatory 

genes (BAX, DNAPK, AAR, APAF-2, BLM and BCLIO) for frameshi ft mutations present at their 

polyadenine repeats. We have found that the need to de~gulate the apoptotic pathway in MSI-H 

tumoun is substantiated by somatic frameshift mutation of at least one of the apoptosis 

regulatory genes in 65% of our panel of young MSI-H CRC patients. 

2.2. Material and Methds 

2.2.1. Tissue Samples 

All of the DNA samples used in this project were obtained from patients (do years of age) with 

resected colorectal carcinomas that werr identified through the Ontario Cancer Registry as part 

of an ongoing population-based study "'. Paraffin embedded tissue samples were obtained from 

the respective treating hospitals. A blinded histopathological review of each case was perfomed 

to locate regions of high neoplastic cetlularity (>~WO). Tissue h m  these regions was 

microdissected and DNA was extracted as described pnviously Ia2. Briefly, tissue was scraped 

h m  2-3 unstained IO-pm slides into 50-100 pl of lysis buffer [10 mM Tris-Cl, pH 7. 100 m~ 

KCI, 2.5 mM MgC12 and 0.45% Tween 201. Following a 10-minute incubation at 9S°C, the 

tissue samples were subjected to proteinase K (20 mgtml, 15-35 pl) digestion ovemight at 6S°C. 

2.2.2 Cell tines 
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Initially this project started with a total of 13 colorectal carcinoma cell lines, which were 
- & -  - - -  A &  - 

obtained from the Amencan Type Culture collection (Manassas, VA), including 6 MSI-H cell 

lines (SW48, LS174, LS411, LoVo, HCT-116, and DLD-1) and 7 microsatellite stable (MSS) 

cell lines (HT-29, SW480, SW620, SW837, Colo320HSR, LS5 13 and LS 1034). In addition, one 

MSI-H endometnal cell line (HECIA) was included in our panel. As the course of the project 

pmgressed, additional cell lines were added to our panel. HCT-8, an MSI-H colorectal cell line 

and several MSS cell lines (SW403, SW948, SW1116, SW1417, LS123, LS1034, SKCO-1, 

Colo201, CaCO-2, and T84). DNA was extracted from the cell lines using DNeasy Tissue Kit 

(Qiagen, Mississauga, ON), according to the manufacturer's instructions. 

2.2.3 Microsatellite InstabiUty Testing. 

Microsatellite instability (MSI) was tested in the primvy colorectal carcinomas by PCR of at 

least 5 of the reference panel loci outlined in the National Cancer Institute Workshop on 

Microsatellite Instability Is3. Colorectal cancers were desipated as MSI-H if two or more of the 

mononucleotideldinucleotide repeat markets had MSI, and MSS if none displayed MSI. If only 

one of the markers revealed MSI, then up to five additional reference panel loci were tested to 

determine if the case was MSI-H (240% of loci having MSI) or had low frequency microsatellite 

instability (MSI-L; 130 % of loci having MSI). The loci used in our study were BAT-25, BAT- 

26, D2S 123, DSS346, D17S250, BAT-40, BAT-RII, D18S58, D18S69, and D17S787, with PCR 

conditions as described previously '"'". The overall results of the MSI testing in the series of 

primary colorectal cancers have been published previously lB1. 

2.2.4 BAT-26 Analysis of Cell Lhes 
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The MSI status of the colorectal carcinoma ce11 lines was confinned by PCR analysis of the 
- - 

- BAT%IOCUS due to the high sensitivity of this marker. Rimen for BAT-26 have b e n  

previously published and are as follows: Fonuard, 5'-TGACTACTTITGAC'ITCAGCC-3', and 

Reverse,S'-AACCA'ITCAACATI??TAACCC-3'. 1p1 of genomic DNA extracted from the ceIl 

lines was combined with 1Ox PCR buffer, 4.5mM MgC12, 0.4 rnM deoxynucleotide 

triphosphates, 0.6 p M  of each the forward and reverse primers with 1 unit of Taq Polymerase 

(Life Technologies, Gibco BRL, Burlington, ON) in a IS 21 PCR volume. PCR cycling 

conditions were 2 minutes at 94*C, followed by 35 cycles of 15 seconds at 94OC, 15 seconds at 

the annealing temperature of 56OC followed by 20 seconds at 72OC (DNA Engine, mode1 PTC- 

200; MJ Research, Watertown, MA). This marker is readily analyzed in high-resolution agarose 

gels (SuperGeIs, Helixx Technologies, Inc. Toronto, ON) run in 2x TAE buffer. 5 pl of 6x 

loading dye was added to the PCR products, and these were run on the Supeffiels for 65 minutes 

at 200 Volts. The rrsults were visualized by staining with ethidium bmmide for 5 minutes, 

followed by ultraviolet light illumination. 

2.2.5 APA F-2, BWI, DNA-PK, and A TR Mutation Screening 

Rimers were designed to amplify the region containing the hypermutable tract so as to produce a 

PCR product cl50 base pairs (see Appendix A for primer sequences). A shorter sequence is 

desirable in order to increase efficiency of amplifying DNA from archival tissues embedded in 

paraffin blocks. The reverse pnmer was end-labelled in a final volume of 10~1; 0.3pM of the 

reverse primers was combined with 60pCi of [y- 3 3 ~ ] ~ ~ ~  (l?asytidesB, NEN - US, Boston, MA) 

and 5.88 units of FPLCpurem Polynucleotide Kinase (Arnersham Pharmacia Biotech, Baie 

d'ürfe, Quebec). The reaction was incubated at 37°C for 1 hour and denatured at 90°C for 2 

minutes. In a 15 pl PCR reaction, 2 pl of genomic DNA from pnmary colorectal carcinomas or 1 
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pl of DNA from the cell lines was combined with 10x PCR buffer, 1.5 mM MgC12, 0.13 m M  
- &.  
deoxynucleotide triphosphates, 0 . 4 - i ~  i f  each fonvard and reverse primer and 1 unit of 

Platinum Taq polyrnerase (Life Technologies. Gibco BRL, Burlington, ON). PCR cycling 

conditions were 2 minutes at 94OC. followed by 35 cycles of 15 seconds at 94"C, 15 seconds at 

the respective annealing temperatures (see Appendix B for specific temperatures) and 20 seconds 

at 72°C @NA Engine, mdel PTC-200; MJ Research, Watenown, MA). After PCR, 7.5 pl of 

denatunng formamide dye was added to each tube. Samples were physically denatured by heat at 

94OC for 4 minutes and immediately cooled on ice prior to loading on a denaturing 7% 

polyacrylarnide gel. The gel was transfemd ont0 3mm-Whatman paper, dried and exposed to 

Kodak Biomax film (Rochester, NY). 

2.2.6 BCLIO Mutation Screening 

From the original senes of 607 colorectal cancer patients, a panel of 322 colorectal carcinomas 

was selected for study, including al1 102 MSI-H cancers, al1 20 MSI-L cancers, and 200 

randomly selected consecutive MSS cancers. To amplify the repeated mononucleotides, specific 

primers were designed as follows: for the (A)s, P2F, 5'- 

CTGAGAGACATMTGATCATCTACG-3' and P2R, 5'- 

GGGrnGAAAAmGTTAGACTAm-3'; for the (Th, P3F, 5'- 

TGAAAAACTGAGGGCATCCAaGT-3' and P3R, 5'- 

CTTCTCTGAAmGCCTGTTCTAG-3'. The PCR conditions are the same as above, and the 

specific annealing temperatures are 55°C and 57OC (for the (A)s and (Th primer sets, 

respective1 y). 

To screen for other coding region mutations, 7 sets of pnmea were used to amplify and 

sequence the entire BCLlO gene. including dl intmdexon junctions. The primer sequences for 



exon 1 arc published 
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fragments and are as 

ln. The 6 nmaining primer pairs were desiped to produce overlapping 
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follow s: P2. IF, 5'-AAG A~~GCC AA~AAT AGTC ACG-3' and P2.1 R, 

5'-AGATGATCAAAATGTCTCTCAGC-3'; P2.2F, 5'-TACGTGTATACCTGTGTGTGAG-3' and 

P2.2R, 5'-TGGG-CCTGTAAGTAGTAGTC-3'; P2.3F, 5'-TCAAGTAGAAAAAGGGCTGG- 

3' and P2.3R, 5'-GCATTAPACAmAAA'ITAGCTC-3' ; P3. IF, 

ACAAGTCACAAGATGGACAGTG-3'ad P3.1 R, AGTGGATGCCCTCAGTITITCAG-3'; 

P3.2F, TCTCCAGATCAAAlTCAGATGAG-3'and P3.2R, 5'- 

CCCAGGTCTGGGAAGTGTAGT-3'; P3.3F, 5'-GTïCTAGAAGTAGGCAGAACTG-3' and 

P3.3R, 5'-GTCATTOTCGTCGTGAAACAGTACG-3'. AI1 sequenced fragments were less than 200 

base pairs in length. 

2.2.7 Putative Mutant Sequencing 

Ail tumours with putative mutations in a specific gene (APAF-2, BLM, DNAPK, ATR) were 

arnplified by PCR as described above, with the exception of radiolabeled reverse primer. These 

PCR products were run on 2% agarose gels to achieve optimum separation of the actual product 

from non-specific bands. The products were then gel purified using the ConcertTM Rapid PCR 

Purification System (Life Technologies, Gibco BRL, Burlington, ON, Cat. No. 11458-0213). 

The sequencing reaction was perfomed using the reverse primer with the Thermo Sequenase 

radiolabeled terminator cycle sequencing kit (Amersharn Pharmacia Biotech. Cleveland, OH) 

according to the manufacturer's instructions. 

23 Results 

2.3.1 BAT26 Analysis of Ce11 Unes 

The results of the BAT-26 mutational analysis concur with the published data on the MSI status 

of the ce11 lines in our panel (Table 2.3.1-4). Shifts due to instability are easily visualized as seen 
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in Figure 2.3.1-6. The positive results for BAT-26 are, SW48, HEClA 
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DLD-1, m74, and ~ ~ 4 1 1 .  No product was produced for the known 
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(endometrial), HCT 1 16, 

MSI-H cell Iine, LoVo. 

This was expected since this cell line is known to be homozygously deleted for exons 4 through 

to 8 of hMSH2. BAT-26, is located within 5th intron of hMSH2 explains the absence of 

amplification of the BAT26 locus. 

23.2 BAX, DNA PK, BLM, A TR, and A PA FII 

BAX mutation analysis was perfonned in our laboratory prior to the initiation of this project, and 

thus only 46 of the 102 MSI-H CRCs were s c m e d  for mutations at the (G)B mononucleotide 

repeat. None of the cell lines were available at the time of this mutation analysis. For al1 of these 

tumours, the corresponding normal tissues were screened as well to investigate the possibility of 

gennline BAX mutations in these patients. In total, 20 mutations were observed, 12 of which 

were one base pair (bp) deletions, 3 2bpdeletions, and 5 lbp-insertions in 18 primary CRCs. 

Thus, BAX is mutated in 18 of 46 (39%) MSI-H CRCs. These frameshift mutations are al1 up- 

stream of the Bcl-2 domain in BAX (as seen in Figure 2.3.2-7). 

The two members of the PI3 kinase farnily, DNA-PK and ATR were screened for 

mutations at polyadenine tracts in our complete panel of 102 MSI-H CRCs. DNA-PKcs (catalytic 

subunit) has two repeats; an (A)io repeat at position 487, end an (Ah at 10807 (Figure 2.3.2-8). 

The ATR gene also contains an (A)lo repeat at its amino-terminal, at position 23 1 1 (Figure 2.3.2- 

8). 33 of 99 (33%) MSI-H CRCs screened has mutations at the (A)lo tract in DNA-PK and only 8 

out of 98 (8%) that had mutations in the (A)8 repeat. A total of 41 aiterations were observed in 39 

MSI-H CRCs. Of these, 35 were single base deletions and 6 were single base insertions. Only 

one tumour (R4) had mutations in both polyadenine tracts and one tumour (HC2ûû) showed 

evidence of biallelic inactivation at the (A),* repeat and was confirmed through manual 

scquencing. 2 of the 8 (25%) MSI-H ce11 lines, HEClA and LS411 displayed 1-bp deletions. 
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Mutations in the ATR gene were foundat a sligt& lower mutation frequency, 29% (28 of 97) of 

MSI-H CRCs exhibited frameshifts at the (A)io run. Of these 28 CRCs, 13 (46%) also h d  

mutations in the other PI3-kinase member, DNA-PK. The majority of the mutations were single 

base deleiions (27) with only one 1-bp insertion. The sarne two MSI-H cell lines that harboured 

the mutations at the (A)lo repeat in DNA-PK also coniained mutations at the ATR (A)io repeat. 

Biallelic inactivation was observed in 2 tumours (HC172, HC323). Biallelic inactivation is 

usually difficult to determine due to the heterogeneity of the archival DNA sample. Although 

areas of high neoplastic cellularity were microdissected, normal cells inevitably contarninated the 

extraction. Consequently, bi-allelic inactivations may go undetected in mutational analysis of 

these primary tumours. 

The BLM helicase gene exhibited 21 single base deletions and 1 insertion at its (A)9 

repetitive tract, for a total mutation frequency of 23% (22 of 97). 2 MSI-H cell lines also 

exhibited the 512delA deletion, the mutated cell lines were, LoVo and LS411. At a much lower 

kquency, APAF-I exhibited 4, 1-bp deletions at its (A)s repeat out of 90 MSI-H CRCs 

screened. No mutations were found in the 21 cell lines, 8 of which displayed MSI. 

All these mutations were confinned thmugh manual sequencing. The mutation 

fqumcies forthe apoptotic regulatory gmes e x a m i d  are rcprrsmted in Figure 2.3.2-9 and are 

also tabulated in Table 2.3.2-5. 



--L - - -- Toblc.rti-4. T- of rrurtattonrJ d y s k  4 the d k  BAT-26 Molysis wax useà to cmfintc 
microsatellite instability status. A positive result is recorded when a shifl (expansion) is greater than 3 base pairs in 
size. 

Cell line MMR Deficiency MS1 BAT26 DNA-PK ATR BLM APAF-1 
Stotus 

LoVo IiMSH2and hMSH6 + NA - + 
SW48 IiMMI-hypemeihl yation + + - 
LS 174 + + - 
LM1 1 + + + + 
HCT-Il6 I i M U I I  + + - 
DLD- 1 HMSH6 + + - 
HCT-8 hMSH6 + + 
HEC 1 A hPMSZ and hMSH6 + + + + 



Figure 2.3.1-6 BAT-26 analysis of the initial 16 ce11 lines. These were run on a 6% denaturing polyacrylamide gel 
- - -- =-- - # i 2 l b u s a  6û watts Zkreverse ~ < u - 2 6 ~ ~ w a s r a d i o l a h ~  ~ i r h ~ ~ ~ ~ s i n g  the same atuhad as descnbed 

above for mrttational analysis of the various genes. The PCR products were run in  the following order: Lane 1, 
S W 4 8 ; k e  2, SW480; Lune 3, SW620; Lane 4, SW837; h n e  5, SW948; Lane 6, SW1417; lmne 7, HECIA; Lane 8, 
b V o ;  lane 9, Colo320HSR; Lune 10, HT-29; Lane I I ,  HCT-116; Lane 12, DLD-1; Lane 13, LS174; Lane 14, 
tS411; Lune 15, LS513; Lane 16, LS1034. Lanes 1, 7, I I ,  12, 13, anà 14 exhibit positive (+) results for instability at 
this locus. LoVo, which was run on &rie 8, did not produce a PCR prodrcct. 



F b i r  23.2-7 Schematic diagrams of the BAX, BLM a d  APAF-I genes. Functional domains are noted ut their 
positions within the coding sequence of the genes. The location of the manonrccleotide repeats screened within these - u---- 

- genesare a b  motciin retatiam to~~no~utdomatns;  
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Figure 23.24. Schematic diagram of the PI3-kinase family genes, DNA-PK and Am These nvo genes share four 
/uneional domains, FAT, P13-Pl4 kinase, the Pl3- Kinase catalytic regions, and the FATC h a i n .  In both genes the 

- L - .  -- -mg repêat isupstremrrfiamth~domm~m o t t & f m m a ~ a t i o ~ ~ ~  anhi .  hotspot woutd ~ ~ & c e  a tnmcated 
' pmtein pmduct without any finctional domaim. Mutations at the DNA-PK (A)8 tract wotdd produce a product with 

the FAT domain only. 

I FAT 
5 ' 1 i 1239 12042 12289 12384 3. DNA-pK 

8722 10617 1 1245 1220 1 

I FAT 
5' 1 7040 7780 7916 801 1 3' ATR 

4997 63 16 7049 7966 

P13K Cstalytic D 



--. , - - -. -Table 23.2-5,Categontarion ofthe somatic fremesh@mutations in the various CDS mononucleotide r e p w  ofthe 
apoptotic regdatory genes. BAX, DNA- PK. A TR. BLM. und A PAF- I in primary colorectal carcinonias. 

Gene Repeat Deletions Insertions Number of Number Mutation 
mutated CRCs Tested Frequency (%) 

BAX 0 8  15 5 18 46 39 
DNA-PK (A) IO 3 1 2 33 99 

(A)8 4 4 8 98 
39 100 39 

ATR (Ah0 27 1 28 97 39 
BLM (4419 2 1 1 22 97 23 
APAF-1 (AIS 4 O 4 90 4.4 

Figure 2.3.2-9. Mtrtation Frequencies of the apoptotic regdatory genes at rheir respective mononucleotide repeats. 
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A P a z  of primary &~~rectal car&omas and coiorectai carcinoma ceil iines of known 

microsatellite instability status were scmened by PCR in order to determine the frequency of 

frameshift mutations at repeated sequences in the coding region of BCLlO. In total, 10 of the 

108 MSI-H (9%) colorectal cancers and MSI-H cell lines had band shift alterations in one of the 

two mononucleotide sequences in BCLlO (Figure 2.3.340). This instability was more freqüant at 

the (A)* mononucleotide tract (8/108) than at the (Th tract (2/108) (Table 2.3.3-6). In contrast, 

no alterations were identified in any of the 227 MSS primary colorectal carcinomas or MSS cell 

lines tested (pe0.001; Fisher's Exact Test). 

Sequencing the mononucleotide tracts in the cases with band shifts reveakd that single 

base frameshift deletion mutations accounted for the majority (9/10) of alterations (Table 2.3.3- 

7). In the 9 MSI-H pnmary colorectal carcinomas with mutations, 7 had single base deletions 

within the polyadenine (A)s tract in exon 2 (136delA), and 2 had deletions of a thymidine within 

the nin of polythyrnidines (Th in the third coding exon (499delT). The final alteration was in 

one of the 6 MSI-H ce11 lines, LoVo, which displayed an insertion mutation as published 

177.186 previousl y (1 36insA) . 

I CARD 
5' 1 3' BCLIO 

36 300 



To determine whether BCLlO mutations follow the two-hit inactivation paradigm of other 
- 2 - -  - =  - - L  

human tu& suppressor genes, we searched for the presence of bi-allelic inactivation dunng 

tumongenesis. In the colorectal carcinomas with BCLlO mutations, there were no tumours with 

mutations in both the (A)8 and (m tracts. In 8 of the 9 primory colorectal carcinomas the 

neoplastic cellularity of the microdissected sarnple was sufficient (at least 70%) to determine 

whether there was loss of heterozygosity of the BCLI O locus. In al1 8 of these cases, as well as 

in LoVo, the mutated allele and the wild type allele were present in approximately equal 

proportions, indicating that there was no allelic deletion of wild type BCLIO. In order to identify 

other intragenic mutations, and further evaluate the possibility of a "second hitT* alteration in 

BCLIO, we sequenced the complete coding region in al1 of the cascs with frarneshift alterations. 

Three alterations were detected (Table 2.3.3-7), and al1 were found to correspond to previously 

published polymorphisms 187.173 

Tabie 2.334. Frequency of BCUO alterations in primary colorectal ca~inonias and ce11 liner1. 

Microsatellite Instability Number Tested (A)B Aiterations (T), Alterations Total Alterations 
Status 

nirnary colorect;rl carcinoma: 
MSS 200 O O O 
MSI-L 20 O O O 
MSI-H 102 7 2 92 

Colorectcil carcinoma celll ines: 
MSS 7 O O O 
MSI-H 6 1 O 1 

'MSS mimuntlite siabte; MSI-L, tow frequency MS1; MSI-H, high frequency MY!. 
'MSSMSI-L versus MSI-H, P4.00  1. 



Tabk 2.3.3-7. BCLlO sequence alterations in primary colorectal carculornas and ce11 fines. 
----A- - - L - - - - -  - 

Exon Codon Nucleotide Number of Effect on BCLlO 
Al teration3 Carcinomas 

Mononucleotide tract mutations': 

2 46 1 36delA 

Ocha coding region sequence variand: 

1 8 24 G+C 

3 213 638 G+A 

Intronic variants2: 

Intron 1 + I l  C+G 

7 Tmncation, predicted length 68 
amino acids 

1 Truncation, predicted length 48 
amino acids 

2 Truncation, predicted length 17 1 
amino acids 

1 Silent polymorphism 

1 Silent polymorphism 

3 Silent polymorphism 

'AH 323 primvy colorectal corcin>ms and 13 cell lines were tested. 
'Only the 9 carcinomas and 1 cell lim with frameshift mutations were tested. 
3Nuckotide numbcring bcgins at the B U 1 0  initiation codon, Re&q accession number Nh1-003921. 



Fîgum 2.3.3-10 Sequencing con/imtion of BCLI O mutations. Reverse primer sequence of exmt 2. containing the 
-A-- - d - - ~ 8 ~ ~ L d e r e p e r r r T ~ ~ w ~ ~ e ~ w ~ & ~ r u i . i n s e c t i o n o f a n & n i n e ( t 3 6 ~ ) i n e x o n 2 ( I n s A ,  

cell fine LoVo), and right, a deletion of an adenine (13ddeIA) in exon 3 (Del A). Mutations ore indicated with 
arrows. Wild-type sequence is also shown (wt). 

10s A wt Ikl A 

T G C A T G C A T G C A  



2.4J Cenerai Discussion 

Normal cells will self-initiate programmed cell death in response to adverse environmental, and 

intrinsic conditions. This process, also known as apoptosis, is a cellular protective mechanism to 

control unfavourable cell proliferation. During the development of a malignancy, cells lose this 

ability to commit suicide when their integrity is compromised. The activation of the apoptotic 

pathway involves the inactivation of specific proteins important in cell proliferation, genome 

stability and the activation of downstream targets of apoptosis. TP53 has been dubbed the 

guardian of the genome, attributed by its role as a tumour suppressor gene (gatekeeper) in 

controlling the ce11 cycle. p53 can anest the ce11 cycle in order for damaged DNA to be repaired. 

and if the damage incumed is irreparable, p53 drives the cell down the apoptotic pathway 188,189 . 
Most cancers carry TP53 mutations. which are responsible for the uncontmlled proliferation of 

tumours. Intenstingly, tumours that display microsatellite instability have fewer TP53 mutations 

than their chromosomal instability counterparts '". The reason for this distinction may be 

dependent on the fact that TP53 has no mononucleotide CDS repeats longer than 5 bases. The 

identification of other substitutes (apoptosis regulatory genes) for the loss of TP53 with longer 

mononuckotide m a t s  may be the criticai t a w s  for apoptosis in MSI-H tumours. One such 

exampk would be APAF-I. Caspase 9 and its cofactor Apaf-1 can be essential downstream 

effectors of the p53 during apoptosis, such that inactivation of either APAF-I or CASPASE 9 

substitutes for the loss of TP53 ' 19. 

2,4*2 APAF-l 

APAF-1 is a 130-kD protein that participates in the cytochrome c-dependent activation of 

caspase-3 '? The amino-tenninal houses the CARD domain. while the COOH-terminal region 
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of APAF-I comprises multiple WD repeats, which are proposed to mediate protein-protein 
- -  - L L  - - 

interactions. WD-repeat-containing pr6teinsarë those that contain 4 or more copies of the WD- 

repeat (tryptophan-aspartate repeat), a sequence motif approximately 31 amino acids long, that 

encodes a structural repeat. Deletion of the WWO repeats (2434-2562) makes APAF-1 

constitutively active and gives it the ability to process procaspase-9 independent of cytochrome c 

and dATP. 

Caspases play an integrai role as initiators and effectors of the apoptotic signal. Caspases 

are cysteine proteases that have an unusual and absolute requirement for cleavage after asparatic 

acid. Four amino acids amino terminal to the cleavage site are aiso recognized and are required 

for efficient catalysis '69. The Death domain, k a t h  Effector Domain (DED), and Caspase 

Recruitment Domains (CARD) are al1 involved in protein-protein interactions involved in the 

caspase ami of the apoptotic pathway ' 9 ' .  There are two known caspase activation pathways in 

the apoptotic cascade. Activation of procaspase-8 requires association with its cofactor FADD 

(Fm-associated protein with death domain) through the DED and pmcaspase-9 activation, that 

involves a complex with the cofactor Apaf-1, through the CARD. 

Given the importance of Apaf-l in the activation of apoptosis, the tract of nine adenines 

staiting at position 1765 is a likely target for alteration in MSI-H tumours. The PCR 

amptification for the (Ab in APAF-I was no< as succcssfbl campareci to the other genes. Onl y 90 

of the 102 produced informative results. A surprisingly low mutation frequency of 4% (4/90) 

was detected as 1-bp deletions. Soengas et ai. (2001) proposed an alternative method for the 

inactivation of APAF-I earlier this Yeu. These researchers showed that metastatic melanomas 

often lose APAF-1. APAF-I -negative melanomas were chemoresistmt and were unable to 

execute a typical apoptotic program in Rsponse to p53 activation. Restoring physiologie levels 

of Apaf-1 thrwgh gene transfer or Saza2dC treatment markedly enhanced chemosensitivity and 

rescued the apoptotic defects associateci with APAF-1 loss. Soengas et al. (2001) concluded that 
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APAF-2 is inactivated in metastatic melanomas, leading to defects in the execution of apoptotic 
----., .-- - -- - - . - L L ; - 

ce11 death. Interestingly, TP53 is r&ly mutated in melanomas, an event also seen in MSI-H 

cancers. Thus, the most commonly targeted gene in the deregulation of apoptosis (TP.53) is left 

unscathed in these particular cancers that have decided to target other apoptotic regulatory genes. 

Perhaps MSI-H cancers like that of melanomas have inactivated the APAF-1 not by a frameshift 

mutation in the repeat tract but by methylation. 

Although the promoter region of APAF-1 contains CpG islands, these methylation targets 

are not per se altered in this gene. The methylation is inferred to occur at an enhancer or insulator 

region. APAF-1 joins a growing list of cancer genes that can be inactivated by epigenetic 

rnechanisms. 

2.4.3 DNA-PK 

DNA-dependent protein kinase @NA-PK) i s a nuclear protein serindthreonine kinase presen t in 

a wide variety of eukaryotic species. One of its striking features is that it must be bound to DNA 

to express its catalytic properties. It can be fractionated into 2 components: a large polypeptide 

comspnding to the catalytic subunit, and an autoimmune antigen, Ku. On its own. the catalytic 

subunit of DNA-PK is inactive and relies on the other DNA-PK component to direct it to the 

DNA and trigger its kinase activity. One physiologie function for DNA-PK may be to modulate 

transcription, since it has been show to phosphorylate several transcription factors in vitro '". 
Other functions described for DNA-PK include, the meàiation of DNA double strand break 

npair and V@)J recombination. In mice, mutations pduce  the SCID phenotype along with a 

193,194 predisposition to T-ce11 lpphomas (suggesting a tumour suppcessor mle in normal cells) . 

DNA-PK has additionally ken  proposed as a DNA damage sensor dong with poly (ADP- 

ribose) polymerase (PARP), due to its ability to bind and be nctivated by DNA strand break. The 

role of DNA-PK in apoptosis is indicated by the targeted cleavage of a DEVD site in the 
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catalytic subunit to ensure destabilization of the genome as the ceIl prepares for death. 
-.= -. - - - -  - -  - - - 

Furthemore DNA-PK phosphorylates p53 at serl5 and ser37, and is implicated as a necessary 

upstream regulator of p53 DNA-darnage response '". This phosphory lation impairs the abi lity 

of the p53 antagonist. MDM2 from binding leading to inhibition of p53-dependent 

transactivation. Jimenez et al.. (1999) found conflicting results, they demonstrated that the p53 

response is fully functional in primary mouse embryonic fibroblasts lacking DNA-PK '%. 

Regardless, DNA-PK is an appealing target for mutagenesis in MSEH cancer progression. DNA- 

PK has two CDS repeats; an (A)lo repeat beginning at codon 162, and an (A)s repeat at codon 

3601 within the P13-K homology region of the catalytic subunit. The (A)io is at the amino 

tenninal of the gene at position 487 proximal to al1 of the functional domains (Figure 2.3.2-8). 

We have identified DNA-PK mutations in 39/10 (39%) of our primary MSI-II CRCs. 33/41 

(80.5%) of the total alterations observed occumd at the (A)io hotswt. This biased mutation 

frequency at the longer repeat tract is to be expected. since increased replication slippages occur 

at longer lengths of mononucleotide mns. While the majonty of mutations at the (A)io tract are 

1-bp deletions (31/33), mutations at the (A)s tract is split equally between insertions and 

dektions (4 each). The (Ab and the (A),' mutants produced by ftameshifts at the longer 

polyadenine repeat would result in truncated protein prcxiucts of 170 and 175 arnino acids, 

respectivety. The (Ah and (Ab containing mutants created at the eight adenine tract would 

pmduce proteins, 365 1 and 3606 amino acids in length. Regardless of the truncated protein size, 

the protein itself has not retained enough functional domains to control any of the crucial 

pathways. 

One tumour (R4) possesses mutations in both of the polyadenine tracts. It is unknown 

whether this is evidence of biallelic inactivation or double mutations on a single allele. Another 

tumour (HC200) displayed biallelic inactivation at the (A)io mutation site and this was confirmed 

by the absence of the wild-type allele when this segment of DNA-PK was manually sequenced. 
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To our knowledge, these are the first DNA-PK mutations reported in human colorectal cancer 
---- - 

with MSI-& ~ec&&, DNA-PK kn&k&t mice were described as having dysplastic aberrant 

crypt foci (ACF) '". The sipificance of Our findings suggests that DNA-PK may further 

destabilize the genome and promote apoptosis in a pathway independent of p53. This DNA-PK 

inactivation most probably prevents signalling from or repair of the degraded genornic DNA that 

is produced dunng the latter steps of apoptosis. 

The second PI3-K family member that we screened was the Ataxia-Telangiectasia and 

Rad 3- related gene. ATR. 

2.4.4 ATR 

ATM and ATR are related and conserved proteins that are the central components of the DNA 

damage response '98. ATM is the gene mutated in patients with Ataxia Telangiectasia and they 

are defective in several responses to IR including 01 arrest, reduction in DNA synthesis and G2 

amst '99m. Atm controls the initial phosphorylation of several key proteins such as pS3, Mdm2, 

BRCAl, chk2, and Nbsl in response to DNA damage. Atr also phosphorylates p53 at serine 

cesidue 20, which is important in stabilization of the p53 protein The expression of a 

dominant negative Atr sensitizes marnmalian cells to al1 forms of DNA damage and diminishes 

the G2M checkpoint response induced by y-radiation Knockout mice have reveded 

interesting results conceming the functions of Atm and Atr. ATM'- mice are viable and display 

growth retardation and infertility, while ATR" mice die early in embryogenesis. The  AT^- 

blastocyst cells die in culture with a phenotype resembling mitotic catastrophe This suggests 

a role for Atr in possibly monitoring DNA replication. Atr has also been shown to control 

downstream DNA damage responses by phosphorylating checkpoint kinase 1 (Chkl), w hereas 

Atm may target both checkpoint kinases 1 and 2 2Mm. 
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The loss of the ATM gene product results in incnased genomic instability and is 
- - - - A = -  - _ - 

associated with an increase in cancer. It is likely that the loss of ATR 8would similarly destabilize 

the genome and lead to an increased risk of cancer. ATR has not been linked to a specific 

disorder and somatic mutations in the gene have not yet been repotted. Our panel of 102 MSI-H 

CRCs was screened for mutations in the (A)lo repeat at nucleotide position 231 1. This repetitive 

ekment is at the amino terminal and is positioned upstream of al1 four of ATR's functional 

domains, FAT, PU-PM kinase, PI3K catalytic region, and the FATC (Figure 2.3.2-8). Only 97 

of the 102 primary tumoua amplified with a mutation frequency of 29% (28/97). The resultant 

fmeshift mutations lead to a tnincated inactive Atr protein product. the (A)9, would produce a 

777 amino acid protein and the (A)!,, a 775 amino acid protein, considerably smaller than the 

full-length wild-type protein coded by 2645 arnino acids. Following with DNA-PK, these results 

are the first to be described in the microsatellite instability progression of colorectal 

tumourigenesis. 

New evidence has been proposed that since Atm, Atr and DNA-PK are al1 capable of 

phosphorylating p53 that they may signal different but partially overlapping types of DNA 

damage to a cornmon p53 effector pathway 

2.4.5 BLM 

Another proposed sensor of DNA damage is BRCAI, which is part of a large complex narned 

BASC (BRCAl-associated genome surveillance complex) 207. This complex is comprised of 

ATM, the Nbs-Mrell-RADS0 complex; mismatch repair proteins (hMSH216 and hMWII), and 

the Bloom's helicase (BLM). This is a hypothetical model, where each of t h e r  pmteins has the 

ability to recognize aberrant DNA structures and could mlay the signal to Atm and BRCAI. The 

Bloom's syndrome gene (BLM) was shown to be cleaved at a consensus cleavage site, TEVD 

l2415 @LM' ) by caspase 3 dunng apoptosis *' . The kinetics of BLM apoptotic cleavage is highl y 
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similar to that of DNA-PK, Atm and PARP. Cleavage and loss of localization very likely 

obwerates the in vivo function of Blm. - 

The BLM gene was the first identified gene responsible for the single-gene disease, the 

Bloom Syndrome. Patients with Bloom Syndrome are characterized by a high incidence of 

cancer and genomic instability. Mutations causing Blwm Syndrome delete or alter helicase 

motifs and may disable the 3 3 '  helicase activity. The Bloom syndrome gene product is a 1417 

amino acid with 3'-5' DNA helicase and ATPase functions "'. It is also a member of the RecQ 

family of helicases that have the DEXH box motif. RecQ is a memkr of the E.coli RCF 

recombination pathway of genes in which mutations abolish the conjugational recombination 

proficiency and ultraviolet resistance of a mutant strain 2081209. BLM CO-localizes with RADS 1 to 

nuclear matrix in discrete nuclear foci "'. The potential function of BLM in DNA repair suggests 

that its cleavage and redistribution may aid nuclear disassembly and prevent the complex in 

which it  sid des from participating in the repair of fragmented DNA. Cleavage of another RECQ- 

helicase, WRN was not cleaved likely because it lacks consensus cleavage sites for caspases. 

BLM helicase and hMLH 1 may function cooperativel y in maintaining genomic stabi Ii ty 

independent of the DNA MMR system 2'0. BLM may dso recognize lwps of di- and tri- 

nucleotide repeats generated by DNA replication due to polymerase slippage or by single 

stranded annealing events occurring chring gene conversion 2L1212. It was suggested that BLM 

rnight untangle these lwps for MMR complexes to process them efficiently. Hence, the BLM is 

thought presently to function in the maintenance of the genome through its interactions with 

other proteins that participate in DNA replication and repair 

The presence of û mononucleotide v a t  in the coding sequence of BLM has thus 

received attention h m  those of us who are in pursuit of genes with functional sipificance in 

MSI-H tumours. Calin et al. (1998) found somatic mutations at the (Ab sequence in 2 of 11 

(18%) MSI-H CRCs *". It should be noted that the MSI status was not detennined by 
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implementing the markers established by NCI. Our panel of MSI-H CRCs was also screened at 

- ~ L i k - ~ ~ ~ ~ ~ ~ ~  fot fmeshift mutations. ~wen thne , -5  l 2 d e l ~  mutations and one 5 12insA mutation 

wem identified in 97 primary MSI-H CRCs (22/97,23%). Two cell lines, LoVo and LS411 also 

carried the 1-bp deletion. The deletion mutations result in pre-mature tennination of the BLM 

p n e  producing a 529 amino acid protein void of al1 functional domains (Figure 2.3.2-8). In 

addition, the insertion variant encodes for a 5 15 amino acid protein that lacks functionality. 

The cleavage of BLM during apoptosis is mediated by caspase 3, which also cleaves, APC, 

DNA-PK, and Atm '14. Thus, other substrates of caspase 3 may alreaciy be targeted for cleavage 

kfore and in addition to BLM. The TEVD cleavage site is to the amino-terminal of the (Ab site 

at codon 512. Thus, if in MSI-H turnours, BLM is not preferentially cleaved over the other 

substrates, the frameshift mutations at the hotspot may account for the inactivation of BLM in 

this subset of tumours. 

The presence of an excessive number of mutations in the coding and nonîoding 

sequences of BLM patients 2'52'6, oui findings and those of others 2'3, points to BLM as a 

potential link between the two pathways of genetic instability. The CO-existance of both 

chromosomal and microsatellite instability pathways has only k e n  described in ceIl lines, LoVo 

and VI394 ". 

2.4.6 BAX 

The only gene previously described to have a significant role in apoptosis in MSI-H tumours is 

BAX. Homozygous (or hemizygous) frameshift insertion or deletion mutations in BAX were 

found in multiple primary colorectal cancers as well as colorectal cancer ce11 lines. The tract 

in BAX 384' has been found to include 1-bp insertions and 1 and 2-bp deletions in 21 of 41 (51%) 

of MSI-H CRCs '. Other studies have shown that the mutation frequenc y in BAX is between 32- 

62% 35*'a*1662'7. The resulting fiameshifi was thought to interfen with the suppressor role of the 
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wildtype BAX gene. The search for mutations in this mononucleotide sequence revealed 20 
-a--- --a- - - - -- - - - - - - - 

insertions and deletions in 18 of 46 (39%) of our of MSI-H CRCs. The truncated protein 

products range from 58-72 amino acids in length. 

Once the MSI-H phenotype is manifested, mutations at mononucleotide sequences in the 

genes described here would be more likely to occur than other frameshift or missense mutations 

in TP.53. In cancers that progress down the MSI-H pathway, the generation of thousands of DNA 

mismatches during every teplication of each MSI-H tumour cell may trigger the p53-mediated 

apoptotic response to DNA damage. But the response would be futile because the chain leading 

to apoptosis is broken in several downstream links. Therefore, we can speculate that frameshift 

mutations in these genes eliminate the selective pressure for TP.53 mutations during colorectal 

tumourigenesis. 

2.4.7 BCLlO 

Of interest we screened BCLIO, which was at the time a gene with putative functions in 

apoptosis. We screened for frameshift mutations at the (Al8 and (Tl7 mononucleotide tracts of 

BCLlO in a panel of primary colorectal carcinomas and colorectal carcinoma cell lines of known 

micmatellite instability status and found that mutations were relatively uncornmon, and entirely 

limind to MSI-H tumours. The instability was more m e n t  at the (A)* mononucleotide tract 

than at the (Th tract, which is consistent with the dependent relationship between tract lengh and 

relative instability observed in mismatch repair deficient cancers lJ. 

The predominance of single base deletion mutations is similar to the spectrum of 

mutations at other repeated sequences in MSI-H colorectal carcinomas ' 832'8. Whi le almost 25% 

of BCLlO mutations reported previously are present in one of the two mononucleotide tracts 

2'9a0, single base insertions predominate, and this spectrum of alterations is more consistent 

with the type of =petitive sequence frameshifts that occur in the presence of intact DNA 



mismatch repair ='. In addition, most of the mononucleotide tract mutations reported previousl y 
- - -  ---. - -- .A - .. - L- - - 

are invariably present in only a fraction of subclones '732'9m0, while the mutations we identified 

in MSI-H colorectal carcinomas were readily detected in bulk DNA, consistent with the presence 

of a clonal alteration in dl neoplastic cells. 

There was no evidence to suggest that any of the BCLlO alterations identified in Our 

study were bi-allelic. While most of the BCLlO mutations described previously are also mono- 

allelic, there is some experimental evidence suggesting that these alterations could have 

functional importance in tumourigenesis 2'9. The BCLlO pmtein is 233 arnino acids in length and 

has two domains responsible for its NF-KB activation and pro-apoptotic function, the CARD and 

the non-CARD C-terminus 174222-U5. Unlike the CARD found in APAF- 1, the BCLlO CARD 

does not mediate binding to caspase-9 in the progression to cell death 222. However, it does 

induce self-oligomerization, which is important for activation of NF-KB 223, a tnnscriptional 

regulator of cellular responses to stress, inflammation, injury, and apoptosis 2 14324,225 . The non- 

CARD domain of the C-terminus engages with caspase-9, promoting autoproteolysis and 

zymogen activation ", which mediates apoptosis by cleaving specific pmteins involved in 

cri tical cellular processes and ce1 lular structural integrity '69. 

The mutations identified in Our study predict two different types of BCLlO protein 

truncation, either within the CARD in exon 2, or distal to the CARD in exon 3 (Table 2.3.3-7). 

Both types of protein truncations are predicted to disrupt the normal function of BCLlO '*O. The 

136delA and 136insA mutations would most likely be loss of function mutants where the 

activation of both NF-KB and caspase-9 are lost. The 499delT mutations occur distal to the 

CARD, and while they are predicted to lose caspape-9 activation. they retain NF-KB activation. 

This retained NF-KB activation may explain the transformation enhancement associated with 

some BCLlO mutants 219. However, the predominance of mutations in the CARD domain in our 
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series does not support the notion that maintenance of NF-- activation is functionally important 
- - - L 

in colorectal tumourigenesis. 

Although BCLlO was originally teported to be mutated in a variety of human neoplasrns 

*19, several investigators have been unable to confinn the presence of mutations in non- 

hematological human cancers "9g6a7. TO expiain these discrepancies, Willis et al. attnbuted 

their high BCLlO mutation frequency to their use of cDNA rather than genomic DNA in 

mutation screening. This may have resulted in detection of aberrations caused by 

posttranscnptional modifications of RNA that were not necessarily templated in DNA "*. The 

biological significance of aberrations detected by this approach rernains uncertain, and similar 

BCLIO alterations have been described in cDNA subclones from periphcral blood leukocytes 229. 

Arnongst the published mutation surveys in human tumours, two studies have failed to identify 

BCLlO mutations in a total of 64 primary colorectal carcinomas 179*2? Although the colorectal 

carcinomas in these latter studies are not classified by MSI status, it is likely that the number of 

MSI-H cases included in these senes is too few to expect to identify BCLlO mononucleotide 

tract mutations. In a larger study 23', no BCLlO mutations were identified in a series of 132 

primary colorectal carcinomas and 8 cell lines, including 49 that were known to have 

microsatellite instability. The reasons for the apparent discrepancy between these findings and 

our msults are not clear. Although the details of case selection and the definitions For 

microsatellite instability are not given in Stone et al., al1 of Our cases were obtained from a 

population-based study and met international cnteria for high frequency microsatellite 

instability. Futthemore, the mutation meening method we utilized was specifically designed to 

iâentify frarneshift mutations within the mononucleotide tracts. Similar to Our results, two ment 

studies have reponed BCLlO mononucleotide tract frarneshi ft mutations in MSI-H colorectd 

catci nomas '"*180. In combination with the findings of out study, the results of these other 

investigations support the contention that BCLlO mutations are almost never identified in MSS 
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colorectal carcinomas. Aside fmm the hameshifi mutations reported in MSI-H primary 
A-- A -  - - .. - -  . 

colorectal carcinom& and the mutation reported in ~ ~ ~ M S I - H  ce11 line LoVo. the only other 

colorectal carcinoma mutation repoited to date is an introniç single base deletion predicted to 

yield a splice aberration in a ceIl line of unspecified MSI status *19. 

The mutation fiequency of the (A)a tract in BCLIO (7%) rnight be considered relatively 

low in cornparison with other MSI-H target genes that harbour eight mononucleotides. For 

instance. BAX (O)*, IGFZIR (G)s, hMSH3 (A)8. and hMSH6 (C)s have been reported to be 

mutated in 2643% of MSI-H carcinomas While these differences could be due in part to 

variability in the sequence-specific susceptibility to frameshift mutations in the presence of DNA 

mismatch repair deficiency, it is also possible that the biologic selection for BCLIO mutations, is 

not as stmng as it is for these other alterations. 

BCLIO may be one of several pro-apoptotic genes (including BAY) that are specifically 

inactivated in MSI-H colorectal carcinomas via instability of coding sequence repetitive DNA 

tracts. Mutations in other genes such as caspase 5 and E2F-4 have been described but 

the significance and their roles in regulating apoptosis is unclear W.  

The escape of apoptosis may be facilitated by the accumulation of heterozygous 

mutations in multiple genes whose pduc ts  play partially redundant and partially synergistic 

rotes at diffmt points in the  apoptotic signalling network. Pmicho and colleagues postulattd 

an accumulative haploinsufficiency mechanism 3*153*'65*'66*'M*'6735. Due to their exacerbated 

mutator phenotype, these tumour cells elude not only the assertion that the occurrence of biallelic 

mutations is a very rare event in tumourigenesis '"*'" but also the prernise that biallelism is a 

muirement for mutation functionality. Yet there is evidence of aberrant functionality of 

monoalletic inactivations, as seen by Yin et al. (1997) where heterozygous BAX knockout rnice 

elicit an alteration in ceIl growth Most of the alterations described here are mono-allelic with 

the exception of a few tumours with DNA-PK, ATR and BAY biallelic inactivations. The 



functional importance of mono-allelic gene inactivation in human tumours is difficult to 
- -;-Av.----- *-- ..-- -- - *- -. - - - -- - -  

determine. Although biallelic alterations provide str& support for the biologic importance of 

inactivating mutations in putative tumour suppressor genes, it is often difftcult to document this 

occurrence in human cancers. With the exception of TGFBRII ', biallelic inactivation is 

infrequently reported for many of the coding region repeated sequences mutated in colorectal 

carcinomas ". 

With the discovery of new apoptosis related genes and with the unravelling of other DNA 

npair systems, it will become cleam, what real functions the known genes perform in relation to 

the different genomic instability pathways. Chen et al.. (2000) proposed that the mismatch repair 

pathway as well as a second repair pathway might be involved in the response of mismatch 

=pair-deficient cells 23'. Failure of the MMR system would activate the second intact repair 

system to initiate the apoptotic nsponse. This is a viable hypothesis, one that will be supported 

or refuted in the near future. 
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3.1 Background 

Scanning the vdous databases containing human genome sequence information for a specific 

sequence of interest is exhausting and extremely time consuming. No available search 

programme enables the user to search for low complexity sequences such as short 

mononucleotide repeats exclusively in human annotated coding regions. The problem with using 

powerful programmes, for example BLAST is that it is based on a heuristic algorithm. In other 

words, it is based on trial and error. The given query sequence is divided into smaller "words", 

and the prograrn then searches the database (NCBI CienBank) for records that contain these 

"words". When more of these "words" align with a given sequence, the resultant e-value 

decreases. The lower the e-value, the lower the probûbility of identifying the sequence by 

chance. When low complexity queries are enteied, the prograrn considen it background noise; 

there is merel y not enough information for the programme to process. BLAST is extrernely 

useful for finding homologies for specific sequences and one can try setting a very low e-value in 

order to retrieve records that are highly similar to the query sequence but this is inefficient use of 

ahighly capable tool. Another problem with BLAST and pmgmmmes similar to it, is that the 

search limits cannot be specific for human annotated coding sequences. Intmn/exon boundaries 

can be inferred using programmes such as GRAIL, Genie, and NetGene. Unfortunately, the 

accuracy of the defining boundaries has not been proven biochernically for human genes. Thus, 

a bioinformatics approach that encompasses these parameters is essentiai. 
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3.1.1 Kangaroo 

-A searcFi &goriam, Kangarw was -beverope;d af the Samuel Lunenfeki Research Institute. 

Kangaroo retrieves through SeqHound (in-house database, minored after NCBI GenBank) the 

biological information stored in NCBI GenBank Ratfiles. This biological information is stored 

in Abstract Syntax Notation 1 (ASN.1) from which annotations such as open reading frames 

(ORFs), sequence motifs, homologies. and restriction sites can be extracted. Our web-based 

application (htt~://bioinfo.mshri.on.ca), Kangam allows the user to enter a search query using 

Regular Expression patterns or simple text seings to search 1) Entire DNA 2) Amino Acids, or 

3) Annotated Coding DNA. The query c m  incorporate more than one pattern using Regular 

Expression connectors and can k used to search 10 different organism genomes. Kangaroo has 

no limitations on the size and complexity of the sequence. It only reports exact matches to the 

query without the records with substitutions or similarities. Thus, Kangaroo accurately reports 

the occurrence of the query within the given organism genome. Each and every record is 

scanned exhaustively. When performing a search that retrieves many hits. even though the 

complete search may take 15-20 minutes, results are displayed on screen within seconds. The 

results are hyperlinked to its respective SeqHound record, which like the NCBI Entrez page 

contains links to related articles and lists the various annotations including the raw sequence. 

Ushg this multi-faceted program. genes containhg specific sequences within their coding 

sequences can be identified. 

3.1.2 Microsatellites 

Microsatellites are short tandem repeats, which are simple in sequence (1-4 bp) and are found 

randomly distributed throughout the human genome ". Of the mononucleotide repeats, runs of A 

and T are very common, accounting for 0.3% of the nuclear genome. Runs of G and C are much 

more rare. While the majority of microsatellites are usually found in noncoding, intronic 
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regions, coding microsatellites do exist. Triplet repeats are not infiequent in coding DNA and are 

- --' -Lac'r,_----y* _L - 
sites thKt & pione to pathorogi3 exmsions Ub~6nori~iarex~ansions of the (CA@" repeat in 

genes have been identified and are linked to diseases such as Huntington's, Kennedy, Spino- 

cerekllar ataxia (SC A 1 ), DmtatorubraIpallisoluysian atroph y (DRPLA), and Machado-Joseph 

disease (UID, SCA3) ". 

In addition to tnplet repeats, contraction and expansion of mono-, and dinucleotides often 

occur in tumours wi th microsatelli te instabili ty (MSI). In normal cells, mononucleotide repeats 

are targets for slippage dunng DNA replication. The frequency of DNA polymerase slippage 

events varies directly with mononucleotide nm length 239-24'. If Msalignments are not repaireci 

by 3' exonuclease pmofreading activity in nomal cells. the DNA mismatch repair complex of 

genes will rescue the cell from the propagation of somatic mutations. Mutations that arise are the 

result of the inse~tion/deletion of one repeat unit in the majonty of cases nsulting in frameshift 

mutations. Thus, genes with mononucleotide tepetitive elements are susceptible to mutation in 

MSI tumourigenesis. We were interested in determining exactly how many human genes 

contained coding mononucleotide tracts of 6 base pairs and greater. We suspect that since 

slippage events occur more frequently as the length of the mononucleotide increases. the= would 

be selection against long mononucleotide tracts. This negative selection can occur at the arnino 

- acid level, w here several di fferent codon combinations can transcri be synonymous triplet 

codons. For example, AAA and AAG code for the amino acid lysine. Three consecutive lysine 

residues can be coded by any combination of AAA and AAG. If selection exists against long 

stretches of mononucleotide tracts, then codons that minimize the mns of mononucleotides 

would be favoured. By means of Kangamo multi-faceted features, we detennined the number of 

genes with mononuckotide tracts (26 bp in length) and also the fquency of codon usage in the 

human genome. 



3.2 Material and Methods 
-- - L 

3x1 Search AJ~i i thm 

Kangaroo was written entirely in C computer prognunming language using NCBI twlkit 

(Ostel1,J. v. 7.0 (2000) available at ft~://ncbi.nlm.nih.eov/tooIbox/ncbi tools) and developed on a 

dual Pentium II processor Linux machine. The web-based application runs on a four processor 

Sun Solaris server. Kangaroo is avnilable at htt~://bioinfo.mshri.on.ca. All GenBank records are 

revieved from our own in-house SeqHound d a t a b a ~ e ~ ~ ~ ,  which mimrs NCBI latest GenBank 

release (v.123.0 Apr.2001), the NCBI taxonomy database and PDB ". The search algonthm is 

based on Regular Expression functions and is part of the NCBI C toolkit 

ft~://ft~.ncbi .nlm.ni h.nov/toolbox. The program supports most cornmon Regular Expression 

metacharacters. AH searches were performed exclusively on human records from the pri (primate 

sequence entries) GenBank division. Coding region information was derived from these human 

sequence annotations as entered in the GenBank flatfile by the individual record submitten and 

stored in our permanent in-house databsse. 

33.2 Regular ~x~ression' 

"Regular Expression" is a set of characters that represent one or more search strings. To find if a 

certain pattern is present within a given record such as DNA or protein we consrnt a regular 

expression that represents that pattern. For example, the pattern "GGATGA" represents the DNA 

sequence "GGATGA" and no other sequence. The regular expression "GGG[AT]GGGW 

represents both GGGAGOG and GGGTGGG sequences. As you can see from these examples 

some regular expression characters match only one character (i.e. G represents only Guanine) 

while others can match much more than one character. Using relative1 y small number of syrnbols 

one can specify many different patterns to search for in a single search. The symbols that 

represent more than one symbol are called metacharacten and they are used to specify a range of 



characters. The scope of symbols that each metacharacter represents depends on the position and 

theLcontext that' these- characters ateateus& The tables (Tabte 3.22-8-10) betow show some 

sample ngular expressions and the use of metacharacters to specify mon than one string. 

Table 3.2.2-8. Regular expression metacharacters 
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Tabk 3.2.2-9. Regular Expression Symbols 

Regular Expression Symbls 
-z.-.- .ML. --x-s - .---.-... -- . -. 

Tabk 3.23-10. Regular Expression Patterns. 

Meaning 

Matches any chmcter 

Matches any character listed 

Matches any chmcter not listed 

Alternation 

Grouping 

Matches must be at beginning of sequence 

Matches must be at the end of sequence 

3.2.3 Mononucleotide Search 

For each of the four nucleotides, adenine (A), guanine (G), cytosine (C) and thymine (T) 

C w q ' l " w C  
PXXP 
AMSE 
[ST]X[VIL ]$ 
AAAAAAAAN+AAAAAAAA 
[̂ c]CCCCCCCC["c] 

Kangamo searches were p e r f o d  starting at IR ordec to elirninate retneving duplicates, 

CGAAGC or CGTI%C 
Two Prolines separated by any two amino acids 
A11 peptide records thst bcgin with MSE 
PDZ binding sites. All matches must be at the end of a sequence. 
All records that conuin two A(8) trricks sepated by any number of bases. 
Al1 records that contain only C(8). 

the query was limited to retum only the entries that contained the specific run of nucleotides 
. 

restncted on either side to exclude those sequences with additional identical nucleotides adjacent 

to the particular input. These restrictions were established using Regular Expression 

metacharacters. For example, if al1 the annotated files with a DNA sequence of a consecutive mn 

of only eight adenines, "AAAAAAAA, then the ends of this sequence must be restricted to any 

other base other than A. This can be accomplished by using the metacharacter, ["A] (corresponds 

to "not A", see Table 3) in a query sequence, [AA]AAAAAAAA[AA]. These mononucleotide 
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searches were perfonned individuallyii on Kangamo for each nucleotide and for each length, 

- .---a-*- -fiom6 6- ~ 3 %  to I36ase pairs. TE sardies weïe %O esigned to indicate the subset of files 

that had the query sequence "in frime", that is AAA CGA, not GGA AAC. In order to make the 

program more time efficient, the human annotated CDS was retrieved and stored as a separate in- 

house database. 

3.2.4 Codon Usage Seairh 

To observe the frequency with which synonyrnous codons are combined to create a stretch of 

three homogeneous arnino acids in the human genome, we implemented one of Kangamo's 

multiple features. Since we are able to limit our searches a specific nucleotide "in-frame" we 

eliminated the possibility of duplication of overlapping sequences. For the four humogeneous 

codons. M A ,  CCC, GOG, 'IïT, the arnino acids produced are Lysine, Proline, Glycine, and 

Phenylalanine. Redundancy within the human nuclear amino acid code, results in amino acids 

that can be coded by more than one codon. Thus, Lysine is coded by AAA and AAG; Proline by 

CCC, CCA, CCG, and CCT; Glycine by GOG, GOA, GGC, GGT; and Phenylalanine by TIT 

and TI%. These codons can then amnged to form a three arnino acid stretch of synonymous 

codons. The number of combinations that can produce the triple amino acid repeats are; 8 for the 

amino aci& that are coded by only two codons, lysine (KICK) and phenylalanine (FFF); and 64 

for the proline (PPP) and glycine (GOG). The frequenc y of each codon predicted from the codon 

usage for human proteintoding sequences is taken from the studies of Nakamura et (Table 

3.2.4-11). The differences between the predicted frequencies of the different nucleotide 

sequences and the actual frequencies were analyzed with a k test. 



human genome. However, there are >40,000 mononucleotide microsatellites, 6 to 13 base pairs 

in length in annotated human CDS. Some of these may fa11 within the same gene but for the most 

part, there are tens of thousands of genes with hypermutable tracts susceptible to mutation. 

Polyadenine tracts are expressed more (sometimes several fold) than any other mononucleotide 

repeat. As anticipated as the length of the mononucleotide repeat increases, the frequency with 

which they appear decreases. 

To accurately obtain the frequency with which a specific three-codon block is used 

for coding a triple repeat of the synonymous amino acids. we implemented Kangaroo's coding 

region search functionality. Using the prediction frequencies in Table 3.2.4- 12, the pmbabi lity 

of al1 the triple synonymous codon combinations were calculated and are shown in Table 3.2.4- 

13. Kangaroo is able to quantify the number of times a specific codon combination appears in 

the human CDS. These results are displayed in the "Hits in frame" column. By totalfing the 

number of times al1 the possible codon combinations are found for a given triplet amino acid 

block, the expected number of hits for a aven combination can be deciphered. The observed 

over expected values for each of the four classes of codons clearly shows that codon suetches 

that contain segments of eight or more rnononucieotide repeats are underrepresented with 

significant Chi Squared values and where @.O001 in the human (ORFdCDS). 



Tabk 3.M-11. Total number of records containing these spec@c mononucleotide sequences within the annotated 
human coding region. 

- - 

Repeaîs Adenine Cytosine Guanine Thymine 

3.2.4-11. The semi-log plot of the mononucleutide results in Table 3.2.4-1 1. 

3.4 Discussion 

The biological basis of codon choice is not well understood in the human genome. Codon 

prefemces have been discussed fonn two perspectives; translational accuracy and ef'ficiency; 

sekctive and non-selective substitution biases. Factors that may influence codon bias include 
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codon context, globai and local G + C content, and mutational biases *". In human genes, there 

ai-other factors to  consider such as eRitOZDNA potmerase and repair s ystems, meth ylation, 

CpG Islands 246, tissue or organelle specificity, mRNA stability, transcriptional rate, and 

evolutionary age. 

Codon usage can be biased in different species. For example, the amino acid lysine has 

two codons, AAA and AAG. Some organisms, such as Lactobacillus acidophilus, use the two 

codons equally. Others show extreme preferences: Streptomyces venezuelae uses AAA only for 

2.2% of the time, whereas Buchneria aphidicola uses it for 91% of lysine residues 247. In Homo 

supiens, AAA is used almost equally with AAG at 42%204. Degeneracy allows for synonymous 

substitutions that do not change the protein in which it codes. Synonymous mutations were 

initially assumed to be effectively neutral 248 but it was apparent upon compilation of the first 

coding region sequences that the different synonymous codons were not used equall y. Preferred 

codons correspond to the most abundant tRNA for each amino acid in sorne cases, the local 

chromosomal base composition can influence codon bias 249. However, the extent of codon bias 

and the rate of synonymous substitutions have been described as a negative celationship 

Natural selection of synonyrnous mutations has been detected in bactena, yeast, Drosophilia, 

nematode, plants and for the chloroplast genome ? In mammals, however, evidence for codon 

We have shown that the use of synonyrnous codons that code for three identical 

amino acids to produce a long stretch of mononucleotides is unfavourable as seen by the low 

observed over expected values (Table 3.2.4-13). Stuâies by Laken et and Linton et 

and have also observed similar results. Through the charactexization of a novel APC gene 

mutation, Laken et al. observed that a tramversion of a thymine (T) to an adenine (A) in the 15' 

exon generated a stretch of eight consecutive As. They found that this newly synthesized repeat 

was susceptible to further somatic mutations as seen in the 25 8 of the tumours tested that 
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contained nine As within the genomic DNA. This one base pair insertion creates a frameshift 

Linton et al. observed through their studies of the apolipoprotein B gene, that the 

deletion of a cytosine (C) within an exon resulted in the creation of a repetitive tract of eight As 

lx. This mutation, similar to most somatic Frameshift mutations leads to the premature 

termination of the apoliopoprotein B gene resulting in a truncated apo-B protein. Interestingly, 

approxirnately 10% of the altered reading fmne alleles produced a full-length functional apo-B. 

These alleles were restored by the transcriptional insertion of an extra adenine into the stietch of 

adenines. 

Hornonucleotide repeats are known locations of DNA polymerase slippage events 

during nplication 239 however, the results presented by Linton et al.. suggest that reading frame 

restoration was due to the transcriptional insertion of an extra adenine into the tract of 

polyadenines. Chamberlin and Berg first described slippage of RNA polymerase dunng 

transcription in 1962 U2. More recently. Wagner et al., (1990) described transcription slippages 

by E.Coli RNA polymerase dunng RNA elongation at runs of 10 or more adenines and 

thymines, resulting in the addition of untemplated thymine or adenine residues and restoration of 

the proper reading frame to out-of-frame lac2 cons t r~c t s~~~.  Although the extra adenine corrected 

the frameshift mutation, linton et aL hypothesized that the same rnechanism could iniroduce 

frameshift mutations whenever long stretches of adenines occurred in protein-coding sequences. 

Along the sarne line of thought as our hypothesis, Linton predicted that short, 2-5 

stretches of As would be used to code three consecutive lysine residues ovenvhelmingly over the 

codon combinations that would result in stretches with eight or nine As. They studied 150 Lys- 

Lys-Lys motifs and found that the shorter string of adenines were at a higher-than-predicted 

frequency, whereas sequences with eight or nine consecutive As were observed at a much lower- 

than-predicted frequency (pcû.004 by x ~ ) ~ ~ ~ .  We found sirnilar results for the three lysines, with 
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our Chi-Square analysis revealing a pvalue of <0.001. Our study was more comprehensive than 

that of-tinton ef at. - By the means of imptementing Kangamo's fimctionality, we were able to 

analyze not only the Lys-Lys-Lys (KKK) motifs but also al1 of the four possible triplet amino 

acid blocks that could be encoded by codons leading to stretches of eight or nine 

mononucleotides in the human genome. For example, there are 8265 KKK motifs in our 

annotated human CDS database, and these were used to classify the relative frequencies with 

which the diffemnt codon combinations were employed. Furtherrnore, for the three other 

searches we classified the 1097 FFF motifs, 14347 GGG motifs and 16552 PPP motifs as 

displayed in Table 3.2.4- 13. 

We have found that there seems to be selection of an unknown nature against codon 

combinations or even homogeneous codons, AAA, CCC, GGG, or TTï' to reduce the probability 

of slippage at long stretches of mononucleotide repeats creating somatic mutations during DNA 

replication and RNA transcription. This is also supported by the quantification of 

mononucleotide sequences in human annotated coding ngions. As. seen in Table 3.2.4-1 1 ., the 

number of repeats of 6 base pairs is reasonable, but as the length of the tract increases, the 

number of repeats dramatical l y decreases. 

Perhaps it is through evolutionary changes, for exmple that the codon, AAG is 

observed more ftequently and the codon. AAA is minimized due to its potential to produce 

hypermutable sequences of mononucleotides. Arnino acid coding in mitochondrial DNA has 

reassigned the codon, AAA that according to the canonical code should encode for i ysine, codes 

for asparagine (N), dong with AAT and AAC in mitochondna. It may be extreme mutational 

pressure towards increased genomic G+C content that mitochondna have eliminated the A-rich 

codon (AAA) entirely, in favour of G-ending codon (AAG) with equivalent function ? 



TaMc 3.2.4-12. Predictedfiequencies of the individual codons as shown by the studies of Nakumura et al. for 
human CDS in the year 2000. 

Amino Acid Codon Predicted Frequenc y 

Lysine (K) AAA 0.42 

AAG 0.58 

Phenylalanine (F) Tm 0.45 

Proline (P) 

Glycine (G) 

TTC 

CCC 

CCA 0.27 

CCG 0.11 

GGG 

GGA 

GGC 0.34 

GGT O. 16 

Table 33.413. Codon usage for three-residue amino acid repeats codeà by honiortitcleotides 

Codon Combination' Amino Acid Observedd ExpectedC ObservedlExpected 

AM- AAA- AAR^ Lysine 475 1458 0.326' 

AAR- AAR-- Lysine 7790 6807 1.14 

TrI'-m-TTyb Phenylalanine 106 222 0.477' 

'ITY-m-TTYc Phenylalanine 99 1 875 1.13 

GGG-GGG-GGN~ Glycine 115 897 0.128 ' 
GGN-GGN-GGW Glycine 14232 1 3450 1 .O6 

CCN-CCN-CC NC Proline 16462 14276 1.15 

Tt= A or G, Y= C or T, and N= A,C,T, or G. 
"Codon combinations that produce a rnononucleotide repw of eight or more base pairs. 
'Ali possible codon combinations that code for a giwn amino acid subaacting the set of eight or more base pair 
r c p t s  in gmup '. 
d~n-frame tocals derïvcd from searches utilizing Kangamo. 



%xpected values were calculated as the total numbcr observed times the probability for each codon combination. 
The codon pmbability was o b t a i d  from http~/www.kozusp.or.jp/c~don~~~~ (Table 5). where the probability of 

-- - -- - -- - -~~~giu~tbtCGCOdORCOmbin;Lt iohktbeptoduc~of~tbtee indiuiduai codon pmbabilities, 
fpcO.~i, Chi square. mononucleotide repats of 8 or m m  base pain venus d l  other codon combinations. 

' This section is h m  the Kangamo web interface 
" These swrches were perf~tmed by D.BeteI, a M.Sc. student under the supervisor of Dr. C.Hogue ût the Samuel 
Lunenfeld Rcsearch Institute. 
"' The statistics, (Chi-Square) were performed with the assistance of Laurent Briollais. 
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Microsateuite Instability Colorecal Carcinomas 

4.1 Background 

It has ken reported that poly A/T repeats are more stable than poly C/G 255, suggesting that the 

stability of the C/G repeats frameshift intemiediate due to hydrogen bonding enables the 

mismatch to be tolerated long enough so as to be far enough away from the extending 3' end and 

escape the action of the exonuclease U6. If the integrity of the cells genome has been 

compromised, as in mismatch deficient (MMR-) tumours, a repeat is 3000 times more 

susceptible to mutation compared to tumours that are MMR comptent (MMR+) 239. Thus, these 

mononucleotide tracts are hypermutable in tumours that display microsatellite instability. As 

evidence shows, for example, the gene, TGFBII is mutated in approximately 80% of MSI 

tumours at an (A)io tract. The identification of genes containing coding mononucleotide 

microsatellites may be valuable in discovenng candidate genes important in the carcinogenesis 

of MSI tumours. Using Kanganw, we are able to isolate and quantify genes containing 

mononucleotide repeats. These candidate genes may be important in understanding the 

underlying molecular genetic events leading to MSI cancers. 

Repeats of any given size and type should have relatively stable mutation frequencies in 

intronic DNA. Coding sequences with higher mutation frequencies must have been biologically 

selected for (growth inhibitory genes), while those with lower frequencies were likely selected 

against (growth stimulatory genes) 

For the purpose of this project, Kangaroo enables us to search for polyadenine tracts. 8 

base pairs in length or greater in human coding sequences exclusively. Repeats longer than 7 

base pairs in length have been shown to be more mutable than shorter repeats U9. Genes were 

investigated through surveying the literanup to reveal functions of the gene and its interacting 
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partners ( h t t p : / / w w w . n c b i . n l m . n i h . g o v / e n t r e z / q u e ~ .  Selection of genes was 

MITOSIN, MIG-2). si p a l  transduction (GRK4, RACK7, AXiN2, DP-2. PP-1 inhibitor), 

implication in di sease (RECQLI, ERCCS, BLYM), DN A replication (DNA ligose III, CBF2), and 

some miscellaneous and putative genes (VRK2, NP220), with no apparent implication in 

tumourigenesis. As well, the known mismatch repair genes (hMSH3. hMSH6, and hPMS2) with 

mononucleotide repeats were screened to determine the mutation frequencies in our tumour 

series. 

In order to improve efficiency of finding genes with significant mutation frequencies in 

primary colorectal carcinomas, we initiated a rapid screening regime of 13 genes only in the 

colon cancer derived ceIl lines (including LoVo, an endometnal derived, MSI-H cell line). The 

rationale behind this effort including the thought, that if the 8 MSI-H cell lines exhibits a 

significant mutation fkquency, then it is more likely that the primary CRCs will also carry 

similar mutations. Thus, only those genes with substantial mutation frequencies would then be 

screened in the primary tumours, of which there is a finite supply. In addition, to the MSI-H cell 

lines, MSS ce11 lines complete this panel thus possibly enabling us to find other genes that may 

help to differentiate even further the two destabilizing pathways. 

It has becorne apparent that cell cycle checkpoints function in association with DNA 

dmage recognition and repair pathways. Thus, genes in one pathway can affect multiple 

pathways leading to apoptosis if cntical controls are still intact or to the uncontrollable 

promotion of cancer. 

Progression through cell cycle is mediated at checkpoints. The ce11 cycle occurs despite 

continuous assault on the genome fmm carcinogens and other environmental hazards leading to 

instability of DNA. Checkpoints constantly monitor the genome for accuracy and the orderly 

events in the ceIl cycle narnely @NA replication, mitosis and integrity of DNA). Activation of a 
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specific checkpoint halts progression until either the problem is corrected or the cell decides to 

-- -- un&igo pmgfanimed celf deatfï or siiiïpïy Iive witb the problem. the major checkpoints k ing 

Gl/S and Gm. The three cellular components involved in genome transmission are the DNA 

itself. the spindle, and the spindle pole. Checkpoints are intracellular signal transduction 

pathways; damage or emns must be sensed and the signal transduced to effectors, which then 

regulate cell cycle progression. Damage sensors are important in initiating the damage response; 

to date these sensors are p r l y  understood due to the lack of their identification. A possible 

candidate might be Ataxia Telangiectasia Mutated (ATM) or ATM-Rad3 related (ATR) genes. 

which both recognize DNA directly, suggesting a role in the sensing pathway. If the damage that 

the DNA incurs involves a crucial function the checkpoints arrest the cell cycle progression and 

activates the DNA repair system in the cell. Thus, the regulation of the DNA repair system and 

DNA damage chec kpoints are thus intertwined. Checkpoints are not essential for proli feration 

and thus can be lost through mutation. The loss of one or more checkpoints is a feature seen in 

many cancers 257U8. Tumours that display chrornosomal instability usually involve the loss of a 

checkpoint due to mitotic spindle defects z9*260. On the other hand tumours that pmgress through 

the microsatellite instability pathway may lose their ability to activate their checkpoints through 

the loss of one or several genes. Thus, the loss of mismatch repair in these cells increases cell 

suwi~al and the concomitant decrease in the level of apoptosis 261'. 

Other means of deregulating cellular processes are through the desensitization of the cell 

to external cues by aberrant expression of positive replators, such as cyclins, or by the loss of 

negative ngulaton. such as the CDK (CDC-dependent kinase) inhibitors. The farnily of proteins 

known as CDK inhibitors includes the tumour-suppressor gene p16, as well as other proteins 

such as p21, p27 and plS. Loss of p27 expression has shown to predict p r  prognosis in certain 

colorectal cancer patients262. In colorectal cancers, the c yclins. D2 and E have been shown to be 

amplified. Overexpression of cyclin Dl is implicated in breast cancers and other tumours but not 
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in colorectal cancers. However, recently Kong et al., have found that a cyclin D 1 pol ymorphism 

-isztinkecF wi th  ew onset of. colorectiif- patients y w hic h may be important w i  t h respect to  

microsatellite unstable tumours, which present themselves at an earlier stage of life. 

To fully understand the molecular pathogenesis of MSI colorectal cancers, we must first 

determine the genes that are mutated, suppressed or over-expressed. By identifying genes with 

fmeshift mutations at mononucleotide repeats in this study we are determining the importance 

of the loss of particular protein functions in tumourigenesis. 

4.2 Materials and Methods 

4.2.1 Selection of Candidate Genes 

K a n g m  retrieved 1361 records that contain consecutive runs of 8 or greater adenines. 

Kangamo is an invaluable twl, yet human manipulation is still required to select genes of 

interest for specific pmjects. For this project, genes with functional significance were selected 

according to their role in ceIl cycle control, proliferation and apoptosis. Functions were 

investigated by searching NCBI GenBank nucleotide records 

(htt~://www.ncbi.nlm.ni h.~ov/entrez/auerv.fcei?db=Nucleotide) - and published articles 

- - pertaining the relevant information on the individual genes. When possible, genes with known 

introdexon junctions were chosen to alleviate initial primer design problems that may be 

encountered. However, due to enors in sequencing by the original submitters of particular 

sequences, incorrect fragments were amplified. In total, 21 genes were screened in the pnmary 

CRCs. Of these, only 20 were screened against the cell line DNA (NP220 excluded). In addition, 

20 mononucleotide m a t s  (13 genes) were screened exclusivel y against the ceIl line panel. 
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Once the genes were selected according to functionality, primers were designed to include the 

mononucleotide repeat. Rimers were designed to be less than 150 base pairs in length in order to 

increase the efficienc y of amplifying archival paraffinembedded tissues. Occasionall y, the web- 

based programme, Primer 3 ( h t t p : l / w w w . ~ e n o m e . w i . m i t . e d u / c , o i - b i d m  www.cei) 

was used to design primers for difficult segments of DNA. Subsequently, these fragments wen 

analyzed with an NCBI tool, BLAST, to look for homologies to the specific segment to increase 

the probability of mplifying only the sequence of interest (see Appendix A for primer 

sequences). The PCR methods and detection methods for mutational analysis are the same as 

described in Chapter 2, section 2.2.5. 

4.2.3 Sequencing of Putative Mutations 

See Chapter 2, section 2.2.7 

4*2A Tissue Samples 

See Chapter 2, section 2.2.1 

4 Ce11 lines 

See Chapter 2, section 2.2.2 

4.3 Results 

4*3J MutationPl Analysis in Complete m e 1  

In Table 4.3.1- 14, the results for the 2 1 genes successfull y screened against the complete panel 

of 101 primary tumours and ce11 lines available are lisied. Others have screened the mismatch 
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repair genes, hMSH3, M S H 6 ,  and hPMS2 and we show here, comparable results. The 

~-po~~è~irië- traictss in hMSR3 - ani i  K P M S T  wete - mütatd by a fiequenc y of  42% and 596, 

nspectively in the tumours. The homocytosine repeat in W H 6  was found to be mutated in 

29/100 (29%) in the tumoun and is mutated in 418 of the MSI-H cell lines. This frequency is 

higher than for IiMSH3 and hPMS2 that are mutated in 2/8 and 118, respectively. 

Other genes, besides the MMR genes that exhibit a moderate to significant mutation 

frequency are AXIN2 (15%), CDC2SC (1 1%). RECQLl (12%). ERCCJ (IO%), CBFZ (16%), 

RACK7 (19%), and GRK4 (21%). MSI-H cell lines also exhibit these mutations with the 

exception of ERCC5 and RACK7, where the former, the sample size of the cell lines is too low to 

detect a mutation frequency of 10%. Whereas with RACK7, not a MSI-H cell line but a MSS 

celt line (1/9) is mutated. CBF2 showed mutations in both the MSI-H (3/8) and MSS (1/14) cell 

lines. 

3/8 MSI-H cell lines had mutations in any of the 4 mononucleotide repeats in AXIN2, 

which we screened simultaneously, G7, A6, C6 and C5. This was the only gene screened with 

multiple smaller repeat sequences. The MSI-H cell line, LS411, upon sequencing exhibited a 

Leu-to-Arg, CTG-CGG at residue 662 that falls just upstrearn from the Dax and Dix regions. 

14/93 primary tumours had M I N 2  mutations, of the 2 tumours with multiple histological types, 

1 had a subtype that cames the AXZN2 mutation, indicating either a late event mutation, or 

selectiveldisadvantageous mutation. 1 tumour, HC387 was removed due to insufficient evidence 

of sequencing data. Thenfore, there are 14 mutations in a total of 13 pnmary tumoun. Only one 

tumour (HC186) displayed bi-allelic inactivation, most of the mutations occurred within the G7 

tract of AXIN2, 10/14, with 3/14 in the C6 and 1114 in the A6 tract. 

The remaining genes have mutation frequencies that are less than 5%; these include, 

C m ,  CDC7, DNA lig III, DP-2, B L W ,  FM-1, PP-1 Inh, VRK2, MIG-2, MITOSIN, and 

NP220. Within this gmup of genes with low mutation frequencies in primary tumours, there are 
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a few that are mutated in at lest one MSI-H ce11 line. DP-2, BLYM, and FM-1 axe mutated at 

tEe% (AJ8 iepéisive ekment in I/8 m-Hcem h e s  andnone of the MSS celT hes .  AIso within 

this group, CHKl with a mutation frequency of 4% is mutated in a MSS ceIl line (119). 

Overall, the mutation frequencies in the ceIl lines were similar to those in the primary 

tumours, of the I l  genes that were S5% in primary tumoun there were 3 genes with mutations in 

ln MSI-H ce11 lines, which accounts for 55%. In this subset of gene, we would expect to see the 

occasional mutation in Il7 cell lines. Thus, the cell lines show the same trend as the primaries. 

4.3.2 Mutational Analysis in CeU Lines 

Twenty-two mononucleotide repeats in 14 genes were screened against a cell line panel of 8 

MSI-H ceIl lines and 16 MSS ceIl lines (Table 4.3.2-15). Of the 4 repetitive elements in the 

Caspase 8-associated protein 2 gene (CASP8AP2), the As tract is the only one that is mutated in 

one MSI-H ce11 line (LoVo). The As in p72 is mutated in the endometnal derived cell line, 

HEC 1 A. The DNA recombinationlrepair gene, RAD50 has two polyadenine tracts of 8 and 9 

base pairs in length. While, the As is not mutated in any of the eight MSI-H cell lines, the A9 

tract is mutated in LoVo and HCT-I 16. The transcription factor, TFE3, which has a Ge repeat, is 

mutated in the MSI-H cell line, SW48. Frarneshift mutations were not detected in the other 

mononucteotide repeats in the m a i n h g  IO genn in ather the MSI-H or MSS cet1 lines. 

4.3.3 htratumour Heterogeneity 

When areas of a specific tumour sample display distinct pathological charactenstics, each 

defining area was microdissected separately. When a gene is mutated in various stages of tumour 

development visible in a sample, this indicates that the mutation might be an early event and 

through clonal progression, al1 the dysplastic, tumour cells carry this same mutation. If only a 

single area exhibits the mutation, then, either the mutation is exclusive to that pariicular clone, or 
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it may be a later event and the other clones will acquire that mutation as well or, the clone is 

EÏng seMfed agiinst Fy carryltng tiemufafion and w m k  elimiiiated. In Our sarnpk group, we 

had a selected number of tumours in which multiple areas were sampled. Of these, 6 harbour a 

mutation in GRK4 and 3 of these 6 represented turnours when more than one tumour sample was 

mutated. The MMR genes, hMSH3 4 tumours out of 8 tumours with hMSH3 mutations have this 

mutation in more than one tumour tissue, indicating an early or advantageous event. hMSH6, is 

also seen to be mutated in 2/5 tumours with multiple tumour areas. This is also seen in 112 

tumours with multiple sarnples with RECQLI, If3 with RACK7 mutations and in al1 the tumours 

(414) with mutations in CBF2. One of the two tumours with mutations in CDC25, hPMS2, and 

MITOSIN are each mutated in one tumour with multiple samples and in those tumours, more 

than one sarnple area contains the frameshifc mutation in those specific genes (Table 4.3.3-16). 

4.3.4 Intronic Polyadenine Repeats 

Genes with intronic polyadenine repeats with lengths of 7 to 10 consecutive adenines were 

screened against the complete panel of ce11 lines and primary tumoun. The shortest repeat, Ai is 

not mutated in any of the ce11 lines nor tumours. The As, As, and Alo demonstrated higher but 

expected mutation frequencies of 24%, 12%, and 158 ,  respectively. The Aio tract in the intron 

of B L F u  was the ody one with mutations in the ceil lines. H a - 8 .  DLD-1. LS 174 are the MSI- 

H cell lines with an insertion/deletion mutation in the intronic Aio (Table 4.3.4-17). 



Table 4.3.1-14. Summary of mutation jbequencies of genes screened against our coniplete panel of primary MSI-H 
tumours and ce11 lines. 

----*-. * -  -----2-- - . - - - -  -- - 

hMSH3 
IiMSH6 
hPMS2 

A X N 2  

CHKI 

CDC25C 

CDC7 

RECQLI 

ERCC5 
DNA 
t i g l l l  
DP-2 

BLYM 

CBF2 

RACK7 

FA P-1 
GRK4 

PP- linh 

VRK2 
MIG-2 
MiTOSIN 

NP220 

GenBank Cell lines 
Gene Accession Function Repeat Riniiuy MSI-H 

Number MSI-H MSS Tumours 
NM-002439 Mismatch repair 2 8  W 15 42101 42% 

protein 

NM-000 179 
NM-000535 
NM-MM655 

NM-00 1274 
NM-001790 

NM-003503 
NM-002907 

NM-000 123 
NM_O 1 3975 

NM-006286 

NM-05 179 

NM-005760 

NM-O 12408 

NM-006264 
HSGRKGO8 

NM-00674 1 

NM-006296 
224725 

NM-O 16343 
M O  14497 

Mismatch repair 

Mismatch repair 

Wnt signalling pathway 

Checkpoint protein 

Tyrosine phosphatase, 
G2/M phase regula tor 
G I / S  phase regulator 

RecQ ltelicase involved in 
DNA repair 

Cut and patch repair 

Ligates DNA drtring 
replicationhepair 

Complexes to E2 F to 
regulate ce11 cycle 

Burkitt's lymp homa 
rransfonning gene 

CCM T box binding 
protein 

Protein kinase c binding 
protein 

Fus inhibitor 

Desensitize G protein- 
coicpled receptors by 

phosphorylating activated 
receptors 

Prorein Phosphatase 
ln hibitor 

Serine/TItreonine kinase 

Mitogerr activated 

Mitotic-phase progression 

DNA binding nrtcleur 



Figure 43.142. Graphical representatiori of resulfs tabulated hi Table 4.3.1 - I# 



Table 4.3.2-15. Summary of mutation frequepeies of genes screened only against the cell lines. 
I 

Gcne 
ûenSank 

Accession Numbtr 
Function 

Cell Lines r C 

R c p t  MSI-H 
MSS 

Death associated pratein 6 
(DAXX) 
Silenccr of Death Jhmain 
(SODD/BAG4) 
MAP kinase kinase kinase 
(MTK 1) 
Caspasc 8 assoçiated protein 
2 (CASP8APuRIP25) 

TC10 
MOK ( also RAGE) 
GNEF 

Enhances Fas-mediated apoptosb 

A poptosis 

Regulata the p38 and JNK pathways 

FLASH homolog 

Putative opoprosis inhibitor 

Rho-family GTPosc 
Rcnal rwttour anrigen 

Guanine nucleotiùc exchange factor 

TranscriptionaMranslotional 
NM-005732 DNA recombi~tionlrepair prosein 0/8 

AP u8 
HOXAl1 NM-005523 Transcription regulution A9 018 0/16 
REV 1 NM-016316 Damage bypass replication A7 018 O116 
SHC transforming protein 1 NM-003029 Signal transduction Gs 018 01 16 
TFE3 NM-QWS21 Transcription factor for lmmunoglobulin G8 1/8 0116 

Heavy-chin enhancer 3 



Table 43.3-16. Sununary ofgene mutations in tumurs with nwltiple arcas with diflerent hisrological chracteristics. 

Gcne Tumours with )Ictcrogencous Tumours with mutation in 
areas with at lwt o&mutation majority of orcpr 

GRK4 6 3 

MITOSIN 1 1 

RECQLI 2 1 

Table 43.417. Mutation Frequencies of poJyaàenine repeats f o d  within introns. 

Position 
Ccll Lincs 

MSI-u - MSS 
Primary MSI-H Tumoqrs 

- 
BLFZI Intron 2 A7 WB 0117 0183 

RhAG- Rh glycoproteiri gene Intron 8 An 018 0117 241101 

Beta Defensin I Intron 1 As 0 n  0 n  12/99 

BLFZI Intron 2 h o  318 0/17 13/84 



4.4 Discussion 
- 

4.4.1 Genes screened in cëKfiiS 

Following out original thought that genes in apoptosis genes must be disturbed in order for cells 

with defective mismatch repair to propagate without committing suicide. we chose genes with 

functional significance in apoptosis regulation. There are several apoptosis pathways of which 

the CD95-FADD-caspase 8 pathway is one, which have physiological significance. In addition, 

there are other speculative pathways such as, CD95-RIP-RAIDD-caspase2 '*, CD95-DAXX- 

ASK1-JNK-unknown caspase, and CD95-FLASH-unknown caspase or adaptor *? From our 

Kangaroo searches, we identified and investigated the following genes; Death-Associated protein 

6, D m ,  Silencer of Death Domain, SODD 266; Caspase 8-Associated protein 2 (CASP8AP2); 

BASSI; and the PDZ domain containing guanine nucleotide exchange factor, GNEF. 

Human DAXX encodes a 740-amino acid polypeptide containing r nuclear localization 

signal. Functional analyses demonstrated that Daxx binds to the Fas death domain and enhances 

Fas-mediated apoptosis 267. The authors suggested that DAXX and FADD define 2 distinct 

apoptotic pathways downstream of Fas. The DAXX-ASKl connection provides a mechanism for 

caspase-independent activation of JNK by FAS and perhaps by other stimuli 268. We were not 

able to detect any frarneshift mutation in either the MSI-H or the MSS ce11 lines, indicating that 

the A8 tract in DAXX is not a target for mutation in colorectal tumoungenesis and perhaps intact 

DAXX is a suppressor of apoptosis as suggested by the study in mice where DAXX when knocked 

out enhances apoptosis rather suppressing it 269. 

GNEF was chosen to study d w  to its association to and functional similarity to Ras. It 

contains two repeats, an Ai and an As, neither of which were found to be disrupted in our panel 

of ce11 lines. Negative ~ s u l t s  were also seen for the putative apoptosis inhibitor, BASSI. As well, 

the two polyadenine repeats, Ai and As found in SODD. also known as Bcl2-Associated 



athanogene 4, BAG4 were intact. Enhanced expression of SODD is seen in pancreatic cancers 270 

-but Îio %s&i'ation iiis been iTustrated3 cobreCtaLcancers. 

The caspase 8-associated protein 2 ( C A S P W 2 )  is also known as RIP25 (FLASH 

homolog). The RIP stands for receptor-interacting protein. and is an adaptor protein with a death 

domain 27'. This gene is involved in il-2 signalling and is suspected to play an important role in 

downstrearn events from Caspase 8 in apoptosis. This gene contains two Al, one As, and one As 

repeat. Our results reveal a single base deletion at the As tract in the MSI-H cell line, LoVo. This 

rcsult may be used to support the task of scanning this particular gene in the panel of MSI-H 

pnmary tumours. 

Two genes were scnened against our panel that have functions involved in DNA repair, 

REVl and RAD50. The REVl encodes a DNA polymerase with deoxycytidyl transferase activity 

" and is homologous to the E.Coli DinB and UmuC proteins. No mutations in this Ai repeat 

were found. However, the RAD50 gene, that contains an A8 and an As repeat is mutated in the A9 

tract of the MSI-H cell lines, LoVo and Ha-116. The single adenine deletion in the 

mononucleotide tract results in protein truncation and thus, loss of the ABC transporter domain. 

Similar results have also been shown in 3 1 % of MM-H gastmintestinal cancers IsS. Recently, the 

nuclear complex containing RAD50 and MREl1 and nibrin or p95 has k e n  implicated in DNA 

damage detection. activation of cell cycle checkpoints 273, and DSB repair as part of the BASC, 

BRCAL-Associated Surveillance Complex . The functional nvelations and striking results by 

us and others, makes RADSO, a potential target in the MSI pathway. 

ABC Transporter 
775 1944 2175 2812 

I I p (Ah 
Myosin Tail 

5' 3' RADS0 
3610 3891 
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Other genes, consist of signal transduction genes; the MAP kinase kinase kinase 1 gene 

~ ~ ' . ,  S H ' t i a n s f ~ ~ n g  protein 1; MOK protein kinase; and the Rho-family member, TCIO: 

a transcription factor; TFE3: a RNA helicase, p72; and a transcriptional replator; HOXAl1. 

M . 1  activates and phosphorylates MAPKK, which in turn activates and phosphorylates 

MAPK. MAPK kinase activates a specific MAPK. There are different types of MAPKs some of 

which are activated by environmental stresses, JNK MAPKs, and others such as the ERK 

MAPKs by mitogenic stresses (osmotic shock, UV irradiation, wound stress, and inflarnmatory 

factors) 274375. The MAP kinase superfamily is an important group of kinases and thus, MTKl 

and MOK, another member of this famil y were scrrened for mutations. No frameshift mutations 

were observed at the polyadenine repeats in the coding regions of these genes, predicting that the 

function of these genes may be essential not only for propagation of the nomial but also aberrant 

Although S H C  transfonning prorein I did not have the typical polyadenine tract, it was 

chosen to study due to its quintessential role in signal transduction It does however contain a 

Gs repeat, which along with the one found in TFE3 were the only two deviations frorn the >8 

polyadenine tract, merely for interest purposes. Only one MSI-H cell line, SW48 displayed a 

mutation in the TFE3 gene. The TFE3, transcription factor for immunoglobulin heavychain 

enhancer 3 is located on Xp11.Z a region that is involved in translocations found in several 

malignancies 277-279 

The TC10 gene is a Rho (Ras superfamily) family GTPase that is highly similar to 

CDC~~***. Activated foms of both proteins stimulate transcription mediated by nuclear factor 

kappa, semm response factor, and the cyclin Dl promoter, they also activate c-Jun NH(2)- 

terminai kinase *". This family has k e n  show to ngulate a variety of apparently diverse 

cellular processes such as actin cytoskeletal organization, mitogen-activated protein kinase 
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(MAPK) cascades, ce11 cycle progression and transformation. Thus, perhaps due to the fact that it 

-mmf&k2invotveU in-so many diflerent pmesses;-it is-not-mutated in any of our cell Iines. 

The transcriptional regulator, HoxAll, (homeo box L 1, hoxll) is primarily involved in 

forearm morphogenesis; the decision behiml choosing this gene was the vety fact that it was 

involved in embryogenesis and not tumoutigenesis 282. The rational behind choosing this gene is 

study a gene that would not typically be involved in the progression from normal cell to a 

cancerous one. Unfortunately, this gene is not one of such genes. There were no 

insmionldeletions detected at the A9 repetitive element. 

The only other gene with a detectable mutation in any of the MSI-H cell lines is p72, 

which codes for a DEAD-Box protein. These RNA-dependent ATPases, chantctenzed by the 

conserved motif Asp-Glu-Ala-Asp (DEAD), are putative RNA helicases. They are implicated in 

a number of cellular processes involving alteration of RNA secondary structure such as 

translation initiation, nuclear and mitochondriil splicing, and ribosome and spliceosome 

assembly. Some members of this farnily arr believed to be involved in embryogenesis, 

spermatogenesis, and cellular growth and division 283. A one base pair deletion was detected in 

the polyadenine repeot located at residue 118, upstream fmm both the functional and conserved 

domains in the cell line, HEC 1A. 

I Helicûse Conserved 
C-terminal I 



4.4.2 Genes screened in both Rimary CRCs and CeIl Lines 
- -  - - - 

In the progression of colon cancer from adenoma to carcinoma, the Adenornatous Polyposis Coli 

(APC) gene is mutated as an early event. The APC gene functions in Wnt/Wingless signal 

transduction. Inactivating APC mutations are observed in approximatel y 70% of colon cancer 

patients with MMR deficiency 2". This mutation leads to the stability of Beta-catenin, which 

activates the transcription of genes downstream of the T C F m  promoter. Other genes in the 

WntMringless pathway have been implicated in colon cancer. Beta Carenin (CTNNBI), GSK3fl 

and M I N 2  have been described as being mutated in varying mutation frequencies. Activating 

CïNNBlmutations occur almost exclusively in MSI-H CRCs. When tested in 1001102 of our 

panel, 18% were found to have mutationsi. Axin2 is thought to play an important role in the 

regulation of the stability of beta-catenin in the Wnt signalling pathway. In mouse, conductin 

(axin) organizes a multiprotein complex of APC (adenornatous polyposis of the colon), beta- 

catenin, glycogen synthase kinase 3-beta, and conductin. which leads to the degradation of beta- 

catenin. This deregulation of beta-catenin is an important event in the genesis of a number of 

malignancies. The M I N 2  gene has ken mapped to 17q23q24 285, a region that shows frequent 

loss of hetemzygosity in breast cancer, neuroblastoma, and other tumours. Our data presented 

here shows that M I N 2  mutations are present in 14/93 tumours of our panel. with only one 

tumour that has both CTNNBl and AXIN2 mutations. These results reveal that CTNNBl and 

M N 2  may not be totally mutually exclusive, but there seems to be a trend indicating that these 

genes may have functional significance in alternative pathways. Lui et al, 2000 showed that 

M N 2  was mutated in 11 of 45 CRC with defective MMR. They showed that the mutations 

stabilize beta-catenin and activate beta-catenidï-cell factor signalling 14*. Reliminary data 

suggested that M N 2  is overexpressed in CRC. Webster et 1 (2000) found two sequence 

variants causing arnino acid substitutions in four colon cancer cell lines, a Ser-to-Leu at residue 



--* - 
100 

215 in LS513 and a Leu-to-Met at residue 3% in HCT-8, HCT-15, and DLD-1. They chose to 

--- ..a---- 

stuiryL =er tni U%M rnutiitiion sGce -itL fén witnin the RGS @guTators of Ci-protein 

signalling) region that was shown to interact with gl ycogen synthase kinase 38 286. We were not 

able to detect these mutations since we were lwking for fiameshift mutations specifically at 

clustered in exon 7 containing the four mononucleotide repeats. However, we found in another 

MSI-H ce11 line, LS411, in the region of our interest, ii Leu-to-Arg at residue 662, upstream from 

the dax ngion (found in Dishevelled, and Axin) and the dix regions. Additionally, one turnour 

displayed biallelic inactivation of this gene. GSK3P also contains a Ta repeat within the 

sennelthreonine protein kinase domain and analysis of this repeat would be essential in 

understanding the d e  of these genes in colon cancer. This gene has ken  screened in colon 

cancers that were not stratified into MSI status 286. 

The CDC25C gene is highly consewed during evolution and it plays a key role in the 

regulation of ce11 division. The encoded protein i s  a tyrosine phosphatase and belongs to the 

cdc25 phosphatase family 287,288 . The cdc25C phosphatase dephosphorylates cdc2 kinase which 

then in complex with cyclin B can catalyze transition from the G(2) phase to mitosis. It is also 

thought to suppress p53-induced growth arrest by binding to it through a site in the cdc25C 

promoter. In addition, through a segment containing three CCAAT-boxes, cdc25C transcription 

is deregulated by p53. This transcriptional repression by p53 leads to reduced levels of active 

cdc2 kinase contributing to G(2) arrest and G(2)IM checkpoint contd 2". The pmtein encoded 

by checkpoint kinase 1 gene (Chkl) phosphorylates cdc25c on serine-216 in response to DNA 

1988 2018 
330 683 (ch (cl, 3.770 3.61 ll 
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3' AXIN2 5' 
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damage, thus preventing mitotic entry ? This phosphorylation of ser-216 creates a binding site 

--- -- d --for-IéSTprotein ana inhibits the function- of the phosphatase by escoriing the protein out of the 

nucleus into the cytoplasm 29'. CDC25C contains a mononucleotide repeat (A8), a susceptible 

target for mutation in MSI cancers, it is found distal to senne 216 at lysine 241. In our panel of 

MSCH tumoun, we found 10/93 frameshift mutations resulting in probable protein loss due to 

truncation. The consequences of losing cdc25C would be similar to the response directed by 

DNA damage, both result in the loss of the phosphatase function resulting in G2/M arrest in 

these cells. 

A study of the cdc25 isoforms in colorectal carcinomas revealed that the various isofonns 

1210 1536 

Rhdanese- li ke 

are differentially regulated and may participate in the development of these tumours. They found 

5' 

a correlation between increased cdc25B mRNA levels and the relapse-free, ovenll, and cancer- 

3' CDC2SC 
Rhodanese Homology 

related survival of the patients ". 
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Although detection of DNA damage and the subsequent initiation of the cell cycle 

checkpotnt are not futly undemmd, as suggested eertier, ATM and AT'. are possible darnrige 

detecton due to their direct DNA binding ability. Atm *O6 and Atr 2m are upstream regulators of 
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Chkl, and thus are important in this checkpoint as well. Chkl also phosphorylates cdc25A and 

- ciE25B, mi since the ser-lf6 is conseefied aniong the isofonns, it was suggested that CnkI - 

might regulate other DNA damage checkpoints, such as those controlling the GUS phase 

transition "'. CHKl also contains a coding region mononucleotide repeat, an As, we screened 

this gene and found a low mutation frequency of 4%. (3/8 1%). For this particular gene we had a 

low amplification rate w herein on1 y 8 11102 pnmary tumours amplified using these gene primers. 

The mutations in CHKl and CDC25C are mutually exclusive in our series. 

Canman et al. (2001) suggest that the loss of checkpoint results in mitotic catastrophe and 

that the cooperation of ATR and CHKl are essential in preventing such a crisis ". Mitotic 

catastrophe is an apoptosis-like pmcess that begins in prophase, after the dissolution of the 

nuclear membrane and is associated with the entry of cdc2 and cyclin bl into the nucleus. 

Chmmatin condensation and micronucleation and is distinguished from PCD by the lack of DNA 

degradation. Although mutations in the similar ATM confers susceptibility to cancer, 

homozygous deletions of either ATR or C H K l  results in embryonic lethality in mice 204,205,294,~  

Mitotic catastrophe is also seen when 14-3-3a alleles an inactivated in colorectal cancer cells. 

14-3-3 nomally sequesters cyclin bl and cdc2 in cytoplasm and inhibits mitosis following DNA 

damage 2%. Thus, cell cycle arrest is established initially but the cells died when they entered 

into mitosis. F m  the consequentid ioss of ATR OF CHKI, 29% of out sample population may 

display malignancies of a lower grade attributable to mitotic catastrophe and not apoptosis. 

In addition to cdc25C, Atr and Chkl also interact with p53 in various ways to affect the 

GZM checkpoint las. Atr phosphorylates p53 at SERIS, a site that prevents it h m  binding to its 

repressor, MDMZ '". P53 is also phosphorylated on SERIS by Chkl as well sennes, 20 and 37 

297 



Figure 4.2.2-13. Possible pthways outlining the participution of CDC25C in processes sitcli as growtlt arrest, 
cellular prolferation, and apoptosis. 

In summary. al1 three genes were screened in 76 turnours. 29 turnours have a mutation in 

either one of the three genes, C m ,  CDC25C and ATR. 2 turnours (HC369, R88) have both ATR 

and CDC25C mutations; another 2 turnours (HC265, HC323) have both ATR and CHKI. 17 

tumours have only Am mutations. 1 has a CHKI, and 7 have single CDC25C mutations. 
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Another gene within Our selection of genes is suggested to play an important role in 

-miîfdtic~piïase- progression. I t  is theLgene- IWTOS!.. - a centromeric protein (CENPP) that is 

expressed throughout S, G2, and M phases of the cell cycle but is absent in G1 This gene 

was identified by direct binding to purified retinoblastoma protein Rb is an important protein 

in cell cycle regulation and thus interacting proteins are also given importance by association. 

MITOSIN showed a low mutation frequency of 3% (3/93) demonstrating that MITOSIN might 

not k involved in the progression of MSI colorectal cancers. 

DY-2 is an E2F dimerization partnet @P). E2F functions as a tumour suppressor gene 3" 

and transcription factor that is the critical deteminant of the GllS phase transition during the 

mammalian ceIl cycle. It activates the transcription of a group of genes that encode proteins 

necessary for DNA replication, and is directly regulated by the action of the Rb protein, and 

indirectly through the action of the G1 cyclins and associated kinases ' O 1 .  Rb inhibits 

progression from 0 1  to S phase of the cell cycle, thus if DP-2 cannot heteroàimerize with E2F, 

E2F may not be able to interact with Rb to amst cells in G1. In detennining if this was the case 

in our MSI-H tumours, the segment of the gene containing the Ag repeat was examined for 

insertioddeletion mutations. Only 2 out of 94 tumours were mutated. 

Through the years, research unveils novel functions of known genes, as is the case with 

C&7 kinase (CDC7). In a CDK-cycün-like complex, Cdc7 requires its substrate. Dbf4. This 

complex is required for the initiation of DNA  plic cation in eukaryotes and has been conserved 

in evolution. Other observations suggest that Cdc7-Dbf4 also plays another, less well 

chanicterized, d e  in checkpoint function and in the maintenance of genomic integrity "! The 

overexpression of the Cdc7-Dbf4 in neoplastic cells and tumours suggests that it may be an 

important early biomarker during cancer progression ". The genomic integrity of tumours with 

microsatellite instability is inherently comprised. The mutational analyses of the A9 repeat in 

CDC7 showed that it was not targeted for mutation in Our series of cancers and cell lines (0%). 
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The ovetexpression seen in other tumours indicates that pehaps Cdc7 is intact but the 

---ami tabitity of Dbfeis in fact deregutateck- 

Cm2 encodes for a CCAAT-box binding protein 2 and contributes to gene-specific 

transcriptional activation. If perhaps, CBF2 wen mutated, the loss of this protein may inactivate 

important downstrearn genes of those that contain CCAAT-boxes. We found CBF2 mutations in 

al1 of our subpups, 14/91 (16%) in the MSI-H tumours, 3 out of 8 MSI-H cell lines (LS411. 

HCT-116, HCT-8) and also in one MSS cell line (SW948). The presence of this mutation in the 

MSS cell line suggests that pehaps this mutation is not specific to tumours with MSI phenotype 

but may occur in colorectal cancers sporadicall y. 

GRK4 is a member of the G protein-coupled receptor kinases, a family of 

senndthreonine kinases that appear to play a role in receptor desensitization. They 

phosphorylate the activated fom of the corresponding receptor, increasing its ability to interact 

with amstins. Binding of the arrestins to the teceptors then blocks further activation of the 

respective signal transduction pathways. Mutational analysis of the polyadenine (A9) repeat 

within the coding region of GRK4 revealed a 21% mutation frequency in Our panel of primary 

tumours (19/9L) and mutations as well in 1 8  MSI-H cell lines (LS411, HCT-116). Biallelic 

inactivation was detected in 2 tumours and also in the cell line, HCT-116. Further functional 

studies to investigate the loss of GRK4 in MSI-H cells would likely shed light on the exact 

consequence of these single base deletions with the mononucleotide elemen t. 

RECQLl belongs to the RecQ family of DNA helicases along with its other member, the 

Bloom syndrome gene (BLM) described in Chapter 2 ". As mentioned earlier, DNA helicases 

are enzymes involved in various types of DNA repair, including mismatch repair, nucleotide 

excision =pair, and d i ~ c t  repair. Mutations at the A9 element are found in 11/93 (11%) of 

tumours and also in HCT-116. 3 tumours had both BLM and W C Q L I  mutations, the devance 

of this data is unknown without fwther studies. 
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Protein kinase C (PKC) phosphorylates a variety of target proteins, which control growth 

-an~céttiü~iù diffeientiation. Thus RiQCKf; which encodes for a-PKC binding protein ?, was a 

convincing candidate for mutational analysis. We found RACK7 mutations in 17 out of 91 (19%) 

MSI-H tumours tested. This mutation frequency is one of the highest detected in this project yet 

nom of the MSI-H ceIl lines were mutated, which is unusual. One the MSS cell lines (SW948) 

showed a frameshift mutation. This result indicates that further mutational analysis of MSS 

primary tumours might reveal a significant finding linking RACK7 to colorectai cancer 

tumourigenesis. The analysis of corresponding normal tissue from each patient would verify this 

hypothesis. 

The last grwp of gencs screened, either are mutated at a very low frequency, tw low to 

be detected in our small sample of MSI-H cell lines or are not mutated at all. The significance of 

these findings indicates that the mononucleotide tracts in these specific genes are not targeted for 

mutation; in other words, the loss of the resulting proteins is not advantageous to the abnormally 

proliferating cell or it is inactivated through another mechanism. 

Within this group of genes, there are two that are implicated in other diseases, ERCC5 

and BLYM. ERCCS is identical to XPG, Xeroderma Pigmentosum G gene. It has been 

demonstrated that ERCCS is a single-strand specific DNA endonuclease, which plays the 

cataîytic role in nucleotide excision repair. The XPG nuclease (ERCCS) acts on the single- 

stranded ngion cnated as a nsult of the combined action of the XPB helicase and XPD helicase 

at the DNA damage site. The XPG endonuclease cleaves the damaged DNA strand 3-prime to 

the lesion dunng nucleotide excision repair This gene has ken mapped to chromosome 

13q33, a region lost in prostate cancers ", however, studies reveal that ERCCS is not the target 

gene within this locus 3m. 8/80 single base deletion mutations were observed in Our senes, 

hirther investigation into those individual patient tumours is required to lay importance on the 

intact ERCC5 protein. 
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The BLYM gene is mutated in 5 out of 96 (5%) tumours. BLYM is a transforming gene 

'tnatïs activatea in Burkitt's tmphoma celfs ? It is hypothesized that it may ôe involved in 

different stages of progression to neoplasia 31"3'2. Through its sequence homology to transferrin 

it was also suggested that the msforming gene products might function via a pathway related to 

transfemn '13. 

Human NP220 binds to a double-stninded DNA fragments by recognizing clusters of 

cytidines. NP220s are a novel type of nucleoplasmic protein with multiple domains '14. A 

mutation frequency of 3% was observed, whereas the Mitogen-inducible gene (MIG2) was only 

mutated in 1%. The senndthreonine kinase, VRK2 was also found not to be a target in the 

microsatellite instability pathway as it was only mutated in 2% of cases. 

Although the function of a particular gene may indicate involvement in the microsatellite 

instability pathway, this is not always the situation. DNA ligase III is thought to be involved in 

DNA repair and recombination. Through it 's unique C teminal domain, it interacts wi th the 

DNA strand break repair protein, XRCCl 3'5. The (A)* repetitive element falls within the 

poly(ADP-ribose) polymerase and DNA ligase zinc finger domain, thus creating a opportunity to 

inactivate this encoded protein, and further promote genornic instability; however, our results 

indicate that DNA ligase III is only mutated in 1%. 

FAP-1 is a tyrosine phosphatase that interacts with the cytosolic negative regdatory 

domain of Fas to block its apoptotic function. Fas is expressed in colonic epithelial cells and is 

also expressed in colon carcinomas and data suggests that its pathway is functional when Fas is 

expressed at high levels 316. FAP-1 is a negative regulator of Fas-mediated apoptosis in human 

cancer cells and in connection with an additional signal-tmnsducing molecule can possibly 

completely suppress Fas-mediated apoptosis 317. Also, FAP-1 regulates the activity of both 

initiator caspases 3 and 8. Our failure to find any mutations in the polyadenine (A8) repeat raises 

several questions. 1s intact FAP-1 required for protection of the malignant cell? 1s FAP-1 
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overexpressed in more aggressive cancers? What is the other signai-transducing molecuie and is 

irtlie -absence of - this molecule that permirs Pas-mediated apoptosis in microsate tlite unstabte 

tumour cells? Hence, the mle of Fas signaling in the regulation of apoptosis in colon carcinoma 

cells and its d e  in influencing the response to treatment with chemotherapeutic agents is an 

avenue that should be further explored 3'7. 

The mismatch repair genes have been screened by other groups and with varying 

mutation frequencies observed in MSI-H cancers. We found that our mutation frequencies of 

42% and 29% in hMSH3 and hMSH6, respectively, fell within the published ranges of 3746% 

for hMSH3 and 18-36s for hMSH6 35v'uv1"2353'8. Very few somatic mutations in hPMS2 have 

been reported and we have similar results, with a 5% mutation fquency 85.3 19-321 . 
The quest for detennining the genetic targets of microsatellite instability tumours can be 

simplified in the sense that genes with repetitive elements within the coding regions are suspect. 

However, the magnitude of the number of genes with these potential targets makes this a 

considerable project with both human and cornputer manipulations. The subgroup of genes 

investigated in this project is a small part of a larger more comprehensive study in mapping the 

genomic instability seen in colorectal cancers with microsatellite instability. Although measures 

are taken to venfy the accuracy of the submitted sequences into the public databases, emrs are 

inevitable. and time is spent characterizing genes with unforeseen exon-intron boundary 

pmblems leading to several false-positives. 

The increase in slippage and decnase in proofreading as a function of incnasing length 

of repetitive sequence leaves DNA mismatch repair as the major guardian against genome 

instability in repetitive DNA sequences. Thus, in tumours with mutations in the rnismatch repair 

genes, microsatellites. and especially long stretches of mononucleotides are to Say the least, at- 

risk-motifs (ARMS) Most microsatellites occur in nonîoding and intmnic regions, where 

these slippages would frequently occur without repair, since there should be no functional 



consequence. The mutation frequencies in the intronic repeats did not display a relationship with 

-'the--repeat lengh. The ronger coding homonuc~eotide npeats are subjected fo lowered 

proofreading efficiency of the frameshift intemediates 3n'3? The genes with stretches of nine 

adenines or longer in our subgroup of genes were mutated at a higher frequency in most cases. 

Within homonucleotide repeats, deletion repeats can be (but are not always higher) than addition 

rates, by factors of about 10-100-fold 272. Our results exhibit sirnilar trends, where the majonty of 

mutations are single base deletions, followed by single base insertions and two-base pair DLs. 

Reasons why some genes that have repetitive elements do not exhibit these typical frameshift 

mutations; 

1) They have shorter mononucleotide repeat tracts that are susceptible but not within the 

parameters of our study. 

2) They have di-, trinucleotide elements that are susceptible, but are not within the 

parameters of Our study. 

3) Sequence context dependant repair by specific MMR genes, not hMLH1 or hMSH2. 

4) Functionality. It is advantageous to the ce11 to keep these specific genes intact. 

5 )  Redundancy. Other targets in the same molecular pathway are targeted, negating the need 

for inactivation of the particular gene. 

Although the tumours are rnicrodissected, inevitably contaminating normal cells are included 

when genomic DNA is extracted. However, ce11 lines are usually derived from a clonal 

population, which should exhibit more homogeneity than the primary tumours. Screening genes 

initially in ce11 lines appeared to be an efficient way to quickly identify, susceptible genes with a 

high frequency of mutations. We found when there is a significant mutation frequency in the 

MSI tumours that the MSI ceIl lines iue indicative of that result. Still our panel of MSI cell lines 

is lirnited, thus, increasing the number of these ce11 lines, including others with different 



mutations, or different combinations of mutations in MMR genes would complement this 

---A- screeriing stniregy. 

The pronounced genomic instability may increase susceptibility to apoptosis as a result of an 

accumulation of mutations in genes that are required for ce11 growth. In addition the inactivation 

of certain checkpoint proteins may initiate mitotic catastrophe. Genes involved in cell cycle 

controls and in particular checkpoints are becoming increasingly valuable in understanding how 

malignant cells evade them and continue to proliferate. These cells may initially be arrested in a 

darnage checkpoint but they eventually ovemde the m s t  and resnter the cell cycle, despite that 

they have not repaired the damage that elicited the m s t  326*322. This adaptation may promote 

tumourigenesis by allowing genomic instability to occur in the absence of repair. 

In our discussion of the effects of insertioddeletion mutations that cause frarneshift 

mutations, we assumed that the resulting protein is inactive, due to the loss of functional 

domains. Woemer et al. 2Oûl describes possible situations where the mutant protein might exert 

trans-dominant functions on the remaining wild-type proteins. Also, these mutant proteins may 

interact with other proteins, thereby representing gain of function mutations instead of presuming 

that the frameshift mutations produce inactive proteins "'. Therefore, further cDNA studies and 

functional studies are required to diwover what happens to the tnincated product of these genes 

with the insertioddeletion mutations, 

' These CR<NB 1 mutationid analyses were perfomvd by ~ .Pr imdahl~?  
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Conclusions 

Colorectal cancer is the second leading cause of cancer in Canada. and attempts to reduce the 

burden of this disease have been a major force of health care providers and policy makers 

nationwide. The progression of colorectal cancer is one of the best understood of human 

neoplasms, with major targets identified such as APC, KRAS, and TP53. However, much more 

about this malignancy is left to be discovered. Two genomic destabilizing pathways have been 

described and are generall y accepted; the Chmmosornal Instabili ty and the Microsatel li te 

Instability pathways. The latter is defined by its deficiency in rnismatch repair, due to the loss of 

one or more mismatch repair genes. Romoter methylation of hMLHl and somatic inactivation of 

hMSH2 account for the majonty of deficiencies seen in sporadic MSI-H colorectal cancers. 

Characteristic of this pathway is the hypermutability of microsatellites, especially stretches of 

mononucleotides. Transfomiing growth factor Beta-receptor il ( T G F m ,  is the only gene thus 

far, whose mutations at its Aio tract are significant and specific for MSI colorectal tumours. 

Other genes with mononucleotide repeats are susceptible to mutation and have ken previously 

descnbed ~ 3 5 , ~ . l 5 3 - l 5 5 . l ~ . 1 ~ 1 6 7 ~ 1 9 , ~ 5 3 2 8 - 3 3 2  

The increased susceptibility of mononucleotide repeats is due to slippages that occur 

dunng normal DNA replication. Given that tumours with deficient mismatch repair cannot 

detecilrepair these insertionldeletion mutations, a frameshift mutation is propagated. In these 

MSI-H nimours, many genes are mutated and within a given individual, thousands of mutations 

may exist. Thus, the challenge of identifying the genes that are important in the distinctive 

pathogenesis of microsatellite instability is one that involves both breadth and depth. As a first 

line approach, a genome-wide search for genes with mononucleotide repeats enables the 



researchers to n m w  their focus by identifying possible candidate genes with susceptible targets 

- - ofmUtati011. 

We developed Kangaroo, an irreplaceable search tool in identifying genes with these 

susceptible mononucleotide repeats. Although Kangann, can retrieve these nsults, further 

stratifications an required to ensure that the repetitive element. or searched sequence is 

completely within the coding region of the DNA and to venfy the exodintron boundaries. The 

latter is important when designing pnmers; ideally, the primers should also be within the same 

exonic region as the targeted segment. Kangaroo has eliminated the tedious pmcess of 

researching individual entries because the results are displayed with hyperlinks to the relevant 

SeqHound (mimred after NCBI GenBank Flatfile) (http://www.ncbi.nlm.nih.gov/) page. 

Perhaps, in orâer to reduce the number of genes h m  which novel genetic targets in 

carcinogenesis are chosen, the results obtained from Kangarw could be filtered again, by 

cornparhg the results against other databases of known tumour suppressor genes and oncogenes. 

Kangaroo is a relatively simplistic program that has the power to perfonn many tasks with 

impressive results when it is properly manipulated. 

Kangamo's capabilities were tested through our searches to investigate human codon 

usage and to look for codon bias. Although the frequency of the single homogeneous (AAA. 

CCC, GGG, TïT) codon usage was not largely significant, the lack of these codons in 

succession was striking. If the trend towards increased OC content is supposed as the reason 

behind this bias, then codons with higher GC content are dected and rather than a passive 

system, where amino acid composition is unaffected, the trend could result in the alteration of 

the arnino acids "*'"'. This would then imply that every codon and every arnino acid follows a 

single tnnd detemiined by the overall compositional property of the genome. Kreitman suggests 

othewise, where codon preference applies to every gene in a genome (thus, a passive system), 

yet the evolution of each amino acid and each protein is highly context-dependent 248334 
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Another hypothesis, describes the synonymous codon use between genes is varied by the 

dîftknnces -in- the ef'fîcieriry of mismatichL-répair . niere is evidence that mismatches are 

npaired with different probabilities and biases depending on the nucleotides and the length of 

the mispair 3x*337. However, it was found that mismatch repair efficiency could only attribute a 

small fraction to synonymous codon usage 

Our results seem to suggest that there is an evolutionary thmst against runs of 

mononucleotides, possibly to avoid unnecessary insertionldektion mutations. Perhaps by 

selcction for emr-minimitation. alternative usage of synonymous codons which is invisible at 

the protein level is implemented without changing the amino acid '". Thus, subtleties at the 

codons that may prevent slippage-induced mutations do not affect the grand scheme, narnely the 

arnino acids and resulting pmtein as suggested by Kreitman. Studies by Linton et al., also 

revealed a selection bias against long stretches of mononuckotides IM. Additionally, their studies 

show evidence for slippage not only occurring during DNA replication but also during RNA 

transcription, resulting in insertion/deletions and insertions, respectively. If we consider that 

slippages can occur at different stages of the cell cycle, then it is conceivable that some of the 

deletion mutations caused by slippages during DNA replication can be reversed by insertions 

dunng RNA transcription. 

Our project brings forth putative tumour suppressor genes that have sustained frameshift 

mutations probably induced dunng DNA replication. These findings fom the bais for funher 

investigations into the hinctional mle of these alterations. According to the principles set out by 

Boland et al, 1998, the guidelines for determining tumour suppressor genes (see Background for 

list) are quite stringent and none of the novel genes screened in this project abide by those set 

standards. It is entirely possible that as with most of the other genes published to date, the 

rnutated genes we identified are bystander genes, affected by the MSI phenotype of the tumour 

cell. However, it is also difficult to argue against the possible role of at least a subset of these 



114 

targets in MSI-H colonctd carcinogenesis. Some nsearchers suggest that an increase in the 

nuriifièfièr o f  gene mutations becreaes-the ratency period for tumourigenesis, indicating a 

quantitative effect, which is either additive or synergistic in nature 339. There has ken  further 

evidence that perhaps, tumour suppressor genes are dosage dependent, t hat one hit of particular 

TSG an enough for genetic instability. The loss of the second allele may be an effect, rather than 

the cause of tumour growth 339. In addition, the presence of wild type and mutated alleles does 

not necessaril y exclude biallelic inactivation of putative TSGs, since genomic imprinting or 

promoter methylation of the wild type alleles might also contribute to inactivation of the second 

allele, as is seen in hMLH1. Functional studies with one or both of the alleles of the putative 

TSG knock out of MSI ceIl lines would reveal the effects of those cells to specific stimuli, such 

as growth stimulants/inhibitors, and apoptotic promoters/inhibitors. Through the examination of 

each stage of the adenorna-carcinoma sequence, the emergence of gene mutation can be used to 

decipher, if the mutation is an early or late event. An aberration occumng as an early event is of 

p a t e r  consequence than that of a later event. Also, different heterogeneous areas in a single 

tumour c m  determine successful clonal propagation. With al1 these combined efforts we aspire 

to build an intricate genetic mode1 of MSI-H colorectal carcinogenesis. 

Recently, Woemer et al., (2001) also perfonned a systematic approach in order to fmd 

coding mono- aad dinucleotide microsateiiites in humans. They too utilized certain filters as to 

eliminate repeat tracts in pseudogenes, vector sequences, and homopolymeric nucleotide 

stretches at the most 5' or 3' ends of sequences. Exonlintron boundaries were detemined by 

MAUON analysis, and finaily the tme repeats were verified by direct sequencing of repeat 

candidates from genomic DNA. As mentioned in chapter 3, these alignment programs are 

inaccurate and we believe that the methoci, by which Kongamo extracts only human annotated 

sequences from the original flatfîle, is a more diable approach in determining exodintron 
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bwndaries. Their results are on a small samples population with unknown bises, yet with 

- -- - 

Most of the genes we screened were mutated in lus  than 10% in our MSI-H tumours. 

That is 14 of 24 genes (excluding the MMR genes), where the mononucleotide sequences are not 

susceptible to mutation. This could be due to a Passive system, whereby cells constitutively need 

these specific genes for basic cell function and proliferation, whether the cell be normal. or 

abnormal, in onkr to prevent death. On the other hand, in an Active system, cells would induce a 

DNA repair system like the mismatch repair system to correct the genes of crucial proteins 

n q u i ~ d  for propagation. Then are still gaps in our knowledge of the mismatch repair system; 

are the MMR genes non-specific? Does the MMR machinery pas  once. twice. or is there 

another back-up detection system? How do the MutS homologues decipher between the 

template and nascent Strand in order to retain genomic integrity? From an evolutionary 

standpoint, have genes critical for cell survival acquired strategies against mutation or if 

mutation occurs, is it more efficiently repaired? We know that these repetitive elements cannot 

k mutated less fquently but can they be more efficiently repaired due to the context of the 

sequence? Perhaps by creating more stable loops, they are easily detected or do not allow the 

MMR system to bypass it. 

The continuous assault on the genome affects the cell in innumerable ways given that 

caccinogenesis can occur dong different pathways, with areas of redundancy. Thus, there is a 

problem in being able to discriminate within individual tumours, the mie mutation profile; 

mutations with significant, but nonessential effects on tumour growth, and mutations with 

negligible effects only ? Irrelevant significant mutations can be determined by lwking at the 

niRNA and protein level response. When a fmeshifl mutation occurs, a mincated protein 

emerges, but is this mnication enough to lose al1 protein functions, or is some or even the 

complete function retained? cDNA studies h m  mRNA from the tissue of the organ of interest, 



colon would indicate if the protein is even expressed in the colon. If it is only slightl y expressed 

-ornotatdt;hragenethat is h i g h t y m ~ b u t n o t  e x p r e ~ s d h  the colon woulctbe 

immaterial. It is difficult to disclose the effects of an individual gene mutation in a MSI tumour 

due the multitude of possible genetic alterations that the tumour has already acquired. Thus, the 

fiequency of mutation of a specific gene to cause cellular changes is difficult, almost impossible 

to detemine. For diagnosis purposes. a substantial mutation frequency that occurs early in 

tumour progression and that is specific for a patient population to provide precise and accurate 

resul ts. 

The cell cycle checkpoints surface as probably the most important in regulation of the 

ce11 cycle. Although MSI cells have a defective MMR system, the checkpoints should detect the 

darnage and arrest the cell. When it is detennined that the damage cannot be rectified, the 

checkpoint protein must initiate programmed ceIl death. In spite of this. MSI tumours have found 

a way to evade checkpoints by mutation of cntical genes that arrest the cell cycle or that promote 

apoptosis. Our results implicate several genes involved in cell cycle checkpoints, CHKI, 

C-C, ATR, DNA-PK and the recQ helicases, BLM and RECQLI. The recQ helicases are a 

part of a sensor for DNA damage in S-phase as a memkr of BASC (BRCAl-Associated 

Surveillance Cornplex) 'O7. RecQ helicases appear to associate with the replication machinery 

and to recruit signal-transducing kinases (perhaps DNA-PK) to the site of the lesion *O8. 

How is it that patients with MSI colorectal cancers have better prognosis and increased 

survival than those with MSS tumours? There is still debate about whether MSI patients respond 

better to chemotherapy than CS1 patients Y' or whether chemotherapy has any effect at d l .  In the 

near future advanced studies will likely resolve this issue. Due to the heterogeneity of MSI 

tumours that acquire numerous mutations during tumoungenesis, chemotherapy is unlikely to 

succeed. A specific chemotherapeutic agent may be highly selective and toxic for MSI cell lines 

but the in vivo tumou might alnady contain-or rapidly develop- a population of cells that will be 
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resistant to the agent Gene replacement would also be unlikely to be effective since the cell 

n o w  hasan imact MMR system bat 'carr iesthc~ei r  of pre-existing mutations. However, this 

treatment may slow down the tumourigenic potential of MSI tumours. This ultimately, is our 

goal: if not to cure, then to be able to treat the disease more effectively by tailonng the treatment. 

It is hoped that data from studies such as those described here will eventuaily contribute to the 

success of this research endeavour. Finally, further investigations into finding comlations 

between the mutation data and the correspondhg clinical data may provide additional insight 

into whether then is a quantitative effect on individual tumours and whether sub-groups exist 

within the MSI pathway to advance our cumnt knowledge of colorectal cancer. 



APPENDIX A 
Primer Sequences 

Tabk A-1. Primer sequences and Dutabuse Accession numbers Apoptotic Regdatory genes in Chapter 2. 
b 

Gcnc Gtnbank 
-. - Acccssion 

DNA PK -A8 NM-006904 
A10 

A TR NM-001180 
APAFI NM-0 1 3229 
BLM NM-000057 
BCL I O- T7 NM-O392 1 

A8 
BAX NM 07527 

OMlM Chr. 
Position 

a00899 8qi 1 

Table A-2. Primer sequences ofiritronic repeats, 

1077 1 GATGTAAGAGCTGAACTAGC 10827 
46 1 GTAAATNTATGGAGAACCrCiC 528 
2278 CTWTGTCTGCAAGCCATïC 2322 

GTTACTTTITKCCTGTATITAGAA AC 
1467 CCrTTCiTAAGTAGCAACTGGGC 1582 
432 TGAAAAACTGAGGGCATCCACTGT 529 
101 C T G A G A G A C A I T I T O A X A W A C G  19 1 

ATCCAGGATCGAGCAGGGCG 

Gent 5' primer seqwnce ( 5 ' 4 ' )  3' primer sequcnct (5'-3') 
FIP2 -- -- -- TGAGCCCAGGAGTTCAAGAC TACAGGTGTGTGCCMTGTG 
BLFZI TGGAGAGGAAAAGGCTGAAC ATCCATCCATC'ITrGCTCITG 
Beta Defensin- J TCTGGGATACTGGGAGAAGG ACATCGGCCTGAAATTATGG 
Rh GLYCOPROTEIN ACGAGGTCAGGTCAûGAGCGAGA GGGCTACCAT'GTCCACCïAA 
BLFZl GATGGCTCTïTGûT7TGGTG GCTTTCTGGAATGG'ITGGTG 

3' primer squcnce (5 *+3') 

G C T G C A T A C A ~ A T A C  
CACCCAATAATCCFAGGAGC 
GCAAGTTTTACTGGACTAGG 
TATTCTCTGACCATCCTCAG 
TGTTTATMCTGATCTTTCACAGCAG , 
CïAGAACAGGCAAATîCAGAGAAG , 
AAGTAG~AACAATITM=CAGCCC 
ACTCGCTCAGCTTCITGGTG 



Table A-3. Primer Sequenees and Dotubase Information for the genes screened in primary colorectul tumours and cell lines in Chapter 4. 
- -  - - 

Gent Gtnbank OMIM Chr. 5' primer scquencc (5'43') 3' Pi& sequcnce ( 5 ' 4 )  7 

Accession Position 
MSH6 NM-0ûû1'?9 600678 2p16 3 196 TATAGTCGAGGGGGTGATGG 3270 GATGGCGTGATCCnrAAGC 

r 

MW3 
PMS2 
ERCC5 (XPG) 
BLYM 
CHKI (A9,A7) 
DP2 
MIG-2 
RACK7 (PRKCBPI) 
TF-34 

PROTEIN 
PHOSPHATASE I 
INHIBITOR 
CCAAT BOX 
(Cm) 
TC10 
DNA WGASE 111 

VRK2 
MITOSIN 
PROTEIN 
TYROSINE 
PHOSPHA TASE, 
W P E  13 (PTPN13/ 
FA P-1) 
NP220 
RECQLI 
CDC25C 
CDC7 
G PROTEIN- 
COUPLED 
RECEPTOR 
K N A  SE (GRK4) 
AXIN2 

1219 
2678 
39 
146 
378 
5 15 
257 
404 

363 

L 340 

533 
121 

978 
587 1 
825 

3867 
83 
650 
10 
601 

Intron 

A A T C A A G C ï G û A n i A T ~  
AAGCAGGATCAAKCCCTM: 
AGAATGGTOGCAniAAGCrr= 
ACTGCACTCCATACTGCATGAC 
TlTAGA ATMjCCATGGGACC 
TGCTITAA ATGTGCTAATGGC 
TATCAGACACCCCGAAGAAC 
CGAGCCAGAAGACACAGAGG 
CCCAGAGCAAAGTATlTCAATG 

AGAAGTGGAGTCA AGGCTGG 

AAATCAAATGGCM3TGTCCC 1465 

GATK;AAGACTGlTWl'GATGAGG 607 
TCAGAGTCTGGGGGTGATAni 213 

ACAAAAGGCTGCAACAAAGC 1115 
GAGAA ACCAGCTiCGTGGAG 5987 
CCAGTIY3A AAACTAGTGGCCC 909 

TGGGGATGAGAAGACAGTGG 3979 
TACGGAAAGGCAACAAGAGC 195 
GCCAGAGAACTTGAACAGGC 743 
TCTCAATTGGC'ITGTGATGC 93 
GTITGCGCCTGTCAAGTGCG 677 

SCA TENIN NM-0019û4 1 16806 3 ~ 2  1-22 AGTCACTGGCAGCAACAGTC 

CACKCCACAATGCCAATAA 
AGAGGGCTCCTiC'iTGGïTC 
ACAGCTGGGVAGGA A AGCC 
ACCrnAGGTcACTGAGAAG 
CCAAGAAATCGGTACTCTTTCAC 
TCCGCCTCTGCTTCTCTATC 
GGCCCCTCTA ATTC A AGTGC 
GTGACGTGClTlTCAGCTCC 
GGTTAAAAGrnGcCACATI% 

GGGTATGCCCTATTCACACC 1 

GCACTlTCCATGTTGCACAG 
CCTGAATGCAATGGAGACAC 
TCAGCTGTACAAAGCAAGTCC 

TCT17TCAGCCJTCTCTGTTCC 
TCYTCZTTATTCCAAGCGGC 
CCTTCCTGAGCTITCC'ITGG 
TGCAAGTlTAAA AWCTGCTCG 
GAGCCATAGCTTC ACCTlTCC 



Tabte A 4  Primer sequences for genes screerred exclusively in ce11 lines, 

Gcne Gcnbank OMIM Chr. 5' primer soquence (5 ' -3)  3'primer sequence (5'-3') 
Accession Position I 

DAXX 
Silencer of Death 
Domuin-8A (BAG4) 
BA G4- 7A 
Caspase 8 associared 
protein 2 (CASP8A P U  
RIP25) - 7.1 
CASP8A P2-7.2 
CASP8AP2-7.3 
CASP 8A PZ-8, O 
CASP8A PZ-9.0 
BASSI -7.0 
BASS 1 -8. O 
Cyclirr E binding 
protein (CEB) 
MTKI 
SHC 
MOK 
RA D50 

~ 7 2  
Guanine Nudeoride 
fichorrge Facror 1 
(GNEF) - 7.0 
CNEF-9.0 

AGTGTGGCCACACAATGCG 
GCTGTlTGTA AGA'ITCAGGC 

CIXTGAAGAATGTGTACC 
GACAAATGTACAGAAGCAG 

TGGAAGTACACTGTCCAAGC 
ACCACAGAA'KECCAG 
CTCCAGTAïTAACACniTAAAûî 
GAATGGCATAGTKiATCG 
TKGGATGAAGAGGAAGAAG 
TGATCTMiAAGCCCATGAGC 
GCTGATM3TCTCATCAGATûû 

CGAGCAWKTïAGAACAAC 
GGGATGAGGAGGAGGAAGAG 
CGAGGGAGAAGATACCCAWA 
AGAGCAGGTAAGCCCTlTGG 
A ACTGCGACïïmCAGAT 
ATITGGAGCAAGCGGTGGTG 
GGTGACCCTGCTATGACTCG 

CTA ATC AGAGTCTGAG AGC 

REVl NM-O16316 606134 2qll.l 3194 326 1 
GGTGT'CTCATA7TCCCAAAA 
GGCAGCAGTGAAAGAAAAGAA 

AAGATACTGGACCrnTCCAGC 
GCACATCAGCTGACACTCTACG 

TGCATCCTCTATGCTGCTTCC 
AC A ATlTGATCCTGGCTCTG 
AGCGCTCTITGGA'TTGAGAG 
TGGTCATCTACAAACTTCC 
TGCTGCAGCAATATTCAG 
TGGTGTGAGTTGGCTG ATGG 
GAGTGCAAGAGAATGGTAATCTCC 

TGAGGTAAGGC'ITATJGAGATCC 
TCCCGAAGCCTCATGTCTAC 
GCCAAAGTCCCCTAAïïTCAG 
TCCTGTGCTAïTITGITGCTTG 
CAAGTCCCAGCATlTCATCA 
'ITGGGGAGCTCACTCAAATC 
GCAGCACAGGCAATATTCAA 

CAATATCTCCTGGCACATGCT 
GGCAGAG7TïiTGCAGGACT 
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APPENDIX B 

--- , - 
PCR ANNEALING TEMPERATüRES 

- . . - - - - s  -- . L  - - -L 

Tabîc B-S. The annealing temperatures for the sets of primers for the genes screened for mututionof analysis in this 
project. 

. . . - - - - - - -- 

Gene Repeat Anwling Temperature (OC) 

A TR 56 
AXIN2 60 
BAEQ A8 52 

A7 52 
BASS1 54 
BCLlO A8 57 

n 57 
BLFZI A7-INTRON 52 
BLFZI AlO-INTRON 54 
BLM 54 
BLYM 56 
CASP8AP2 7.1 52 

7.3 52 
8.0 50 
9.0 52 

CBF2 56 
CDC7 50 
cm5 54 
C E 6  46 
CHKI 48 
DAXX 52 
DNA-PK 56 

57 
DP-2 55 
ERCCS 54 
FA P- 1 58 
FIP2 5 2  
GNEF 54 

54 
GRK4 56 
HOXAII 50 
MIG-2 52 
MITOSIN 54 
MOK 54 
MSH3 50 
MSH6 50 
MTKl 52 
NP220 60 
~ 7 2  54 
PP-1 INH 54 
PMS2 52 
RACK7 56 
RADS0 A8 52 

A9 52 
RECQLI 58 
REVI 54 
RhAG Al@INTRON 50 
SHC 52 
TC10 54 
TF-34 59 
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