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Abstract 
The most common variations in human gene sequences are single nucleotide 
polymorphisms (SNPs). SNPs may be responsible for susceptibility or sensitivity to 
various human diseases, including cancer. The goal of this study is to assess 
variability within double-strand break repair (DSBR) genes and the distribution of 
these genes in the healthy and cancer-affected populations. The hypothesis is that 
polymorphic variants of these repair genes with adverse functional consequences will 
be more closely associated with the cancer population in comparison to the control 
population. Using the heterozygote sequencing protocol, SNPs present in the 
sequences of two DNA double-strand break repair genes, XR.CC4 and RAD5 l, have 
been identified in cancer samples and healthy control samples. Two SNPs are found 
in XR.CC4, while no variation is seen in RAD5 l. Possible associations of DSBR 
sequence variation to disease sensitivity can be assessed relative to the baseline of 
variation seen in these genes. 
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Introduction 

Single nucleotide polymorphisms (SNPs) are the most common variation seen in 

the human genotype, occurring approximately once every 350 nucleotides (Cargill et al., 

1999). As of May 2000, the National Center for Biotechnology Information SNP 

database contained over 135,000 SNPs (NCBI SNP Data Base, 2000). There are three 

major advantages to studying SNPs. The first advantage is that detection and 

genotyping can be accomplished using a single method. Second, all types of sequence 

changes can be detected, including SNPs, insertions, deletions, and copy number 

variation. Finally, if genomic DNA is sequenced, variation in both coding regions and 

putative regulatory regions can be identified (Halushka et al. , 1999). 

SNPs are responsible for susceptibility or sensitivity to various diseases. Well­

documented examples of such diseases are sickle cell anemia and cystic fibrosis, both 

conditions caused by a single base substitution. SNPs have also been implicated in 

cancer susceptibility or sensitivity (NCBI SNP Data Base, 2000). Variants in cancer 

sensitivity genes increase individual risk of developing cancer without apparent 

environmental exposure. These genes have low frequency, but high penetrance. 

Variants in cancer susceptibility genes increase an individual's risk of developing cancer 

in the presence of environmental exposure, these genes have higher frequency, but lower 

penetrance (Preston, 1996). 

Cancer cells are characterized by acquired genetic alterations consisting of 

mutations and chromosomal aberrations (Sheer and Squire, 1996). In the past few years, 

evidence of specific genomic rearrangements in human malignancies has been 

accumulating rapidly (Yunis, 1986). One source of rearrangement thought to contribute 
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to carcinogenesis is unrepaired DNA double-strand breaks (DSBs). DSBs can have 

exogenous and endogenous origins (Lieber, 1991), including ionizing radiation and 

attempts at DNA repair. Unresolved DSBs may block DNA replication and 

transcription, leaving exposed ends vulnerable to nuclease attack (Rufer and Morgan, 

1992). Without an efficient repair system for these breaks, chromosomal fragmentation, 

translocation, deletion, and ultimately cell lethality may occur (Jeggo, 1998). 

Incorrectly repaired DSBs in somatic cells can lead to carcinogenesis, and when in the 

germ line inborn defects may occur (Yu et al. , 1999). 

DSB repair occurs through either homologous or non-homologous 

recombinational repair pathways (Roth and Wilson, 1986; Pfeiffer et al. , 1994), with 

many repair genes playing various roles in DSB repair. XRCC4 is part of the DNA end­

joining pathway, a homologous recombination mechanism. The gene product forms a 

complex with DNA LI GASE IV to prepare strands for rejoining. RAD51 is part of the 

homologous recombination pathway; the RAD51 gene product's role is to search for 

areas of DNA sequence homology. 

DNA repair pathways are among the most critical components that mediate 

individual response to exposure to environmental carcinogens (Hanawalt, 1998). It is 

possible that variation in repair genes due to SNPs may make some individuals more 

likely to develop cancer than other individuals. A single base change may result in a 

different amino acid sequence, which might substantially affect activity. Some genetic 

variants result in the complete absence of a gene or protein (Lai and Shields, 1999). 

Although DNA repair deficiency often arises from mutations that result in a loss of the 

DNA repair protein, DNA polymorphisms may alter the structure of the DNA repair 
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enzyme and contribute to cancer susceptibility (Lunn et al., 1999). Therefore, defects in 

DNA repair likely represent a risk factor for many types of cancer (Yu et al. , 1997; 

Rajewsky et al., 1998). To test this hypothesis, variation in these genes in a population 

should be determined. 

Conventional analysis of variants involves preparation of cDNA, polymerase 

chain reaction (PCR) to amplify the sequence, and cloning in order to isolate individual 

alleles for sequencing (Edelmann et al. , 1997). This process is very labor, time, and cost 

prohibitive in a population study. The Heterozygote Sequencing Protocol (HSP), 

developed in the Glickman laboratory (Ford et al. , 2000) enables moderate-scale 

population surveys of SNPs. HSP uses fluourescently tagged primers and exploits the 

large dynamic range and low background of automated fluorescent sequencing. HSP 

may be used for any sequence that can be PCR amplified. 

This study analyzes two DSB repair genes, XRCC4 and RAD51 , for SNP variants 

in both a healthy control sample and a small cancer patient sample. In the sections that 

follow, detailed background is given for DNA pathways, DSBR in particular, the genes 

studied, DSBR and cancer, and the results found in this study. 



4 

Chapter 1: Background 

1.1 Environment, DNA damage, and DNA repair 

Cancer, aging, and human genetic disease develop through a complex association 

involving hereditary and environmental factors that can include genomic instability 

induced by DNA damage. Determining the relative contribution to biological endpoints 

from endogenous versus environmental sources of DNA damage is an important goal of 

a great deal of scientific work. Such determinations are relevant to risk estimation based 

upon exposure to genotoxic agents in the environment, such as ionizing radiation and 

chemical carcinogens (Hanawalt, 1998). 

Repair pathways must operate in all living cells to respond to endogenous threats 

to the integrity of DNA, as well as to invasive toxic agents present in the external 

environment. DNA damage does occur, but the cell produces enzymes that attempt to 

repair this damage. If these enzymes function efficiently, damage incurred to DNA will 

be minimized. Although DNA structure may be repaired, this repair can sometimes be 

incomplete or unsuccessful (Thacker, 1999). The chemical instability of the DNA 

molecule itself also threatens its persistence (Lindahl, 1993 ), and enzymes that act upon 

DNA during replication, transcription, and recombination are not error-free (Hanawalt, 

1998). When DNA is not correctly repaired, the cell may die or may suffer alteration 

and loss of genetic information. Subsequent alterations may determine heritable genetic 

defects if they occur in germline cells, and in somatic cells are thought to be important 

in the development ofradiation-induced cancer (Thacker, 1999). 

The hypothesis that a tumorigenic state is produced by multiple genetic stresses 

is well accepted (Knudson, 1996). Proficient DNA repair mechanisms and cell cycle 



regulators have been implicated as guarding a cell against becoming turnorigenic (Jasin, 

2000). Inappropriate cell cycle regulation can lead to uncontrolled proliferation or the 

absence of cell death. Loss of DNA repair functions can lead to a mutator phenotype, 

causing a cell to become hypermutable (Cascalho et al. , 1998). Disruption of DNA 

repair pathways in hereditary cancer-prone disease strongly supports a role for 

hypermuation in tumorigenesis (Kim et al., 1997). The prediction that various types of 

mutagenic base DNA damage is a significant risk factor for cancer has been 

substantially verified in human patients genetically defective in DNA repair pathways, 

including nucleotide excision repair (NER) and mismatch repair (MMR) (Lengauer et 

al. , 1998). 

1.2 Overview of DNA repair systems 

5 

DNA repair pathways are a group of mechanisms involving cellular responses to 

restore genetic information in the event of damage. Numerous DNA repair genes have 

been characterized in prokaryotic and eukaryotic cells, many of which show a degree of 

homology through evolution. The repair pathways can be classified into six systems: 

direct repair, base excision repair, nucleotide excision repair, mis-match repair, double­

strand break repair, and cell cycle regulation. 

Direct repair is the simplest response to DNA damage. This involves the 

removal or reversal of the lesion in a single-step reaction, restoring the sequence to its 

original state (Yu et al. , 1999). This pathway is a light-dependent mechanism that 

primarily repairs damage from UV-radiation. Direct repair enzymes include 0 6
-
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methylguaine DNA methyl transferase (Hazra et al., 1997) and photolyases (van der 

Spek et al., 1996). 

Single-stranded DNA damage is commonly repaired by the base-excision repair 

pathway (BER), where a group of enzymes makes use of the undamaged strand as a 

template for repair (Thacker, 1999). Base damage is excised, the DNA backbone is cut, 

and the damaged site is rectified. The gap in the strand is then filled, and strand ligation 

returns the DNA to its original state (Sancar, 1996). BER pathways are normally quick 

and efficient. Because a considerable fraction of radiation damage and spontaneous 

damage is of this type, loss of the capacity to repair single-strand damage can be 

disastrous. 

DNA LI GASE IV is a BER enzyme, that is also considered part of the double­

strand break repair pathway. Few human disorders associated with BER enzymes have 

been found, explained by studies that have found that mice with BER enzymes knocked 

out are early embryonic lethal (Wilson and Thompson, 1997). An example of a BER 

enzyme is uracil DNA glycosylase, loss of which leads to Bloom's syndrome (Duncan 

and Weiss, 1982). Bloom's syndrome is a rare autosomal recessively transmitted 

disorder, the main feature of which is small body size. Bloom's syndrome cells are 

hypermutable, and excessive numbers of somatic mutations are responsible for many of 

the clinical features including cancer and chronic lung disease (German, 1995). 

Another excision repair pathway is nucleotide-excision repair (NER). NER 

repairs DNA abnormalities caused by methylation, oxidation, reduction, or 

fragmentation of bases by ionizing radiation or oxidative damage (Yu et al. , 1999). 
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NER removes a large section of single-stranded DNA containing a site of damage, 

usually a bulky DNA adduct causing distortion of the double helix (Thacker, 1999). 

Several human diseases are caused by defects in NER genes, such as xeroderma 

pigmentosum and Cockayne' s syndrome (Hoeijmakers, 1993). Individuals with 

defective NER genes are usually sensitive to sunlight and chemical agents that cause 

bulky damage in DNA, and a few of these individuals show cross-sensitivity to ionizing 

radiation (Russell et al. , 1995). 

A small fraction of damage induced by gamma rays is not repaired in cells from 

individuals with xeroderma pigmentosum, suggesting that ionizing radiation induces 

some bulky damage that cannot be removed by the base-excision pathway (Satoh et al. , 

1993). NER enzymes include xeroderma pigmentosum group A (XP A), which is 

associated with the disease by the same name, and replication protein A (RP A) (Li et al., 

1995). 

Mismatches in DNA base pairs occur through processes such as replication and 

the formation ofheteroduplexes (Bishop et al. , 1985). Another source of mismatches is 

the result of deamination of 5-methylcytosine to uracil, which then escapes detection 

and removal by the BER enzyme uracil N-glycosylase, and results in a G:T mispair. 

Mismatch repair (MMR) deals with such errors. The pathway's essential strategy is 

similar to that of excision repair, as a patch of nucleotides is removed from one strand, 

followed by repair synthesis and ligation. There are two types ofMMR, long-patch and 

short-patch, which are both observed in human cells. In humans, at least six MMR 

enzymes have been characterized, including hMSH2 (human mutS homolog 2) and 

hMSH3 (human mutS homolog 3) (Kolodner and Marsischky, 1999). Many individuals 
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who suffer from hereditary non-polyposis colon cancer (HNPCC) have MMR defects, 

and those with MMR defects frequently develop cancers of other organs (Friedberg et 

al. , 2000). 

If damage affects both strands of a DNA molecule at the same site, a double­

strand break (DSB) results. These breaks arise through the direct action of ionizing 

radiation or chemicals. This type of break is more difficult to repair than other DNA 

damage types and requires specialized enzymatic pathways. Recently several DSB 

repair pathways have been studied (reviewed in Chu, 1997; Sancar, 1995). In 

mammalian cells at least three pathways have been elucidated: homologous 

recombination repair (HRR), non-homologous end joining (NHEJ), which is DNA-PK 

dependent, and direct repeat end joining (DREJ). 

DNA damage responses and cell cycle regulation are closely coupled. Cells that 

contain damaged genomic DNA arrest at G1 to Sand G2 to M transition points of the 

cell cycle. This arrest gains time for repair and provides for the avoidance of repair 

during replication and cell division. p53 can be induced by DNA damage and may play 

a central role in arresting the cell cycle, inducing DNA repair, and apoptosis if damage 

is severe, or repair is not feasible (Canman et al. , 1994). The expression levels of some 

repair genes, such as UNG (the gene encoding uracil-DNA glycosylase) fluctuate during 

cell cycles under the control of cell cycle-dependent transcription factors , for example, 

E2F-1 (Mitra and Kaina, 1993; Dosanjh et al. , 1994). 

Some DNA repair systems and the genes involved are only induced in the 

presence of DNA damage, while others are continuously expressed (Grombacher et al. , 



1996). Each of the repair pathways is essential for genomic integrity and conservation 

of genetic information. 

9 



Chapter 2: Double-Strand Break Repair 

Defects in DSBR can lead to DNA or chromosomal rearrangements commonly 

associated with carcinogenesis (Dasika et al. , 1999). Carcinogenesis is a complex 

process involving the accumulation of genetic changes resulting from endogenous and 

exogenous insults. Ionizing radiation is well known for both causing DSBs and its 

association with occurrence of cancer, as recently studied with ATMheterozygotes 

(Easton, 1994). The DSBR pathway is charged with rectifying damage caused by 

ionizing radiation to prevent carcinogenesis, and can be classified into sub-pathways of 

homologous recombination repair and non-homolgous repair. Two key enzymes 

involved in these mechanisms are XRCC4 and RAD51 respectively. Because of the 

important role played by these proteins in DSBR, their loss or mutation is certain to be 

associated with mutagenesis. 

2.1 DSBR defect causes rearrangements that are commonly part of the 

cancer profile 

DNA double-strand breaks (DSBs) are the most detrimental form of DNA 

damage because they lead to chromosomal breakage and rearrangement, and these 

events can result in apoptosis or tumorigenesis (Dasika et al., 1999). Initiation of 

turnorigenicity by chemical or virus exposure may result from a subtle chromosome 

change that precipitates subsequent chromosomal instability. Progressive development 

of malignancy might then depend on random karyotypic reorganization and selection of 

new cell types. These new cell types may then lose growth control and gain other traits 

that facilitate growth in a given environment (Sager, 1979). 
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Because DNA repair processes are not perfectly effective, decay of the covalent 

structure of DNA provides a major contribution to spontaneous mutagenesis (Smith, 

1992). The accumulated effect of replication and transcription of damaged DNA 

templates has been determined to be an important factor in carcinogenesis (Lutz, 1990). 

There are also problems inherent in repair of closely opposed base damaged 

sites, since such attempted repair may lead to an error in base sequence. Sequence errors 

also may occur from rejoining incorrect ends. In this case the separation of the ends of a 

DSB followed by rejoining with the wrong end is possible, giving rise to deletion 

mutations and/or chromosomal aberrations. This misjoining is deleterious whether it 

occurs in an exon or an intron (Ward et al., 1994). 

Many different types of cancer result from chromosomal or DNA rearrangements 

that are associated with DSB. The majority of patients with chronic myeloid leukemia 

manifest a reciprocal translocation between chromosomes nine and twenty-two. Most 

Burkitt lymphoma cases exhibit a reciprocal translocation between chromosomes eight 

and fourteen, and these shufflings are situated at the sites of chromosomal breaks 

(Seemayer and Cavenee, 1989). In addition to these few examples, Yunis (1986) 

reviews thirty different cancer types and their associated chromosomal defects. Previous 

research has clearly established that tumorigenesis is associated with rearrangements. 

The question remains, however, as to why only some individuals are subject to 

chromosomal transformations, which then lead to tumor formation. 
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2.2 Cancer, radiation, and double-strand break repair 

Carcinogenesis is a complex multistage process involving the accumulation of 

genetic changes in the genome. Therefore, cancer can be regarded and researched as a 

genetic disease. Most sporadic cancers occur due to carcinogen exposure mediated by 

inherited predisposition susceptibility to carcinogen, metabolism, and DNA repair. 

Substantial evidence now exists that implicates gene-environment interactions for lung, 

breast, prostate, and oral cavity cancers (Lai and Shields, 1999). 

The model DNA DSB inducing agent is ionizing radiation. This agent is present 

in the environment mainly from radon gas decay, which accumulates in homes at 

different levels depending upon the uranium content of the underlying soil (Lyman, 

1992; Lubin, 1988). Ionizing radiation is also used for diagnostic x-rays and for 

treatment of cancers (Chu, 1997). 

DSBs have been implicated as being the mutagenic and carcinogenic effects of 

radiation (Yunis, 1990). Mutagenic effects of radiation result primarily from damage to 

cellular DNA. Although radiation can induce a variety of DNA lesions, including base 

damage, unrejoined DSBs are a common result ofradiation's toxic effects. Large-scale 

changes in DNA structure, such as residual DSBs and incorrectly rejoined DSBs, are 

characteristic of most radiation-induced mutations (Little et al. , 1987). Residual 

unrejoined DSBs are lethal to the cell, whereas incorrectly rejoined breaks may produce 

important mutagenic lesions. In many cases, DNA misrepair leads to DNA deletions 

and rearrangements (Little, 1993). 

Based on various studies (Boice, 1988; Shimizu et al. , 1990), including 

epidemiological investigations, several conclusions have been made concerning 
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radiation carcinogenesis in human populations. Radiation is a universal carcinogen in 

that it will induce cancer in most tissues at all ages. However, it is a relatively weak 

carcinogen and mutagen as compared to many chemicals, the estimated average relative 

risk increment is 0.9%/rad (Granath et al. , 1999). While cancer can be induced by 

radiation in many tissues, there is variability in the sensitivity of different tissues to its 

carcinogenic effects. Additionally, genetic predisposition to radiation induced cancer 

may be a confounding factor in the prediction of its effects in any given individual 

(Little, 1993 ). 

Ionizing radiation causes a large number of chemically different types of DNA 

damage (Ward, 1988). The complexity of the damage will depend on ionization density 

at the point of interaction of the radiation track with DNA (Ward, 1994). The products 

of the ataxia telangiectasia mutated gene (ATM) and the Nijmegen breakage syndrome 

gene (NBSJ) have been implicated upstream from the p53-mediated cellular DNA 

damage response to ionizing radiation (Artuso et al. , 1995; Jongmans et al., 1997). 

Mutations in these genes confer sensitivity to ionizing radiation and predisposition to 

cancer. Additionally, several other genes, including..xRCCJ and ..xRCC3 (X-ray repair 

cross complementing genes 1 and 3 respectively), have also been shown to be involved 

in the cellular DNA damage response to ionizing radiation (Zdzienicka, 1995). 

Previous research has shown that cells derived from healthy individuals show 

variability in their sensitivity to radiation. This may be due to different levels of 

expression of genes that have an effect on cell radiosensitivity. Incidence of breast 

cancer is increased in individuals following exposure to ionizing radiation, suggesting 

that a radiosensitive subgroup can be found among the general population (Goss and 
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Sierra, 1998). This group might face hazards from routine levels of diagnostic and 

therapeutic radiation. Therefore, a better understanding of the possible relationship 

between genes that influence radiosensitivity and breast cancer development is clearly 

necessary (Jongmans and Hall, 1999). Individual responses to radiation exposure 

resulting from breast cancer screening and/or treatment protocols are most likely 

governed by variants in pre-disposing genes (susceptibility and sensitivity loci). 

Identification and understanding of such susceptibility genes may have positive effects 

in the clinical setting by enhancing ability to predict individual radiation responses or to 

customize therapy treatments to specific patients' needs (Bennett, 1999). 

It is important to consider the possibility that genetically predisposed individuals 

may have increased sensitivity to environmental exposures such as radiation. Addressing 

the question of gene-environment interactions is particularly important in sub­

populations who have inherited mutations in genes that play a role in DNA-damage 

response, cell-cycle control, or tumor suppression (Bennett, 1999). 

Linkage analysis of families with a high risk of breast cancer has identified two 

important susceptibility genes, BRCAJ and BRCA2 (Ford and Easton, 1995). Germ-line 

mutations in the P53 gene cause a high risk of pre-menopausal breast cancer as a part of 

the Li-Fraumeni syndrome (Sedlacek et al. , 1998). However, epidemiological studies 

show that these mutations are relatively rare in the general population and account for 

less than two percent of the total number of breast cancer cases (Ford and Easton, 1995). 

A greater proportion of breast cancer cases within the population may be accounted for 

by more common sensitivity genes that may have a relatively low penetrance with 

regard to breast cancer (Jongmans and Hall, 1999). 
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The ATM gene mutated in ataxia telangiectasia (AT) patients is a candidate for a 

breast cancer sensitivity gene. Individuals with the autosomal recessive disorder AT are 

homozygous or compound heterozygous for a mutation in the ATM gene (Savitsky et al., 

1995). The typical phenotype is caused by ATM null alleles that either truncate or 

severely destabilize the ATM protein (Gilad et al., 1998). 

A number of epidemiological studies have indicated that female ATM­

heterozygous carriers have an excess risk of breast cancer, with a reported estimated 

relative risk of 3 .9 times that of non-carrier frequencies (95% confidence interval 2.0-

6.0) (Easton, 1994). However, other studies have found ATM heterozygous mutations 

are not linked to cancer occurrences (Nichols et al. , 1999; Bay et al. , 1998). Although 

results have not been consistent, several independent investigators confirmed this 

increased risk. Broeks, et al., (2000) used the protein truncation test and found a high 

percentage of ATM germline mutations were identified among selected patients with 

breast cancer. One mutation, the exon eleven splice site mutation IVS10-6T➔G, was 

found frequently in this study and data suggest that this mutation might be associated 

with an increased risk of breast cancer in ATM heterozygotes. Results show that ATM 

heterozygotes do have an increased risk of development of breast cancer (Broeks et al. , 

2000). 

It is known that AT is associated with high sensitivity to ionizing radiation and 

that fibroblast strains or cultures from ATMheterozygotes display moderate levels of 

radiation sensitivity (West et al. , 1995). All patients with breast cancer who were 

included in the Broeks et al., (2000) study received low-dosage diagnostic radiation at a 

young age, as part of a screening program for tuberculosis. Moreover, all these patients 
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had received radiation treatment for their first breast tumor, and a non-significant trend 

toward a higher incidence of ATM mutations was noted in women with bilateral breast 

cancer. Thus, radiation might be an induction trigger for development of breast cancer 

in ATMheterozygotes. These data strongly suggest that the role of ATMheterozygosity 

in the pathogenesis of radiogenic cancers needs further investigation. 

2.3 DSBR Pathways 

2.3.1 Double-strand break repair 

DNA double-strand breaks (DSBs) occur because of exogenous and endogenous 

insults. Exogenous causes include ionizing radiation and oxidative effects. Endogenous 

sources of DSBs include somatic recombination and overlapping of extensive excision 

repair tracts (Lieber, 1991). Breaks may arise as intermediates during processing of 

other DNA damage such as interstrand crosslinks or as intermediates of processes such 

as V(D)J recombination, the process of assembling the variable (v), diversity (d), and 

joining (j) gene segments of the immunoglobulin and T cell receptor variable region 

genes during development ofB and T lymphocytes (Weaver, 1995). Other processes 

that may result in breaks in this way are meiosis and telomere maintenance that requires 

rearrangement of DNA sequences (Jeggo, 1998). 

If DNA DSBs remain unresolved, replication and transcription of gene 

sequences is blocked. Additionally, exposed ends of gene fragments are prone to 

nuclease attack and destruction (Rufer and Morgan, 1992). Lack of or incorrect repair 

can lead to chromosomal fragmentation, translocations, deletions, and ultimately cell 

lethality. DSBs represent a significant lesion, potentially causing lethality, mutagenesis, 
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and carcinogenesis. In the soma incorrectly repaired DSBs can lead to carcinogenesis 

through inactivation of tumor suppressors, activation of oncogenes, and loss of 

heterozygosity (J eggo, 1998). Two human diseases associated with DSB repair are 

Ataxia Telangiectasia (AT) and Nijmegen Breakage Syndrome (NBS). Both diseases are 

rare, autosomal recessive disorders. AT is characterized by progressive cerebellar ataxia 

beginning between one and three years of age, telangiectasias of the conjuctivae, 

choreoathetosis, and increased sensitivity to ionizing radiation followed by 

immunodeficiency and malignancy (in 38% of AT patients), particularly leukemia and 

lymphoma (85% of malignancies), in many patients (Gatti, 2000). NBS is characterized 

by short stature, progressive microcephaly with loss of cognitive skills, ovarian failure in 

females, recurrent sinopulmonary infections, and an increased risk of cancer (found in 

35% of NBS patients 34 years of age or under), particularly lymphoma (88% of 

malignancies) (Concannon and Gatti, 2000). There are phenotypic similarities between 

the AT and NBS diseases on the cellular level suggesting that the corresponding gene 

products function in the same pathway. Both cell types fail to induce p53 at the G1/S 

checkpoint and fail to suppress DNA synthesis in response to ionizing radiation (Stumm 

et al, 1997). 

Efficient DSB repair is required for genomic integrity and proper gene 

expression (Yu et al., 1999). This brief description ofDSBR gene mutation 

symptomology illustrates the DSBR pathway's vital role in cellular physiology. 

2.3.2 Overview of two types of DSBR 

In the repair of double-strand DNA breaks, the processes fall into two main 

categories: homologous recombination repair (HRR) and non-homologous repair. 
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Simply stated, the repair mechanism occurs between parts that line up alike (HRR), or 

parts that do not (NHEJ and DREJ). 

HRR requires extensive regions of DNA homology. This pathway accurately 

repairs DSBs using information from the undamaged sister chromatid or homologous 

chromosome. Non-homologous repair occurs by DNA end joining, or more specifically, 

non-homologous end-joining (NHEJ). NHEJ uses little or no sequence homology to 

rejoin juxtaposed ends, in a manner that is not necessarily error free. This pathway is 

also referred to as illegitimate recombination. NHEJ differs from HRR in that reactions 

are typically non-conservative, so that the joining process can result in a loss or gain in 

nucleotide base number (Roth and Wilson, 1986). The end-joining product may have 

either nucleotide insertions or deletions, depending on how the overlapping single­

stranded ends are processed. Because the overlap intermediates would have only a few 

base pairings, alignment proteins are thought to stabilize these intermediates (Pfeiffer et 

al. , 1994). 

In homologous recombination (see Figure 1) the signal which initiates the 

transduction pathway following exposure to DNA-damaging agents is the DNA double­

strand break itself. All normal cells have low levels of p53, however following exposure 

to DNA damaging agents such as ionizing radiation a dramatic increase in p53 levels 

occurs (Kastan et al., 1991). Both ATM and ATR proteins phosphorylate p53 upon 

DNA damage (Banin et al., 1998). Once p53 is activated, the cell either undergoes 

apoptosis or growth arrest followed by repair. This outcome is determined in part by the 

current stage of cell cycle. Early in 0 1, p53 triggers a check point that blocks further 

progression through the cell cycle so damage can be repaired prior to the S phase. 
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DNA-damaging agents - increased p53 
levels; p53 & c-Abl phosphorylated by 
ATM&ATR 

Nucleases, helicases; 
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RADS 1, RAD52, RAD54, 
RAD55, RAD57, RPA 

DNA polymerase, ligase, resolvase 

Figure 1: Model for DSBR through homologous recombination. Note the role of 
RAD51 in forming a nucleoprotein filament that searches for homologous duplex DNA. 
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However, if the cell is already committed to division, p53 triggers cell death. The C-

terminal domain of p53 recognizes and binds to damaged, single stranded regions in 

DNA (Lewin, 1997). Cells that are in S phase at time of growth arrest only arrest briefly 

and continue to G2 where they arrest again. p53 has been found to be required for arrest 

to occur in G1 (Kuerbitz et al. , 1992). RAD51 has been found to co-localize with 

BRCAl and BRCA2. Following DNA damage, the three proteins are relocated to 

structures which also contain PCNA (proliferating cell nuclear antigen) and may 

represent sites of active repair (Chen et al., 1998). RAD51 then polymerizes onto the 

single-strand DNA to form a nucleoprotein filament that searches for homologous DNA. 

After homologous DNA is found, DNA strand exchange generates a joint molecule 

between homologous damaged and undamaged double-strand DNA. After the joint 

molecule is formed, DNA synthesis, utilizing DNA polymerase and DNA ligase, 

restores the missing information. Then resolution of the crossed DNA strands occurs by 

resolvase, producing two intact double-stranded DNA molecules. 

NHEJ begins with the DNA-Protein Kinase regulating sub-unit (DNA-PKRs) 

which is a Ku heterodimer encoded by XRCC5 and XRCC7. Ku is a relatively abundant 

nuclear protein that is recognized by certain human autoimmune sera (Mimori and 

Hardin, 1986). DNA-PKRs binds to the DNA ends and attracts DNA-Protein Kinase 

catalyzing sub-unit (DNA-PKcs). The DNA ends are brought together by the DNA­

PKcs and its promoters phosphorylate each other producing a structural change in the 

complex and the removal ofDNA-PKcs- The complex consisting ofRAD50, MREl 1, 

NBSl complex is attracted which processes the ends of DNA fragments (Jackson, 



1997). Then the XRCC4-DNA LIGASE IV complex rejoins the ends as shown in 

Figure 2. 

2.3.3 DSBR in yeast and mammals 
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Most of the current understanding of double-strand break repair originated 

through the study of the yeast, Saccaromyces cerevisiae. Organisms as distantly related 

as S. cerevisiae and Homo sapiens have similar DNA repair processes. Both HRR and 

NHEJ occur in yeast, mice, and humans with slight variations in pathways and genes 

between the organisms. In yeast, most double-strand breaks are repaired by HRR 

(Game, 1993 ). Since DNA end-joining is often preceded by processing that deletes or 

adds nucleotides, it is understandable that the relatively error-free HRR pathway would 

predominate in yeast, with its high proportion of coding DNA (Thompson and Schild, 

1999). HRR in yeast can occur between sister chromatids or homologous chromosomes. 

In mammalian cells, recombination between homologous chromosomes in mitotic cells 

in much lower than in meiotic cells. This low rate of recombination in mitotic cells 

serves to prevent loss ofheterozygosity, which can contribute to tumorigenesis or other 

instability (Kadyk and Hartwell, 1992). The similar DSBR pathways exhibited by such 

disparate eukaryotic organisms is evidence of DSBR's vital role in cell survival and 

conservative replication. 

2.3.4 BRR in Yeast 

HRR takes advantage of the sequence identity between certain regions of DNA, such as 

sister chromatids of replicated chromosomes or the maternal and paternal copies of the 



22 

DSB formation l DNA damaging agents 

DNA-PKcs l 
/L---------' 

0 RAD50, MREl l, NBS! 

I DNA UGASE IV~ XRCOI {j} 

l 
Figure 2: Model for DSBR through end-joining with DNA 
Note the role ofXRCC4 (complexed DNA LIGASE IV) to rejoin the strands. 
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same chromosome, from which sequence information is derived to repair the damaged 

copy. Identity of the DNA sequence is required over a considerable length, greater than 

200 base pairs (Shinohara and Ogawa, 1995). The broken 3' end of the DNA strand 

invades an unbroken double-stranded homolog, and synthesis on this template reforms 

the damaged strand. Separation of the joint product of this reaction requires the activity 

of enzymes cutting and rejoining the newly synthesized DNA strands (Thacker, 1999). 

In yeast, HRR is mediated by members of the RAD52 epistasis group of genes. Loss of 

RAD52 gene function commonly leads to extreme sensitivity to ionizing radiation 

(Game, 1993). The gene products of this group are ScRAD51 , ScRAD52, ScRAD54, 

and ScRAD57 (Zdzienicka, 1999). Yeast mutants defective in HRR are profoundly 

sensitive to ionizing radiation. Haploid yeast cells, which have a limited capacity to 

carry out HRR, are markedly more sensitive than are diploid cells (Sacki et al., 1980). 

Two sub-pathways ofHRR have been found in yeast - gene conversion and 

single-strand annealing (SSA). Both gene conversion and SSA have the same first step 

of processing the DNA ends with 5' ➔ 3' degradation of DNA strands that yield single 

stranded 3' ends. The removal of nonhomologous 3' ends requires the RAD 1 and 

RADIO gene products, but not other excision repair genes (Ivanov and Haber, 1995). A 

rad] mutant fails to repair a DSB by both mechanisms when its ends contain a small 

region of non-homology. Recombination proficiency of the rad] mutant is then restored 

when the ends of the DSB are made homologous to donor sequences. Therefore, the 

gene product of RADJ is suggested to be required to remove non-homologous sequences 

from the 3' ends ofrecombining DNA (Fishman-Lobell and Haber, 1992). RADIO 

protein was shown to promote the renaturation of complementary DNA strands (Sung et 
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al., 1992) and RAD 1 was reported to catalyze cleavage of synthetic holliday junctions 

(Habraken et al., 1994). 

Gene conversion occurs in yeast as the result of gap repair. According to current 

models of gene conversion, the 3' ends can invade the intact homologous template and 

act as primers of new DNA synthesis that will restore the damaged region (Szostak et 

al., 1983). RAD52 mutation was shown to have more severe effects on gene conversion 

than on SSA. 

SSA is truly a homologous process. It displays essentially the same homology 

requirements between interacting sequences as gene conversion (Sugawara and Haber, 

1992). SSA differs from gene conversion in that it does not involve such molecular 

steps as strand invasion and the formation and resolution of holliday structures (Ivanov 

et al, 1996). Break repair is accompanied by a deletion of one of the flanking direct 

repeats along with the loss of intervening sequences (Fishman-Lobell et al. , 1992). The 

current model of SSA implies that 5' ➔ 3' degradation of the DSB ends followed by the 

annealing of exposed complementary sequences leaves behind the 3' end regions of non­

homology that must then be removed to complete the formation of the deletion product 

(Ivanov and Haber, 1995). The outcome of this reaction is creation of a deletion of one 

repeat along with the intervening sequence (Lin, et al., 1990). In S. cerevisiae, efficient 

double-strand break repair by SSA requires a minimum of 60-90 base pairs of perfect 

homology in the regions flanking the DSB (Sugawara and Haber, 1992). RADl and 

RADIO are required as they are involved in the removal of the 3' end regions ofnon­

homology that are created during annealing (Ivanov and Haber, 1995). Efficient SSA 

requires RAD52, but not the other members of the RAD52 epistasis group (Sugawara 



and Haber, 1992). The need for RAD52 can be overcome by increased homology 

between recombining sequences (Ozenberger and Roeder, 1991). 

2.3.5 NHEJ in yeast 
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While the major DSB repair process in yeast is HRR, non-homologous repair 

does occur. Recent gene disruption studies have revealed that crucial components of 

NHEJ are conserved between yeast and mammalian cells. While the essential 

mechanism ofNHEJ in yeast and mammals is the same, yeast homologs of the genes 

encoding DNA-PKcs have not been found (Jeggo, 1998), however yeast does have 

proteins Tel lp and Meclp which are related to DNA-PKcs in sequence. The two 

proteins are homologs of ATM and ATR respectively (Jackson, 1996). Yeast homologs 

ofKu70 and Ku80 have been identified (Boulton and Jackson, 1996). The key 

enzymatic step of NHEJ is DNA ligation, for which yeast have two ATP-dependent 

ligases. Yeast LI GASE I, required for rejoining Okazaki fragments, which is 

homologous to mammlian DNA LIGASE I. The other is Lig4p, demonstrated to 

function epistatically with Ku in NHEJ, which is homologous to mammalian DNA 

LIGASE IV. Lig4p has also been shown to interact with ligase-interacting factor 1, a 

homolog of human XRCC4 (Teo and Jackson, 1997). Both the yeast and human version 

of DNA LIGASE IV function as a part ofNHEJ. 

NHEJ is strongly influenced by the stage of the cell cycle in which DNA breaks 

are induced. NHEJ G1 repair occurs predominantly by deletion. Non-homologous 

repair of chromosomal DSBs is thirty-fold less efficient when DSBs occur in the G1 

stage of the cell cycle than at other times. It is suggested that in yeast, DSBs are 
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degraded by 5' ➔ 3' exonucleases to create long stable single-stranded tails (Sugawara 

et al. , 1995). NHEJ non-01 repair proceeds by end preservation. There is an increase in 

cell viability when DSBs are induced in non-G1stages of the cell cycle; the increase 

possibly due to the requirement of replication or repair enzymes whose activity or 

synthesis may cause them to be available during non-01 stages. These proteins could 

include DNA polymerases or end-binding proteins analogous to Ku protein in mammals 

(Taccioli et al., 1994). Another explanation for improved NHEJ in 0 2 and Sis the 

presence of sister chromatids that might play an important role in stabilizing the ends of 

the DSB and preventing the degradation that leads to deletions (Miyazaki and Orr­

Weaver, 1994). 

Work with yeast has provided links between chromatin structure and NHEJ. A 

yeast two-hybrid screen revealed that the yeast silencing protein SIR4p interacts with 

YK.up (Tsukamoto et al., 1997). There are several possible reasons why it may be 

beneficial to package DNA in the vicinity of a DSB into transcriptionally inactive or 

silenced heterochromatin. The condensed nature of this chromatin prevents the 

transcription or replication machinery from interfering with the DNA repair process. 

The formation of condensed chromatin at the site of a DSB might exclude non-specific 

nucleases, preventing loss of genetic information. DNA ends may be stopped from 

involvement in undesirable recombination reactions with other DNA molecules. 

Condensation of the DNA might help to juxtapose the two ends, facilitating their 

ligation and preventing the DSB from giving rise to a chromosomal break, which would 

be harder to handle (Tsukamoto et al. , 1997). SIR2p related proteins also exist in mice 
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and humans, it will be interesting to determine whether or not these potential 

mammalian homologs function in a similar way in DSB repair (Brachmann et al., 1995). 

2.3.6 HRR in mammals 

Mammalian homo logs of yeast genes operating in HRR have been identified and 

knock-out cell lines have been characterized. In mammalian cells, homologous 

recombination occurs at a much lower frequency than it does in yeast. However, 

although the efficiency of recombining ends of DNA molecules with chromosomal 

DNA occurs much more readily by NHEJ than by HRR, this bias does not accurately 

reflect the biological contribution of HRR in maintaining mammalian genomic integrity 

(Kirchgessner et al., 1995). Evidence exists that mammalian cells rely on HRR to repair 

DNA damage and maintain stability. Human and mouse genes have been identified 

based on similarity to the yeast HRR genes. Also, genes such as XRCC2 (X-ray repair 

cross complementing gene 2) have been found to complement radiation sensitive 

mutants whose phenotypes strongly point toward recombination defects. These two 

findings have merged as shown by the identification of a family of RAD5 l proteins 

whose members are conserved across vertebrates (Kirchgessner et al., 1995). 

2.3. 7 NHEJ in mammals 

The majority ofDSBs in mammals are rejoined by NHEJ. This is a potentially 

error-free process because it is not dependent on DNA repeats, however the degree of 

accuracy depends on the nature of the break and whether or not it has lost any DNA 

bases (Thacker, 1999). Four factors are involved in this process, three of them are 
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components are the DNA-dependent protein kinase, DNA-PKcs , and the Ku70/Ku80 

heterodimer which is a DNA binding subunit. DNA-PK is a nuclear protein 

serine/threonine kinase that is activated upon binding to a DNA DSB or other 

perturbation of the DNA double helix (Jackson, 1997). The fourth factor is XRCC4, a 

thirty-eight kDa nuclear phosphoprotein which complements the DSB repair defect in 

the CHO mutant, XR-1 (Li et al., 1995). DNA-PK:s, Ku70/Ku80, and XRCC4 are also 

all required for V(D)J recombination, indicating that the two cellular processes share 

common components. 

2.3.8 DREJ in mammals 

Another non-homologous repair pathway is direct repeat end joining (DREJ). 

This is an error prone process since a DNA deletion will always be associated with the 

repaired break. Even when DSBs have complementary ends, a fraction of the breaks are 

rejoined with a loss of sequence around the break sites. This mis-joining process is 

found to occur by a specific non-conservative mechanism which entails the deletion of 

DNA bases between short (two to six base pairs) direct repeat sequences, such that one 

of the repeats is also lost (Thacker et al. , 1992). This process can be more complex with 

an insertion of DNA at the deletion site. The proteins involved in the process have not 

yet been identified, but it has been determined that they are not components of DNA-PK 

(Mason et al. , 1996). Recent data with yeast also supports the existence of this pathway. 

When both the HRR and NHEJ pathways were knocked out, breaks were rejoined 

through the DREJ pathway (Boulton and Jackson, 1996). 



2.4 XRCC4 & RAD51 

2.4.1XRCC4 
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TheXRCC4 gene has been identified by its ability to confer normal V(D)J 

recombination activity and partially restore the DSBR defect in XR-1 cells. The gene 

encodes a small protein of 334 amino acid residues with a molecular weight of thirty­

eight kDa. The human and mouseXRCC4 homologs are approximately seventy-five 

percent identical (Li et al., 1995). Mammalian DNA ligase, DNA LIGASE IV, has 

distinct biochemical properties and substrate specificities from other ligases (Wei et al., 

1995). Through a combination of both immunological and biochemical approaches, 

DNA LIGASE IV has been shown to tightly and specifically associate with XRCC4, and 

the association is not mediated by a DNA intermediate. 

Bacterially expressed XRCC4 and LI GASE IV bind to one another tightly, 

revealing that_their interaction is direct, the proteins are only able to be resolved by the 

addition of harsh ionic detergents (Critchlow et al., 1997). The unique carboxy-terminal 

domain of DNA LIGASE IV interacts with XRCC4. This region ofLIGASE IV 

contains two tandem copies of the BRCT homology domain (Callebaut and Momon, 

1997). A detailed deletional analysis of DNA LIGASE IV determined that the region in 

the carboxy-terminal tail of DNA LIGASE IV is located between, rather than within its 

BRCT domains is necessary and sufficient to confer binding to XRCC4 (Grawunder et 

al. , 1998). 

The effect of the absence of XRCC4 on DNA LI GASE IV levels by Western blot 

analysis found that DNA LIGASE IV levels were almost undetectable in XR-1 cells, but 

returned to wild type levels in XR-1 cells transfected with the XRCC4 cDNA. The study 
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also found that this effect is not mediated through reduced expression of the DNA 

LIGASE IV gene since DNA LIGASE I V mRNA was present in XR-1 cells and the 

introduction of XRCC4 had no effect on these levels. This strongly suggests that 

XRCC4 is required for the stabilization of the DNA LI GASE IV protein, a function that 

effectively regulates cellular levels of DNA LIGASE IV. The decrease in DNA 

LIGASE IV levels in XR-1 cells is most likely due to proteolytic degradation of the 

protein in the absence of its functional partner XRCC4 (Bryans et al. , 1999). In vitro 

studies show that the interaction of XRCC4 with DNA LI GASE IV results in a seven to 

eight-fold stimulation of DNA LI GASE IV activity (Grawunder et al. , 1997). This same 

protein-protein interaction resulting in stabilization has been described for XRCCl and 

DNA LIGASE III (Caldecott et al. , 1995). Regulation oflevels ofrepair proteins may 

be important to the cell's response to DNA damage. 

Yeast homologs of DNA LIGASE IV and XRCC4 have been identified. These 

homologs have been shown to mediate NHEJ in yeast and to be part of the same 

pathway as the Ku80 homolog indicating that the process of NHEJ and at least some of 

the components are evolutionarily conserved (Boulton and Jackson, 1996). The DNA 

LIGASE IV yeast homolog (LIG4) was found using multiple sequence alignment. The 

identification was based on clear conservation of the catalytic domain, the reactive site 

lysine, and the unique carboxy-terminal extension of human DNA LI GASE IV (Yv ei et 

al., 1995). In human DNA LIGASE I V, the second ATG in the overall open reading 

frame has been assigned the start codon. However, there is meaningful alignment with 

LIG4 starting with the first methionine, arguing that this larger open reading frame is 

used in some if not all mammalian cells (Wilson et al., 1997). All ATP-dependent DNA 
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ligases form a covalent ligase-adenylate intermediate as part of the catalytic mechanism. 

Only human DNA LIGASE N forms this complex intracellularly in a stable fashion, so 

that purified protein is adenylated completely with ATP in vitro only after removal of 

bound AMP. This is also seen in LIG4 demonstrating a functional as well as structural 

sequence homology (Robins and Lindahl, 1996). 

Recent experiments have shown that XRCC4 is associated with and can be 

phosphorylated by DNA-PK in vitro and may be part of the DNA end-binding complex 

mediated by the Ku70/Ku80 dimer. XRCC4 does not appear to bind to DNA itself 

(Leber et al., 1998). 

Mice deficient in XRCC4 die during late embryonic development. XRCC4 

deficient embryos display extensive apoptotic death of newly generated, postrnitotic 

neurons throughout the developing nervous system (Gao et al., 1998). Additionally, 

progenitor lymphocyte development is arrested due to impaired V(D)J recombination. 

XRCC4 deficient embryos are also growth retarded and their fibroblasts exhibit 

decreased proliferation and premature senescence in culture (Gao et al., 1998). 

2.4.2RAD51 

Human genes implicated in the HRR pathway have been cloned by their 

structural homology to the yeast RAD52 group of genes (RAD50, RAD51, RAD52, 

RAD54, and MREJ 1). However, human homologs of some genes, such as RAD55 and 

RAD57, have not been identified. Twice as many RAD51 related genes have been 

identified in humans as in yeast. While HRR is not as common in humans as in yeast, it 

is a major repair form for DNA crosslinks, as there is no other mechanism for repairing 



this type of damage (Thacker, 1999). The sequence of human RAD51 (HsRAD51) 

protein is highly conserved, 68% identical to yeast RAD51 (ScRAD51) (Shinohara et 

al., 1993). There is low, but significant similarity between HsRAD51 and the RECA 

protein of E. coli (Yoshimura et al. , 1993). Both HsRAD51 and RECA act as central 

players in recombination by forming filaments on DNA and mediating strand transfer. 

Yeast RADS I is non-essential for growth, however its homologs in vertebrate cells are 

essential for viability in the context of cell proliferation. Disruption of both alleles of 

RAD51 in mice proved to be early embryonic lethal (Tsuzuki et al. , 1996). This 

viability disparity might reflect a difference in the roles of RAD51 related proteins in 

uni- and multi-cellular organisms. Also, the possibility exists that a process of 

recombination is essential for the reproduction of mammalian cells. In addition, it is 

possible that the RAD51 protein is involved in a certain step of DNA replication 

(Tsuzuki et al. , 1996). High levels of mouse RAD51 found in testis, ovary, spleen, and 

thymus suggests that RAD51 protein might play important roles in meiosis and V(D)J 

type and/or class switch type recombination (Shinohara et al., 1993). 

32 
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Chapter 3: Materials and Methods 

3.1 Introduction 

In order to identify SNPs on a population scale, a novel technique has been 

developed, the Heterozygote Sequencing Protocol (HSP) (Ford et al., 2000), which 

enables the characterization of both alleles without need for prior cloning (Edelmann et 

al., 1997; Price et al., 1997). An overview of the method is presented in Figure 3. This 

technique is significantly more efficient and less costly than previous methods of 

identifying SNPs (Ucla et al. , 1987). 

In this study using HSP, each base pair substitution observed was verified by the 

traditional cloning and sequencing methodology. SNPs observed at polymorphic 

frequencies, once verified by traditional cloning and sequencing, could then be recorded 

with confidence. 

HSP capitalizes on the low natural background of infrared fluorescent dyes used 

with the Li-Cor automated DNA sequencers. The high signal to noise ratio allows for 

visualization of both alleles simultaneously on the sequencing gel. HSP can be used to 

cleanly sequence up to 1700 base pairs in one run. Increased sequencing runs result 

from the use of forward and reverse fluorescent labeled primers that emit at different 

wavelengths. Thus, data can be obtained for both strands simultaneously. This method 

can also be used to identify samples with insertions or deletions. Such samples are 

marked by an initial single sequence followed by the overlapping of two distinct 

sequences. The second allele sequence can either be read off the gel or obtained by 

cloning and resequencing. 



34 

Sample collection from healthy volunteers and colon/ breast cancer patients 

• Sampling protocol approved by the University of Victoria Committee on Human Subjects Research, British Columbia 
Cancer Agency and Capital Health Region 

• Controls n=l28, mean age 25 years (range 17-60); cancer patients n=67 (colon n=53, breast n=l4), mean age colon 
cancer patients 68 (range 38-89), breast cancer patients 60 (range 39-82) 

• 10 ml blood collected from each volunteer 

Lymphocyte Collection & Culture 

• Isolation of lymphocytes 
• Cells cultured and grown for 7-10 days 
• Cells harvested and resuspended in Trizol for storage in -80°C. 

RNA Extraction 

• Standard Trizol-chloroform RNA extraction 
• DNAase treatment 

RT-PCR/Nested PCR Reaction 

• First round PCR reaction combined with the reverse transcription reaction 
• Second round (nested) PCR reaction performed using product of the first round as a template 
• Second round PCR products purified 
• Individual primers and annealing temperatures shown Table 4 

Sequencing & Data Analysis 

• Products sequenced on Li-Cor machines using Li-Cor fluorescent labelled primers 
• Digital image files compared to reference sequences obtained from Genbank for each gene 

Verification of Variants 

• A selection of each type of variant observed was cloned into TOPO-T A 2.1 directly from PCR products 
• For each variant, ten clones were sequenced and analyzed as above to confirm polymorphism 

Figure 3: Method Overview 
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3.2 Population Sample 

Control blood samples were obtained following a protocol approved by the 

University of Victoria Committee on Human Subjects Research. The individual samples 

analyzed here were drawn from a pool of samples collected from healthy anonymous 

volunteer participants, n=206. Samples analyzed were chosen randomly from the 

collection. Mean age of the sample was twenty-five, with an age range from seventeen 

to sixty years of age. Seventy-two percent of participants indicated that cancer had 

occurred in their families . Ninety-six percent of volunteers indicated ancestry from 

Europe (Britain, W estem Europe, Eastern Europe; four percent were of Asian ancestry 

(Chinese, Japanese, East Indian, Korean). 

Patient samples were obtained following a protocol approved by the University of 

Victoria Committee on Human Subjects Research, British Columbia Cancer Agency, 

and Capital Health Region. Individual samples analyzed were drawn from a pool of 

samples collected from 13 7 anonymous volunteer colon and breast cancer patients. 

Samples analyzed were selected randomly from the collection. Mean age of the colon 

cancer patients was sixty-eight, with an age range from thirty-eight to eighty-nine years 

of age. Mean age of the breast cancer patients was sixty, with an age range from thirty­

nine to eighty-two years of age. Of the samples selected from that group for this study, 

seventeen of the forty-eight XRCC4 samples were breast cancer patients, and thirty-one 

were colorectal cancer patients. Of the samples selected from the patient group for this 

study, fourteen of the sixty-seven RAD51 samples were breast cancer patients, and fifty­

three were colorectal cancer patients. Eighty-eight percent of participants screened for 

SNPs in XRCC4 indicated that cancer had occurred in their families ; eighty-six percent 
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of those screened for SNPs in RAD51 indicated occurrence of familial cancer. All 

patients for whom SNPs were analyzed indicated ancestry from Europe (Britain, 

Western Europe, or Eastern Europe). See Table 1 for cancer patient sample information. 

3.3 Lymphocyte Collection and Culture 

Ten ml of blood was collected in heparinized Vacutainer tubes (Becton 

Dickinson) from each volunteer. Lymphocytes were isolated using Ficoll-Paque 

(Pharmacia Biotech) centrifugation following the package instructions. Cells were then 

transferred to growth media and incubated at 37°C for seven to ten days. 

Growth media consisted of 40% HL-1 (Bio Whittaker), 38% RPMI, 10% CBS, 

1 % Fungizone (all from GibcoBRL), 8% 4+ mixture containing 2535 U/ml penicillin, 

2903 U/ml streptomycin sulfate, 7.3 mg/ml 1-glutamine and 5.45 mg/ml pyruvic acid, 

2% human serum (all from Sigma), 0.3 µg/ml PHA (Murex Biotech) and 5 U/ml IL-2 

(GibcoBRL). When sufficient growth was observed, cells were harvested by 

centrifuging culture for 12 min. at 150 X g, resuspended in 3 ml ofTrizol (GibcoBRL), 

aliquoted into three 1.5 ml cryovials (Sarstedt) and stored at - 80 °C. 

3.4 RT-PCR/Nested PCR Reaction 

Trizol samples were thawed, then incubated at room temperature for 5 

minutes before a standard phenol-chloroform (GibcoBRL) RNA isolation was 

performed. In isolating RNA of patient samples, 175 µg molecular biology grade 

glycogen (Sigma) was used as a carrier agent. RNA extracts in 20 µl DEPC H20 were 



Table 1: Cancer Patient Sample Data 

Ancestry 

Mean age ( age range) 

% familial cancer 

XRCC4 patient cancer type 

(n=48) 

RAD51 patient cancer type 

(n=67) 

I 00% European 

Breast cancer patients: 60 (39-82) 

Colon cancer patients: 68 (38-89) 

XRCC4 samples: 88% 

RAD51 samples: 86% 

1 7 breast cancer patients 

31 colorectal cancer patients 

14 breast cancer patients 

53 colorectal cancer patients 

37 
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stored at -80°C until needed. Gene specific primers (AlphaDNA) were designed for 

XRCC4 and RADS 1, see Table 2 for sequences and annealing temperatures. 

The first round PCR reaction was combined with the reverse transcriptase (RT) 

reaction in single 200 µl tube. The l0x RT-PCR buffer contains l00mM Tris-HCl (pH 

9.0), 500 mM KCl and 1.0% Triton X-100 (Sigma) in sterile, deionized water. The RT­

PCR reaction mixture was lxRT-PCR buffer, 0.25 mM each dNTP, 6.25 mM MgCli. 

2.0 µl Forward Outside Primer, 2.0 µl Reverse Outside Primer, 13 .5 U RNAguard 

(Amersham Pharmacia), 0.3 µl Taq DNA polymerase, 100 U M-MLV Rtase (Gibco 

BRL), 1 µl RNA extract, with DEPC H20 to a final volume of 50 µl. The RT-PCR 

method was: 42°C X 60 min., 94°C X 4 min. , [94° X 20 s. , 55°C X 60s., 72°C X 60s.] X 30 

cycles, 72°C x 10 min., 20°C x 15 min. , 4°C. Nested PCR reaction conditions were lx 

RT-PCR buffer, 0.25 mM each dNTP, 1.75 mM MgCli, 0.2 µl Taq DNA polymerase, 

4.4 µl forward nested primer, 4.4 µl reverse nested primer, 9.0 µl round 1 RT-PCR 

product, and sterile deionized H20 to a final volume of 110 µ1. The nested PCR method 

was: 94°C X 4 min., [94° X 20 S. , 60°C X 60s. , 72°C X 60s.] X 30 cycles, 72°C X 10 min. , 

20°C x 15 min. , 4°C. Nested PCR products were run on 1 % agarose gel to demonstrate 

template purity. If a clean band was not observed for a given sample, a gel plug of the 

band of interest was used as a template in a third round of PCR, using the nested primers 

and PCR conditions. PCR products were purified using either the Wizard PCR Preps 

DNA purification system (Promega) or Quiaquick (Qiagen) PCR product purification 

kits. The DNA was eluted in sterile deionized H20 and stored at 4°C before sequencing. 

Any long-term storage of PCR products was at -20°C. 
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Table 2: Primers, annealing temperatures, and product lengths for the 
RT-PCR/Nested PCR Reactions 

Gene Forward Primer Reverse Primer 

XRCC4 
Outside gtggggctgcctcttta ccagacaggatgttggacagc 

Nested ctgaggtattaagaaatggagag gtgccagtgtcatcatcaaatc 

Sequencing ctgaggtattaagaaatggagag gtgccagtgtcatcatcaaatc 

RAD51 

Outside gcgagtagagaagtggagcgta cttcataccctcctccaaaacca 

Nested cgaccgagtaatggcaatgc ggcagtcacaacaggaagagg 

Sequencing cgaccgagtaatggcaatgc ggcagtcacaacaggaagagg 

Annealing 
Temp (°C) 

55 

60 

50 

55 

60 

50 

Product Length 
(# base pairs) 

1331 

1170 

1170 

1361 

1091 

1091 
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3.5 Sequence Analysis 

Sequencing was performed using LiCor Long ReadIR 4200 instruments (LiCor 

Biotech). Primers used for sequencing were identical to those used in the nested PCR 

reaction. Primers were obtained from LiCor as 1.0 nmol lyophilized pellets that were 

reconstituted with 1ml sterile ice-cold 1 mM TE to a final concentration of 1.0 pmol/µl. 

The primer solution was protected from light to prevent loss of efficiency from 

degradation. The forward and reverse primers were 5' labeled with two distinct infrared 

dyes with fluorescence of 700 nm for the forward primer, and 800 nm for the reverse 

pnmer. 

SequiTherm EXCEL II Long-Read DNA Sequencing Kits-LC (Epicentre 

Technologies) were used. Sequencing reactions were set up with four reactions for each 

sample. Each reaction contains both infrared dye labeled forward and reverse primers, 

all four deoxynucleotides, purified PCR template, DNA polymerase, and one of the four 

di-deoxynucleotides. Sequencing reactions contained a final volume of 9 µl. Primers 

are annealed to the cDNA by running the following PCR reaction: 95°C x 5 min., [95° x 

30 s., 50°C X 15s., 70°C X 60s.] X 30 cycles, 20°C X 15 min., 4°C. 3 µl stop/loading 

buffer was added to each reaction. 

The sequencing gel is prepared from 50% Long Ranger (FMC Bioproducts) and 

1-1.5 µl of sequencing reaction are loaded into each well. HSP gels are grouped into 

four sets of sixteen lanes representing individual bases A, T, C, and G. This approach 

facilitates interpretation of the gels, as variants are immediately visible. 
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Digital image files (TIFF format) of all sequencing runs were archived and used 

for image analysis. Images were converted to JPEG format for image analysis with 

Paintshop Pro (Jase Software) software. Sequence variants were compared to reference 

sequences obtained from Genbank accession numbers for each cDNA. 

The HSP method allows the rapid and unambiguous identification of SNPs in 

cDNA directly from purified PCR products. Example gel images from HSP runs 

showing SNPs for XRCC4 are shown in Figures 4 and 5. 

3.6 Verification/Reconstruction Experiments 

Conventional cloning and sequencing was utilized to confirm variant sequences. 

For each novel SNP observed, the PCR products from a random heterozygous individual 

and a random homozygous individual were chosen to be cloned using the TOPO-T A 2.1 

(Invitrogen) cloning kit. Clones were selected on LB plates with ampicillin (50 µ1/ml), 

and cloned DNA prepared for sequencing following standard methods. Ten clones were 

sequenced for each sample to be verified. The frequency of PCR-induced sequence 

artifacts was recorded from the cloned verification sequences. In each case the variant 

sequence was confirmed. 

3. 7 Statistical analysis 

Individual genotypes for each variable base pair in each gene were entered into Excel 

' 97 (Microsoft Office, 1997) spreadsheets. These data were imported into SAS (SAS 

Institute Inc., 1996) to run summary statistics and preliminary tests. GENEPOP 

(Raymond and Rousset, 1999; http://www.cefe.cnrs-mop.fr/) was utilized to calculate 

allele frequencies and assess exact p values for Hardy-Weinberg equilibrium tests 



(Brackley, 2000). Tests for association between types of cancer and specific SNPs, as 

well as ancestry and SNPs were run using Instat (http://graphpad.com) and Fisher's 

Exact two-tailed p-value test. 

42 



Chapter 4: Results and Discussion 

4.1 XRCC4 Data 
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Heterozygote Sequencing Protocol (HSP) was used to analyze sequence 

variation in the double-strand break repair geneXRCC4 in 128 healthy control samples 

(n= l28) and forty-eight cancer patient samples (n=48). While working with the control 

samples was very successful, it was not possible to obtain adequate PCR products for 

the desired number of patient samples. Of the pool of 137 patient samples, only the 

forty-eight reported here produced adequate products. Although multiple attempts of 

both RNA extraction and RT-PCR were tried with the remaining eighty-nine samples, it 

was unsuccessful. Possible explanations for the difference in quality of the patient and 

control RNA are the disease state of cancer patients, effects of radiation and 

chemotherapy treatments on the individuals' cells, and the more advanced age of 

patients when compared to controls. 

Variants are identified as base pairs counting from the first A of the first codon 

in the coding region. The Genbank sequence is defined as the reference. Deviation 

from this sequence is defined as a variant, regardless of the allele frequency. Of the 

control samples, 127 carried 148 variants from the Genbank reference sequence at two 

sites. For the cancer patient sample population, forty-four samples carried forty-six 

variants at two sites. 

Variants from the Genbank reference sequence, not previously reported, were 

found inXRCC4 in two positions: 401 and 921. Both variants were found in control and 

patient samples. Examples of the HSP gels showing these polymorphisms are shown in 

Figures 4 and 5 respectively. Results for XRCC4 are summarized in Table 3. 



A C G T 

Figure 4: Section of LiCor Sequencing Gel of XRCC4 
(positions #384-427) 

XRCC4 sequence variant, a T ➔ C substitution at position 401. 
This gel represents 15 individual samples. The HSP samples were loaded 
grouped by base such that the first 15 lanes show A bands, the second set 
of 15 are C bands, the third set are G bands, and the final set of 15 lanes 
are the T bands. An individual sample' s sequence can be determined by 
looking at the respective lane in each A, C, G, and T section. The arrows 
located in lanes 10 and 14 of the C and T sections of the gel show two 
samples that are heterozygous for the T ➔ C substitution at position 401. 
The other 13 samples shown display the Genbank reference sequence for 
XRCC4 at this position. The heterozygotes are indicated with fainter band 
strength in the respective lanes for both the C and T sections. A 
homozygous substitution, while not shown here, is seen when the band is 
absent from the expected base section and present in another section for a 
respective lane. 

44 

427 

i 
384 



TGCA 

T G C A 

Figure 5: Section of LiCor Sequencing Gel of XRCC4 
(positions #910-928) 

XRCC4 sequence variant, a G ➔ T substitution at position 921. 
This gel represents 16 individual samples. The first 4 lanes of the gel 
represent one sample with bands T, G, C, A. The remainder of the gel was 
loaded such that the next 15 lanes show A bands, the following set of 15 C 
bands, the third set G bands, and the final set of 15 lanes the T bands. An 
individual sample' s sequence can be determined by looking at the 
respective lane in each A,C,G, and T section. The arrow indicates 
position 921 where the SNP is found. Note how several samples in the G 
section are faint and are also faint in the T section, these are the samples 
that are heterozygous for the substitution. Also, those samples that do not 
show any banding in the G section, do show banding in the T section, 
these are the homozygous substitutions. 
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Table 3: Coding sequence variants by gene and base 
pair position for XRCC4. 

Position Change Observed n(H) n(Q) Amino acid change Codon 
# 

Controls n=l28 

Reference sequence 1 

401 T ➔ C 12 11 1 ATT (ile) ➔ ACT (thr) 134 

921 G ➔ T 126 20 106 TCG (ser) ➔ TCT(ser) 307 

127 samples carried 148 variants at 2 sites 

Cancer patients n=48 

Reference sequence 4 

401 T ➔ C 2 0 2 ATT (ile) ➔ ACT (thr) 134 

921 G ➔ T 44 13 31 TCG (ser) ➔ TCT(ser) 307 

44 samples carried 46 variants at 2 sites 
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Exon 
# 

IV 

VIII 

IV 

VIII 

Sequence changes are in comparison to the reference sequence, defined as the sequence 
obtained from the accession numbers for each cDNA sequence as noted in the text, 
numbered from the A in the initiation codon. 
H: heterozygotes, Q: substitution homozygotes 
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The polymorphism at position 401 is a T ➔ C transition. This mutation causes a 

non-conservative amino acid change of isoleucine to threonine. Of the 128 control 

samples, one homozygous substitution and eleven heterozygous substitutions of this 

type were observed. Of the forty-eight patient samples, two homozygous substitutions 

and no heterozygous variants of the position 401 T ➔ C substitutions were found. 

The polymorphism at position 921 is a G ➔ T transversion. This is a silent mutation, 

meaning that the variation does not result in an amino acid change. Of the 128 control 

samples, 106 homozygous substitutions and twenty heterozygous substitutions were 

observed. Interestingly, only two of the 128 control samples exhibited the Genbank 

reference sequence for position 921. Of the forty-eight patient samples, thirty-one 

homozygous substitutions and thirteen heterozygous substitutions of this type were 

found. 

4.2 Discussion of two SNPs identified in XRCC4 

Allele frequencies and Hardy-Weinberg calculations for the SNPs found in 

XRCC4 are shown in Table 4. The two variants found inXRCC4 are in Hardy-Weinberg 

Equilibrium in the control group, while only the SNP at position 921 is in equilibrium in 

the patient group. Equilibrium will exist in the absence of mutation, gene flow, 

selection, and drift, as predicted by evolutionary theory. It is a reasonable assumption 

that allelic association with cancer should constitute a powerful selective force and 

therefore alleles that are in equilibrium do not represent likely associations to cancer 

risk. However, since cancer occurs predominantly as a post-reproductive event, the 
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Table 4: Allele frequency and Hardy-Weinberg calculations for each 
sequence variant in XR.CC4. 

Position Sample 

401 Healthy Controls 

Cancer Patients 

921 Healthy Controls 

Cancer Patients 

Allele Frequency 

reference substitution 

0.95 0.05 

0.96 0.04 

0.09 0.91 

0.22 0.78 

HWE 
exactp 

0.27 

0.0003 

0.30 

0.19 
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alleles may still be associated with disease sensitivity even though they are in 

equilibrium (Ford et al. , 2000). 

The frequency of silent substitution at position 921 was found to be at a higher 

rate than the non-synonymous change at position 401. This may be because given two 

mutations, the more overt change in coding sequence should be preferentially 

eliminated. See Table 5 for the frequencies of SNPs to base pairs screened. 

Analysis of mouse and human gene sequences of XRCC4 (Genbank) indicated 

that SNPs observed in the present study occurred in locations conserved during 

evolution. This observation suggests that the amino acid residues coded for by these 

regions are important in maintaining normal protein structure and integrity. It is also 

suggestive that the resultant codon substitutions could produce a protein with altered 

function in either repair capacity or fidelity. 

Allele frequencies of the two substitutions across both study groups ranged from 

0.04 to 0.22 when examining the least common base observed in each position. These 

frequencies are consistent with those found in a study by Shen et al., (1998) examining 

polymorphisms in the DNA repair genes XRCCJ , XPD, XRCC3, and XPF with allele 

frequencies that ranged from 0.04 to 0.42. 

Associations between SNPs and type of cancer patients experienced, as well as 

between SNPs and ancestry of controls were investigated using Instat 

(http://graphpad.com) and Fisher's Exact two-tailed p-value test. Tables with 

association p-values and Odds Ratios (95% confidence interval) are in the Appendix. 

No association was found between SNPs occuring in XRCC4 and type of cancer that 

patients experienced. 
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Table 5: Frequencies of SNPs (from the most common sequence 
observed) to base pairs screened for XRCC4 

# Base Pairs Screened 

Conservative 205,920 

Silent 205,920 

Total 205,920 

SNPs from Most common 
sequence observed 

14 

39 

53 

Frequency 
(SNP/base pair) 

6.79 X 104 

1.89 X 10-3 

2.57 X 10-3 
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SNPs have been found in genes such as P53 to cluster in certain ethnic 

populations (Sjalander et al., 1996). However, the present study includes only a small 

Asian population in the control sample (n=5) and none in patient samples. Associations 

were tested, but none was observed between the Asian sub-sample population and the 

SNPs in the control samples. 

4.3 Implications of position 401 non-conservative substitution 

The T ➔ C transition at position 401 of the coding region of XR.CC4 results in an 

amino acid change of isoleucine to threonine, a non-conservative mutation. Isoleucine is 

a hydrophobic amino acid, while threonine is polar. This type of change can result in 

differences in protein folding and interaction. Also, threonine is capable of being 

phosphorylated by kinases. This threonine phosphorylation can result in anomalous 

protein function as well as changes in interaction of XRCC4 with other DNA repair 

proteins. 

Several studies have recently shown the phenotypic significance of a SNP that 

results in an amino acid change in the coding region. InXR.CCJ three coding 

polymorphisms resulting in non-conservative amino acid changes were found (Shen et 

al. , 1998). The resulting arginine ➔ glycine change at codon 399 was shown to be 

significantly associated with higher levels of aflatoxin B1-DNA adducts and somatic 

gycophorin A mutations (Lunn et al. , 1999). XRCCJ shows functional similarity to 

XR.CC4, in that both gene products bind to DNA ligases in the rejoining of DNA strand 

breaks. In another study, mean DNA adduct levels among individuals with two copies 
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of theXRCCJ codon 399 glycine allele were higher when compared with individuals 

heterozygous for the SNP (Duell et al. , 2000). 

The action of natural selection during evolution is evident from the 

comparatively lower rate of non-synonymous coding region SNPs (cSNPs), especially 

those that create non-conservative changes (Cargill et al. , 1999). Non-synonymous 

cSNPs not only occur less often, but also have lower minor allele frequencies for this 

class. 

InXRCC4 at position 401, control samples are in Hardy-Weinberg Equilibrium, 

while cancer patient samples are not. This result is suggestive of a selective event. It 

should be noted however, that the result reflects an expectation of four heterozygotes in 

the cancer sample, which displayed none. 

4.4 Implications of position 921 silent substitution 

The G ➔ T substitution at position 921 of XRCC4 displayed an interesting 

frequency in comparison to the Genbank reference sequence. Only two individuals in 

the control group and four patients in the cancer patient group exhibited the sequence 

listed in Genbank for that position of the cDNA. In comparison to the population 

studied here, the Genbank sequence is a variant and the change is actually a T ➔ G 

transversion, instead of vice versa. 

If the least common allele is taken to be the variant sequence, then in the control 

group 106 individuals displayed the non-variant sequence, twenty were heterozygous for 

the position 921 change, and two were homozygous for the substitution. In the cancer 

patient group, thirty-one exhibited the non-variant sequence, thirteen were heterozygous, 
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and four were homozygous. The data for the G ➔ T transversion at position 921 

adjusted for the least frequent allele is shown in Tables 8 and 9. 

In XRCC4 at position 921, there is a significant difference between controls and 

cancer patients for both genotype (p=0.005) and alleles (p=0.005) (GENEPOP genie 

differentiation and genotypic differentiation, Fisher's Exact two-tailed test). While silent 

mutations are neutral with regard to the protein, they can affect gene expression via 

sequence change in the RNA. For example, a change in secondary structure of the RNA 

can influence transcription, processing, or translation. Another possibility is that a 

change in synonym codons calls for a different tRNA to respond, influencing efficiency 

of translation (Lewin, 1997). 

Recent studies (Yu et al. , 1997; Yu et al. , 2000) of another DNA repair gene, 

ERCCJ, indicate that a base substitution that does not result in a change of amino acid 

may still affect DNA repair. A polymorphism has been found in the coding region of 

the NER gene ERCCJ that results in a silent substitution. Although the same amino acid 

is coded, the polymorphism is associated with a fifty percent reduction in codon usage 

for that amino acid. This reduction could affect the rate of transcription and/or 

translation (Yu et al. , 1997). Further study found that this silent substitution 

polymorphism is associated with a reduced DNA repair capacity in human ovarian 

cancer cells (Yu et al. , 2000). Similar to XRCC4, the presence of functional ERCCJ is 

essential for life (Mc Whir et al., 1993). 

XRCC4 is thought to serve as a molecular bridge to link DNA LI GASE IV with 

DNA DSBs, perhaps through additional interactions between XRCC4 and other 

components of the DNA NHEJ system. Immunoprecipitation studies indicate that 
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XRCC4 can interact with DNA-PK, although the interaction is weak in comparison to 

that with DNA LI GASE IV (Critchlow et al., 1997). In the initial analysis of XRCC4, a 

potential DNA-PK phosphorylation motif was noted (Li et al., 1995). Further 

biochemical studies have confirmed that XRCC4 is phosphorylated when incubated in 

vitro with purified DNA-PK and linearized plasmid DNA. DNA-PK dependent and 

independent serine/threonine phosporylation of XRCC4 in vivo appears to occur 

between amino acid residues 204 and 334 (Leber et al., 1998). 

The substitution at cDNA position 921 in XRCC4 results in a silent substitution 

in codon 307 coding for serine. The references above give rationale as to why this silent 

SNP could cause the type of DNA repair deficiency that results in cancer. Since a serine 

residue in that region is phosphorylated by DNA-PK, a reduced rate of transcription or 

translation of that residue because of codon efficiency may result in reduced double­

strand break repair in the NHEJ pathway. 

Mouse and human XRCC4 proteins are highly conserved, with 75% sequence 

identity and 84% similarity (Leber et al. , 1998). The SNP at position 921 occurs in a 

region of sequence identity shared between the mouse and human sequences (Genbank). 

Thus, the serine residue coded for by codon 307 potentially could be the one involved 

with the interaction between the DNA-PK and XRCC4 proteins. 

4.5 Summary of XRCC4 SNPs 

If amino acid differences, especially at conserved sites, in these enzymes impair 

their function in the repair of DNA damage, these polymorphisms theoretically could 

predispose an individual to environmentally induced cancer. While studies of actual 
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protein function and related DNA repair phenotype are needed to confirm that these 

amino acid differences do indeed result in changes in repair proficiency, several lines of 

evidence presented herein support this biologically plausible concept. 

4.6 No variation observed in RADS] 

No variation was observed for RAD51 in the 127 control samples (n= l27) and 

the sixty-seven patient samples (n=67) screened. While working with the control 

samples was very successful, it was not possible to obtain adequate PCR products for 

the desired number of patient samples. Of the pool of 137 patient samples, only the 

sixty-seven reported here produced adequate products. Although multiple attempts of 

both RNA extraction and RT-PCR were tried with the remaining seventy samples, it was 

unsuccessful. Possible explanations for the difference in quality of the patient and 

control RNA are the disease state of cancer patients, effects of radiation and 

chemotherapy treatments on the individuals' cells, and the more advanced age of 

patients when compared to controls. 

RAD51 is highly conserved in both structure and function through evolution 

(Baumann and West, 1998). The Escherichia coli protein RecA, Saccharomyces 

cerevisiae RADS 1, and Homo sapiens RAD51 show a high degree of structural and 

functional homology (Shinohara et al., 1993). Disruption of both alleles of RAD51 in 

mice proved to be early embryonic lethal (Tsuzuki et al. , 1996). 

As described regardingXRCC4, a base substitution that changes the codon, but 

does not result in a change in amino acid sequence, still can affect gene expression. The 



fact that not even a silent mutation was observed in RAD51 is suggestive that the 

resulting gene product is essential for DNA repair, and ultimately life. 
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Chapter 5: Summary and Conclusions 

5.1 Results 

Two SNPs were observed in XRCC4, while no variation was seen in 

RADS 1. The transition at cDNA position 401 in XRCC4 resulted in a non-conservative 

amino acid mutation. This polymorphism is in Hardy-Weinberg Equilibrium in the 

control group, while the cancer samples are out of equilibrium. Although this difference 

in equilibrium is indicative of a selective event, the sample size should continue to be 

increased in order to reach a firmer conclusion. 

The transversion at cDNA position 921 in XRCC4 resulted in no change in the 

corresponding amino acid. However, studies have shown that a silent substitution may 

still cause a change in gene expression due to differential transcription and translation of 

the amino acid codon affected. This polymorphism is in Hardy-Weinberg Equilibrium 

in both the control and cancer patient samples, but there is a significant difference 

between the samples for both genotypic frequency and allelic frequency. 

RADSJ is highly conserved across kingdoms and is embryonic lethal in mice. 

The findings of this study of RADSJ showing no variation in a screening of 176 

individuals provides additional evidence for the gene's crucial role in DSBR in humans. 

5.2 Environment, DNA damage, and DNA repair 

Environmental insults such as chemical carcinogens and ionizing radiation cause 

various types of DNA damage. Additionally, the unstable structure of DNA itself 

allows breaks and other DNA injury to occur as a result of endogenous origins (Lutz, 
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1990). Mutagenesis by chemical or physical agents requires the persistence of structural 

lesions in genomic DNA for a period of time sufficient to give rise to heritable changes 

in nucleotide sequence (Rajewsky et al., 1998). Specialized pathways have evolved to 

correct lesions in genetic information sequence to prevent mutagenesis and 

carcinogenesis. While DNA repair systems are efficient and effective, errors do occur. 

A defect in a mechanism will increase error rates and lead to a higher chance of a 

resultant problem. SNPs in gene sequences of involved DNA repair proteins are a 

source of inefficient participants to the pathway. 

5.3 Cancer, radiation, and DSBR 

Carcinogenesis is a complex multistage process involving an accumulation of 

information changes in the genome. The model DNA DSB inducing agent is ionizing 

radiation, which is present in the environment, as well as used as a treatment method for 

cancers. DSBs have been implicated as being the mutagenic and carcinogenic effects of 

radiation (Yunis, 1990). Genetic predisposition to radiation induced cancer may be a 

confounding factor in the prediction of its effects in any given individual (Little, 1993 ). 

Genetically predisposed populations may have increased sensitivity to radiation. 

Addressing the question of gene-environment interactions is particularly important in 

sub-populations who have inherited mutations in genes that play a role in DNA-damage 

response (Bennett, 1999). Therefore, it will be necessary for future studies to identify 

those mutations that may affect sensitivity of individuals and become useful for 

screening those susceptible. 



5.4 Future work to address unknowns 

Similar studies are being conducted in our laboratory on genes in other repair 

pathways. See Table 10 for a list of genes and the respective pathways being studied. 
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This study includes a relatively small number of subjects in the various 

subgroups such as cancer type and ancestry and, therefore, needs to be duplicated. 

Further studies with a larger sample size are needed to clarify these complex interactions 

between genotype, exposure, and demographic characteristics. 

As a preliminary test of functionality, the association between of each of the 

XRCC4 polymorphisms and proficiency for repair of ionizing radiation induced double­

strand breaks should be examined. A similar study was conducted on XPD 

polymorphisms associated with X-ray induced breaks (Lunn et al., 2000). Once a 

subject's polymorphism status for a given site is established, DNA repair efficiency can 

be assessed using an assay that measures unrepaired DNA in cytogenetic preparations of 

lymphocytes isolated from blood. The lymphocytes would be exposed to ionizing 

radiation and then incubated to allow for repair. The existence of residual or 

misrepaired breaks can then be assessed. 

It should be determined if the mutation at the serine residue at codon 307 truly 

does disrupt the phosphorylation rate of XRCC4 by DNA-PK. This can be assessed by 

performing a phosphorylation assay on the XRCC4 protein product with and without the 

transversion at position 921 present. Clontech's Phosphoamino Acid Monoclonal 

Antibodies assay run onXRCC4 and DNA-PK protein products would quantify the 

ability of DNA-PK to phosphorylate XRCC4 with and without the SNP. 
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It would also be interesting to perform phosphorylation assays on the isoleucine 

to threonine mutation at codon 134 versus the reference sequence, as an increase in 

phosphorylation can affect protein function and interaction. If an increase in 

phosphorylation is found, then assays on DSBR efficiency should follow. 

The collection of an older cancer-free control sample set will be beneficial to 

additional study. The control population sampled for the current study is significantly 

younger than the cancer patient population. While the control subjects are cancer free, it 

may be said that they are cancer free for now. Inevitably a normal percentage of those 

individuals will contract cancer later in life. 
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Appendix 

Fisher's Exact Test (95% confidence interval) for association between 
breast or colon cancer patients and 401 SNP 

401 variant 

401 reference 

Total 

Breast cancer 
patients 

1 (2%) 

16 (33%) 

17 (35%) 

Colorectal cancer 
patients 

1 (2%) 

30 (63%) 

31 (65%) 

Total 

2 (4%) 

46 (96%) 

48 (100%) 

The two-sided p-value is 1.0000, considered not significant. The row/column 
association is not statistically significant. 

Odds Ratio= 1.875 (0.1098 to 32.032) 

Calculated with Instat (http://graphpad.com) Fisher's two-tailed p-value Exact test 

Fisher's Exact Test (95% confidence interval) for association between 
breast or colon cancer patients and 921 SNP 

921 variant 

921 reference 

Total 

Breast cancer 
patients 

16 (33%) 

1 (2%) 

17 (35%) 

Colorectal cancer 
patients 

28 (58%) 

3 (6%) 

31 (65%) 

Total 

44 (92%) 

4 (8%) 

48 (100%) 

The two-sided p-value is 1.0000, considered not significant. The row/column 
association is not statistically significant. 

Odds Ratio= 1.714 (0.1642 to 17.897) 

Calculated with Instat (http://graphpad.com) Fisher's two-tailed p-value exact test 



73 

Fisher's Exact Test (95% confidence interval) for association between 
control sample ancestry and 401 SNP 

401 variant 

401 reference 

Total 

Asian 

0 (0%) 

5 (4%) 

5 (4%) 

European 

12 (9%) 

111 (87%) 

123 (96%) 

Total 

12 (9%) 

116 (91 %) 

128 (100%) 

The two-sided p-value is 1.0000, considered not significant. The row/column 
association is not statistically significant. 

Odds Ratio 0.8109 (0.4226 to 15.559) 

Since at least one value is zero, 0.5 was added to each value to make calculations 
possible. 

Calculated with Instat (http://graphpad.com) Fisher's two-tailed p-value exact test 

Fisher's Exact Test (95% confidence interval) for association between 
breast or colon cancer patients and 921 SNP 

921 variant 

921 reference 

Total 

Asian 

5 (4%) 

0 (0%) 

5 (4%) 

European 

121 (95%) 

2 (2%) 

123 (96%) 

Total 

126 (98%) 

2 (2%) 

128 (100%) 

The two-sided p-value is 1.0000, considered not significant. The row/column 
association is not statistically significant. 

Odds Ratio = 0.2263 (0.009650 to 5.309) 

Since at least one value is zero, 0.5 was added to each value to make calculations 
possible. 

Calculated with Instat (http://graphpad.com) Fisher' s two-tailed P-value exact test 
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