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ABSTRACT 
Breast cancer is the most common female malignancy in the Western world and 
approximately 5-10% of all breast cancer cases present with some degree of family 
history.  In the mid-nineties genetic linkage analyses successfully identified two breast 
cancer predisposing genes, BRCA1 and BRCA2. Mutations in these genes are 
responsible for the majority of large early onset breast and breast-ovarian cancer 
families. However, a large proportion of breast cancer families do not have mutations 
in BRCA1 or BRCA2 and therefore the genetic component in these non-BRCA1/2 
families remains to be elucidated.  
 
HIN-1 is a putative tumour suppressor gene on chromosome 5q, which is silenced by 
methylation in the majority of sporadic breast cancers. Ten families exhibiting 
suggestive linkage to the region on 5q were investigated for germline mutations in the 
HIN-1 gene. No sequence alterations were identified in the ten families, or in DNA 
from 15 BRCA1 tumours and 35 sporadic tumours. In contrast to sporadic tumours, the 
HIN-1 promoter was completely unmethylated in BRCA1 tumours. HIN-1 is therefore 
unlikely to play a major role in breast cancer predisposition, however its altered 
expression may have consequences for breast cancer pathogenesis. (Paper I) 
 

Comparative genomic hybridization of non-BRCA1/2 breast carcinomas revealed that 
loss of chromosome 17 and chromosome 6q were frequent events in high-risk families 
while gain of 8q was a frequent event in low-risk families. Loss of genetic material 
from chromosome 17 suggested the presence of a tumour suppressor gene. 
Investigation of ten genes within a candidate locus on chromosome 17q11.2-12 
revealed no obvious pathogenic sequence alterations. However, the frequent 
observation of genetic alterations involving chromosome 17 in breast tumours suggests 
the presence of novel genes, which may be involved in breast carcinogenesis. (Paper II) 
 
Re-evaluation of genetic linkage data based on global gene expression profliling of 
non-BRCA1/2 breast tumours identified chromosome 6 as a candidate locus for two 
non-BRCA1/2 families.  Breast cancer in families 6006 and 6043 was linked to a 43.8 
Mb region on chromosome 6, with suggestive LOD scores of 1.48 and 0.78 in the 
region for families 6006 and 6043 respectively. Detailed fine mapping revealed that 
these families shared a common four-marker haplotype 2-7-5-2 over a 2.8 Mb region 
on chromosome 6q14.1. The six genes within this region were investigated for the 
presence of a possible founder mutation in these two families. A number of shared 
sequence variants were identified in the two families, none of them were obviously 
pathogenic. (Paper III) 
 
Three polymorphisms in the estrogen receptor beta (ESR2) were investigated for their 
association to breast cancer. A total of 723 breast cancer cases were genotyped, 323 
sporadic cases and 400 familial cases. No statistically significant differences in 
genotype distributions were observed for any of the three polymorphisms individually. 
However haplotype analysis revealed an association between one common haplotype 
G-A-G and increased risk of sporadic breast cancer (OR=3.0  p=0.03). This result 
suggests a role for ESR2 in breast cancer. (Paper IV) 
 
Keywords: familial non-BRCA1/2 breast cancer, linkage analysis, CGH, association 
study 
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1 INTRODUCTION 
 
Despite major advances in our understanding of human diseases, the mechanisms 

underlying many common diseases, such as heart disease and cancer, remain elusive. 

Common diseases are often multifactorial in nature involving the complex interaction 

of genetic and environmental factors.  Cancer is often described as a genetic disease 

as the transition from a normal cell to a cancerous cell involves the acquisition of a 

number of genetic alterations. The alterations that confer a growth advantage to the 

cell are selected for and a form of somatic evolution occurs ultimately resulting in 

malignant transformation. The genetic alterations in the cell may be acquired 

somatically or be present in the germline. Most cancer types arise through the 

acquisition of numerous somatic mutations in a particular tissue, however in some 

hereditary forms of cancer, a predisposing mutation is present in the germline. As 

such hereditary cancer syndromes often result in multiple cancer types and generally 

have an earlier age of onset than their sporadic counterparts. The progression from 

normal cell to cancer cell is thought to occur through a multi-step model whereby 

sequential mutations in critical cancer genes give rise to the cancer phenotype.  To 

date, colon cancer represents the most well elucidated cancer model whereby 

stepwise mutations in APC, KRAS, SMAD4 and p53 are associated with a defined 

series of stages from normal colonic mucosa to colorectal carcinoma (Fearon and 

Vogestein, 1990; Vogelstein and Kinzler, 1993). However, this cancer progression 

model has not been as well clarified for other cancer types such as breast cancer. In 

an effort to define cancer progression in a logical manner Hanahan and Weinberg 

have identified six features necessary for a cell to develop a cancer phenotype: self-

sufficiency in growth signals, insensitivity to growth-inhibitory signals, limitless 

replicative potential, sustained angiogenesis, and tissue invasion and metastasis 

(Hanahan and Weinberg, 2000). The aim of cancer biologists is to identify the genetic 

changes that accompany each of these hallmarks of cancer and to determine which 

are shared between different cancer types and which are unique to specific tissues. 

The focus of this thesis is to understand the genetic basis of non-BRCA1/2 familial 

breast cancer predisposition and so we first need to examine the types of genes that 

are altered in carcinogenesis. 
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1.1 ONCOGENES 
Oncogenes were initially discovered as retrovirally transmitted tumourigenic agents 

(Huebner and Todaro, 1969). The cellular counterparts of viral-oncogenes are proto-

oncogenes and they are generally considered to be positive regulators of cell growth 

and differentiation. The first proto-oncogene discovered was c-Src (Takeya and 

Hanafusa, 1983) and to date several hundred proto-oncogenes have been identified. 

These genes can be classified into five broad functional categories: (1) growth 

factors, (2) growth factor receptors, (3) signal transducers, (4) transcription factors 

and (5) apoptosis regulators. Mutations in oncogenes are gain-of-function mutations, 

whereby the protein product of the gene is highly expressed or constitutively active 

generally leading to un-regulated cell proliferation. There are three general 

mechanisms by which oncogenes are activated and lead to cancer; firstly by point 

mutation as is the case in the RAS gene family (Capon, et al., 1983; Sukumar, et al., 

1983; Yuasa, et al., 1983), second by gene amplification, an example of which is 

ERBB2 amplification in breast cancer (Berger, et al., 1988) and finally chromosomal 

rearrangements, which occur frequently in leukaemias and lymphomas e.g. the BCR-

ABL translocation in chronic myelogenous leukaemia (de Klein, et al., 1982) and the 

cMyc/IgG translocation in Burkitts lymphoma (Taub, et al., 1982). All three 

mechanisms of oncogene activation lead to abnormal activity of the normal protein. 

The combination of activating mutations in oncogenes and loss-of-function mutations 

in their counterparts, tumour suppressor genes, leads to uncontrolled cell proliferation 

and subsequently cancer development. 

 

 

1.2 TUMOUR SUPPRESSOR GENES 
The normal physiological role of tumour suppressor genes is to suppress cell 

proliferation through regulation of the cell cycle, transcriptional regulation and 

apoptosis. The first tumour suppressor gene identified was the retinoblastoma gene, 

Rb1 (Friend, et al., 1987), which is mutated in the childhood cancer syndrome, 

Retinoblastoma. Mutations in tumour suppressor genes are loss-of-function mutations 

and at a genetic level are referred to as recessive when compared to dominant 

oncogene mutations. The recessive model for tumour suppressor gene mutation was 

first proposed after Knudsons observations in retinoblastoma (Knudson, 1971). As is 

the case with many cancers, retinoblastoma occurs in both an inherited and sporadic 

form. Knudson observed that two-rate limiting steps were needed for the development 
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of cancer and that in the inherited form of retinoblastoma the first step was already 

present in the germline. The general mechanism of tumour suppressor gene 

inactivation is the combination of a discrete mutation (point mutation, small 

insertion/deletion) on one allele and large chromosomal changes, such as whole 

chromosome deletion or deletion of a chromosome arm, on the other allele. The 

inactivation of both of the classical tumour suppressor genes, Rb1 and p53, is 

accompanied by loss of chromosomal material as evidenced by loss of heterozygosity 

(LOH) on chromosomes 13 and 17 respectively (Friend, et al., 1987; Baker, et al., 

1989). More recently the second allele has been found to be silenced by methylation.  

Feinberg and Vogelstein were the first to demonstrate that global hypomethylation 

was associated with the cancer phenotype (Feinberg and Vogelstein, 1983) whereas 

gene silencing by promoter methylation was first noted in the Rb1 gene (Sakai, et al., 

1991) and subsequently in the von Hippel Lindau and p16 genes (Herman, et al., 

1994; Merlo, et al., 1995). Although the breast cancer susceptibility genes, BRCA1 

and BRCA2, are generally referred to as tumour suppressor genes, they may be more 

appropriately classified as DNA repair genes, due to their function in the maintenance 

of genome integrity. 

 

 

1.3 DNA REPAIR GENES 
Cancer arises through the step-wise accumulation of mutations in key genes. 

However, the progression from a normal cellular phenotype to malignant 

transformation is due not only to DNA damage but also from the lack of efficient 

DNA repair mechanisms. Genes responsible for maintaining genome integrity 

through the repair of DNA damage are also called ‘caretaker’ genes. The genes 

involved in repairing subtle mistakes made during replication or induced by exposure 

to mutagens are members of the mismatch repair pathway (MMR), nucleotide 

excision repair pathway (NER) and the base excision repair pathway (BER). Another 

set of genes is involved in maintaining genome integrity during mitotic recombination 

and chromosomal segregation. These genes are responsible for repairing larger errors 

in DNA, such as double stranded breaks. Mutations in DNA repair genes drive 

tumourigenesis as the lack of an efficient repair system leads to increased mutation 

rates, resulting in mutations in oncogenes and tumour suppressor genes and having 

the overall effect of promoting cell proliferation. 
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The key role of these different repair systems is highlighted when genes involved in 

these pathways are mutated in the germline and give rise to hereditary cancer 

syndromes. Germline mutations in the MMR genes hMSH2, hMLH1 and hMSH6, 

predispose to an inherited form of colorectal cancer, Hereditary Non Polyposis 

Colorectal Cancer (HNPCC) (Peltomaki, et al., 1993; Lindblom, et al., 1993b; 

Miyaki, et al., 1997). Defects in the NER genes cause Xeroderma Pigmentosa (XPA), 

which is characterised by a high incidence of skin cancer and extreme sensitivity to 

ultraviolet radiation (Friedberg, 2001) Recently bi-allelic germline mutations in the 

MYH gene, a member of the BER pathway, have been identified and predispose to 

colorectal cancer (Al-Tassan, et al., 2002). Defective repair of larger chromosomal 

aberrations has also been implicated in cancer progression. The recognition and repair 

of double stranded breaks (DSB) in DNA is mediated by a number of genes, ATM, 

MRE11, NBS1, BRCA1 and BRCA2, all of which when mutated predispose to cancer 

and many of which are involved in breast cancer predisposition. 

4 
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2 BREAST CANCER 
 
Of all cancer types, breast cancer is the most common form of cancer in women in the 

Western world and overall the second most common cancer type, after lung cancer, in 

both sexes (Parkin, et al., 2005). With an estimated 1.15 million new cases in 2002 

and being the most prevalent cancer worldwide, breast cancer is clearly a serious 

public health issue, and efforts to understand the etiology of the disease are essential.  

The highest incidence of breast cancer is seen in developed countries, such as North 

America, Western Europe and Australia, this high incidence rate may reflect the 

available screening programmes but also likely reflects environmental exposures. The 

lowest rates are seen in Asian countries, but these countries are currently showing an 

increase in breast cancer risk, with China reporting a 3-4% annual incidence in breast 

cancer risks (Parkin, et al., 2005). Although breast cancer has a strong genetic 

component and mutations in certain genes (BRCA1 and BRCA2) are known to 

increase womens risk for developing the disease, genetic factors alone cannot explain 

the excess of breast cancer risk. The role of environmental factors can be clearly seen 

by the increase in breast cancer risk associated with migrants from low risk countries, 

such as Asia, moving to Western countries. Breast cancer is a common and complex 

disease, which involves a strong interplay between genetic and environmental factors, 

some aspect of which are discussed below. 

 

 

2.1 NON-GENETIC RISK FACTORS 

 
2.1.1 Hormonal risk factors 
The role of hormones in breast cancer etiology was first suggested in 1896 by the 

discovery that oopherectomy could cause cancer regression and further supported by 

epidemiological studies, which indicated that bilateral oopherectomy significantly 

reduces breast cancer risk, and the earlier the ovaries are removed the greater the risk 

reduction (Hanstein, et al., 2004; Trichopoulos, et al., 1972). Since then numerous 

studies have demonstrated that exposure to estrogen is directly associated with the 

risk for developing breast cancer, with prolonged or increased exposure being 

associated with increased risk for developing breast cancer whereas reducing 

exposure is thought to have a protective effect (Hulka and Moorman, 2001; Martin 

and Weber, 2000). Therefore factors that increase the number of menstrual cycles, 
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such as early age at menarche, nulliparity and late onset of menopause are associated 

with an increased likelihood of developing breast cancer. While decreasing the total 

number of ovulatory cycles can have a protective effect, oopherectomy, moderate 

levels of exercise and longer periods of lactation can achieve this (Martin and Weber, 

2000).  

The risk associated with exposure to exogenous hormones in the form of oral 

contraceptives or hormone replacement therapy is less clear and remains controversial. 

Results from data pooled from 54 studies indicated that the risk associated with ever 

having used oral contraceptives was very small (relative risk of 1.07) (Collaborative 

Group on Hormonal Factors in Breast Cancer, 1996). The use of hormonal replacement 

therapy during menopause is associated with a modest increase in breast cancer risk, 

whereas long-term use (> 5 years) is associated with a 30-50% increase in risk  

(Colditz, et al., 1995; Collaborative Group on Hormonal Factors in Breast Cancer, 

1997).  

 

2.1.2 Non-hormonal risk factors 
There are a number of well established non-hormonal risk factors associated with breast 

cancer risk. Age is an established and important risk factor for developing breast cancer 

as breast cancer risk is known to increase steadily with age and in the United States 

over 66% of breast cancer cases are diagnosed in women aged 55 or over (Hulka and 

Moorman, 2001).  Ionising radiation is associated with increased breast cancer risk, and 

young women exposed to ionising radiation as a treatment for childhood Hodgkins 

disease have a substantially increased risk of developing breast cancer (Bhatia, et al., 

1996).  In addition, survivors of the atomic bomb blasts in Hiroshima, Japan have a 

very high incidence of breast cancer, particularly those exposed during adolescence, a 

period of active breast development (Tokunaga, et al., 1994).  Women with a history of 

benign breast lesions, particularly atypia have a three- to four-fold increased breast 

cancer risk (Hulka and Moorman, 2001). Postmenopausal women attending 

mammographic screening who present with a high percentage of density in their breast 

are at increased risk of developing breast cancer (Hulka and Moorman, 2001). 

While obesity has been associated with breast cancer risk, this increase in risk may be 

hormone related as obesity and central fat distribution are believed to act through 

endocrine intermediates such as the steroid hormones (Pujol, et al., 1997). Alcohol 

intake has been consistently related to an increased risk of breast cancer with women 

taking an occasional drink having a modestly increased risk while those having up to 
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four or more drinks a day have a substantially increased risk (Garfinkel, et al., 1988; 

Bowlin, et al., 1997). Recent findings suggest that among women with high plasma 

folate levels, there is no adverse effect of alcohol (Zhang, et al., 2003). Therefore by 

increasing plasma folate levels through the use of multivitamins or fortification of the 

food supply breast cancer risk may be reduced, particularly in women who are 

consuming alcohol.  

There is some evidence to suggest that some dietary components may play a role in 

breast cancer risk, however this remains a controversial topic. Certain studies have 

identified a relationship between the consumption of animal fat and breast cancer while 

an inverse relationship has been seen between vegetable fat and breast cancer (Colditz, 

2005). It has also been proposed that soy protein is associated with a decreased breast 

cancer risk and that this may account for the reduced risk seen in Asian countries, 

where soy protein is a main constituent of the diet. Certain micronutrients such as 

Vitamin E have also been associated with reduced breast cancer risk.  

 

 

2.2 GENETIC RISK FACTORS  
Family history of breast cancer remains the single most important risk factor for 

developing the disease. Breast cancer is approximately twice as common in women 

with an affected first-degree relative and this risk increases with the number of affected 

relatives and is greater for women with relatives affected at a young age ( Collaborative 

Group on Hormonal Factors in Breast Cancer, 2001). In addition, a Nordic twin study 

has estimated that 27% of the variation in breast cancer among monozygotic and 

dizygotic twins can be explained by heritable causes (Lichtenstein, et al., 2000). The 

familial aggregation of breast cancer accounts for between 5-10% of all breast cancer 

cases. To date, there have been two highly penetrant predisposing genes identified 

BRCA1 (Miki, et al., 1994) and BRCA2 ( Wooster, et al., 1995; Tavtigian, et al., 1996). 

Mutations in these two genes are responsible for the majority of breast cancer in large, 

early-onset breast and breast/ovarian cancer families. However, they account for only a 

small proportion of the total familial cases and so the genetic factors increasing breast 

cancer risk in the remaining families are still to be identified.  
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Figure 1.  Ninety percent of breast cancers are sporadic, while familial cancer 

constitutes 5-10% of all breast cancer (right). Of these familial cases 

mutations in known high-penetrant genes (BRCA1, BRCA2, p53) 

account for approximately 25% of the families, the remaining familial risk 

may be due to unknown moderate- to high-penetrant genes (BRCA3) or 

a number of low penetrant alleles (CHEK2).  

Modified from Balmain et al., Nat Genet. 2003 (33) Suppl: 238-44 

 

 
2.3 HIGH PENETRANT BREAST CANCER SUSCEPTIBILITY GENES 

 
2.3.1 BRCA1 and BRCA2 
It has been over a decade since the identification of the breast cancer predisposing 

genes, BRCA1 and BRCA2. BRCA1 was first localised, by linkage analysis (Hall, et al., 

1990), to chromosome 17q21 and three years later the BRCA1 gene was successfully 

cloned (Miki, et al., 1994). Linkage analysis of large early-onset breast and breast-

ovarian cancer families yielded a logarithm of odds (LOD) score close to 6 for a locus 

on 17q21. Subsequently cloning of the BRCA1 gene and identification of pathogenic 

mutations in breast cancer families established BRCA1 as the first breast cancer 

predisposing gene. Less than a year later a second locus was identified on chromosome 

13q12-13 in families with breast cancer not linked to 17q21 (Wooster, et al., 1994) and 

soon thereafter the BRCA2 gene was cloned (Wooster, et al., 1995; Tavtigian, et al., 

1996). The BRCA1 gene encodes an 1863 amino acid protein, and consists of 22 coding 

exons distributed over 80kb of genomic DNA. The BRCA2 gene encodes a very large 

protein of 3418 amino acids, which is encoded by 27 exons.  Although both breast 
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cancer predisposing genes are large and seem to be widely expressed in most 

proliferating tissues, they are not homologous to any known protein. Neither are the 

two proteins homologous to each other, although both BRCA1 and BRCA2 have some 

features in common.  

 

Essentially all families with an apparent autosomal dominant mode of inheritance to 

both breast and ovarian cancer are accounted for by mutations in BRCA1 and BRCA2. 

Mutations in both of these genes are considered highly penetrant and are associated 

with a lifetime risk of breast cancer of between 60-85% and a lifetime risk of ovarian 

cancer of between 15-40% (Brose, et al., 2002; Thompson and Easton, 2002b). A 

recent meta analysis of 22 studies unselected for family history has estimated the 

cumulative breast cancer risk by age 70 to be 65% in BRCA1 mutation carriers and an 

ovarian cancer risk of 39%, while for BRCA2 mutation carriers the cumulative risk by 

age 70 was estimated to be 45% for breast cancer and 11% for ovarian cancer 

(Antoniou, et al., 2003). For BRCA1 mutation carriers their risk increases with age until 

50 years and then decreases, however for BRCA2 mutation carriers their risk continues 

to increase with age. There is also evidence that different mutations confer different 

cancer risks, a study by the Breast Cancer Linkage Consortium (BCLC) has shown that 

BRCA2 mutations occurring in the ovarian cancer cluster region (OCCR) are associated 

with a low risk of breast cancer and a higher risk of ovarian cancer (Thompson and 

Easton, 2001).  There is also evidence for a genotype-phenotype correlation with 

BRCA1 mutations, with mutations in the 3’ end of the gene being associated with a 

lower ovarian cancer risk (Gayther, et al., 1995), while mutations in the central region 

of BRCA1 are associated with a lower breast cancer risk (Thompson and Easton, 

2002a). The reason for this phenotypic variation is currently unclear but may be 

explained following further elucidation of the functional roles of both BRCA1 and 

BRCA2. 

  

2.3.2 BRCA3 and novel breast cancer genes 
Mutations in BRCA1 and BRCA2 do account for the majority of large, early-onset 

breast and breast-ovarian cancer families, however, these BRCA1/2 families account for 

only a small proportion (15-20%) of all breast cancer families.  In a study carried out by 

the Breast Cancer Linkage Consortium, analysis of 237 breast cancer families revealed 

that 67% of these families were linked to neither BRCA1 nor BRCA2 (Ford, et al., 

1998).  These results and results from other studies demonstrating the low frequency of 
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BRCA1 and BRCA2 mutations in certain populations indicate that novel breast cancer 

genes remain to be identified. Several candidate loci have been proposed to harbour 

novel breast cancer predisposing genes, including a region on 8p12-22 (Kerangueven, 

et al., 1995; Seitz, et al., 1997), chromosome 13q21 (Kainu, et al., 2000), and 

chromosome 2q32.2 (Huusko, et al., 2004). The region on 8p12-22 was analysed 

following the observation of allele loss in sporadic breast cancer, and subsequent 

linkage analysis in both French and German breast cancer families yielded modest 

positive LOD scores. This finding has not been independently replicated in any further 

studies and the analysis of 31 non-BRCA1/2 breast cancer families failed to find 

evidence of linkage to this locus (Rahman, et al., 2000). Kainu et el. suggested a locus 

on 13q21, distinct form BRCA2 and Rb, as a putative novel breast cancer locus (Kainu, 

et al., 2000). The identification of this locus was based on CGH analysis of familial 

non-BRCA1/2 breast cancers, which identified a specific deletion of 13q21-q22 shared 

by patients from one family. Subsequent linkage analysis of 77 families indicated a 

LOD score of 3.46. No predisposing gene has thus far been identified and there has 

been no further evidence that this locus harbours a common breast cancer predisposing 

gene (Du, et al., 2002; Thompson, et al., 2002). Finally, although a number of genome 

wide linkage studies of non-BRCA1/2 breast cancer families have been undertaken, in 

our own lab and in the UK and Netherlands, to date the only published report is a 

Finnish study of 14 high-risk breast cancer families. The results of this study suggested 

a region on 2q32, which gave a LOD score of 1.61 (Huusko, et al., 2004). No 

predisposing gene has been identified and this study has yet to be replicated.  

 

The search for BRCA3 has lead to some conclusions; firstly, the remaining breast 

cancer families not attributable to mutations in BRCA1 or BRCA2 are genetically 

heterogeneous, secondly, it is apparent that as no distinct phenotype is available to 

classify the remaining non-BRCA1/2 families novel approaches, most probably based 

on molecular profiling, are needed to group families into more genetically homogenous 

sub-groups and thirdly, the difficulty in identifying novel high-to-moderate penetrant 

genes may be because they do not exist and the residual familial risk is instead due to 

low-penetrance alleles, which are of course difficult if not impossible to identify by 

conventional genetic analysis. Several low-penetrance alleles may act in an additive or 

multiplicative fashion to increase a womans risk for breast cancer. Candidate low 

penetrance genes are proto-oncogenes and genes involved in carcinogen metabolism, 

estrogen metabolism and immunomodulatory pathways.  
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2.3.3 Rare Cancer Syndromes 
2.3.3.1 P53 and Li Fraumeni Syndrome 

The p53 cell cycle checkpoint gene is one of the most commonly mutated genes in 

human cancers, with mutations estimated to occur in up to 50% of all cancers including 

breast cancer. Li-Fraumeni syndrome is an autosomal dominant disorder caused by 

germline mutations in p53 gene and characterised by an increased risk of soft tissue and 

osteosarcomas, leukaemias, brain tumours, adenocortical carcinomas, and breast 

cancers (de Jong, et al., 2002). Germline mutations in p53 are a rare cause of breast 

cancer, accounting for less than 1% of breast cancer cases (Patel, et al., 1995; Zelada-

Hedman, et al., 1997). However, in approximately 40% of human breast cancers p53 is 

somatically mutated and approximately 30-42% of breast cancers exhibit loss of 

heterozygosity at the p53 locus on chromosome 17p (Greenblatt, et al., 1994).  

Although 70% of Li-Fraumeni families have mutations in p53, mutations in CHEK2 

are responsible for a proportion of families (Bell, et al., 1999) and recently a third locus 

on chromosome 1q23 has been suggested in two non-p53/CHEK2 families (Bachinski, 

et al., 2005). Interestingly, the family in which the initial CHEK2 mutation was 

identified contained multiple cases of early-onset and bilateral breast cancer, indicating 

at the time that CHEK2 may be a novel breast cancer predisposing gene. 

 

2.3.3.2 PTEN and Cowdens Syndrome  

Mutations in the PTEN gene, which encodes a lipid phosphatase on chromosome 

10q23.3, predispose to Cowdens syndrome and are present in 80% of Cowden 

syndrome families (de Jong, et al., 2002). Cowden syndrome is an autosomal dominant 

disorder characterised by hamartomas and a risk of breast, thyroid and endometrial 

cancer (Eng, 2003). In women with Cowden syndrome the lifetime risk of developing 

breast cancer ranges from 25-50% (Eng, 2003). Loss of heterozygosity at the PTEN 

locus has been observed in up to 40% of sporadic breast cancers (de Jong, et al., 2002)  

and 11% of familial breast cancers (Lindblom, et al., 1993a). However, mutations in 

the PTEN gene are rare both at the somatic level in sporadic breast cancers and in 

breast cancer families not associated with Cowden syndrome (Chen, et al., 1998; 

Feilotter, et al., 1999; Freihoff, et al., 1999). 
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2.3.3.3 STK11 and Peutz-Jegher syndrome  

Peutz-Jegher syndrome is a rare autosomally dominant inherited condition 

characterized by predisposition to benign hamartomatous polyps, in addition to an 

increased risk of cancer of the breast, gastrointestinal tract, testis and ovaries 

(Hemminki, et al., 1997). In addition to increased cancer susceptibility, Peutz-Jegher 

syndrome is characterized by mucocutaneous pigmentation, which usually affects the 

lips, buccal mucosa and digits. Using a combined approach of comparative genomic 

hybridization of benign hamartomas and linkage analysis, the predisposing locus was 

mapped to chromosome 19p. In Peutz-Jegher families, pathogenic mutations were 

identified in the STK11 gene, which codes for a serine-threonine kinase (Hemminki, et 

al., 1998). Mutations in the STK11 gene appear to be associated with breast cancer risk 

only in the context of the Peutz-Jegher syndrome. No somatic STK11 mutations have 

been described in breast cancer (Bignell, et al., 1998) and no germline mutations have 

been identified in familial breast cancers (Chen and Lindblom, 2000).  

 

2.3.3.4 ATM and Ataxia Telangiectasia  

Ataxia-telangiectasia (AT) is a rare autosomal recessive early childhood disorder, 

characterized by progressive cerebellar ataxia, skin and ocular telangiectasia, 

immunodeficiency, chromosomal instability, extreme radiosensitivity and an increased 

risk of cancer. The ATM gene was localised to chromosome 11q22-23 and encodes a 

large 3056 amino acid protein (Savitsky, et al., 1995). ATM is involved in the sensing 

and repair of DNA damage and subsequently phosphorylates a number of key cell cycle 

regulators including BRCA1 and CHEK2.  Several studies have indicated that women 

heterozygous for ATM mutations have an increased risk of developing breast cancer. 

However, the role of ATM in breast cancer predisposition has been the source of some 

controversy as the high prevalence of heterozygotes in the population led to the idea 

that screening mammography, a source of ionising radiation, could increase the 

penetrance of these mutations (Nathanson, et al., 2001). There has also been 

speculation that cancer risk may be associated with the mutation type, that is, that 

truncating and missense mutations would confer different breast cancer risks (de Jong, 

et al., 2002). A recent study of 1160 relatives of A-T patients from 132 families did 

confirm ATM heterozygotes are at increased risk for developing breast cancer 

particularly at a young age and that this risk decreases with age and the same study 

showed no correlation between mutation type and cancer risk (Thompson, et al., 2005).  
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2.4 LOW PENETRANT GENES 
As mentioned earlier the search for novel high penetrant breast cancer predisposing 

genes has thus far been unsuccessful. One explanation for the lack of a BRCA3 gene 

is that the remaining familial breast cancer risk is in fact due to polygenic inheritance, 

whereby susceptibility to breast cancer is conferred by several alleles each of which 

confer only a moderate risk, but which act together to increase the breast cancer risk 

(Pharoah, et al., 2002). The difficulty with the polygenic model of inheritance is that 

the number and type of susceptibility genes is highly variable and therefore a 

candidate gene approach may be necessary, which in contrast to positional cloning 

methods relies on some prior knowledge of the candidate gene (i.e. location and 

function). To date most studies assessing the affect of low-penetrance alleles have 

focused on genes known to be involved in processes such as DNA repair, estrogen 

and carcinogen metabolism. The difficulty arising from the current onslaught of 

association studies is that relatively few investigations report significant findings and 

if they do these findings are often not confirmed in subsequent studies.  Below are 

some examples of the types of low-penetrance genes thought to play a role in breast 

cancer predisposition. 

 

2.4.1 CHEK2 
The CHEK2 gene, a recent success in the search for novel breast cancer genes, was 

identified through traditional linkage analysis, although the identified variant in this 

gene represents a low-penetrant allele in breast cancer.  The search for novel breast 

cancer predisposing genes lead the Breast Cancer Consortium to carry out linkage 

analysis on their largest non-BRCA1/2 breast cancer family, identifying a locus on 

chromosome 22q with a LOD score of 1.2 (Meijers-Heijboer, et al., 2002). The CHEK2 

gene is located on chromosome 22q and encodes the mammalian homolog of Rad52, a 

checkpoint kinase that is a key regulator of the cellular response to DNA damage. A 

truncating germline mutation, 1100delC, was identified in 7 members of this family 

affected with breast cancer and this was the same mutation identified in the original Li-

Fraumeni family. This mutation occurs in the kinase domain of the CHEK2 protein and 

has been found to abolish its function. The CHEK2*1100delC mutation is associated 

with an increased breast cancer risk particularly in patients with a family history of the 

disease (Vahteristo, et al., 2002; CHEK2 Breast Cancer Case Control Consortium, 

2004). The frequency of the CHEK2*1100delC mutation is approximately 1% in 

controls and 4-5% in breast cancer cases with a family history (Meijers-Heijboer, et al., 
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2002; Vahteristo, et al., 2002). The identification of this variant in families with 

relatively few affected members, its incomplete segregation with disease and its 

presence in the general population point to a role for CHEK2 as a low penetrance breast 

cancer gene. 

 

2.4.2 Other low-penetrance alleles 
This section outlines some examples from the literature of other low-penetrance alleles 

associated with breast cancer risk, this is by no means a complete review as the list of 

low-penetrance alleles studied to date in relation to breast cancer is exhaustive. 

Mutations in proto-oncogenes lead to unregulated cell cycle and abnormal growth and 

proliferation and as such variants in proto-oncogenes are likely to play a role in cancer 

susceptibility. The HRAS1 proto-oncogene is flanked by a polymorphic minisatellite at 

the 3’ end, and this minisatellite marker is composed of four common alleles and 

numerous intermediate and rare alleles (de Jong, et al., 2002). Several studies have 

examined this HRAS1 minisatellite polymorphism and breast cancer risk and found an 

association with an increased breast cancer risk with odds ratios (OR) of approximately 

2 (with one study reporting an OR of 7) (Garrett, et al., 1993; Krontiris, et al., 1993; 

Gosse-Brun, et al., 1999). However, a recent study found no increase in breast cancer 

risk associated with rare HRAS1 alleles although an increased risk was observed for one 

rare large allele (Tamimi, et al., 2003).  

 

A number of genes involved in metabolic pathways have been studied in relation to 

cancer risks, including the cytochrome P450 family, the GST family and the NAT1 

and NAT2 genes. The cytochrome P450 family are phase I enzymes and in general 

these enzymes activate carcinogens and therefore an increased enzyme activity may 

be associated with increased cancer risk. The GST family are phase II enzymes and 

act to metabolically inactivate carcinogens, a genotype associated with decreased 

enzyme activity might therefore increase breast cancer risk. In a meta-analysis 

performed by Dunning et al., polymorphisms in the phase II enzymes GSTP1 and 

GSTM1 were significantly associated with breast cancer risk. The GSTP1 Ile105Val 

polymorphism was associated with a moderately elevated breast cancer risk (OR=1.6 

p=0.02) and the GSTM1 polymorphic gene deletion was associated with post-

menopausal breast cancer (OR=1.33 p=0.04) (Dunning, et al., 1999). A 

polymorphism in the cell cycle checkpoint gene p53, Arg72Pro, was also associated 

with a slightly increased risk of breast cancer (OR=1.27 p=0.03).  
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As mentioned earlier, both endogenous and exogenous hormone exposure is a risk 

factor for breast cancer and as such, genes involved in estrogen metabolism and 

signalling are potential candidates. The CYP19 gene is a member of the cytochrome 

P450 family involved in estrogen metabolism, and the CYP19 (TTTA)n polymorphism 

has been associated with an increased breast cancer risk (OR=2.33 p=0.002) (Dunning, 

et al., 1999). Many additional studies have been carried out on the CYP17 gene, the 

COMT family of enzymes, the steroid hormone receptors, ESR1, PR and AR, however 

the results from many of these studies remain contradictory and their association with 

breast cancer risk remains to be validated. Recently, a number of studies have indicated 

that the ESR2 gene may be associated with breast cancer risk (Paper IV) ( Zheng, et al., 

2003; Gold, et al., 2004). 
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3 MOLECULAR ASPECTS OF BREAST CANCER 
 
3.1 FUNCTIONS OF BRCA1 AND BRCA2 
Since their discovery over a decade ago, the breast cancer predisposing genes BRCA1 

and BRCA2 have been the focus of intensive research, however, to date a complete 

picture of their functional roles has not been attained. Investigations of the 

physiological role of BRCA1 have lead to the identification of several functions, which 

may underlie its role in carcinogenesis. These roles include DNA repair, cell-cycle 

checkpoint control, protein ubiquitylation and chromatin remodelling. In contrast, there 

is still a limited knowledge of BRCA2 function, besides its involvement in homologous 

recombination and more recently in cell cytokinesis. Some of the functions of BRCA1 

and BRCA2 are outlined in this chapter and it is clear how these functions can play a 

role in the tumour suppressor/caretaker function associated with these genes, what 

remains unclear however is how disruption of these fundamental roles in essential 

cellular process can lead to the tissue specific cancer phenotype associated with 

mutations in these genes. It is evident that further investigations are needed to 

determine the tissue specific role of these genes and to identify specific interacting 

partners, which may hold the link to their role in breast and ovarian carcinogenesis. 

 

RING NLS AD1 BRCT

1 1863

BRCA1

Transactivation BRC repeats NLS

1 3418

BRCA2

 
 
Figure 2.  Structural and Functional Aspects of BRCA1 and BRCA2 

The BRCA1 N-terminal RING domain, nuclear localisation signal (NLS) 
and C-terminal BRCT domains are shown.  The BRCA2 transactivation 
domain, eight BRC repeat motifs and the NLS are also indicated. 
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3.1.1 DNA repair 
Both breast cancer predisposing genes are involved in the repair of double stranded 

breaks (DSB) by homologous recombination. Although, the involvement of BRCA2 

appears to be more direct than that of BRCA1, their functional abrogation leads to 

gross chromosomal abnormalities presumably due to the incorrect repair of DSBs. 

DSBs can be induced by a number of different mechanisms including ionizing 

radiation, certain metabolites produced during normal cellular reactions and also during 

DNA replication. DSBs are also natural intermediates during essential cellular 

processes such as meiotic recombination or immunoglobulin/TCR receptor maturation. 

Several mechanisms have evolved to repair DSBs, the two main pathways being 

homologous recombination (HR) and non-homologous end joining (NHEJ). HR is an 

accurate repair pathway which uses an undamaged complementary sister chromatid as a 

template for repair, whereas NHEJ is an error-prone process whereby inaccurate 

nucleotide substitutions are tolerated at the site of DNA damage. Cells deficient in 

Brca1 and Brca2 exhibit spontaneous chromosome breakage and severe aneuploidy 

and centrosome amplification, (Patel, et al., 1998; Shen, et al., 1998; Tutt, et al., 1999; 

Xu, et al., 1999b) and this chromosomal instability appears to be due to a deficiency in 

homologous recombination (Moynahan, et al., 1999; Tutt, et al., 2001).  Examination 

of BRCA1 and BRCA2 deficient tumours also demonstrated evidence of numerous 

gross chromosomal aberrations (Tirkkonen, et al., 1997). 

  

One of the first indications that BRCA1 was involved in DNA repair came from its 

association with Rad51, the eukaryotic homolog of RecA. The BRCA1 protein 

colocalises with Rad51 in nuclear dots during S phase and both are re-localised to sites 

of repair in response to DNA damage (Scully, et al., 1997). Rad51 is a member of the 

RAD52 group of proteins, which includes RAD50, RAD51, RAD52, RAD54 and 

MRE11, which are key players involved in the repair of DSBs by homologous 

recombination (HR). Rad51 plays a central role in HR, it coats single stranded DNA to 

form a nucleoprotein filament that invades and pairs with a homologous DNA duplex, 

initiating strand exchange between the paired DNA molecules (Venkitaraman, 2002). 

Although it is clear that BRCA1 plays a role along with Rad51 in DSB repair, the exact 

nature of the BRCA1 function remains to be elucidated and it does not appear to 

directly regulate Rad51.  In contrast, it has been shown BRCA2 can directly bind 

Rad51 and this interaction is mediated primarily through the ~40 amino acid BRC 

motifs in BRCA2. BRCA2 appears to regulate the activity of Rad51 in vitro, with 
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Rad51 being sequestered by BRCA2, which suppresses its ability to form nucleoprotein 

filaments. DNA damage may be the trigger that releases Rad51 from this inactive 

BRCA2-bound state and re-localizes it to sites of DNA damage (Venkitaraman, 2002).   

 

It appears that BRCA1 acts in a more general and fundamental role at the level of 

sensing and signalling DNA damage to the cell. One of the earliest responses to DNA 

damage is the phosphorylation of the histone, H2A-X, which is subsequently 

localised over a large region spanning the site of DNA damage, suggesting that 

chromatin remodelling may occur to facilitate access of the repair machinery. BRCA1 

co-localises to the sites of H2A-X phosphorylation, consistent with a role in the early 

events of DNA repair (Paull, et al., 2000).  

 
3.1.2 Checkpoint Control 
Although BRCA1 has been implicated in the early response to DNA damage, it can also 

be seen to work further downstream in the repair process through its role in the cell 

cycle checkpoints. Brca1 deficient cells show a defect in the S-phase and G2/M-phase 

cell cycle checkpoint controls ( Xu, et al., 1999b; Xu, et al., 2001) and this phenotype 

is associated with sensitivity to radiation. BRCA1 is rapidly phosphorylated after DNA 

damage in dividing cells by a group of protein kinases ATM, ATR and CHEK2 and 

phosphorylation of BRCA1 contributes to its function in checkpoint control. ATM and 

CHEK2 phosphorylate BRCA1 after ionising radiation, whereas ATR is more 

specifically activated after UV treatment or replication arrest. BRCA1 has also recently 

been implicated in the decatanation checkpoint control, which monitors the degree of 

chromatid decatanation before cells pass into mitosis (Lou, et al., 2005). Although a 

direct role for BRCA2 in control of cell cycle has not been established, recent evidence 

points to role for BRCA2 in cell cytokinesis (Daniels, et al., 2004). Cells lacking 

functional BRCA2 take a longer time to progress from mitotic anaphase to the 

completion of daughter-cell separation.  

 
3.1.3 Protein ubiquitylation 
Classically, ubiquitylation is the process by which proteins are tagged for degradation 

by the proteasome.  The ubiquitin pathway covalently modifies target proteins by the 

addition of a 76-amino acid ubiquitin molecule to lysine residue(s) of the target 

molecule. Target proteins can either be mono-ubiquinated or polyubiquinated. The 

BRCA1 protein contains a ring-finger motif at the N-terminal domain, a feature 
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conserved in many proteins with E3 ubiquitin ligase activity.  BRCA1 has been 

demonstrated to form a heterodimer with BARD1 associating via the RING-finger 

domains and adjacent α helices and this BRCA1:BARD1 complex has the ability to 

ligate ubiquitin in vitro (Mallery, et al., 2002). However, although this function of 

BRCA1 has been established the key question remains, what are the targets for this 

ubiquitylation activity? Another point is that perhaps the ubiquitination of target 

proteins does not always result in protein degradation and may instead be a signalling 

mechanism, which is transient and more difficult to detect. Ubiquitin has seven lysine 

residues that can be potential donors on each ubiquitin monomer. Lysine-48 linked 

ubiquitin chains are targeted to the proteasome for degradation, lysine-63 linked chains 

confer non-proteolytic signals that control various pathways, including DNA repair in 

yeast and regulation of certain protein kinases (Spence, et al., 1995; Wang, et al., 

2001). This link between protein ubiquitylation and DNA repair has been strengthened 

by the recent study by Morris et al., which demonstrated that in vivo BRCA1 co-

localises with conjugated ubiquitin at replication forks and at sites of irradiation 

induced DNA damage (Morris and Solomon, 2004). The formation of the conjugated 

ubiquitin by BRCA1 requires lysine-6 of ubiquitin, whether lysine-6 linked ubiquitin 

chains are the only form of BRCA1 conjugated chains in vivo and whether they are 

targeted for degradation or towards other pathways remains to be determined. Recently, 

a role for BRCA1 in DNA decatanation has been suggested (Lou, et al., 2005) and the 

mechanism of this BRCA1 function may occur through BRCA1-dependant TopIIα 

ubiquitination, and regulate the activity of TopIIα. Defects in BRCA1 function may 

therefore reduce TopIIα activity and result in a DNA decatanation defect (Ashworth, 

2005). 

 
3.1.4 Chromatin remodelling 
It is known that chromatin is remodelled at DSB sites, presumably to facilitate the 

DNA repair process. Interestingly, a role for BRCA1 in chromatin remodelling has 

been suggested due to its interaction with a number of proteins with known remodelling 

functions. BRCA1 is a member of BASC, BRCA1-associated genome surveillance 

complex, this multiprotein complex contains several tumour suppressor genes and 

genes involved in DNA repair in addition to the DNA remodelling helicase and Blooms 

syndrome gene, BLM (Wang, et al., 2000). BRCA1 has also been found to interact 

directly with BRG1 a member of the SWI/SNF chromatin remodelling complex 

(Bochar, et al., 2000). BRCA1 interacts, through its BRCT repeats, with another DNA 
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helicase BACH1 (Cantor, et al., 2001). Taken together these data suggest that the role 

of BRCA1 in DNA repair may be related to its chromatin remodelling ability. 

 

Interestingly, BRCA1 has been linked to a role in establishing heterochromatin as it has 

been localised to the inactive X (Xi) chromosome (Ganesan, et al., 2002). Both BRCA1 

and its heterodimeric partner, BARD1 interact directly or indirectly with the Xi-specific 

transcript (XIST) RNA. In primary tumours lacking BRCA1, XIST failed to form Xi-

associated foci. Whether the loss of BRCA1 and its subsequent effect of Xi plays a role 

in tumour development or whether the loss of Xi is a general consequence of the loss of 

the fundamental property of genome integrity remains to be established. 

 

Although, outlined above are a sub-set of BRCA1 and BRCA2 functions and their 

interacting partners it is clear that the majority of known functions to date involve 

maintenance of genome integrity, whether directly through DNA repair or indirectly 

through regulation of different proteins, cell cycle control or BRCA1’s chromatin 

remodelling activity. However, two fundamental questions remain; first, why do 

mutations in ubiquitously expressed genes involved in essential cellular processes 

predispose specifically to breast and ovarian cancer and second, does loss of BRCA1 

and BRCA2 expression play a role in breast and ovarian cancer progression in general 

(i.e. sporadic forms). Some potential elements, which may be involved in the answer to 

these questions, are discussed below. 

 

 

3.2 ESTROGEN RECEPTORS  
As discussed earlier, estrogen exposure is a risk factor for developing breast cancer and 

this association was first seen as early as 1896 when the British surgeon, Sir George 

Beatson, noted that oopherectomy could lead to tumour regression (Hanstein, et al., 

2004). Furthermore, the estrogen receptor (ER) antagonist tamoxifen, which blocks the 

actions of estrogens in the breast, prevents primary and recurring breast tumour 

development (Hilakivi-Clarke, 2000). It is generally assumed that the association of 

estrogen with increased cancer risk may be due to its role in increasing cell 

proliferation. This increase in cell proliferation may lead to the accumulation of 

mutations, which can cause cancer. In addition, the cellular metabolites of estrogen are 

known carcinogenic compounds and may themselves result in direct DNA damage 

(Liehr, 2000). These factors, taken together with the role of estrogen in the activation of 

20 



                                                     Genetic studies of non-BRCA1/2 breast cancer 

certain tumour suppressor genes, such as BRCA1, and the direct interaction of the 

estrogen receptor alpha with BRCA1 may provide a link to explain why mutations in 

BRCA1 and BRCA2 predispose to the estrogen-responsive cancers of the breast and 

ovary. Estrogen exerts its biological effects through binding of the steroid hormone 

receptors, estrogen receptor alpha (ESR1) (Greene, et al., 1986) and the more recently 

discovered estrogen receptor beta (ESR2) (Mosselman, et al., 1996). ESR1 and ESR2 

belong to the nuclear receptor superfamily of ligand inducible transcription factors, 

which regulate transcription in association with coregulators via binding to DNA 

enhancer elements (EREs) located within the promoters of target genes. To date the 

majority of studies have focused on the role of ESR1 in breast cancer and its 

application as a prognostic factor as well a therapeutic target in breast cancer 

management.  

 

The estrogen receptors contain six functional domains (A-F). Estrogen binds to the 

ligand binding domain (LBD in domain E) and induces a conformational change which 

unmasks the activating function 1 domain (AF1 in domain A/B). This conformational 

change allows dimerisation of the receptor to occur and activation of the activating 

function 2 (AF2 in domain E). The estrogen receptor can thus bind to the ERE of target 

DNA via domain C. Figure 3 illustrates a schematic of the structure and function of 

ESR1 and ESR2. ESR1 and ESR2 share about 95% homology in the DNA binding 

domain (domain C), which is capable of binding to EREs within target genes and 

display 55% homology in the ligand binding domain, exhibiting similar but not 

identical ligand binding properties (Cowley and Parker, 1999).  

 

Despite the similarity in structure, the ER’s appear to have distinct and non-overlapping 

functions. The divergence at the N-terminal region results in the AF1 domain of ESR2 

having negligible transcriptional activation activity in comparison to that of ESR1 

(Cowley and Parker, 1999). Interestingly, BRCA1 has been demonstrated to inhibit 

ligand-dependant and ligand-independent estrogen activity of ESR1 and this inhibition 

is due both to the direct interaction of BRCA1 and ESR1 and to the downregulation of 

ESR1 transcriptional coactivator p300 (Ma, et al., 2005). This BRCA1 dependant 

regulation of ESR1 activity may play a role in the tissue specific cancer progression 

associated with BRCA1 mutations. The lack of a functional BRCA1 protein may lead 

to increased ESR1 activity, thereby causing increased cell proliferation in addition to 
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the accumulation of genotoxic metabolites that result in DNA damage that is 

inappropriately repaired in the absence of BRCA1.  

 

ESR2 is also expressed in human breast tissues and in tumour samples suggesting a 

role for ESR2 in breast cancer (Leygue, et al., 1998; Speirs, et al., 1999). ESR2 is 

usually co-expressed with ESR1 in breast tumours and studies indicate that ESR2 can 

heterodimerise with ESR1 (Cowley, et al., 1997). The presence of numerous ESR2 

splice variants and their ability to heterodimerise with ESR1 indicates that ESR2 may 

have an ESR1 regulatory function. The Cx isoform of ESR1 has been shown to act as a 

potential inhibitor of ESR1 transactivation, possibly through heterodimer formation 

(Ogawa, et al., 1998). A number of studies have suggested that decreased ESR2 

expression is associated with breast cancer and that perhaps the balance between 

ESR1:ESR2 has a role in breast carcinogenesis (Bardin, et al., 2004). Therefore, the 

complex interplay between the estrogen receptor signalling pathways and their inherent 

role in breast cancer remains to be elucidated. The determination of the role of ESR2 in 

breast cancer development may lead to identification of novel therapeutic targets and 

enhanced clinical management of breast cancer. In an effort to determine the role of 

ESR2 in both sporadic and hereditary breast cancer development, we have examined 

three single nucleotide polymorphisms (SNPs) in the ESR2 for their association to 

breast cancer (Paper IV). 

1 595A/B C D E F

530A/B C D E F1

AF1 DBD LBD + AF2
ESR1

ESR2

 
Figure 3. Schematic illustration of the modular design of the estrogen receptors.  

A-F represent the six functional domains of the estrogen receptors. The 

A/B domain contains the activating function-1 domain (AF1).  Domain C 

contains the DNA binding domain (DBD) and the C-terminal domain E 

contains the ligand binding domain (LBD) and activating function-2 

domain.  
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3.3 EPIGENETICS IN BREAST CANCER 
Epigenetics is defined as stable alterations in the genome, heritable through cell 

division, that do not involve changes in the DNA sequence itself. Epigenetic alterations 

include both alterations at the DNA and protein level, through methylation of CpG 

dinucleotides (either hypo- or hyper-methylation) or by acetylation or deacetylation of 

core histone proteins. The involvement of epigenetic changes in human cancers was 

first noted in 1983 by Feinberg et al., where global hypomethylation at CpG 

dinucleotides was observed in colorectal tumours (Feinberg and Vogelstein, 1983). 

Later hypermethylation of the retinoblastoma tumour suppressor gene in sporadic cases 

of the disease was described in 1991. (Sakai, et al., 1991). The consequence of 

hypomethylation is the activation of genes that are normally inactivated by methylation 

of CpG islands near or within their promoters. In contrast, hypermethylation of CpG 

islands has been associated with gene silencing and a number of classical tumour 

suppressor genes have been identified in which hypermethylation of their respective 

promoters is associated with disease progression.  

 

The historical classification of BRCA1 and BRCA2 as tumour suppressor genes has 

often been challenged due to the rare occurrence of somatic mutations in the sporadic 

forms of breast and ovarian cancer (Futreal, et al., 1994; Lancaster, et al., 1996). 

However, as high levels of LOH are observed in sporadic breast and ovarian 

carcinomas (Futreal, et al., 1992; Russell, et al., 2000) and BRCA1 transcript and 

protein levels are decreased in sporadic breast and ovarian cancer (Thompson, et al., 

1995; Wilson, et al., 1999) an alternative to direct mutation may be epigenetic 

alterations of the second allele. Dobrovic et al., were the first to observe that the 

BRCA1 promoter was hypermethylated in a subset of sporadic breast tumours 

(Dobrovic and Simpfendorfer, 1997). This finding has since been confirmed by a 

number of studies and hypermethylation of the BRCA1 promoter has been associated 

with decreased BRCA1 expression (Catteau, et al., 1999; Esteller, et al., 2000; Rice, et 

al., 2000). To date, there are no reports detailing BRCA2 promoter hypermethylation 

(Collins, et al., 1997). The HIN-1 gene is a recently identified putative tumour 

suppressor gene that is silenced by methylation in the majority of breast carcinomas. In 

Paper I we investigated the mutational status and the promoter methylation status of the 

HIN-1 gene in breast cancer. 
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4 STRATEGIES FOR CANCER GENE DISCOVERY 
Breast cancer genes may be defined as genes in which germline mutations predispose 

to breast cancer or in the broader sense genes that play a role in the breast cancer 

pathogenesis. We have already discussed the known breast cancer predisposition genes 

and their possible functional roles in breast cancer development, however as mentioned 

before, these known genes account for only a small proportion of familial breast cancer 

cases. The difficulty to date in identifying novel breast cancer genes most likely results 

from the absence of remaining common high-penetrance genes. While highly penetrant 

genes may exist in individual families these genes are difficult to detect by 

conventional analysis. Recent evidence points to the existence of multiple moderate- to 

low-penetrance genes involved in breast cancer pathogenesis. The possible interaction 

of these low-penetrance alleles with environmental factors contributes to overall breast 

cancer risk and as such labels familial non-BRCA1/2 breast cancer as a complex 

disease. While family based linkage studies can be useful for the identification of high 

to moderate-penetrance genes, the identification of low-penetrance genes currently 

relies on a candidate gene approach. Some strategies for identifying novel cancer genes 

are discussed in particular relation to familial breast cancer. 

 

 

4.1 LINKAGE ANALYSIS 
Parametric linkage analysis is the analysis of the cosegregation of genetic loci in 

pedigrees. Two genetic loci are said to be linked if they are transmitted together from 

parent to offspring more often than would be expected by the rules of independent 

assortment. The closer two loci are on a chromosome the more likely it is they will be 

transmitted together, the further apart they are on the chromosome, the more likely it is 

that a recombination event during meiosis will separate them. The recombination 

fraction θ refers to the probability of recombination between two loci at meiosis. Two 

loci are said to be in complete linkage if no recombination between them is observed (θ 

= 0), there is some degree of linkage if the recombination fraction in less than 50% (θ < 

0.5), while two loci are not linked if the recombination fraction is 50% (= 0.5). By 

genotyping polymorphic genetic markers and studying their segregation through 

pedigrees, it is possible to infer their position relative to each other on the genome. The 

number and type of genetic markers has varied throughout the years and currently 
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linkage mapping sets are available which are composed of several hundred (>400) 

evenly spaced microsatellite markers. 

 

A statistical measure of linkage needs to be applied to determine if there is significant 

evidence of linkage between two loci and LOD score analysis is a likelihood-based 

parametric linkage approach for the determination of linkage. The LOD score 

represents the ratio of two likelihoods, the likelihood of observing linkage (θ<0.5) 

versus the likelihood of observing no linkage (θ=0.5). Large positive LOD scores are 

evidence of linkage and negative LOD scores are evidence against linkage. In order to 

calculate a LOD score a number of parameters must first be defined, including a 

mode of inheritance for the disease, disease allele frequency, marker allele frequency 

and a full marker map for each chromosome. Originally a LOD score of 3 was 

proposed as evidence of significant linkage and LOD scores below –2 were evidence 

against linkage (Morton, 1955). However a LOD score of 3 has been determined to be 

equivalent to a genome-wide significance of only 0.09 and therefore higher thresholds 

of linkage have been suggested with a LOD score of 3.3 being equivalent to a genome 

wide significance of 0.05 (Lander and Kruglyak, 1995).  

 

There have been a number of success stories in the search for the genes responsible for 

inherited diseases including familial cancer syndromes. Many of these successes have 

focused on diseases segregating in large families and typically displaying a single, 

simple mode of inheritance either dominant, recessive or X-linked. Positional cloning, 

as this method is generally known as, has lead to the identification of a number of high 

penetrant genes responsible for several inherited cancers, including breast and ovarian 

cancer (BRCA1 and BRCA2) (Hall, et al., 1990; Wooster, et al., 1994), adenomatous 

polyposis colon cancer (APC) (Bodmer, et al., 1987), HNPCC (MSH2, MLH1) 

(Peltomaki, et al., 1993; Lindblom, et al., 1993b) melanoma (CDNK2A) (Cannon-

Albright, et al., 1992) and testicular cancer (TCG1) (Rapley, et al., 2000).  

 

The past successes of linkage analysis have mainly relied on disease phenotypes 

exhibiting classical mendelian-like inheritance patterns. The discovery of BRCA1 and 

subsequently BRCA2 relied on the distinct phenotypes exhibited by the families, 

without the selection for cases with early-onset breast cancer or male breast cancer the 

demonstration of true linkage would not have been possible. Herein lies the dilemma 

with the remaining non-BRCA1/2 breast cancer families, to date no identifiable 
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phenotype has been suggested that accurately classifies these families into genetically 

homogenous sub-groups. As a result, no novel genes have so far been identified by 

linkage analysis and any suggestive loci have failed to be replicated. The difficulty in 

using linkage analysis for the detection of genes causing complex disease, which breast 

cancer is, arises from a number of sources; firstly the remaining non-BRCA1/2 families 

are inherently small in size, which reduces the power of linkage. Secondly, inaccurate 

phenotyping, with the inclusion of phenocopies in the analysis, can obscure the linkage 

data. Thirdly, genetic heterogeneity, which certainly exists and complex inheritance 

patterns also detract from the ability of linkage analysis to detect novel disease loci.  

 

Some of the difficulties associated with traditional parametric linkage analysis may be 

overcome by using the alternative non-parametric linkage (NPL) linkage analysis 

method. NPL is currently the method of choice for mapping complex diseases where 

several genes and environmental factors might contribute to disease risk and where 

there is no clear mode of inheritance. The sib-pair approach studies affected sibling 

pairs whereby according to the null hypothesis, at any locus the probability that the sibs 

share no alleles identical by descent (IBD) is 0.25, that they share one allele is 0.5 or 

that they share two is 0.25.  Linkage is suggested when the affected sibs share 

significantly more alleles than would be expected by chance. In NPL analysis a LOD 

score of 3.6 corresponds to a genome wide significance level (Lander and Kruglyak, 

1995).  
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Figure 4.  Positional cloning as a method for the localization and 

identification of novel genes causing genetic disease. 
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4.2 ASSOCIATION ANALYSIS 
In 2002 Pharaoh et al., suggested a polygenic susceptibility model to explain breast 

cancer risk (Pharoah, et al., 2002). This model was proposed based on the study of a 

population-based series of 1,484 affected individuals. The results from this analysis 

pointed to two genetic models which best fit the data, first the polygenic model 

favoured by the authors and second a recessive model, which has been suggested 

previously (Cui, et al., 2001). Although both models fit the population based series 

well, the recessive model did not fit the multiple-case families as well as the polygenic 

model and so the polygenic model was favoured. The polygenic model suggests that 

susceptibility to breast cancer is conferred by a large number of alleles, each conferring 

a small genotypic risk, which act additively or multiplicatively to increase a womans 

risk. It was also suggested that half of all breast cancers occur in the most susceptible 

12% of the population (Pharoah, et al., 2002). This model has both an impact on the 

clinical management and prediction/prevention strategies but also on experimental 

designs aimed at detecting breast cancer genes. 

 

Due to the low relative risks associated with each low-penetrant allele, identifying these 

genes is beyond the practical scope of traditional linkage analysis. Therefore the focus 

has turned to association or linkage disequilibrium (LD) studies. In contrast to family 

based linkage studies, association studies are designed to detect associations at the 

population level, which represent shared common ancestral chromosomes. One of the 

main differences in the strategies of linkage analysis and association studies is that 

association analyses currently rely on a priori knowledge of biologically plausible 

candidates or loci of interest. Single nucleotide polymorphisms (SNPs) in candidate 

genes may act as low-penetrant alleles, these SNPs may be coding or non-coding and 

may have a direct functional effect or may be associated through linkage disequilibrium 

(LD) with a functional variant. Large-scale SNP discovery projects aim to identify a 

significant proportion of the SNP variation in the human genome, which will facilitate 

genome wide association analysis for complex diseases. Although the total number of 

SNPs estimated in the human genome is close to 10 million, the International HapMap 

project aims at identifying the extent of LD between SNPs and designate tagging SNPs 

capable of capturing all the variation within a specific chromosomal loci 

(Sachidanandam, et al., 2001; Altshuler, et al., 2005). This data should simplify future 

genome-wide association studies reducing the current bias towards assessment of 
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candidate genes. A recent low-density whole genome analysis was carried out for 

breast cancer and identified several potential novel breast cancer loci (Ellis, et al., 

2005).  

 

The most common method for identification of genetic association is the case-control 

study, whereby the particular genotype frequencies are compared in a number of 

unrelated affected cases and healthy controls. Other study designs may be family-

based, such as the case-parent triad design and these designs have the advantage of 

counteracting the confounding effects due to population stratification that can occur 

in case-control studies (Cordell and Clayton, 2005). Allelic association is present 

when the distribution of genotypes differs in cases and controls and such an 

association provides evidence that the locus under study, or a neighbouring locus, is 

related to disease susceptibility.  The statistical tests used to determine significant 

evidence of association may be logistic regression, chi-square analysis and odds ratio 

estimations. As discussed earlier, there are currently a large number of articles being 

published based on this “common disease common variant hypothesis”, however 

many of these studies are underpowered and fail to be replicated. The main 

difficulties in carrying out accurate association studies are having adequate power to 

detect moderate effects, correctly matched controls and avoiding population 

stratification. Larger sample sizes along with careful selection of candidate SNPs may 

improve the chances of successfully identifying true associations. 

 

SNP selection has become a matter of debate and there appears to be two schools of 

thought: first, a map based approach, which focuses on LD between SNPs and second a 

sequence based approach, focusing on SNPs in coding regions of genes (Botstein and 

Risch, 2003). The map-based approach is theoretically similar to traditional linkage 

analysis in that no assumption is made about the type or position of sequence change 

leading to disease susceptibility. Based on the assumption of LD blocks throughout the 

genome, it is assumed that a number of tagging SNPs may be selected which could 

identify the genetic variation of the entire genome. Although this method sounds 

appealing in its lack of positional and functional bias, estimates of between 500,000 to 

1,000,000 SNPs may need to be genotyped in European populations (Botstein and 

Risch, 2003), although with the completion of the second phase of the HapMap this 

number may be considerably smaller (Altshuler, et al., 2005). In contrast, the sequence-

based approach focuses on identifying SNPs within the coding region of genes either 
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missense or nonsense mutations, splice site mutations or mutations in 

regulatory/promoter sequences. The number of coding SNPs in the genome has been 

estimated to be between 50,000-100,000 and as such represents a vast difference in 

genotyping costs. The sequence-based approach also offers the advantage of directly 

identifying causal genetic variants. However, both approaches suffer from individual 

drawbacks and a decision on the best way forward for the mapping of common diseases 

remains to be established. For common cancer syndromes a combined strategy of 

linkage mapping and tumour studies may provide some solutions in the search for 

novel predisposing loci.  
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Figure 5.  Schematic outline of an association analysis using the case-

control study design. 

30 



                                                     Genetic studies of non-BRCA1/2 breast cancer 

4.3 CYTOGENETICS 
There are a number of techniques that may be used to identify cytogenetic 

abnormalities. Although constitutional chromosomal defects are uncommon in patients 

with inherited cancers, rare cases when observed have helped to localise a number of 

cancer genes. Constitutional chromosomal aberrations involving interstitial deletions as 

well as balanced translocations helped to identify the retinoblastoma (Motegi, et al., 

1982) and neurofibromatosis 1 gene respectively. Techniques such as G-banding can be 

used to detect gross chromosomal aberrations, while fluorescent in situ hybridisation 

(FISH) has higher resolution for the detection of smaller aberrations, and multi-colour 

FISH or spectral karyotyping (SKY) can be used to identify complex karyotypes. 

Cytogenetic techniques have been very successful in detecting cancer related 

chromosomal translocations, typically associated with leukaemias and lymphomas. The 

identification of the Philadelphia chromosome BCR-ABL translocation is a prime 

example. Identification of the fusion genes involved in this leukaemia specific 

translocation has lead to the successful development of a therapeutic agent. Signal 

transduction inhibitors (STI) accurately target the kinase domain of specific proteins 

(e.g. BCR-ABL, KIT) blocking the binding of ATP and hence disrupt the aberrant 

signalling properties of these proteins, and inhibit tumour specific cell proliferation 

(Tibes, et al., 2005). Although constitutional aberrations are uncommon in hereditary 

cancers, somatic aberrations are a characteristic of breast cancer and cytogenetic 

techniques are useful in identifying gross chromosomal aberrations in addition to copy 

number changes, which may play a role in carcinogenesis.  

 

 
4.4 SOMATIC ALTERATIONS IN TUMOURS 
In addition to the localisation and identification of germline alterations in cancer, 

somatic alterations in tumours may provide insight into novel predisposing genes. 

Traditionally loss of heterozygosity (LOH) has been used as a tool to map tumour 

deletions. LOH involves the genotyping of microsatellite markers at particular loci in 

both constitutional and tumour DNA. Apparent homozygosity of particular marker(s) 

in the tumour that are constitutively heterozygous points to a loss of genetic material 

in the tumour. The detection of regions of the genome that are frequently and 

consistently deleted in tumour samples can point to a tumour suppressor locus 

(Lasko, et al., 1991). Germline mutations in the breast cancer tumour suppressor 

genes p53, BRCA1 and BRCA2 are associated with LOH on chromosomes 17p, 17q21 
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and 13q12-13 respectively (Baker, et al., 1990; Smith, et al., 1992; Collins, et al., 

1995). In an analogous method the PTEN tumour suppressor gene was discovered 

based on representational difference analysis of a breast tumour followed by mapping 

of the deleted fragment on 10q23 and candidate gene analysis (Li, et al., 1997). 

Numerous LOH studies have been carried out examining chromosomal aberrations in 

breast cancer and a number of loci have been suggested to be involved in breast 

carcinogenesis. A genome-wide analysis of sporadic breast cancers observed the 

highest frequency of LOH at 1q, 4p, 8p, 8q, 11q, 13q, 16q, 17p, 17q and 22q (Shen, 

et al., 2000). While LOH studies of familial breast cancers detected LOH most 

frequently at 8p, 16q, 17p, 17q and 19p (Lindblom, et al., 1993a). The fact that a 

number of these loci are common between sporadic and familial breast cancer 

suggests they may play an important role in breast cancer pathogenesis. We have 

examined a locus on 17q, distinct from BRCA1, for its role in familial breast cancer 

predisposition (Paper II). 

 

Comparative genomic hybridisation (CGH) is a technique for the detection of 

chromosomal aberrations, which allows the simultaneous detection of genomic 

deletions and amplifications (Kallioniemi, et al., 1992). Tumour DNA and reference 

DNA are labelled in different colours and mixed prior to hybridising to metaphase 

chromosomes on a slide. The labelled DNA competes for binding to its complementary 

sequence within the genome and any dosage change (deletion/amplification) may be 

visualised by a colour change at the locus in question. CGH has been successful in 

identifying numerous disease-associated chromosomal loci, including those involved in 

microdeletion/duplication syndromes, genetic diseases and cancers. The locus 

responsible for Peutz-Jegher syndrome (STK11 gene) was initially localised by CGH 

studies in tumours from affected patients (Hemminki, et al., 1997). The advent of high-

resolution CGH and array CGH allows the identification of subtle changes in DNA 

copy number previously undetectable by metaphase CGH (Pollack, et al., 1999). In 

addition to identifying specific predisposing loci, CGH is a powerful tool for 

identification of tumour specific alteration patterns. BRCA1 and BRCA2 tumour 

profiling has revealed specific sets of genomic aberrations associated with these tumour 

types (Wessels, et al., 2002; van Beers, et al., 2005). BRCA1 and BRCA2 mutations 

may therefore cause breast cancer through different pathways and the identified CGH 

profiles may point to loci involved in disease progression. In addition, the classification 

of tumours based on their specific CGH profiles may be a tool with which to classify 
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non-BRCA1/2 associated familial breast cancer and in combination with other 

techniques may allow the identification of novel predisposing loci.  CGH analysis of 18 

familial non-BRCA1/2 breast tumours identified two main regions of loss one on 

chromosome 6q and a second on chromosome 17q (Paper II). The region on 17q was 

investigated further and small region on 17q11.2-12 was excluded as harbouring a 

predisposing mutation in the investigated families. Interestingly, chromosome 6q is the 

focus of a more recent study as a candidate locus in another set of familial non-

BRCA1/2 families (Paper III). 

 

Microarray analysis, in contrast to the strategies mentioned above, is a method of 

global gene expression profiling. Microarray analysis is also a hybridisation based 

technique, the difference being that total RNA from the tissue of interest in labelled 

and hybridised to cDNA or oligonucleotide probes in an effort to detect differences in 

expression. In the context of tumour profiling, typically reduction in gene expression 

is associated with tumour suppressor genes, while amplifications are classically 

associated with oncogene activations. Global expression profiling has a general role 

in the classification of tumours; this classification may be clinically useful, 

classifying tumours based on their prognosis or response to certain therapies (Sorlie, 

et al., 2001; van 't Veer, et al., 2002). Although this technique is not based on the 

direct detection of disease associated alterations, the expression patterns of tumours 

may be useful in identifying clinical and pathological breast cancer sub-types and in 

the classification of non-BRCA1/BRCA2 familial breast tumours. Expression 

profiling of breast cancer tumours has successfully distinguished breast tumours of 

the BRCA1, BRCA2 or non-BRCA1/2 (BRCA3) sub-type (Hedenfalk, et al., 2001; 

Hedenfalk, et al., 2003), suggesting that predisposing germline mutations may 

influence the genetic progression of the tumours resulting in distinct expression 

profiles. We have investigated two non-BRCA1/BRCA2 families, which exhibited 

similar expression profiles by microarray analysis. These two families were 

determined to share a common ancestral haplotype on chromosome 6q, suggesting 

they may be genetically homogenous with a common breast cancer predisposition  

(Paper III).  

 

The current inability to detect novel breast cancer genes may result in part from the lack 

of distinct phenotypes in the remaining families. Thus, the combined approach of 

tumour profiling and traditional genetic linkage analysis may lead to the classification 
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of these families into sub-groups, which are more genetically homogenous and hence 

facilitate the identification of novel moderate penetrance breast cancer susceptibility 

genes.   

 

 

4.5 MOUSE MODELS 
Animal models afford us the ability to recapitulate human disease, thereby allowing us 

to study and understand the disease process in the animal under study. This 

understanding of biological disease mechanisms may yield insight into important 

developmental and pathogenic disease pathways enabling the development of 

therapeutic strategies, which can be extended to human disease prevention. Although 

distinct and appreciable species-specific differences exist, animal models allow the 

ability to detect novel cancer susceptibility genes in addition to the possibility of 

studying the functional aspects of known disease genes. Rodents are commonly used 

models for human disease and the rat represents a more comparable model for human 

cancer than the mouse, (Anisimov, et al., 2005), however, mice are studied more 

frequently, as they are more amenable to genetic manipulation.  

 

Currently mouse models exist to study the function of known breast cancer genes and 

the consequences of their mutation. Initial efforts to produce knock-out Brca1 and 

Brca2 mice for functional studies met with difficulties as homozygous mutant mice die 

in early embryogenesis (Moynahan, 2002). The embryos are characterised by severe 

developmental delay and defects in cell proliferation. In addition, the embryos of both 

Brca1 and Brca2 knockout mice exhibit chromosomal abnormalities suggestive of a 

defect in DSB repair (Deng and Brodie, 2001). The similarity in the phenotypes of 

Brca1 and Brca1 knockout embryos suggested a functional link between the two genes. 

The ability to study the Brca1 and Brca2 function in vivo came with the advent of new 

techniques; the development of conditional knockout mice, where the gene of interest 

in knocked out in a tissue specific manner. The use of conditional knockouts for Brca1 

and Brca2 lead to the first evidence that Brca1 and Brca2 were tumour suppressor 

genes in the mouse. Mice with a deletion of Brca1 exon 11, which was conditionally 

expressed in mammary epithelial cells, developed mammary tumours (Xu, et al., 

1999a). The first conditional knockout of Brca2 in mammary epithelium created a 

mutation in exons 3 and 4, and resulted in 77% of mice developing mammary tumours 

compared to no tumours in control animals (Ludwig, et al., 2001).  
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Mouse models for human disease may allow us not only to study the function of 

known genes but also to identify novel genes that may modify the penetrance of these 

known genes. This has been clearly demonstrated in an animal model of colon cancer, 

the MIN mouse. A modifier of the Apc mutant Min-1 gene, Mom-1 strongly inhibited 

polyp formation in mice (Dietrich, et al., 1993). This has also been observed in breast 

cancer mouse models where the defects observed in Brca1-deficient embryos are 

partially rescued by p53-deficient background (Deng and Brodie, 2001). This finding 

highlights the role of genetic background in the development of appropriate animal 

models of human disease and may also lead to the identification of novel modifiers of 

human disease phenotypes. The ability to develop conditional knockout mice to study 

the function of novel genes will be of great importance in developing our 

understanding of normal development and disease processes.  However, the difficulty 

remains in the choice of candidates genes and in the economic ability to generate 

large numbers of mutant mice and determine their exact phenotypes.  

 

 

A number of different techniques have been outlined thus far that can aid in the 

identification of genes involved in human disease, including breast cancer. However 

the difficulties to date in identifying a novel BRCA3 gene underscore the need to 

develop new strategies for cancer gene identification. Currently, a combined approach 

utilising a number of these techniques may offer an increased opportunity to detect 

novel genes involved in breast cancer. This thesis aims to identify novel genes involved 

in familial non-BRCA1/2 breast cancer and has used the combined strategies of linkage 

analysis and tumour profiling to this aim. In addition, the role of low-penetrance alleles 

has also been examined in relation to non-BRCA1/2 familial breast cancer. 

  35 



Paula Maguire                                                                                                                

5 AIMS  
 
The main aim of this thesis work was to investigate the genetic basis of breast cancer in 

families where the disease is not attributable to mutations in either of the known breast 

cancer genes BRCA1 or BRCA2.  

 

The specific aims were to: 

 

Determine if germline mutations in the HIN-1 gene were responsible for the increased 

familial risk attributed to non-BRCA1/2 families that exhibited suggestive linkage to 

the candidate locus on chromosome 5q. 

 

Identify chromosomal aberrations associated with non-BRCA1/2 breast tumours and, in 

combination with linkage data, determine novel candidate loci that may harbour a 

breast cancer predisposing gene in these specific families. 

 

Re-evaluate genetic linkage data based on identification of family groups hypothesized 

to be genetically homogenous and further investigate putative chromosomal loci of 

interest in these families.  

 

Investigate the contribution of polymorphisms in the ESR2 gene as low penetrant breast 

cancer susceptibility alleles in sporadic and familial breast cancer cases. 
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6 MATERIALS & METHODS 
 
6.1 BREAST CANCER FAMILIES 
This thesis is based on the study of familial non-BRCA1/2 breast cancer families and 

the majority of breast cancer patients included were from families included in a 

previous genome wide linkage analysis of 102 non-BRCA1/2 families. Breast cancer 

families were counselled at the Department of Clinical Genetics, Karolinska 

University Hospital, Stockholm, Sweden. Two hundred and eighty five pedigree 

members of whom 245 were breast cancer patients were included in the linkage 

analysis. Twenty-five families had two affected cases, forty-three families had three 

cases, twenty-four families had four cases, eight families had five cases and two 

families had six cases. The average age at diagnosis was 54.7 years, with an age range 

of 30-72 years. All familial cases proceeded through genetic counselling and those 

who met the criteria for BRCA1/2 testing were screened negative for mutations while 

the remaining samples did not fulfil the criteria for BRCA1 or BRCA2 testing. DNA 

was extracted from peripheral blood lymphocytes by standard procedures. All breast 

tumour samples were collected from patients after surgery, snap frozen and stored at 

–80° C until use. 

 

In Paper I, breast cancer patients from ten families displaying a positive LOD score and 

suggestively linked haplotypes for the two markers flanking the HIN-1 gene were 

screened for germline mutations. A total of 226 sporadic breast tumours and 24 familial 

breast tumours were analysed in this study. Of the 226 sporadic breast tumours 14 were 

classified as BRCA1-like based on them being ER- and HER2-negative, high-grade 

tumours. Of the 24 familial tumours, 18 were from BRCA1 mutation carriers and 6 

were from non-BRCA1/2 families.  

 
In Paper II, CGH was carried out on a total of eighteen familial non-BRCA1/2 breast 

tumours.  Twelve from high-risk families, defined as having ≥ 3 first or second-degree 

relatives with breast cancer. The remaining six tumours were from low-risk families, 

defined as having only 2 first-degree relatives with breast cancer. Ten non-

BRCA1/BRCA2 breast cancer families were subsequently analysed for germline 

mutations in ten candidate genes on chromosome 17q11.2-12. Five of these families 

had tumours that had been included in the CGH analysis and displayed loss of 
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chromosome 17. The other five families exhibited loss of chromosome 17 in LOH 

studies. 

 
In Paper III, two non-BRCA1/2 breast cancer families were analysed initially by 

linkage and fine-mapping and a candidate locus on chromosome 6 was identified 

(Families 6006 and 6043). Following genotyping of all 102 breast cancer families for 

the four microsatellite markers on chromosome 6q14, an additional 29 breast cancer 

families were added to the analysis. Controls were 95 blood donors from the Stockholm 

region of Sweden.  Tumour RNA was available for families 6006 and 6043 and was 

used for reverse-transcriptase PCR analysis.  

 
In Paper IV, 400 familial and 323 sporadic breast cancer patients were examined. The 

sporadic patients and 141 of the familial cases were collected as a population based 

breast cancer cohort at the Clinic of Oncology at Södersjukhuset and Karolinska 

University Hospital, Stockholm, Sweden while the remaining 259 familial cases were 

collected at the Department of Clinical Genetics, Karolinska University Hospital, 

Stockholm, Sweden. The 400 familial cases were divided into two groups, namely 

cases from high-risk families (n=212) and cases from low-risk families (n=188), based 

on pedigree analysis. Families with multiple affected family members and an apparent 

dominant mode of inheritance are termed familial high-risk, while those families with 

two affected women and an unclear mode of inheritance are termed familial low-risk. 

This sub-classification of families into two groups is consistent with empirical risk 

estimates, where high-risk families have a 3-5 fold increased risk of developing breast 

cancer while low-risk families have a 2-3 fold increased risk (Claus, et al., 1996; Gail, 

et al., 1989). For all samples from Södersjukhuset and Karolinska University Hospital, 

a family history of breast cancer was obtained and all samples were screened for 

mutations in BRCA1 exon 11, which accounts for the majority of Swedish mutations 

(Margolin, et al., 2004). Controls were 480 blood donors from the Stockholm region of 

Sweden. 
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6.2 METHODS 

 
6.2.1 Methylation-specific PCR (MSP)  
Methylation-specific PCR distinguishes unmethylated from methylated alleles in a 

given gene. The ability to detect methylated and unmethylated alleles is based on 

sequence changes produced following bisulfite treatment of DNA, which converts 

unmethylated, but not methylated, cytosines to uracil. Subsequently PCR analysis can 

distinguish the alleles, using specific primers designed for either methylated or 

unmethylated DNA. In order to determine the location of methylated cytosines, DNA 

was extracted from cells, bisulfite treated, and purified. PCR amplification was initially 

performed by using primers designed to amplify the coding strand of bisulfite treated 

DNA. PCR products were subcloned into pZERO (Invitrogen) vector and four to six 

individual clones were sequenced for each PCR product. Based on sequence analysis, 

primers were designed for the amplification of unmethylated and methylated genomic 

DNA. Placental DNA treated in vitro with SssI bacterial methylase was used as a 

positive control for methylated alleles. DNA from normal lymphocytes was used as a 

negative control for methylated genes. 

 
6.2.2 Linkage Analysis & Fine Mapping 
Linkage analysis is a powerful tool for the localisation of genes involved in inherited 

syndromes. This family based technique relies solely on the knowledge that the disease 

phenotype is inherited in the family. The principle of linkage analysis relies on the co-

segregation of a genetic marker with the disease. The closer the genetic marker and the 

disease loci are the less likely they are to be separated by a recombination event. The 

marker and disease trait are linked if they segregate together in a family pedigree. The 

tools to map the disease loci are based on the common variation within the human 

genome. Genetic markers are polymorphic sites in the genome, which can be easily 

assayed and are specifically mapped. Previously bi-allelic restriction fragment length 

polymorphisms (RFLPs) were used for linkage analysis. Nowadays, however, most 

genome-wide linkage scans rely on dense sets of highly polymorphic microsatellite 

markers. Microsatellite markers are either di-, tri-, tetra- or penta-nucleotide tandem 

repeat polymorphisms, which are located throughout the genome at relatively even 

spacing. They are easily assayed by PCR amplification of the repeat and flanking 

regions and individual genotypes are clearly distinguished as differences in the 

amplicon sizes.  
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A genome-wide linkage scan was carried out on the 102 familial non-BRCA1/2 breast 

cancer families. A total of 380 fluorescently labelled microsatellite markers covering 

the entire genome with an average spacing of 10cM were used. The average 

heterozygosity of the markers was 0.76 in our sample set. Results from the genome-

wide scan revealed no overall positive LOD scores. However, haplotype and genotype 

data was available for all 102 families. This data could then be used to investigate 

families in which disease was potentially linked to candidate loci, as was the case with 

the HIN-1 gene in Paper I. These data were also used to determine in which families 

disease was linked to chromosome 17 (Paper II). Analysis of genotype and shared 

haplotype data for families 6006 and 6043 revealed that breast cancer in both families 

was suggestively linked to three chromosomes (Paper III). 

 
The 380 original microsatellite markers used in the genome-wide scan were spaced at 

roughly 10cM intervals, therefore chromosomal loci of interest were further 

investigated by fine-mapping the regions for the families in question. Additional 

microsatellite markers were selected based on their position with respect to the original 

linked markers and on their reported heterozygosity. Each fluorescently labelled 

microsatellite marker was amplified independently by PCR. Amplified fragments were 

pooled based on the size of the amplified fragment and separated on an ABI Prism 377 

automated DNA sequencer (PE Applied Biosystems, Foster City, CA), together with 

internal size standard. Electrophoretic data was analysed using Genescan3.1® and 

Genotyper2.0® software programs (PE Applied Biosystems, Foster City, CA). Fine-

mapping of a region on chromosome 17q was carried out to determine the minimal 

possible region of overlapping linkage in ten families (Paper II). Fine-mapping of three 

chromosomal regions was carried for families 6006 and 6043 in Paper III. 

 
A statistical test is needed to measure the significance of linkage and the 

determination of linkage involves the calculation of LOD scores. These calculations 

are carried out by sophisticated linkage analysis software packages such as the 

Genehunter or Simwalk2 programs (Kruglyak, et al., 1996; Sobel and Lange, 1996). 

Parametric linkage analysis relies on the specification of certain parameters, 

pertaining to a known mode of inheritance. Non-parametric linkage analysis does not 

rely on a known genetic model. In the original genome-wide linkage analysis both 

parametric and non-parametric linkage analysis were carried out with the Genehunter 
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program. When carrying out parametric linkage analysis an autosomal dominant 

mode of inheritance was assumed with a disease allele frequency of 0.0001 and an 

equal female to male recombination rate. The penetrance for homozygous normal, 

heterozygous and homozygous affected was 0.05, 0.80 and 0.80 respectively. Both 

the Genehunter and SimWalk2 programs were used for generating haplotypes in 

addition to manual haplotype estimation.  

 

6.2.3 Comparative genomic hybridisation (CGH)  
CGH of metaphase chromosomes enables genome-wide analysis of gross DNA copy 

number changes. This technique was first reported in the 1990s (Kallioniemi, et al., 

1992) and is widely used for the analysis of tumour genomes and constitutional 

aberrations. Tumour DNA and normal DNA are differentially labelled with 

fluorochromes and co-hybridised to normal metaphase spreads. Due to the competitive 

nature of the binding, regions of the genome that are amplified are detected by an 

increase in intensity of the tumour fluorochrome, while regions of genetic loss are 

identified by increased intensity of the normal fluorochrome. The presence of gains and 

losses of genetic material may signify the position of oncogenes or tumour suppressor 

genes respectively. Traditional metaphase CGH has a low-resolution of between 10-

20Mb and aims to map chromosomal aberrations to their physical position on the 

chromosome.  Recently a microarray based approach has been implemented, array-

CGH, which enables the mapping of copy number alterations relative to the genome 

sequence and the resolution is determined only by the spacing of the clones (Pollack, et 

al., 1999). 

 

In Paper II we utilised traditional metaphase CGH to analyse copy number changes in 

18 familial non-BRCA1/2 breast tumours. CGH was performed according to 

Kallioniemi et al., (Kallioniemi, et al., 1994) with minor modifications. Test and 

reference DNA were labelled, by nick translation, with digoxygenin-11-dUTP and 

biotin-14-dATP respectively. Unlabelled Cot-1 DNA was used to suppress 

hybridisation to highly repetitive sequences.  Fluorescence intensity ratios were 

calculated and a test:reference ratio of <0.8 was considered evidence for loss of a 

chromosomal region, while a test:reference ratio >1.2 indicated the gain of a region.  

 

  41 



Paula Maguire                                                                                                                

6.2.4 DHPLC 
DHPLC (Denaturing high performance liquid chromatography) allows the automated 

detection of single base substitutions as well as small insertions and deletions. Under 

partially denaturing conditions DNA heteroduplexes are formed between mutated and 

normal DNA molecules by mixing, denaturing and reannealing and can be 

distinguished from homoduplexes consisting of normal DNA only, by separation on a 

liquid chromatography column under appropriate conditions. Positively charged TEAA 

(triethylamine acetate) ions are adsorbed to the non-polar solid phase DNASep column, 

renatured PCR products can then be injected into the column and the negatively 

charged dsDNA molecules are bound to the positively charged surface of the column. 

The strength of the binding is based on the number of ion pairs formed between the 

negatively charged DNA and the positively charged TEAA. The column is then 

subjected to increasing concentrations of the organic solvent ACN (Acetonitrile), which 

results in dissociation of the ampiphilic ions and the dsDNA from the column. 

Heteroduplexes which have incorrect base-pairing at the mutation site will have fewer 

ion-pairing bonds than homoduplexes with no mutation. Therefore, heteroduplexes will 

be eluted from the column earlier than homoduplexes and are typically displayed as 

more than one peak on the chromatogram as compared to one peak, which represents 

normal homoduplexes.  

 

DHPLC was carried out using a Transgenomic Wave DNA Fragment analysis system, 

an automated instrument equipped with a DNASep column (Transgenomic, Crewe, 

United Kingdom). Renatured PCR products were loaded directly onto the system and 

the optimal column running temperature, and concentrations of TEAA and ACN for 

each specific PCR amplicon were determined directly by the WAVEMAKER 3.4 

software. Abnormal elution profiles were identified by visual inspection of the 

chromatograms. DHPLC can only detect the presence of a mismatched base and not the 

location or chemical nature of the mismatch. Therefore PCR products exhibiting 

aberrant profiles were noted and re-amplified from genomic DNA for direct 

sequencing. DHPLC and direct sequencing was used for mutation analysis of the ten 

genes on chromosome 17 (Paper II). 

 

6.2.5 Direct Sequencing  
Today the most common form of direct sequencing is cycle sequencing, which is a 

modification of the traditional Sanger sequencing method (Sanger, et al., 1977). 
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Cycle sequencing relies on the use of chemically modified nucleotides in the 

sequencing reaction; these dideoxynucleotides are usually fluorescently labelled in 

four different colours representing the four different bases (A, T, G, C). The 

sequencing reaction requires purified DNA template, usually in the form of a PCR 

product, an appropriate sequencing primer, a thermostable sequencing enzyme and a 

mix of dNTPs and ddNTPs. During the sequencing reaction, the double stranded PCR 

product is denatured and at an appropriate temperature the sequencing enzyme begins 

to polymerise the addition of new bases complementary to the template strand. This 

process continues until a fluorescent ddNTP is incorporated. The chemical 

modification of the ddNTPs prohibits further polymerisation reactions. Subsequent 

cycling reactions create new templates for the polymerase and additional dNTPs and 

ddNTPs are added to each new chain. Finally, the sequencing product is composed of 

a collection of DNA strands of different lengths each with a ddNTPs at the 3’end. 

These DNA fragments are size fractionated on a polyacrylamide gel and the 

fluorescently labelled ddNTPs are analysed by the use of the laser within an 

automated DNA sequencer. Sequences can be directly read from generated 

chromatograms and base pair substitutions are easily recognisable as overlapping 

peaks in the chromatogram. 

 

Direct sequence analysis is an accurate and specific method for the detection of base 

substitutions and insertions/deletion mutations. It does not allow the identification of 

gross gene rearrangements. The genomic structure of all genes studied in this thesis was 

determined by analysis of public sequence databases (NCBI, UCSC and Ensembl). 

Primers were designed to amplify all exons including exon/intron boundaries, the 

5’UTR and 3’UTR regions and in some cases the putative promoter regions using the 

online Primer3 software package.  

 

Amplified PCR products were cleaned prior to sequencing by incubation with the 

ExoSap enzyme (GE Healthcare). Sequencing reactions were carried out using the ABI 

Big Dye Terminator v3.1 kit (Applied Biosystems, Foster City, California). Cleaned 

sequencing products were electrophoresed in an ABI377 automated sequencer or an 

ABI 3730 XL capillary sequencer.  
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6.2.6 Reverse-Transcriptase PCR (RT-PCR)  
RT-PCR is an RNA based method for studying the expression of specific mRNAs 

within tissues. Total RNA from the tissue of interest is first converted into single-

stranded complementary DNA (cDNA), using reverse transcriptase enzyme and either 

random hexamer priming method (used in Paper III) or oligo dT primer method. 

Primers are designed for the gene(s) of interest in a manner such that at least one primer 

is placed covering two exons, in an effort to reduce genomic DNA contamination. 

 

In Paper III cDNA was prepared from total RNA extracted from breast tumours and 

EBV transformed cell lines, available from families 6006 and 6043. Amplified RT-

PCR products were size fractionated on an agarose gel along with normal control 

samples in order to detect additional or aberrant bands. RT-PCR was carried out for all 

six genes in order to detect mutations affecting splicing or the presence of large 

insertion/deletion mutations. 

 

6.2.7 mRNA in Situ Hybridization  
The cellular expression of specific genes can be determined by hybridization with 

labeled probes complementary to the mRNA of interest. The use of tissue sections 

enables accurate localization and visualization in situ of the relevant molecules. To 

generate templates for in vitro transcription reactions, full-length human HIN-1 cDNA 

was PCR amplified and subcloned into pZERO 1.0 (Invitrogen, Carlsbad, CA) and 

used for the generation of sense and antisense digitonin-labeled riboprobes followed by 

mRNA in situ hybridizations. The hybridized sections were observed with a Nikon 

microscope, and images were obtained using a SPOT charge-coupled device camera 

and processed with Adobe Photoshop. Hybridizations using the sense probe were 

carried out as a control for non-specific hybridizations. mRNA in situ hybridization 

was used to determine HIN-1 expression in breast tissues (Paper I). 

 

6.2.8 Pyrosequencing 
Pyrosequencing is a real-time sequencing technique for the determination of nucleic 

acid sequences (Ronaghi, et al., 1996). Pyrosequencing involves the monitoring of an 

enzymatic cascade that occurs during the sequencing reaction, this cascade begins with 

the release of inorganic pyrophosphate (PPi) during nucleotide incorporation. The 

released PPi is converted to ATP by ATP sulfyrase and this reaction provides energy 

for luciferase to oxidize luciferin resulting in light generation that is registered as a peak 
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in the pyrogram. Unincorporated nucleotides are degraded by apyrase prior to the 

addition of the next nucleotide, allowing the repeated addition of nucleotides. Since the 

added nucleotide is known, the sequence of the template can be determined.  This 

technique is widely used for the genotyping of SNPs, the pyrosequencing primer used 

in the reaction is designed so that the 3’ end of the primer hybridises just a few bases 

away from the polymorphic site. Genotypes can be accurately distinguished by visual 

inspection of the pyrogram readouts. 

 

Following PCR amplification, the rs1256049 and rs4986938 SNPs were genotyped by 

Pyrosequencing (Paper IV). Biotinylated PCR templates were immobilized on 

streptavidin-coated paramagnetic Sepharose beads in Binding Buffer. The bead-

template complexes were denatured, and subsequently incubated with a mixture of  

Annealing Buffer and sequencing primer. Annealing took place at 80°C for 2 min 

followed by cooling to room temperature. Real-time pyrosequencing was carried out in 

an automated 96-well pyrosequencer using PSQ SNP96MA enzymes and substrates 

(Biotage, Uppsala, Sweden). Pyrogram readouts were converted to numerical values for 

peak heights using a software module designed for this purpose (Biotage, Uppsala, 

Sweden). Genotypes were analyzed manually by visual inspection of each pyrogram by 

two independent researchers. 

 

6.2.9 Restriction fragment length polymorphism (RFLP) 
RFLP analysis allows the distinction of bi-allelic sequence variants that either create or 

abolish restriction enzyme recognition sites. Amplified PCR fragments are digested 

with a suitable restriction enzyme that recognizes specific sequence surrounding the 

polymorphism of interest. The restriction patterns created following digestion allow 

easy genotype identification.  The rs928554 SNP was evaluated using restriction 

enzyme digestion instead of pyrosequencing due to the sub-optimal sequence 

surrounding this variant. The G > A change generates a restriction site for the enzyme 

Tsp509I. A 265bp amplified PCR products was digested at 65° for 1 hour and 

separated on a 4.5% agarose gel. Samples homozygous for the G allele demonstrated 2 

bands upon digestion, one band of 187bp and a second of 78bp. Heterozygote samples 

produced 4 bands of size, 178, 149, 78 and 38bp. The homozygous variant samples 

produced 3 bands of size 149 bp, 78 bp and 38bp. 
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6.2.10 Association analysis  
Genotypic and allelic data for each of the three polymorphisms were compared 

between the cases and controls using chi-square analysis. Odds ratios with 95% 

confidence intervals were calculated using wt/wt genotype as reference genotype and 

comparing wt/var and var/var to this reference. All three polymorphisms were tested 

for adherence to Hardy-Weinberg equilibrium (HWE) in both cases and controls. 

 

Estimation of linkage disequilibrium (LD) and haplotype analysis was carried out using 

both the Haploview v3.1.1 1 (Barrett, et al., 2005) program and the UNPHASED 

program (Dudbridge, 2003). The UNPHASED program was run through the GLUE 

interface at http://www.rfcgr.mrc.ac.uk/. Genotype and marker data were loaded in 

linkage format files into the Haploview v 3.1.1 program for estimation of LD in the 

region and generation of inferred haplotypes. The default algorithm used by the 

program is based on the work of Gabriel et al. (Gabriel, et al., 2002), where 95% 

confidence bounds on D’ are generated and each comparison is called strong LD, 

inconclusive or strong recombination. A block is generated if 95% of informative 

comparisons are in strong LD. 

 

Association analysis of inferred haplotypes was also carried out using the 

COCAPHASE program within the UNPHASED package. This program uses standard 

unconditional logistic regression identical to the modelfree method of T5 of EHPLUS 

and the log-linear modeling. The EM algorithm is used to obtain haplotype frequency 

estimates. 
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7 RESULTS & DISCUSSION 
 

7.1 PAPER I 

Lack of HIN-1 methylation in BRCA1-linked and “BRCA1-like” breast tumours 
 

HIN-1 is a putative tumour suppressor gene located on chromosome 5q, a region 

frequently lost in BRCA1 tumours (Nathanson, et al., 2002). The HIN-1 gene was 

identified by SAGE experiments comparing normal mammary epithelial cells and 

ductal carcinoma in situ cells (Krop, et al., 2001). HIN-1 appears to be a secreted 

growth inhibitory cytokine with a role in epithelial cell differentiation. Based on its 

location, putative function and the discovery that HIN-1 is silenced by methylation in 

sporadic breast tumours, we hypothesized that HIN-1 may act as a low to moderate 

penetrant breast cancer gene in families displaying suggestive linkage to chromosome 

5q. In addition, HIN-1 may be inactivated by a genetic mechanism in BRCA1 

tumours. 

 

In order to determine if germline alterations in the HIN-1 influence breast cancer risk, 

we analysed the coding region of the gene for mutations. Ten non-BRCA1/2 breast 

cancer families displaying suggestive linkage to the HIN-1 locus on chromosome 5 

were analysed for germline mutations. No sequence alterations were found in the three 

HIN-1 coding exons. In addition, fifteen BRCA1 associated tumours and thirty-five 

sporadic breast tumours were also investigated for alterations and none were found.  

 

As no mutations were detected in the BRCA1 tumours, we investigated whether, similar 

to sporadic breast carcinomas, HIN-1 expression is silenced by methylation in these 

BRCA1 tumors. In striking contrast to sporadic breast tumors, HIN-1 was completely 

unmethylated in most BRCA1 tumors. Although the number of BRCA1 tumors 

analyzed was relatively small, the difference in the frequency of HIN-1 methylation 

between BRCA1 and sporadic tumors was statistically significant (P < 0.0001). mRNA 

in situ hybridization confirmed that HIN-1 was expressed in BRCA1 tumours, whereas 

sporadic tumours were largely negative for HIN-1 expression.  

 

A sub-set of sporadic tumours displaying BRCA1 like characteristics (steroid receptor 

and HER2 negative, high histologic grade tumors), were also analysed by MSP to 

determine if, similar to BRCA1 tumours, the HIN-1 gene was unmethylated. HIN-1 was 
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found to be unmethylated in the majority of these tumours and the frequency of HIN-1 

methylation was statistically significantly different between BRCA1-like and other 

types of sporadic tumors (P<0.01).  

 

Our results suggest that genetic variations in the coding region of HIN-1 are not likely 

to influence breast cancer risk and do not appear to play a major role in breast 

tumourigenesis. In contrast, silencing of HIN-1 due to methylation is a frequent and 

early event in the majority of sporadic breast carcinomas, but not in BRCA1 and 

BRCA1-like tumors. Interestingly, BRCA1 associated and BRCA-1 like sporadic 

tumours were unmethylated at the HIN-1 promoter suggesting that similar genetic 

pathways may be disrupted in these tumour types. 

 

Lack of HIN-1 expression has also been noted in a number of other malignancies, 

including lung cancer and nasopharyngeal cancer (Marchetti, et al., 2004; Wong, et al., 

2003). In the case of lung cancer, lack of HIN-1 expression has been correlated with 

poor clinical outcome and suggests that HIN-1 status may be a useful biomarker in 

certain malignancies (Marchetti, et al., 2004). The lack of HIN-1 expression has not 

been correlated with any sequence alterations and methylation of the promoter region 

appears to be the mechanism of gene silencing (Krop, et al., 2001; Shigematsu, et al., 

2005) Previously, a tumour suppressor function has been ascribed to HIN-1 and recent 

data further support this idea and suggests that HIN-1 is a potent inhibitor of anchorage-

dependant and independent cell growth (Krop, et al., 2005). This HIN-1 function may 

be due to the combined functions of apoptosis induction and regulation of cell cycle 

entry. Although HIN-1 may not have a predisposing role in breast cancer, its altered 

expression may have consequences in the initiation and progression of breast cancers. 
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7.2 PAPER II 
CGH analysis of familial non-BRCA1/2 breast tumours and mutation screening of 

a candidate locus on chromosome 17q11.2-2. 

 

In an effort to define novel predisposing breast cancer genes in non-BRCA1/2 breast 

cancer families we used the combined approach of comparative genomic 

hybridisation (CGH), and genetic linkage analysis. CGH has been successful in the 

mapping of several disease genes, including the gene responsible for Peutz-Jegher 

syndrome, STK11 on chromosome 19p (Hemminki, et al., 1997). CGH allows DNA 

copy number changes in the entire genome to be assessed in a single hybridisation, 

regions of genetic loss may harbour potential tumour suppressor genes. 

 

Eighteen non-BRCA1/2 familial tumours were analysed by CGH for copy number 

changes. The eighteen tumours were derived from high-risk families (n=12) and low-

risk families (n=6). In high-risk families the most frequent chromosomal alterations 

were loss of one copy of chromosome 17 (n=5) or loss of chromosome 6q (n=6) and 

these alterations appeared to be mutually exclusive. In low-risk families the most 

frequent chromosomal aberrations was gain of chromosome 8q (n=4). Although the 

frequencies of chromosome 17 and chromosome 6q losses were comparable, tumours 

that exhibited loss of chromosome 17 tended to have fewer aberrations. This data 

suggested that loss of chromosome 17 may represent an early event in tumourigenesis 

and thus may be related to a predisposing event. In addition, loss of chromosome 17 

had been observed in previous LOH studies on similar material (Lindblom, et al., 

1993a; Zelada-Hedman, et al., 1994). Therefore chromosome 17 was the focus of our 

investigation in this study. 

 

Data from our previous genome-wide linkage analysis (unpublished data) was 

available for 102 non-BRCA1/2 breast cancer families, including the 18 families 

included in the CGH analysis and a proportion of the families used in the previous 

LOH studies. Analysis of genetic linkage data revealed that for the ten families whose 

tumours exhibited loss of chromosome 17, disease was suggestively linked to 

chromosome 17. Breast cancer in these ten families was linked to different regions of 

chromosome 17, however the minimal overlapping region of linkage was between 

D17S1293 and D17S1294. An additional 6 microsatellite markers were added 

between these original markers and genotyping revealed a small region of possible 
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linkage shared between the families. This region of suggestive linkage spanned the 

microsatellite markers D17S1880 and D17S1293. 

 

Database analysis revealed that ten genes were located within this candidate region on 

chromosome 17q11.2-12, TADA1, ACCN1, TLK2 and a cluster of 7 C-C chemokine 

genes. The ten families were analysed for germline mutations in these candidate 

genes. DHPLC analysis of all coding exons, including exon/intron boundaries 

followed by direct sequencing of aberrant profiles was carried out for each of the ten 

genes within the region. A total of ten sequence variants were identified in these 

genes, four of which represented silent mutations in coding exons, five were intronic 

variants and the last was a mutation in the regulatory region of CCL1. All available 

family members were sequenced for the identified variants and two variants in the 

ACCN1 gene and one variant in the CCL2 gene were found in all available affected 

family members. However, the variants in ACCN1 are currently reported in the 

Ensembl database as SNP rs2228990 and SNP rs2228989, with heterozygote 

frequencies of about 30% in the normal population. The frequency of the CCL2 

variant, which affects the DNA sequence at the C-C amino acid motif, has not yet 

been determined in the normal population but is reported in the Ensembl database. 

 

In this study we have examined familial non-BRCA1/2 breast tumours and 

determined a pattern of chromosomal aberrations; namely losses of chromosome 6q, 

11q22-qter, 17 and 18 and gains of 1q, 8q and 16p. The loss of 6q and 11q and the 

gains of 1q, 8q and 16p were also seen in a previous CGH study by Kainu et el., 

which examined 37 familial non-BRCA1/2 tumours (Kainu, et al., 2000). It may 

become apparent with additional studies on similar materials, that like BRCA1 and 

BRCA2 tumours, non-BRCA1/2 tumours may harbour a specific pattern of 

chromosomal alterations (Wessels, et al., 2002; van Beers, et al., 2005; Johnsson, et 

al., 2005). Although the results from this study showed no evidence for a 

predisposing mutation in any of the ten genes in the region on chromosome 17q11.2-

12, the combined approach of CGH, LOH and genetic linkage analysis offers the 

ability to define chromosomal loci of interest in certain sets of families.  

50 



                                                     Genetic studies of non-BRCA1/2 breast cancer 

 

7.3 PAPER III 
A common haplotype on chromosome 6q14 shared by two non-BRCA1/2 breast 

cancer families; analysis of a 2.8 Mb region. 

 

The inability to detect a novel “BRCA3” gene necessitates new study designs, which 

combine multiple approaches with the hope of identifying novel predisposing loci. In 

this study we combined data from our previous genome wide linkage scan with data 

from a cDNA microarray study of fourty eight familial non-BRCA1/2 tumours. The 

microarray study revealed five family groups that consistently clustered together 

through repeated analysis. We hypothesized that these family groups may represent 

genetically homogenous sub-groups and that their shared tumour profiles may reflect 

a shared genetic predisposition. As such, linkage data for these family groups was re-

examined to determine regions of shared linkage between the families. 

 

This study focuses on one family group consisting of two families; family 6006 and 

6043. Initial re-evaluation of the linkage data for these families identified suggestive 

linkage to three chromosomal loci. Fine-mapping of all three loci, by genotyping 

additional microsatellite markers in the three regions, ruled out chromosome 7 and 

chromosome 10. Breast cancer in both families was linked to chromosome 6, with 

suggestive LOD scores of 1.48 and 0.78 for family 6006 and 6043 respectively. The 

total region of shared linkage encompasses 43.8Mb and contains over 400 known 

genes. Both families were determined to share a common four marker linked haplotype 

(2-7-5-2) within this region, this haplotype spanned 2.8Mb and genotyping an 

additional ten SNP markers further supported this shared haplotype on chromosome 

6q14.1. The entire set of 100 non-BRCA1/2 breast cancer families were also typed for 

these markers to determine if this was a common haplotype.  Although no other family 

shared this haplotype, an additional 29 families did exhibit suggestive linkage to the 

region and were added to the study. 

 

Database analysis revealed the presence of six known genes within the 2.8Mb region 

on chromosome 6q14.1; HTR1B, IRAK1BP1, PHIP, HMGN3, C6ORF152 and 

SH3GBRL2. All of these genes are expressed in mammary tissue and have interesting 

functional roles that could possibly act as putative breast cancer predisposing genes. 

Initially one affected member from each of the 31 breast cancer families was selected 

  51 



Paula Maguire                                                                                                                

for germline mutation screening of the six genes. The entire coding region including 

exon/intron boundaries and regulatory regions such as the 3’ and 5’ UTR and putative 

promoter regions were sequenced. RT-PCR was carried out for families 6006 and 6043 

in order to detect aberrant splicing mutations or insertion/deletion mutations.  

 

A total of 53 sequence alterations were identified in the six genes, no frameshift or 

nonsense mutations were identified, 19 coding mutations were identified, ten of which 

were non-synonymous missense mutations and 9 were synonymous missense 

mutations. Twenty-five mutations were identified in the regulatory regions of genes, 

either the 3’ or 5’ UTR of putative promoter regions and nine intronic alterations were 

detected. The focus of this current study was families 6006 and 6043 and as they shared 

a common haplotype it was hypothesized that they may share a common predisposing 

founder mutation. Eleven sequence variants were shared by families 6006 and 6043, 

one of which was a missense mutation in the PHIP gene, Leu1093Pro, while the 

remainder of the shared alterations were mainly intronic or silent mutations. All eleven 

variants were frequent in the other 29 breast cancer families and when tested in 95 

normal healthy controls had heterozygote frequencies of approximately 50%. 

 

These results suggest, that although families 6006 and 6043 were found to share a 

common haplotype on chromosome 6q14.1, this region is unlikely to harbour a highly 

penetrant predisposing mutation in these families. Breast cancer in the families is still 

linked to the larger 43.8Mb region on chromosome 6 and further studies are needed to 

determine possible candidate genes within this large region. In conclusion, we have 

employed global gene expression profiling of familial tumours in an effort to determine 

a molecular phenotype that may allow classification of familial non-BRCA1/2 breast 

tumours. The classification of families into sub-groups allowed us to determine 

common regions of suggestive linkage in these families and may be a tool for future 

studies of families believed to carry high- to moderate-penetrant predisposing 

mutations.   
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7.4 PAPER IV 
Estrogen receptor beta (ESR2) polymorphisms in familial and sporadic  

breast cancer 

 

Estrogen plays a role in normal mammary development and in breast carcinogenesis 

and its biological effects are mediated mainly through the estrogen receptors; 

estrogen receptor alpha (ESR1) and estrogen receptor beta (ESR2). These two 

receptors are members of the nuclear receptor superfamily of ligand inducible 

transcription factors, which regulate transcription in association with coregulators via 

binding to DNA enhancer elements (EREs) located within the promoters of target 

genes. As the search for high to moderate penetrant genes continues, the focus in 

genetic research has shifted to the localization and identification of low-penetrance 

genes. These genes may be common in the general population and modestly increase 

womens risk of breast cancer, however the combined effect of several low-penetrant 

genes may have a substantial impact on breast cancer risk. Due to their functional 

roles in breast biology and estrogen metabolism, the estrogen receptors are candidate 

low-penetrance breast cancer susceptibility genes.  

 

In this study we examined three common polymorphisms in the estrogen receptor 

beta (ESR1) gene; rs1256049: a G>A polymorphism at position 1082 in exon 5, 

rs4986938: a G>A polymorphism at position 1730 in the 3’UTR of exon 8 and 

rs928554: a G>A polymorphism located 56 bases 3’ of the ESR2 alternative 

transcript, Cx exon 9. These SNPs were investigated for association with breast 

cancer risk in 723 breast cancer cases and 480 healthy controls. The breast cancer 

cases were composed of 323 sporadic cases and 400 familial cases and the 400 

familial cases were further divided into 212 familial high-risk cases and 188 familial 

low-risk cases.  

 

All three SNPs were successfully genotyped by pyrosequencing or RFLP analysis and 

were determined to be in Hardy-Weinberg equilibrium in cases and controls. The 

genotype and allele frequencies for each of the polymorphisms were tested for 

association in each breast cancer group compared to the healthy controls. There was 

no overall statistically significant difference in the genotype frequencies between 

cases and controls. However, in the familial low-risk breast cancer cases the 
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heterozygote genotype of the rs4986938 SNP showed a suggestively protective effect 

on breast cancer risk (OR = 0.72, 95% CI; 0.50-1.05) whereas the G allele of the 

rs928554 SNP appeared to associated with a moderately elevated breast cancer risk 

(OR = 1.26, 95% CI; 0.99-1.61). In the sporadic breast cancer cases the A allele of 

rs1256049 appeared to be associated with a decrease in breast cancer risk (OR = 0.63, 

95% CI; 0.37-1.07). No suggestive associations were seen in the familial high-risk 

cases. 

 

As no significant associations were found when investigating the three SNPs 

individually we investigated the extent of linkage disequilibrium (LD) in the region 

and determined that all 3 SNPs were in strong LD, with D’ values ranging from 0.86 

to 1.00. Investigation of the possible haplotypes formed by these three SNPs for 

association with breast cancer revealed one common haplotype G-A-G which was 

associated with increased risk in the sporadic breast cancer cases (OR = 3.0 p=0.03). 

The contrary haplotype A-G-A was associated with decreased risk (OR = 0.4 p=0.03), 

which supports the finding of the individual A allele of rs1256049 having a protective 

effect. No significant difference in the haplotype frequencies was seen for the familial 

breast cancer cases.  

 

Examination of the individual variants did not reveal any significant differences in 

their genotype distribution and as these variants represent a silent SNP and two 

3’UTR variants it is difficult to assign them any functional role. A number of studies 

have also examined different SNPs individually for association to breast cancer and 

found no overall statistically significant associations (Forsti, et al., 2003; Zheng , et 

al., 2003; Gold, et al., 2004). However, Zheng et al., found that breast cancer risk was 

increased in women with an ESR2 risk genotype and high hormone levels (Zheng, et 

al., 2003). While a study by Gold et al., found an association between ESR2 

haplotypes with breast cancer in the Ashkenazi Jewish population (Gold, et al., 

2004). These results along with our current finding support a role for the ESR2 locus 

in breast carcinogenesis. Due to the strong amount of LD in the region it is possible 

that the SNPs examined in this study are in LD with an as yet unidentified variant 

within or close to the ESR2 gene. Therefore it will be worthwhile to investigate the 

locus in more detail in an attempt to identify novel breast cancer susceptibility alleles 

and further understand the complex etiology of breast carcinogenesis.  
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8 CONCLUSIONS 
 
This thesis work aimed to identify the genetic basis of familial non-BRCA1/2 breast 

cancer. The main findings of the studies in this thesis conclude that: 

 

The HIN-1 gene is not responsible for the increased risk associated with the families 

exhibiting suggestive linkage to the candidate locus on chromosome 5q. In addition, 

the methylation status of HIN-1 is significantly different in sporadic and BRCA1 

tumours. However, a sub-set of BRCA1-like sporadic tumours are unmethylated at 

the HIN-1 promoter. Although HIN-1 is unlikely to play a major role in breast cancer 

predisposition its lack of expression may have a consequence for breast cancer 

pathogenesis. 

 

Comparative genomic hybridisation of familial non-BRCA1/2 breast tumours 

identified that the loss of chromosome 6q, 11q22-qter, 17 and gains of chromosome 

1q, 8q and 16p were frequent events in these non-BRCA1/2 tumours. In high-risk 

non-BRCA1/2 breast cancers families loss of chromosome 17 or chromosome 6q 

were mutually exclusive events. Analysis of a region on chromosome 17q11.2-2 in 

ten families exhibiting suggestive linkage to the region revealed no pathogenic 

germline mutations. 

 

Re-evaluation of linkage data two non-BRCA1/2 families determined that breast 

cancer in both families was linked to chromosome 6. These families were sub-

grouped based on tumour profiling. The classification of families into distinct groups 

can be a useful aid in genetic linkage analysis. These two families shared a common 

founder haplotype on chromosome 6q14. Mutation analysis of the region identified a 

number of common variants shared by the two families, none of them obviously 

pathogenic. 

 

Analysis of polymorphisms in the ESR2 gene revealed no overall significant 

differences in genotype of allele distributions. However, as there is strong LD across 

the ESR2 locus, haplotype analysis was carried out and it was determined that one 

common haplotype G-A-G was associated with an increased risk of sporadic breast 

cancer.  
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