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Ágrip 

Um það bil 5-10% greindra einstaklinga með brjóstakrabbamein tilheyra fjölskyldum með háa tíðni 

meinsins. Um helmingur fjölskyldnanna er án tengsla við stökkbreytingar í þekktum 

krabbameinsgenum á borð við BRCA1 og BRCA2 og kallast BRCAx-fjölskyldur. Í undanfara þessa 

verkefnis var sýnt fram á tengsl svæða á litningum 2p, 6q og 14q við brjóstakrabbamein í einni 

íslenskri BRCAx-fjölskyldu (70234). Í heildina eru 554 gen innan svæðanna þriggja en í þessu 

verkefni, skilgreint sem fyrsti hluti rannsóknarinnar, var ákveðið að raðgreina 274 gen. Markmið 

verkefnisins var að finna stökkbreytingar í einhverjum þessara gena sem teldust líklegar til þess að 

valda aukinni hættu á myndun brjóstakrabbameins. 

Roche 454 raðgreiningarniðurstöður fjögurra sýna úr meðlimum 70234 mynduðu grunn 

verkefnisins. Kímlínubreytileikar sem voru sameiginlegir með sýnunum fjórum voru teknir fyrir og lagt 

var mat á hvaða breytileikar væru líklegastir til þess að hafa áhrif á virkni þeirra gena sem báru þá. 

Fyrst var horft til breytinga af þremur gerðum; breytinga sem valda hliðrun á lesramma, þeirra sem 

kalla fram ótímabæran stöðvunartákna og splæsibreytinga. Því næst var horft til próteinkóðandi 

basabreytinga sem leiða til amínósýruskipta. SIFT og polyphen2 voru notuð til þess að leggja mat á 

mögulega skaðsemi slíkra breytinga. Að lokum voru breytingar á öðrum svæðum skoðaðar. 

Kandídatbreytingar voru skimaðar í óvöldum sjúklingahópi og viðmiðunarhópi og einnig í völdum 

fjölskylduefnivið. Kíkvaðratpróf var notað til þess að leggja mat á hvort tölfræðilega marktækur munur 

væri á samsætutíðni milli hópa. 

Heildarfjöldi sameiginlegra kímlínu breytileika var 1540. Þar af voru 146 breytileikar staðsettir á 

próteinkóðandi svæðum. Skimað var fyrir fjórum próteinkóðandi breytileikum og tveimur utan slíkra 

svæða, þar af einni splæsibreytingu. Ekki reyndist vera tölfræðilega marktækur munur á samsætutíðni 

þessara breytinga milli hópa. 

Engar stökkbreytingar fundust sem líklegar eru til þess að skýra aukna tilhneigingu til myndunar 

brjóstakrabbameins í fjölskyldu 70234. Næsta skref er að raðgreina þau 280 gen innan svæðanna 

þriggja sem ekki voru raðgreind í þessum fyrsta hluta rannsóknarinnar. 
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Abstract 

It has been estimated that approximately 5-10% of breast cancer cases arise within high-risk 

hereditary breast cancer families. A little less than half of these familial cases have not shown linkage 

to pathogenic mutations within known cancer genes such as BRCA1 and BRCA2. Those families are 

generally referred to as BRCAx families. In a previous genome wide search for breast cancer linkage, 

performed at our laboratory, three highly suggestive signals were found at chromosomes 2p, 6q and 

14q in one Icelandic BRCAx family (70234). There are a total of 554 genes to be found within the 

three regions combined. However, this project, defined as the first phase of a sequencing study on 

family 70234, revolved around the sequencing of 274 out of those 554 genes. The aim of the project 

was to identify pathogenic mutations in one or more of these genes in family 70234. 

Resequencing data, obtained via the Roche 454 sequencing platform, from four samples from 

family 70234 was the base of this project. Germline variants that were shared across all four samples 

were identified and evaluated for their possible pathogenicity. Firstly, all frameshift, nonsense and 

splice-site mutations among the shared variants were identified. Secondly, non-synonymous variants 

were identified and evaluated. SIFT and polyphen2 were used for the prediction of which non-

synonymous SNPs were most likely to have a detrimental effect on the protein products of the genes 

harbouring them. Thirdly, shared variants within other regions of the genome were considered. 

Candidate variants were screened for in groups of controls and unselected breast cancer cases, as 

well as in a group of selected samples from other Icelandic hereditary breast cancer families. A chi-

square test was used to evaluate whether there was a statistically significant difference in allele 

frequency between groups. 

The total number of shared germline variants identified was 1540. The number of variants within 

protein coding regions was 146. Four candidate protein coding variants were screened for and their 

allele frequency within the groups was estimated. Two non-coding variants were screened for as well, 

thereof one splice-site mutation.  None of the candidate variants turned out to have a statistically 

significant difference in allele frequency when the groups were compared.  

We were not successful in identifying mutations that are likely to explain the increased breast 

cancer risk for members of family 70234. The next steps involve the sequencing of the 280 genes 

within the regions on chromosomes 2p, 6q and 14q that were not included in this phase of the study.          
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 “The more comfortable we become with being stupid, the deeper we will wade into the 

unknown and the more likely we are to make big discoveries.” 

Martin A. Schwartz 

 

“(...) and wherever the knowledge takes us, the knowledge will empower us to do more.” 

Michael Stratton 
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1 Introduction 

1.1 Breast cancer 

Breast cancer (BC) is the most commonly diagnosed cancer type among women worldwide, 

accounting for 23% of all female cancers. In 2008 the number of new breast cancer cases was 

estimated to be approximately 1.38 million. Incidence rates vary between global regions and span a 

range from 19.3 to 89.9 per 100.000 women (Figure 1). They are generally higher in developed 

regions, where the number of new cases each year is normally over 70-80 per 100.000 women (1). 

Although incidence rates in developing countries are lower than in developed countries they seem to 

be increasing (2). Along with being the most common cancer type, BC is also the leading cause of 

cancer related death among women, both in developing and developed countries. However, due to 

better survival in developed regions, global variation in BC mortality rates spans a smaller range, from 

6 to 19 per 100.000 women (1). Annually, the number of new cases in Iceland between 2006 and 

2010 was 89.8 per 100.000 and the mortality rate was 16.4 per 100.000. There has been a significant 

increase in incidence rates when the numbers of recent years are compared to e.g. the year 1959 

when the number of annual incidence was 36.1 per 100.000. Despite the increasing incidence of BC 

the mortality rates have not fluctuated as drastically, with the annual mortality in 1959 being 14.8 per 

100.000 (3). 

 

 

Figure 1. Worldwide incidence and mortality rates of breast cancer. There is a considerable 
variation in incidence rate between different regions of the globe. Generally they are higher 
in developed countries and lower in developing countries. Mortality rates also show a 
variation between regions but the range is not as drastic (Cancer Research UK, 
http://www.cancerresearchuk.org/cancer-info/cancerstats/world/breast-cancer-world/). 

 

http://www.cancerresearchuk.org/cancer-info/cancerstats/world/breast-cancer-world/
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Rather than being a disease of a single specific origin, BC is a collection of tumours of different 

nature and with varying prognosis for patients. Therefore, not all BC tumours can be considered equal. 

The classification of breast tumours can be based on a number of different factors such as the origin 

of the tumour within the organ, i.e. whether it is lobular or ductal, the size of the tumour and 

histological grade. Tumours are also classified based on their expression of certain hormonal 

receptors; the estrogen receptor (ER), the progesterone receptor (PR) as well as the human epidermal 

growth factor receptor 2 (HER2) (4). The classification of BC tumours has an impact with regard to 

treatment options and overall survival of patients diagnosed with the disease.  

Analyses of gene expression patterns in BC tumours have been used as a basis for yet another 

classification system that has been emerging in the last decade or so. This system divides tumours 

into five distinct molecular BC subtypes. These are the luminal A, luminal B, HER2, basal-like and 

normal-like subtypes. Each subtype displays a different expression pattern of a given group of genes 

(5, 6). There is an overlap, although incomplete, between tumours that are classified on the basis of 

HER2 and hormonal receptor expression and gene expression patterns. The HER2 subtype contains 

tumours that overexpress the HER2 gene, luminal A tumours are ER and PR positive and luminal B 

tumours generally express the ER and sometimes they are also PR and HER2 positive, although this 

varies. The basal subtype contains tumours that are also known as triple negative tumours, i.e. they 

do not express any of the three hormonal receptors. Finally, the normal subtype is comprised of 

tumours that bear a resemblance to normal tissue (5-8). Generally the best prognosis is for patients 

with tumours that belong to the luminal A subtype while the worst prognosis is for patients diagnosed 

with triple negative tumours of the basal subtype (6, 8). 

 The molecular pathology classification system of BC tumours is however a dynamic field that is 

constantly evolving. This is evident by the further classification and characterization of yet another 

subgroup of breast tumours; the claudin-low subtype of triple negative tumours, as well as the fact that 

the existence of the normal-like subtype of tumours is today being questioned by some researchers 

who claim that it is more likely to be an artefact than a real BC tumour subtype (4, 9, 10). Further 

refining and classifications of these distinct subgroups are likely to be made in future studies. 

A number of factors have been identified as possible inducers of BC risk; both environmental and 

genetic factors. Obviously, gender matters since it has been estimated that out of every 150 cases 

only one BC case will occur in a male (11). Age is also an important factor as the risk of developing 

the disease increases with age. Other risk factors include ethnicity, alcohol consumption, low physical 

activity, obesity and exposure to sex hormones, both endogenous and exogenous (12). However, out 

of the recognized risk factors, the most potent one, besides age, is believed to be a family history of 

the disease (12, 13). 

1.2 Familial breast cancer 

Twin studies have shown that the BC risk for a monozygotic twin of a co-twin that has been diagnosed 

with breast cancer is high, which suggests that the contribution of genetic factors to the development 

of disease is important (14). First-degree relatives of BC patients are also under increased risk of 

developing the disease, with the elevation in risk being approximately two-fold. As the number of 
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affected relatives rises, the risk increases further. E.g. the overall lifetime risk for a western woman 

with no family history of BC is 7.8%, compared to a lifetime risk of 21.1% for those women who have 

two affected relatives. For women with affected relatives that are diagnosed at an early age, the risk is 

increased even further (12). However, most BC cases are sporadic and are estimated to account for 

approximately 75-80% of all cases (13, 15). A case is classified as being sporadic when the diagnosed 

individual has no family history of the disease. In 20-25% of cases individuals have a family history of 

the disease, with one or more family members affected. Approximately one fourth of those familial 

cases can be further defined as hereditary BC (HBC). Within HBC families a multiple number of cases 

cluster together, the disease has a dominant appearance and is mainly believed to be caused by 

germline mutations (12). Around 25-40% of these HBC families have been implicated with germline 

mutations in known cancer genes, with mutations within BRCA1 and BRCA2 being the most common. 

The remaining HBC families are generally referred to as BRCAx families (16, 17). 

Three distinct classes of BC susceptibility alleles have been linked to the observed increase in risk 

for HBC. The first class includes high penetrance genes that harbour rare variants that confer a high 

increase in BC risk. The second class harbours moderate penetrance genes, also with rare variants 

that confer a moderate increase in risk. The third allele class is that of common but low penetrance 

variants that confer a small increase in BC risk (18). 

1.3 High penetrance genes 

The identification of two tumour suppressor genes in the 1990´s, BRCA1 and BRCA2, was a major 

breakthrough in the field of BC research. Of the genes that have been linked with BC predisposition, 

these are the ones that are most well known and studied. Both genes frequently display a loss of 

heterozygosity (LOH), characterised by the loss of the wild-type allele in tumours, and they have been 

shown to contribute to an increase in risk for not only breast cancer, but e.g. ovarian and prostate 

cancer as well. Other high-risk BC susceptibility genes that have been identified are e.g. TP53, PTEN, 

STK11 and CDH1. The relative risk for carriers of pathogenic mutations within any of these genes, 

compared to non-carriers, ranges from 5 to over 20. But although these mutations confer high risk, 

they are quite rare in the general population and therefore each mutation only explains a small fraction 

of the increased BC risk (18). 

1.3.1 BRCA1 and BRCA2 

The breast cancer 1, early onset gene, or BRCA1, is a large gene, containing 22 exons, and is located 

on chromosome 17q (19). It codes for a protein whose function has been implicated with the 

maintenance of genomic integrity through the regulation of cell-cycle progression and DNA repair via 

non-homologous end joining (NHEJ) and homologous recombination (HR). It´s involvement in the HR 

pathway is believed to be as a signal mediator to elicit a response from effector molecules that initiate 

the mending of the damaged DNA (20). 

The breast cancer 2, early onset gene, BRCA2, is located on chromosome 13q. This gene contains 

27 exons, coding for a protein even larger than BRCA1 (21). The encoded protein participates in DNA 

repair of double-strand breaks (DSBs) through the HR pathway, where it functions as an effector 
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molecule that initiates the repair process (20). A schematic representation of the BRCA genes can be 

seen in figure 2. 

 

 

 

Figure 2. A schematic representation of BRCA1 and BRCA2.  The functional domains of the 
BRCA1 (a) and BRCA2 (b) proteins. (a) The N-terminus of BRCA1 contains a RING domain 
that associates with BRCA1-associated RING domain protein 1 (BARD1) as well as a 
nuclear localization sequence (NLS). CHK2 phosphorylates a serine residue in position 988 
in the protein. The C-terminus of BRCA1 contains a coiled-coil domain that associates with 
the PALB2 protein, a SQ/TQ cluster domain (SCD) that harbours ATM phosphorylation sites 
and a BRCT domain associating with 3 proteins; Abraxas, CtIP and BRIP1. (b) The N-
terminus of BRCA2 has been shown to bind to PALB2. The central region of the protein 
harbours 8 BRC repeats that bind RAD51, a helical DNA binding domain and 3 
oligonucleotide binding (OB) - folds surrounding a tower domain (T). The C-terminus of 
BRCA2 contains a NLS and a CDK2 phosphorylation site that binds to RAD51 (adapted from 
Roy, Chun & Powell, 2011). 

  

Pathogenic mutations within these two genes have been shown to incur an approximate 10- to 20-

fold increase in relative risk (RR) BC risk for mutation carriers. These mutation carriers are diagnosed 

with the disease at a younger age compared to women with sporadic BC (18, 22). The disease 

causing mutations are primarily protein truncating variants that cause the encoded proteins to become 

inactive and thus disrupt their biological functions (18).  

A considerable variation in the frequency of these high-risk mutations has been observed when 

individual populations are compared to each other. In some populations, such as in the Ashkenazi 

Jewish and the Icelandic populations, the prevalence of certain founder mutations is much higher than 

in the general Caucasian population. In most populations, mutations in BRCA1 are generally more 

prevalent than mutations in BRCA2; with their frequency being 1.5- to 2-fold higher. This is not the 

case in the Icelandic population where BRCA2 explains a higher proportion of BC cases than BRCA1 

(23).  
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Pathogenic germline variants within BRCA1 and BRCA2 generally result in a high overall lifetime 

risk of BC for carriers. It has however been observed that there is a variation in risk between mutation 

carriers (24). BRCA1 and BRCA2 mutation carriers have been studied with regard to possible factors 

that could explain this observed variation in risk between individuals. This is for example the collective 

aim of international research groups that together form the Consortium of Investigators of modifiers of 

BRCA1 and BRCA2 (CIMBA, http://ccge.medschl.cam.ac.uk/consortia/cimba/index.html). Genome 

wide association studies (GWAS) on unselected BC cases have identified alleles that have been 

associated with a low increase in BC risk. These alleles have been genotyped in BRCA1 and BRCA2 

mutation carriers in studies that have for example revealed associations between an increase in risk 

for BRCA2 mutation carriers and SNPs in FGFR2, CSP1, RAD51, MAP3K1, TOX3 and 2q35. The 

alleles in TOX3 and 2q35 have also been associated with risk in BRCA1 carriers (25).  

Studies on genes that have a role to play within BRCA-related pathways have also revealed 

possible associations between certain haplotypes and modification of risk in BRCA1 and BRCA2 

mutation carriers. These genes were considered good candidates because they interact, directly and 

indirectly, with BRCA1 and BRCA2. For BRCA1-associated BC there is an indication for the modifying 

effect of haplotypes at ATM, BRCC45, BRIP1, CTIP, MERIT40, NBS1, RAD50 and TOPBP1. For 

BRCA2-associated BC, there is currently available evidence for modifying effects of haplotypes at 

BARD1 and RAD51 (26). 

1.3.2 Other high penetrance genes 

Other germline mutations that have been affiliated with a high increase in BC risk have been identified 

within genes that are connected to certain inherited syndromes that predispose their carriers to 

cancer. The TP53 gene is associated with Li-Fraumeni syndrome and pathogenic mutations within this 

gene are linked with a high increase in both breast and ovarian cancer risk. The encoded protein has 

been shown to partake in cell-cycle control (27-29). Cowden syndrome is an example of a phenotype 

associated with germline mutations in the PTEN gene that has been shown to significantly increase 

the risk of BC (30). The gene STK11 has similarly been associated with a cancer predisposing 

syndrome called Peutz-Jeghers. Patients suffering from Peutz-Jeghers are at an increased risk of 

developing BC (31). 

A number of genetic linkage studies have not been successful in identifying new high penetrance 

genes. While this does not exclude the possibility that further genes of that class exist it strongly 

suggests that most of the remaining portion of unexplained hereditary BC risk is due to disease 

causing variants of a different nature, e.g. variants within genes that confer a moderate or low 

increase in risk. If several such variants of that nature would accumulate within an individual they 

could be viewed as powerful moderators of BC risk (32). 

1.3.3 Moderate penetrance genes 

A few genes have been implicated with BC susceptibility that confer a moderate increase in BC risk. 

Among these genes, that have been identified through mutation screening in candidate gene studies, 

are ATM (33), BRIP1 (34), PALB2 (35, 36) and CHEK2 (37). The pathogenic mutations within the 
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genes that have been identified in these studies share certain characteristics with pathogenic variants 

within the high penetrance genes in that they have turned out to be quite rare and uncommon in the 

general population and most of them are loss of function (LOF) variants, i.e. they result in premature 

protein truncation. They do however differ with regard to the increased risk they confer; moderate-risk 

variants increase the RR 2- to 4-fold compared to the 5- to 20-fold observed for the high-risk variants 

(25). The encoded proteins of ATM, BRIP1, PALB2 and CHEK2 are all associated with DNA repair 

pathways. Variants within moderate penetrance genes have been estimated to account for 

approximately 5% of the hereditary BC risk (18, 25). 

1.3.4 Low penetrance alleles 

Since the susceptibility alleles that associate with a high or moderate increase in BC risk explain less 

than half of HBC cases it has been suggested that the majority of the remaining HBC and familial BC 

risk might be explained by a polygenic model. In recent years, GWAS have identified several genomic 

regions that seem to harbour yet another group of risk variants. The variants of this class confer only a 

small increase in risk, defined by an estimated RR below 2, and they are predominantly common 

SNPs that are carried by a high proportion of the general population (16). Some of these common low-

risk SNPs have been shown to be located in regions either within or in close proximity to known genes 

such as FGFR2, TOX3/TNRC9, MAP3K1, LSP51 and RAD51L1. Others, such as SNPs in regions at 

chromosomes 2q35 and 8q24, are positioned far away from the nearest known genes (25, 38-40). 

Notably, some of these genes are involved in cellular pathways that involve the regulation of cell 

growth and signalling which differs from the pathways that previously reported BC susceptibility alleles 

participate in; which primarily involve the repair process of damaged DNA (38). This might suggest a 

different mechanism of action for the low risk variants, where their effect on BC risk could be mediated 

through the activation of oncogenes, e.g. genes that promote cell growth (18). 

 

A number of chromosomal regions within the human genome have been proposed to harbour possible 

BC susceptibility alleles spread across all classes of penetrance type. Figure 3 gives an overview of 

these loci with regard to chromosomal positioning. 
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Figure 3. Chromosomal positions of possible BC susceptibility alleles. This figure gives an 
overview of the genomic locations of loci that have been identified as possible susceptibility 
loci with regard to BC. This figure was adapted in 2011 by Adalgeir Arason from Figure 4-11 
of Molecular Biology of the Cell, 4

th
 edition. 

 

1.4 Hereditary breast cancer in Iceland 

HBC in Icelandic families has been of great interest to researchers. Families that belong to founder 

populations, such as the Icelandic population, are valuable due to the fact that genetic heterogeneity 

of such populations might be reduced (41, 42). An example of this is the involvement of researchers 

studying the Icelandic population in the discovery of the BRCA2 gene (21, 43) and more recently the 

identification of a link between the BRIP1 gene and increased susceptibility to ovarian cancer (44). 

Studies on Icelandic high-risk BC families can therefore have an impact and be helpful in the search 

and identification of new BC susceptibility alleles. 

In the early 1990´s it was reported that markers on chromosome 17q showed linkage to breast-

ovarian cancer in Icelandic families (45). This report was in agreement with previously published 

reports of the BC disease linkage to a gene located in this region (46, 47), that had been assigned the 

name BRCA1 and was later identified by positional cloning (19, 48). The search for pathogenic 

mutations within the BRCA1 gene in Icelandic high-risk BC families led to the identification of a 

recurrent splice-site mutation in exon 17 (49).  

The BRCA2 gene was localised to chromosome 13q in 1994 (43) and subsequently identified in 

1995 (21). Mutational analysis of the BRCA2 gene revealed a recurrent Icelandic founder mutation in 

Icelandic families; a deletion of 5 nucleotides, starting at nucleotide 999, in exon 9 (999del5) and the 



  

22 

mutation carrying families all segregate a common BRCA2 haplotype (50, 51). These two mutations 

are the only BRCA1/2 disease causing mutations published thus far in the Icelandic population. The 

999del5 mutation in BRCA2 is much more prevalent compared to the BRCA1 mutation and is believed 

to explain increased risk in half of the Icelandic HBC families (50, 52, 53). With regard to other 

Icelandic HBC families, it seems unlikely that other mutations will be found in these two genes (54). 

The focus of researchers has therefore shifted towards other possible genes that might be linked to an 

increase in HBC risk.   

In a previous Genome wide search (GWS) of breast cancer linkage in 9 Icelandic high-risk BRCAx 

families, performed in our laboratory, three highly suggestive signals were found at chromosomes 2p, 

6q and 14q. Upon closer inspection, all signals turned out to be derived mainly from the same family, 

named 70234 (55). The haplotype on chromosomes 6q and 14q were shared by all nine affected 

women in this family and eight of the women also shared a haplotype on chromosome 2p (Figure 4). It 

was concluded from the results of this study that these chromosomal regions harbour genes 

contributing together to high BC risk. Within these regions combined there are 554 protein coding 

genes to be found. The positions on chromosomes 2p and 14q overlapped with positions from 

previous studies (42, 56), but the position on 6q did not. 

 

Figure 4. Cosegregation of haplotypes at three chromosomal regions in family 70234. 
Information about approximate age at diagnosis of cancer is shown below pedigree symbols 
(Br for breast and Ov for ovarian). One woman inherited a 999del5 BRCA2 mutation from 
her father, not otherwise blood-related to this family. She was not included in the LOD score 
calculations (Arason et al., 2010). The arrows indicate the cases selected for the targeted 
resequencing. 
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1.5 Identifying new breast cancer susceptibility alleles 

Since known mutations in already identified BC genes are thought to account for less than half of the 

HBC families, the search continues for new BC susceptibility genes. 

1.5.1 Genetic linkage studies 

Employing the genetic linkage method in HBC families where BC cases cluster together can be useful. 

The most obvious example of the success is the identification of BRCA1 and BRCA2 (21, 46). It has 

been proposed that other BC susceptibility genes, that have yet to be identified, are not likely to confer 

a high increase in risk, but rather that the emerging landscape is likely to involve a large number of 

susceptibility alleles with each allele only conferring a small or moderate increase in the risk of 

developing BC (57). If this hypothesis turns out to be true, it is unlikely that linkage studies will be a 

successful method in identifying those genes. It can however not be declared that all high penetrant 

genes have been identified. The loci harbouring such genes could be identified by linkage analysis in 

large HBC families (42). 

1.5.2 Genome Wide Association Studies (GWAS) 

When it became increasingly obvious that genetic linkage studies would not be likely to yield further 

successful results with regard to the identification of new BC genes other measures had to be made. 

The strategy behind GWAS revolves around the identification of genetic markers that associate with 

risk by typing SNPs that are relatively common. The correlation among SNPs that are in linkage 

disequilibrium (LD) with the disease in question is used to identify the risk factor. Large international 

consortiums have in part driven this area of BC research forward in recent years. By utilising combined 

datasets of a large number of cases and controls researchers have been able to identify genomic 

associations of loci to BC where each confers a small increase in risk, as has been discussed (18, 25). 

1.5.3 The candidate gene approach 

Candidate gene approaches have been useful in identifying variants that confer a moderate or low 

increase in BC risk (25). This methodology involves the investigation of handpicked genes that can be 

of interest for a number of reasons. For a researcher trying to identify new BC susceptibility alleles, 

genes that function within certain pathways may be of a special interest. E.g. the genes that code for 

the proteins that participate in the DNA damage and repair pathways alongside BRCA1 and BRCA2. 

Figure 5 gives an overview of the genes that participate in functional networks connected to BRCA1 

and BRCA2 and can be viewed as candidate genes with regard to BC susceptibility. This method has 

been shown to be successful on a number of occasions, such as in identifying a number BC 

susceptibility genes that confer a moderate increase in risk; CHEK2, ATM, PALB2 and BRIP1 (58). 
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Figure 5. An overview of genes in BRCA related functional pathways. The genes within these 
pathways encode proteins that may be of interest to scientists studying BC candidate genes. 
This figure was adapted in 2013 from a slide from Ake Borg. 

  

1.6 Next Generation Sequencing 

In the past decade, new sequencing technologies have emerged that enable researchers to dive into 

individual genomes at great depth at sequence-level resolution in the search for disease causing 

variants. These new technologies have been coined as “Next Generation Sequencing” (NGS) and 

include the sequencing of whole genomes, entire exomes or more targeted applications such as the 

sequencing of specific chromosomal regions and genes (58-60). 

Most costly is the sequencing of whole genomes. However, whole genome sequencing (WGS) 

provides the most extensive information of the genome since it includes the sequencing of all protein 

coding regions as well as non-coding regions. Covering the entire genome allows the identification of 

not only the variants that alter the protein coding sequences, and the regions near the exons of genes, 

but also the ones that affect other genomic regions, e.g. enhancers, intronic and intergenic regions. 

But the increased sequencing capacity not only covers the fact that the entire DNA sequence itself is 

brought into light. It also opens up the potential of discovering chromosomal rearrangements, which is 

beneficial when studying the landscape of a cancer genome (59). 

Targeted sequence capture of specific genomic regions followed by NGS is becoming more readily 

available and as such has been shown to be an attractive option for studies revolving around specific 

pre-defined regions of the human genome. By targeting sub regions of the genome, the data 

generation is less costly compared to WGS (61). Utilizing this approach, any section of the genome 

can be targeted by oligonucleotides that are designed to retrieve the desired sequences from a pond 
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of genomic DNA. The DNA is then sequenced via any of the NGS platforms. This is an attractive 

option for researchers who have a reason to believe that risk variants lie within a specific region of the 

genome or within specific genes (62, 63).   

There are a variety of NGS platforms available today. Increasing competition between the 

companies on the market today is resulting in improvements with regard to sequence output, read 

length and cost reduction as mentioned above. Each manufacturer uses its own specialized chemistry 

to perform the sequencing reaction. But although the details for each platform may differ from the 

other, the different approaches share certain traits in the sequencing preparations. These initial steps 

involve turning double stranded DNA (dsDNA) to single stranded DNA (ssDNA) followed by 

fragmentation of the ssDNA. Synthetic adapters are then attached to the ssDNA fragments to create a 

DNA library to be sequenced. Each DNA fragment is then amplified to generate multiple copies of 

each fragment. The amplification step is supposed to ensure that there are enough signals for the 

sequencing reaction to determine the DNA sequences via the optical system of the sequencing 

instruments. The sequencing of the amplified DNA library then allows for millions of sequencing 

reaction to happen in parallel (64). 

1.6.1 Alignment and variant detection 

Due to the digital nature of NGS and the amount of data generated, bioinformatics knowledge has 

become increasingly more important in genomic studies. Computational tools for the analysis of data 

from the NGS systems have been developing rapidly in recent years. These computational tools 

include many different software programs that serve a specific purpose in the data analysis workflow, 

spanning different areas such as the alignment of the sequencing reads to a reference genome, 

visualization of the aligned reads, variant calling, annotation of called variants and predictions of their 

functional effect with regard to their genomic positioning (59). Among the programs that have been 

developed are the Burrows-Wheeler Aligner (BWA) (65), Bowtie (66) and the Mapping and Assembly 

with Quality aligner (MAQ) (67) for the alignment procedure. Tablet (68), CIRCOS (69) and the 

Integrative Genomics Viewer (IGV) (70) can be used for visualization. Variant calling can be performed 

using SamTools (71) and VarScan (72) as an example. Finally, ANNOVAR (73) and SnpEff (74) can 

be used to annotate the identified variants. The programs mentioned above are all open source 

programs and most of them require computational knowledge to a certain degree, e.g. knowledge of 

the Linux/Unix operating systems. A host of commercial programs are also becoming increasingly 

more available to those who prefer such programs for their data analysis. These programs have the 

benefit of being considerably more user friendly but with the drawback that their use is dependent 

upon the user purchasing access. It therefore may increase the cost of the entire process. Examples 

of companies that offer such commercial tools are DNAnexus (https://dnanexus.com/), Geospiza, Inc 

(http://www.geospiza.com/) and Ingenuity Systems (http://www.ingenuity.com/). Some companies that 

provide the sequencing service, i.e. Roche/454, also provide their customers with a workflow 

containing alignment and variant calling using their in-house programs, e.g. the GS reference mapper 

software (http://454.com/products/analysis-software/index.asp). 

http://454.com/products/analysis-software/index.asp
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1.6.2 Prioritizing identified variants 

As new sequencing technologies alter the stage of genomic research with regard to data acquisition 

then a whole set of new challenges await those that take on the task of analysing the wealth of data 

being generated. Analysing these datasets can be daunting due to the overwhelming amount of 

identified variants within individual genomes. Therefore, the pursuit of the specific causal variants and 

the genes that harbour them has to be well structured. Deploying a sophisticated variant prioritization 

strategy can thus be important for the process of identifying a new BC susceptibility gene (75). The 

various types of functional classes of genetic variants can be seen in figure 6. 

 

 

Figure 6. The various types of functional variants within the human genome. Genetic 
approaches (a) e.g. linkage analysis followed by re-sequencing can be used to identify 
regions of interest (b) and the different types of genetic variants within these regions. (c)  It 
depends on the sequencing approach used which variant types can be identified, e.g. whole 
genome sequencing allows for the identification of all genetic variants while exome 
sequencing excludes most intronic and intergenic regions (adapted from Cooper & 
Shendure, 2011). 

 

Sequencing experiments that target the protein coding regions of genes are performed under the 

assumption that the causative variants are embedded within the targeted regions. Usually, in those 

kinds of experiments, the exon-intron boundaries are captured as well to include possible splice-site 

variants that might disrupt splicing. Given the aforementioned assumption, and the fact that most of 

the previously identified BC susceptibility genes that confer a high or moderate increase in risk 

harbour protein truncating variants, a reasonable strategy for variant prioritization would be to focus on 

LOF variants as a first step in variant analysis (76, 77). The variant types that are classified as LOF 

variants are nonsense mutations, coding insertion or deletions that cause a frameshift in protein 
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translation and splice-site variants of any kind. The next steps would involve an analysis of non-

synonymous SNPs (nsSNPs). The nsSNPs are coding variants that cause the substitution of one 

specific amino acid residue to another, in contrast to synonymous SNPs (sSNPs) that do not result in 

a change in the protein sequence. Predicting the effect of nsSNPs on protein function and structure is 

not easy. Therefore, distinguishing between a set of rare variants of this type to identify a causal one 

is very challenging. It has however been suggested that this variant type could be an integral part in 

polygenic mechanisms that increase an individuals susceptibility to BC, highlighting the importance of 

this area of the analysis of NGS data (16, 18).     

Current methods that have been developed to evaluate the possible deleteriousness of nsSNPs 

share certain characteristics in their predictions. For example, variation within evolutionary conserved 

regions is predicted to be more likely to have a deleterious effect compared to changes in less 

conserved regions. Some methods also take into account the different biochemical properties of 

different amino acids where radical changes are thought to be more likely to cause a harmful effect on 

protein function (75). Two of the most popular functional prediction tools are SIFT, which bases its 

predictions on the assumption that essential amino acid residues are likely to be evolutionary 

conserved (78) and Polyphen/Polyphen2, which bases its predictions on a similar assumption but also 

takes into account the structure of the amino acid residues (79). These tools are open-source and can 

be acquired online, without charge. 
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2 Aims 

This study is based on a previous study performed in our laboratory that identified linkage of BC to 

three chromosomal regions in an Icelandic high-risk BRCAx family. The candidate regions are located 

at chromosomes 2p, 6q and 14q. The original positions on chromosomes 2p and 14q were modified 

due to observed overlap with previously published candidate positions. The original regions combined 

contain a total number of 554 protein coding genes. The modified regions contain 274 protein coding 

genes. This project involved the analysis of raw NGS data of the 274 genes within the modified 

regions. The aim was to identify one or more new mutations that increase BC risk. 

The specific tasks were as follows: 

1. Since this was the first time next generation sequencing was used to generate data for a 

project performed at our lab, one of the main tasks of this project was to design and set up a 

variant analysis pipeline to be used for future projects of similar or greater magnitude. 

2. Analyse data from the resequencing of 274 genes, in DNA samples from selected BC cases 

from one HBC family, and look for possible causal mutations within that might explain the 

observed increase in BC risk in this family.  

3. Candidate variants that are identified as possible causal mutations will be confirmed in family 

70234 to be genuine germline variants. They will then be screened for in other high-risk 

BRCAx families as well as in a set of controls and unselected BC cases. 

4. If a candidate variant is confirmed as a causal mutation, the gene that harbours it will be 

sequenced, using the Sanger sequencing method, in a set of selected high-risk BC families 

from Iceland, Sweden and Finland.  

 

 



  

29 

3 Material and methods 

3.1 Sample selection 

This project is a part of a larger ongoing study approved by the Icelandic Data Protection Authority 

(2001/523 and 2002/463) as well as the National Bioethics Committee of Iceland (99/051, 99/051_FS1 

and 11-105-S1). All samples used in this study had been previously collected and the DNA isolated by 

the staff at the Laboratory of Cell biology, Department of Pathology at Landspitali University Hospital 

except for the samples that originate from the Icelandic Heart Association (IHA).  

3.1.1 Samples selected for targeted resequencing 

The project was based on NGS data from four DNA samples. All four samples, were from three breast 

cancer patients (two isolated from blood samples and two from tumour tissue), of a family which 

showed strong linkage between breast cancer and delimited regions at chromosomes 2p, 6q and 14q 

(55). A pedigree of family 70234 is shown in figure 4 and the BC patients, from whom the DNA 

samples originate, are marked in the pedigree. All three cases shared the segregating disease-

associated haplotypes at chromosome 2p, 6q and 14q. 

3.1.2 Samples used for the screening of candidate variants 

The allele frequency of candidate variants was estimated in DNA samples of three different groups; 

controls, unselected BC patients and familial BC cases. The control samples originated from four 

different samplings. The first sampling, performed at the Laboratory of Cell biology, Department of 

Pathology at Landspitali University Hospital, was from a group consisting of healthy female and male 

blood donors with no family history of cancer. The second sampling was performed at the Icelandic 

Blood Bank and the IHA from an unselected group of controls. The third control sampling was 

performed at the Laboratory of Cell biology, Department of Pathology at Landspitali University 

Hospital, also from an unselected group of individuals. The fourth control group originates from the 

AGES-Reykjavik study at the IHA. The DNA samples from BC patients were collected from all 

Icelandic BC patients who were diagnosed in the period of 1987 to 2009 and agreed to participate in 

the BC research study, “A search for additional breast cancer genes”, conducted by the BC study 

group at Landspitali (presently responsible researches are: Aðalgeir Arason, Bjarni A Agnarsson, 

Óskar Þ. Jóhannsson and Rosa B Barkardottir). The familial BC samples were DNA samples selected 

from affected members of 37 HBC families, not accounted for by recurrent Icelandic BRCA1 or BRCA2 

mutations. The youngest case with available DNA samples was selected from each branch of the 

family if DNA samples were available. 

3.2 Data generation 

3.2.1 Targeted sequence capture 

The sequence capture was done in collaboration with Elisabet Guðmundsdóttir at NimbleGen, the 

Icelandic daughter company of Roche. The 385K Roche NimbleGen Inc arrays were used for the 

sequence capture. The design of the microarray capture probes was performed by Haukur 
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Gunnarsson MSc. and Rosa B Barkardottir, with the assistance of the bioinformatics team at 

NimbleGen. The microarray capture probes used were intended to capture the exons and exon/intron 

boundaries of the genes within the regions of interest, as well as 400 bp upstream and downstream of 

the genes in question.  The estimated total length of the sequences captured was one megabase 

(Mb). The positions of the sequences targeted on each chromosome can be seen in table 1. 

 

Table 1. The targeted boundaries in bp based on the hg19 reference assembly. 

Chromosome Positions

28.603.574

36.395.113

90.595.826

125.080.605

34.459.447

47.247.975

2p

6q

14q

 

3.2.2 454 resequencing of the targeted regions 

The NimbleGen sequence capture array used in this study is optimized for the 454 sequencing 

platform. The sequencing service was bought from Matís and performed by the staff of Matís under 

the supervision of Ólafur Friðjónsson. Matís uses a 454 sequencing instrument and the Titanium GS 

FLX chemistry from Roche. In brief, purified DNA samples of interest are hybridised onto DNA capture 

beads. Each capture bead contains a unique single-stranded DNA library fragment. The DNA libraries 

are then amplified in an emulsion PCR within a microreactor. The beads are then loaded onto a 454 

PicoTiterPlate
TM

 containing 1.6 million wells. The wells are loaded with the library beads, one bead 

within each well, and a layer of enzyme beads (containing sulfurylase and luciferase). A loaded 

PicoTiterPlate is placed into the sequencing instrument and the sequencing reaction is initiated (80). 

3.3 Data analysis 

3.3.1 Alignment 

The sequencing reads were aligned to the human genome reference sequence, hg18, using the GS 

reference mapper software, that accompanies the 454 instrument at Matís. The Tablet software (68) 

was used for visualisation and manual inspection of the aligned reads. For comparison, alignment of 

the sequencing reads was also performed in-house, at our lab at the Department of Pathology, using 

two open-source software programs; BWA-SW (65) and Bowtie (66). The hg19 version of the human 

genome reference was used for these alignments. The IGV software (70) was used for visualisation of 

the aligned reads from BWA-SW and Bowtie. 
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3.3.2 Variant calling 

Variant calling on the GS reference mapper alignment was done using the same software. The 

coordinates of the variants identified were then converted from hg18 to hg19, using the LiftOver tool 

from the UCSC Genome Browser (81), to facilitate further downstream analysis of the data. SamTools 

(71) was used for variant calling on the alignments from BWA-SW and Bowtie. 

3.3.3 Variant annotation 

Annotation of identified variants within the sequenced regions was performed using the open-source 

ANNOVAR software (73), providing them with genomic context. Using ANNOVAR we were able to 

generate gene-based, filter-based and region-based annotation of the variants. First we performed 

gene-based annotation to identify the location of the variants within the genome. This was done by 

annotating against the NCBI reference sequence collection database (RefSeq) (82), which results in 

two output files being generated. The first file contains annotations for all variants (table 2), e.g. 

whether a variant is an exonic or intronic variant, what genes they reside within or if they are intergenic 

etc. 

Table 2. A list of possible values for the annotation of all variants with ANNOVAR. 

Annotation Explanation 

Exonic variant overlaps a coding exon 

Splicing variant is within 2-bp of a splicing junction 

ncRNA variant overlaps a transcript without a coding annotation in the gene definition 

UTR5 variant overlaps a 5´untranslated region 

UTR3 variant overlaps a 3´untranslated region 

Intronic variant overlaps an intron 

Upstream variant overlaps 1-kb region upstream of transcription start site 

Downstream variant overlaps 1-kb region downstream of transcription end site 

intergenic variant is in intergenic region 

  

 The second output file contains the predicted effect of exonic variants, e.g. whether they result in 

frameshift or amino acid changes etc (table 3). ANNOVAR was then used for filter-based annotation to 

identify which variants had been previously reported to dbSNP build 135, and which of these reported 

variants had a frequency in the 1000 genomes dataset (83). 

 

 

 

 



  

32 

Table 3. A list of possible values for exonic variant annotations with ANNOVAR. 

 

Region-based annotation was performed for the purposes of identifying variants within specific 

genomic regions. In our case we wanted to know which of our variants were within predicted miRNA 

target sites. ANNOVAR was used to run this query against miRNA target site predictions from the 

TargetScan database (84). 

Microsoft Office Excel 2007 and VarSifter (85) were used for the viewing and further filtering of the 

annotated variants. 

3.3.4 Identification of candidate variants 

Variants were grouped together and evaluated on the basis of their functional effect (see table 2 and 

3). SIFT (78) and Polyphen2 (79) were used for the prediction of the possible deleteriousness of 

nsSNPs. 

3.4 Genotyping of candidate variants 

Genotyping was performed for variants deemed to be possible candidate causal variants. Estimates of 

their allele frequency within the sample groups were generated by performing fragment analysis for 

indels (insertions and deletions) and SNP genotyping for SNPs. Validation of the candidate mutations 

within family 70234 was performed by screening for them in members of the family. 

3.4.1 Fragment analysis 

For candidate indels, fragment analysis was performed to screen for the variants within the sample 

material. Forward and reverse primers were designed and then purchased from Eurofins through their 

website (http://www.eurofins.com/en.aspx). For the design, the DNA sequence of the gene in question 

was retrieved from the UCSC Genome Browser and imported into the Sequencher 5.0 sequence 

analysis software from Gene Codes. Possible primer sequences were located manually and then 

blasted, using the NCBI Primer-Blast webpage to evaluate their specificity. We also checked for 

possible self-complementarity of candidate primers by utilising the Oligo Calc: Oligonucleotide 

Properties Calculator  (http://www.basic.northwestern.edu/biotools/oligocalc.html). In each primer set, 

one primer was tagged with a FAM fluorescent dye on the 5´end. Table 4 lists all primers used in 

fragment analyses in this project. 

http://www.basic.northwestern.edu/biotools/oligocalc.html
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Table 4. A list of primer sequences used for fragment analysis of candidate variants. Also listed 
are the genes that harbour the variants, the orientation of the primers (forward (F) and 
reverse (R)) and the product length of the amplified fragments. 

 

 

Genomic DNA was used to amplify each fragment, which length was defined by the number of 

base pairs (bp) between the forward and reverse primers. 10 ng of DNA was used per reaction. 

Amplification was performed in 10 µl total reaction volume containing 7.1 µl H2O, 1 µl 10X Taq buffer 

with (NH4)2SO4, 0.8 µl 25mM MgCl2, 0.64 µl 10 mM dNTP, 0.2 µl of each primer from a 20 pmol 

solution and 0.06 µl of 5 U/µl Taq DNA polymerase. The PCR programme reaction was as follows: 1 

cycle of initial denaturation at 94°C for 3 minutes followed by 35 cycles of denaturation at 94°C for 45 

seconds, annealing at 55°C for 45 seconds and elongation at 72°C for 45 seconds. Finally there was a 

final elongation step at 72°C for 10 minutes. The PCR apparatus used for these reactions was the 

Applied Biosystems® 2720 thermal cycler. 

After amplification the PCR products were mixed with Super-DI
TM

 formamide and orange DNA size 

standard (Liz500). The optimized ratio of components used is listed below: 

 

Components Volume per reaction 

Sample 0.5 µl 

Size Standard 0.1 µl 

Formamide 9.4 µl 

  

Total: 10 µl 
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    The samples were then denatured at 95°C for 3 minutes and then immediately put on ice for 

another 3 minutes. Finally, the samples were run on an ABI 3130xl genetic analyser (Applied 

Biosystems). The GeneMapper® software was used to analyse and evaluate the data that was 

generated (Figure 7). 

 

 

Figure 7. Analysis of two samples from a fragment analysis reaction using GeneMapper®. The 
upper portion of the figure shows how a wild type allele is represented by a single curve. The 
lower portion gives an example of a heterozygous carrier of a 4 bp deletion, where one curve 
represents the wild type allele and the other curve the mutated allele. 

  

Commercial sources of reagents used in all PCR reactions and fragment analyses were as follows: 

Taq buffer (Fermentas), MgCl2 (Fermentas), dNTP (Fermentas), primers (Eurofins), Taq DNA 

polymerase (MCLAB), Super-DI
TM

 formamide (MCLAB) and Liz500 orange DNA size standard 

(MCLAB).  

3.4.2 SNP genotyping 

Custom, single-tube TaqMan® reagent-based assays, purchased from Applied Biosystems, were 

used to perform SNP genotyping to screen for candidate SNPs in our samples. The DNA sequences 

covering the variants were submitted to the custom TaqMan® assay design tool, on the Applied 

Biosystems webpage, for primer and probe design. The sequences were retrieved from the UCSC 

Genome Browser. Primers and probes used in this part of the study can be viewed in table 5. 
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Table 5. A list of primer and probe sequences used for the genotyping of candidate SNPs. 

 

 

The setup per reaction was: 10 ng of genomic DNA, 4.75 µl H2O, 5 µl TaqMan® genotyping master 

mix (2x) and 0.25 µl TaqMan® SNP genotyping assay mix (40x). The TaqMan® genotyping master 

mix contains AmpliTaq Gold
®
 DNA polymerase, dNTPs, ROX

TM
 passive reference and buffer 

components. The samples were run on a 48-well StepOne
TM

 Real-Time PCR system (Applied 

Biosystems) and the program can be seen below: 

 

Real-time PCR program 

AmpliTaq Gold Enzyme Activation PCR (40 cycles) 

HOLD Denature Anneal/Extend 

10 min at 95°C 15 sec at 95°C 1 min at 60°C 

 

   

Data was collected and analysed on the StepOne
TM

 software v.2.0 (Figure 8). Reagents used for 

the genotyping of SNP candidates were purchased from Applied Biosystems. 
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Figure 8. Analysis of SNP genotyping data. An example of SNP genotyping data being analysed in 
the StepOne

TM
 software. The red dots represent carriers of a wild-type allele, the green dots 

represent heterozygous carriers of a mutated allele and the blue dot represents a 
homozygous carrier of a mutated allele. 

 

3.5 Calculations and statistical analysis 

Allele frequency and Hardy-Weinberg calculations were done using Microsoft Office Excel 2007. 

Genotyping data was collected into Excel. The allele frequency for each variant was calculated using 

the equation below: 

 

Calculating the allele frequency (p) of allele A, where possible genotypes are AA, Aa and aa: 

 

 

In order to check if calculated allele frequencies deviated from the Hardy-Weinberg equilibrium, the 

following equation was used to calculate the expected genotype frequencies: 

 

 

The Chi-Square test was used to compare the observed and expected allele frequencies and 

determine if the difference between groups was statistically significant. Statistical analysis was 

performed using R (86). 

 



  

37 

4 Results 

In this study NGS of three regions on chromosomes 2p, 6q and 14q was performed (table 1). They 

had all been associated with BC in a previous GWS of BC linkage in family 70234, an Icelandic high-

risk BRCAx family (55). Within the original regions identified in the GWS there were 554 protein coding 

genes to be found. Due to overlapping of the position coordinates on chromosomes 2p and 14q with 

positions from published studies they were modified accordingly (42, 56). The modified regions 

contained 274 genes in total. Following are the results from the analysis of the targeted resequencing 

data from these genes. 

4.1 Data analysis 

The analysis pipeline designed and used in the search for candidate causal mutations in family 70234 

is outlined in figure 9 below. 

 

Figure 9. An overview of the analysis pipeline used to identify and evaluate shared variants in 
family 70234. First the raw sequence reads generated by the 454 instrument were aligned 
to the human genome reference sequence (see chapter 4.1.1.). Variant calling was then 
performed (see chapter 4.1.2.) and the variants shared among all 4 samples identified. 
Those variants were then annotated (see chapter 4.1.2.) and variant information from public 
databases retrieved. The shared variants were then merged into one file containing 
information about each variant. Finally candidate variants were identified (see chapter 
4.1.3.). 
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4.1.1 Alignment and variant calling 

On average 458.759 reads were generated across all four samples that were sequenced. The 

average read length was 336 bp. The reads were aligned to the hg18 version of the human genomes 

reference using the GS Reference Mapper. The percentage of sequence generated reads that aligned 

to the reference sequence on average was 98.6% across the four samples. On average 95.86% 

aligned uniquely to the reference sequence. Variant calling on the aligned reads was also performed 

using the GS Reference Mapper software. The genomic coordinates of the variant calls were then 

converted from hg18 to hg19 coordinates using the LiftOver tool on the UCSC Genome Browser 

webpage (http://genome.ucsc.edu/cgi-bin/hgLiftOver).  

For comparison, and in an effort to generate a variant file in the Variant Calling Format (VCF) 

developed for the 1000 genomes project (87), the sequencing reads were also aligned using two other 

aligners; BWA-SW and Bowtie 2. Those alignments were made using the hg19 version of the human 

genome reference sequence. SamTools was used for variant calling on the BWA-SW and Bowtie 2 

generated alignments. Variant calling with SamTools revealed a considerably greater number of 

variants, which could clearly be classified as homopolymer errors, compared to the number of variant 

calls made by the GS Reference Mapper. Homopolymer errors were therefore less of an issue when 

dealing with the GS Reference Mapper generated variants since that software is optimized for 454 

generated data and is a part of the standard workflow at Matís. Variants of low quality, e.g. 

homopolymer errors were filtered out so the variant list generated by the GS reference mapper variant 

call should only have included high quality variant calls but calls of low quality should have been 

excluded. However, each insertion and deletion of interest had to be evaluated independently to 

exclude the possibility that they were in fact sequencing artefacts. This was done by looking at their 

genomic positions i.e. whether they were positioned within homopolymer regions and by looking at the 

sequencing reads covering the variant position. 

Variant calling with the GS reference mapper identified an average number of 2698 variants per 

sample. Since the family members that were sequenced share the haplotypes on chromosomes 2p, 

6q and 14q it was expected that causative variants would be shared among the samples that were 

sequenced. A total of 1540 variants were identified that were shared across all four samples. On 

average there were 31 reads covering the variant sites of the shared variants. 

4.1.2 Variant annotation 

Annotation of the variants with ANNOVAR provided them with genomic context. Gene-based 

annotation was done using data from the RefSeq database. The results from the annotation can be 

viewed in table 6, which shows the number of each variant type, i.e. whether a variant is within an 

exon, intron or in an intronic region etc. 
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Table 6. The number of individual variant types among 
the 1540 shared variants within the three 
chromosomal regions sequenced. 

 

Comparison with dbSNP135 resulted in the identification of all previously published variants. Of the 

total of 1540 shared variants, 1496 had been reported to the database by previous studies. An 

analysis of the 1000 genomes dataset (an update from April 2012) revealed that 1419 of the 1496 

known variants had a reported allele frequency in the dataset, so the allele frequency of the 1419 

variants was retrieved. 

The majority of the shared variants were of the intronic variant type, or 864 out of the total of 1540 

shared variants. The proportion of intronic variants thus was 56.1%. The variant type class with the 

second highest number were the 3´untranslated regions (3´UTR) variants, accounting for 14.4%. 

Protein coding variants within targeted exons were 146. Table 7 gives an overview of the number of 

each variant type, classified on the basis of their functional effect on the protein coding sequence. 

Briefly, out of the total number of 146 protein coding variants 74 turned out to be nsSNPs and 71 were 

sSNPs. Only one protein coding indel was identified; a non-frameshift insertion of three nucleotides. 

 

Table 7. The number of shared protein coding variants in 
family 70234 and their predicted effect on the 
coding sequence of the genes that harbour 
them. 
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An analysis of the 74 identified nsSNPs revealed that 73 had been previously reported to dbSNP 

and had a frequency within the 1000 genomes dataset. Therefore, only one SNP of this variant type 

could be considered as novel; a SNP within the CASP8AP2 gene on chromosome 6q that results in a 

change from methionine to valine. When analysed with respect to their reported allele frequency, five 

out of these 73 SNPs had a frequency below 5%. A total of 15 variants had an allele frequency below 

10%. The allele frequency distribution of the 73 known nsSNPs can be viewed in figure 10 below. 

 

 

Figure 10. The allele frequency distribution of the 73 previously reported non-synonymous 
SNPs identified within all of the sequenced samples from family 70234. 

 

4.1.3 Identification of candidate causal variants 

At the start of this project, our main working hypothesis was twofold. Firstly, that it might be expected 

that a causal variant identified within the targeted regions would be a variant of the high-risk allele 

class. Should we be successful in identifying e.g. a high-risk variant within any of the regions then the 

two remaining regions might be expected to harbour two modifying low-risk variants that would, when 

in collaboration with the high-risk variant, increase the risk of getting the disease. Secondly, that it 

might be expected that three moderate-risk variants would be identified, one within each targeted 

region. On the basis of this hypothesis an analysis pipeline was designed with the primary emphasis 

of identifying all shared LOF variants. LOF variants are those that have the most obvious effect on the 

protein products of the genes that harbour them; frameshift indels, stop-gain or stop-loss mutations 

and splicing mutations.  

Figure 11 depicts the prioritization strategy used in the search for causal variants within the 

targeted regions in family 70234. 
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Figure 11. The variant prioritization strategy used in the search for novel BC genes in family 
70234. First, the main emphasis was placed on looking for LOF variants that have the most 
obvious effect on the protein. Other protein coding variants were then examined, e.g. non-
synonymous SNPs. Finally, an effort was made to identify variants outside of the protein 
coding regions of the targeted genes and evaluate their possible effect. 

 

Inspection of the annotated variants within the sequencing data revealed only one variant fulfilling 

the LOF criteria; a deletion of four nucleotides at the 3´ splice site of exon 18 within the FANCM gene 

on chromosome 14q. It therefore quickly became clear that other measures would have to be taken 

due to the fact that LOF variants seemed to be almost completely absent in the analysed sequences. 

Due to the nature and location of the FANCM variant i.e. because it is a splice site deletion in a 

Fanconi anemia gene, it was considered to be an attractive candidate for further inspection.  

The next step was to take a closer look at other variant types identified within the protein coding 

regions of the targeted genes. All of the shared protein coding variants were SNPs, except for one 

shared indel; an insertion of three nucleotides in the TSPYL1 gene on chromosome 6q. The insertion 

does not alter the reading frame and is therefore classified as a non-frameshift insertion. The mutation 

leads to an insertion of a valine amino acid residue into the protein sequence.  

SIFT and Polyphen2 were used to estimate which of the 74 nsSNPs were most likely to have a 

detrimental effect on the encoded proteins of the genes harbouring the variants. A query was run on 

each program and the results were compared and analysed with respect to each other. SIFT predicted 

six variants to be deleterious while Polyphen2 predicted eight variants to be deleterious. Only those 

variants predicted by both programs to be deleterious were considered for further downstream 

analysis and they turned out to be three: a nucleotide substitution of G to A in the SRD5A2 gene on 

chromosome 2p resulting in the amino acid change of alanine to threonine, a substitution of T to C in 

the CAPN14 gene on chromosome 2p resulting in a change from arginine to serine and a substitution 

of A to G in the SLC22A16 gene on chromosome 6q that leads to an amino acid change of valine to 

alanine. The novel variant in the CASP8AP2 gene was not predicted to be deleterious by either 

program. 

 The region-based annotation of predicted miRNA target sites revealed two variants; a SNP in the 

gene SPAST on chromosome 2p and a 4 bp insertion in the 3´UTR of the BAZ1A gene on 

chromosome 14q, located in the target site for miR-137. It was decided that out of these two variants, 
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the insertion in BAZ1A would be analysed further. The decision to leave the SNP in SPAST out of 

further inspection was taken because it was easier to make an argument for the inclusion of the 

BAZ1A indel in further analysis i.e. an indel is perhaps more likely to alter a binding site than a SNP. 

Furthermore, SNP genotyping is more expensive than fragment analysis, which can be used to screen 

for an indel. 

The analysis of the data therefore resulted in the selection of six variants to be validated and 

checked further (table 8). 

 

Table 8. The candidate variants selected for further analysis. The table lists the genes that 
harbour the variants, the variant type and its predicted effect (if protein coding), the reference 
number in dbSNP and its reported MAF. Also listed are the chromosomal positions of the 
candidate variants, as well as the average read depth and the percentage of sequence reads 
that the variants were present in. 

 

 

4.2 Validation of candidate variants 

Before primers were ordered, the variants that had been selected as candidates had to be evaluated 

in the sequence alignments with regard to the sequence read depth covering the variant site and the 

proportion of reads containing each variant. The requirement for a variant call to be deemed genuine 

was that the read depth covering the variant site had to be equal or above 10 reads and the candidate 

variant had to be present in at least 15% of the reads covering that specific site. In an effort to avoid 

being too stringent, and possibly excluding genuine candidates using this analysis filter, we evaluated 

each variant on the basis of whether it fulfilled these requirements after it had been identified as a 

possible candidate causal variant. All six variants met the aforementioned requirements and are listed 

in table 8 with relevant information. Lastly, after seeing that the aligned data suggested that the 

candidates were genuine variants, they were screened for in selected members of family 70234 to 

confirm their segregation within the family. 

4.3 Case-control analysis of candidate variants 

The allele frequency of the selected candidate variants was estimated in a group of unselected BC 

cases and controls to estimate the likelihood of any of them being a BC risk variant. They were also 

screened for in selected familial samples from other Icelandic high-risk BRCAx families. 
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4.3.1 FANCM 

The Fanconi anemia, complementation group M (FANCM) gene is located on chromosome 14q and, 

as the name suggests, is part of the Fanconi anemia complementation group of genes. Other 

members of this group are for example FANCD1 (BRCA2), FANCJ (BRIP1) and FANCN (PALB2). The 

FANCM encoded protein, along with the other known Fanconi anemia proteins, is a participant in DNA 

damage response (88). 

The FANCM variant has a reference number in dbSNP (rs34252356) but as of yet its allele 

frequency has not been reported in the 1000 genomes dataset. The allele frequency of the variant in 

FANCM was 12.7% in the control group of 635 samples. The allele frequency was 13.1% in a group of 

1521 unselected BC samples (p = 0.739).  

The screening in the BC familial material revealed that the allele frequency within the families was 

14.5% in 83 samples from 37 HBC families. 

4.3.2 TSPYL1 

The TSPYL1 gene, or Testis-specific protein Y-like-1, is positioned on chromosome 6q. TSPYL1 does 

not contain an intron but is composed of a single, large exon (5259 bp). The entire composition of the 

gene is however not completely known, e.g. it contains an undefined promoter region (89). The gene´s 

function is not well characterized although the encoded protein has been implicated with chromatin 

remodelling activity (90) through its relations with the TSPY-SET-NAP1L1 family of chromatin 

modifiers (91). Mutations within the TSPYL1 gene have been associated with Sudden Infant Death 

with Dysgenesis of the Testes, or SIDDT, that results in the death of infants before 12 months of age 

(92). 

The variant identified in family 70234 has been reported to dbSNP (rs56100880) but does not have 

a frequency in the 1000 genomes dataset. The allele frequency of the variant within our controls 

turned out to be 68.9% (240 samples). Within the unselected BC case group the frequency was 70.9% 

based on screening of 380 samples (p = 0.603). 

Familial screening revealed that the allele frequency of the TSPYL1 variant was 68.1% in the HBC 

material. 

4.3.3 SRD5A2 

SRD5A2 is a gene located on chromosome 2p and encodes for the steroid-5-alpha-reductase type 2 

protein that is involved in steroid metabolism (93). To date, two steroid-5-alpha-reductases have been 

identified. Their reported role is to convert one potent androgen, testosterone, to another; 

dihydrotestosterone (DHT) (94).  

The A49T variant identified in family 70234 has been previously reported to dbSNP (rs9282858) 

with a MAF of 1.8% in the 1000 genomes dataset, but the frequency of the variant in the European 

portion of the dataset is a little bit higher, or 4%. Variation within the SRD5A2 gene has been 

associated with an increased risk of developing prostate cancer (PC). Some reports have concluded 

that there is little evidence for the involvement of rs9282858 in increased PC risk (95). However, a 

recent report has implicated this variant with a small increase in prostate cancer risk (96). It has been 
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suggested that the variant affects the encoded protein of SRD5A2 by increasing its enzymatic activity 

(97). In the 230 control samples that were screened for this variant the allele frequency was 2.8%. The 

frequency in 184 unselected BC samples was 3.5% (p = 0.570).  

The allele frequency within the 37 high-risk BC families was 1.8%. 

4.3.4 CAPN14 

The CAPN14 gene is located on chromosome 2p. The little that is known about this gene is that it 

belongs to a family of calpains, which are calcium-activated cysteine proteases involved in a number 

of cellular processes such as cell division and apoptosis (98). The function of this particular calpain 

protein is however unknown (99).  

The N312S variant in CAPN14 has been previously reported to dbSNP (rs76523220) and has an 

allele frequency of 3.9% both in the entire 1000 genomes dataset as well as the European data. The 

allele frequency within the control group was 3.1% in 229 samples, compared to 3.9% in a total of 181 

unselected BC samples genotyped (p = 0.526).  

The variant had an allele frequency of 3.6% in the 83 samples genotyped belonging to the HBC 

material. 

4.3.5 SLC22A16 

The SLC22A16 gene is located on chromosome 6q and belongs to a family of organic cation 

transporters (OCTs). Other OCT family members are e.g. SLC22A1, SLC22A2, SLC22A3, SLC22A4 

and SLC22A5 (100). There have been published data suggesting that the encoded protein of 

SLC22A16 is involved in mediating the cellular influx of some anticancer agents such as bleomycin 

(101) and doxorubicin (102). 

The variant identified in family 70234 has been previously reported (rs723685) and has an allele 

frequency of 8.2% in the whole 1000 genomes dataset. Looking only at the European portion of the 

1000 genomes data the reported allele frequency is 9.0%. The IHA had previously genotyped this 

variant in 3219 samples from individuals of their AGES-Reykjavik study, the allele frequency being 

8.2%. The samples from the AGES-Reykjavik study originate from the Reykjavik study, an established 

population-based cohort (103). The variant was also genotyped in 405 control samples at our lab and 

had an allele frequency of 7.7%. When these two sets of data were combined the allele frequency of 

rs723685 was estimated to be 8.4% in a total of 3624 control samples. In the unselected BC group the 

variant was genotyped in 844 samples, the allele frequency being 8.6% (p = 0.757).  

The allele frequency in the 37 HBC families was 9.0% in the 83 samples genotyped. 

4.3.6 BAZ1A 

The bromodomain adjacent to zinc finger domain, 1A gene, or BAZ1A, is a gene located on 

chromosome 14q. This gene is also known as hACF1, among other synonyms, and encodes for 

ACF1/BAZ1A, a subunit of the human ATP-dependent chromatin assembly factor (ACF) that belongs 

to the ISWI family of chromatin remodelling complexes (104). The protein product of BAZ1A has been 
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implicated with the maintenance of genome integrity through its participation in the cells response to 

DNA damage (105, 106). 

The BAZ1A insertion has been reported to dbSNP (rs57991301) but lacks a reported MAF in the 

1000 genomes dataset. The allele frequency of the variant in a control group of 312 samples was 

32.5%. The frequency in the unselected BC group, consisting of 537 samples, was 32.7% (p = 0.949). 

The allele frequency of the variant was 34.3% in the HBC material. 

 

The allele frequency of the candidate variants within controls and unselected BC cases is summarized 

in table 9, below. 

 

Table 9. The allele frequency of candidate variants in BC 
cases versus controls. The difference between 
groups was not statistically significant for any of the 
variants. 

Gene Control (n) Unselected BC (n) p

FANCM 12.7% (635) 13.1% (1521) NS

TSPYL1 68.9% (240) 70.9% (380) NS

SRD5A2 3.0% (317) 2.8% (356) NS

CAPN14 3.2% (316) 3.3% (500) NS

SLC22A16 8.4% (3624) 8.6% (844) NS

BAZ1A 32.5% (312) 32.7% (537) NS  
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5 Discussion 

In this project, targeted sequence capture followed by 454 NGS was performed on four samples from 

three members of family 70234, an Icelandic high-risk BC family. The family has not been affiliated 

with mutations in known BC susceptibility genes and has therefore been defined as a BRCAx family. 

The targeted sequences were within three chromosomal regions, that have shown linkage to BC in a 

previous study (55). Their genomic locations are at chromosomes 2p, 6q and 14q. Together, the three 

regions harbour 554 protein coding genes. However, due to overlapping of the positions at 

chromosomes 2p and 14q with previously published positions (42, 56) the original positions were 

modified accordingly and the exploration of the genes within the linked regions divided into two 

separate phases of study. The first phase, presented in this thesis, involved the sequencing of the 274 

genes located within the modified positions. 

   The specific aims of this part of the study were mainly twofold. Firstly, to implement a variant 

analysis pipeline that would also be of use in future projects of this nature. Secondly, to analyse the 

data from the sequenced samples from family 70234 and identify causal mutations that would be likely 

to explain the increased BC risk seen in members of the family. Out of a total of 1540 shared variants 

among the samples, six were selected as candidates for further analysis. The allele frequency of the 

variants was compared between controls and unselected cases and none of the six candidates had a 

statistically significant difference in allele frequency between groups. 

5.1 Premise of the study 

The pedigree of family 70234 (Figure 5) is reminiscent of pedigrees of families that harbour a known 

pathogenic mutation in a high penetrance BC susceptibility gene such as BRCA2 (50). Our estimates 

indicate that approximately 50% of the women within this family are diagnosed with BC and that the 

average age at diagnosis is 53 years. The kind of familial clustering of BC as is evident in this family 

seems highly unlikely to occur by chance. It therefore suggests that the increased susceptibility to BC 

is due to a high penetrance mechanism of some sort. The fact that regions on three chromosomes 

provided highly suggestive signals of BC linkage indicates that BC susceptibility in family 70234 does 

not solely depend on one high penetrance gene. A more plausible mechanism would involve variants 

at each of these regions; together contributing to the increased risk. This kind of polygenic mechanism 

has been suggested to be rather common in BRCAx families (55).  

It is presumably hard to imagine upfront how a polygenic model of this sort would present itself. 

However, one could hypothesize how the inner workings of such a model might be. By ruling out that 

there is one gene conferring a high increase in risk leaves us with two other options with regard to the 

regions at 2p, 6q and 14q. Previously reported high penetrance genes have a relative risk of 5-20 (18) 

and the pedigree of family 70234 suggests a high penetrance mechanism. One plausible mechanism 

would be that within each region lies a gene, harbouring a variant that confers a moderate increase in 

BC risk.  Together, the moderate risk variants would confer a high increase in risk with a combined 

relative risk above 5. Each variant of this kind would presumably be quite rare in the general 

population (55).  
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Another possible model would also involve the participation of three variants; one at each region. In 

this model, one region might harbour a variant that confers a high increase in risk. The other two 

regions would then harbour variants that would serve as modifiers for the high penetrance gene. Each 

of these two would confer a low increase in risk on its own. This model involves the participation of low 

penetrance alleles but previously reported variants of this allele class, that have been identified 

through GWAS, have been shown to be quite common in the general population (16). Houlston and 

Peto have estimated the number of cases required to be able to identify a low risk susceptibility allele 

through a GWAS. Their estimations are dependent on the frequency and the conferred relative risk of 

the allele. For detection of a low penetrance allele with a frequency of 5% and conferring a relative risk 

of 2 in an unselected population would require 800 cases. To be able to detect a similar susceptibility 

allele with a frequency of 1% in the same unselected population, approximately 3700 cases would be 

required (107). A GWAS on 1600 Icelandic BC cases was performed by Stacey et al. in an effort to 

identify new BC susceptibility alleles (40). Based on the calculations made by Houlston and Peto 

(107), the study by Stacey et al. should have identified low penetrance BC risk alleles with a frequency 

above 5%. The study did not associate SNPs on chromosomes 2p, 6q and 14q with increased BC 

susceptibility. Therefore, it might have been expected that the causative variants at chromosomes 2p, 

6q and 14q in family 70234 would turn out to be variants with an allele frequency below 5%. 

5.2 The sequencing procedure 

The costs of NGS application have been continually dropping in recent years (60). NGS is therefore 

steadily becoming a realistic tool to be used by the common researcher. It is an effective way to 

interrogate many genes within genomes of individuals that are at high risk of developing a particular 

disease, allowing for the identification of disease causal variants.  

   In the present study, the protein coding genes within three chromosomal regions were 

sequenced using the 454 sequencing platform. As has been mentioned, the positions on 

chromosomes 2p and 14q overlapped with previously published candidate positions from other 

studies. It was therefore decided to modify the original chromosomal positions in family 70234 

accordingly. This decreased the number of protein coding genes to be sequenced from 554 to 274. 

This was mainly done to limit the cost of the sequencing procedure, because although the cost of 

using the NGS technologies have been decreasing, it is still a relatively expensive procedure and was 

even more expensive at the beginning of this study, in late 2010, compared to what it is today. The 

protein coding regions of the genes were targeted since most pathogenic mutations in BC 

susceptibility genes, that have been identified to date and confer a moderate or high increase in risk, 

are protein truncating mutations (25). 

The sequence reads generated by the 454 instrument were aligned on three different software 

programs. However, we opted for the alignment generated at Matís by the GS reference mapper 

software. The decision to generate three alignments was in part taken so the alignments could be 

compared to one another. However, the main reason behind the decision was that it could provide 

more possibilities with regard to the file formats of the variant files created downstream, i.e. we wanted 

to be able to generate a variant file in the Variant Call Format (VCF). At the time, the pipeline at Matís 
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was not equipped to be able to generate a variant file in this format. After variant calling had been 

performed on the BWA-SW and Bowtie2 alignments, it quickly became obvious that these alignments 

were fraught with homopolymer errors. It would have required a certain amount of time and tedious 

work to be able to filter these files to get the same degree of quality as the GS reference mapper 

generated variant files offered. Therefore, we ignored these other two alignments and concentrated 

solely on the GS Mapper alignment from Matís.  

The decision to use the 454 sequencing platform was in part influenced by the fact that both 

Nimblegen and Matís are located in Iceland. The entire process, from the targeted sequence capture 

to the sequencing of the captured regions, could be carried out in close proximity to our lab. The 454 

sequencing system has certain advantages as well. It is based on the pyrosequencing technology that 

relies on the detection of light emission representing the nucleotides that are incorporated and reveal 

the DNA sequence. The read length of the 454 system separates it from other sequencing systems 

such as the Illumina, which is probably the most used commercial platform today (108). The average 

read length of the sequence reads generated in this project was 336 bp. These long reads make the 

alignment process more reliable compared to systems that generate shorter reads, as e.g. the Illumina 

(108). 

5.3 Variant identification and annotation 

From a pool of variants within each sequenced sample, 1540 germline variants, shared across all 

samples, were identified. Their genomic context can be viewed in table 6. The majority of them are 

located within intronic regions while only 146 were protein coding. The intronic regions were not 

directly targeted per se but that does not rule out the possibility that some intronic regions might have 

crept in and got captured on the side. Also, the exon/intron boundaries were targeted, which might 

explain a small proportion of the observed intronic variation. Furthermore, to improve the overall 

coverage of the targeted regions, a small proportion of the probes designed to capture the sequences 

were non-unique, i.e. they allowed for non-specific capture of sequences outside of the target regions. 

Therefore, although the vast number of intronic variants might be somewhat surprising, there are a 

number of possible explanations for the capture of intronic sequences. Also, the level of genetic 

variation within introns has been shown to be higher compared to the protein coding exons of genes. 

This observed difference in genetic diversity has been attributed to evolutionary forces, e.g. natural 

selection that contributes to the eradication of strongly deleterious mutations within populations (83). 

This is also reflected in whole genome and whole exome sequencing studies. A rough estimate of the 

distribution rate of DNA variants spread across the entire human genome reveals that if we assume 

that within an individual genome there are ≈4 million SNPs to be found (109) then the rate of SNP 

distribution would be approximately one SNP in every 770 bp. Some reports have published an 

estimate of the total number of coding SNPs (cSNPs) that can be found, on average, within an 

individual human exome. These estimates range from ≈17.000 cSNPs to ≈21.000 cSNPs (62, 110). If 

we estimate the size of an individual human exome as being ≈30 Mb then the rate of variant 

distribution within the human exome should range from approximately one variant per 1400-1700 bp. 
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This is of course a rough estimate, but reflects nicely on the different nature of introns and exons with 

regard to DNA variant distribution. 

A query against the dbSNP database (version 135) revealed that the majority of shared germline 

variants identified in the study were known and previously reported to the database, or 97.1%. This 

was anticipated since the majority of variants within individual genomes are present in dbSNP (83). 

Estimates further indicate that the pilot phase of the 1000 genomes project has identified over 95% of 

common polymorphisms, defined as variants with an allele frequency above 5% (111). Out of the 

previously reported variants in this study 89.0% had an allele frequency within the 1000 genomes 

dataset above 5% and could thus be classified as common variants. A total of 43 variants had an 

allele frequency below 5%, or 2.9% of the total number of known variants. The number of known 

variants without allele frequency information was 77, or 5.1% of the total number of known variants. A 

total of 45 variants were identified that had not been previously reported to the dbSNP database. 

Interestingly, when the proportion of insertion and deletions are compared between the two groups of 

variants, known and unknown, we see that the majority of unknown variants are classified as being 

either of these two mutation types, or 73.3%, compared to only approximately 5% of the known 

variants. This vast difference might reflect on the drawbacks of the 454 sequencing platform, namely 

its difficulties in sequencing homopolymer regions. Since all indels were evaluated individually as they 

came up as possible candidates, but were not looked at in detail beforehand, we did not estimate the 

number of homopolymer artefacts among these unknown insertions and deletions. However, the fact 

that homopolymer errors did not trouble our analysis of the variants at all shows that the filters applied 

in the GS reference mapper software for the variant calling served their purpose well to filter out 

variant calls of low quality. It must however also be acknowledged that by identifying shared variants 

across all 4 samples the number of potential artefacts was likely reduced even further. However, this 

high number of indels within the unknown variant group might also reflect on the fact that public 

variant databases are not as complete for short indels compared to SNPs as was revealed by the pilot 

phase of the 1000 genomes project where 50% of common short indels identified were novel 

compared to 9% of common coding SNPs (83). As the 1000 genomes project progresses, more and 

more of the common variation will be identified and available in public repositories. 

5.4 Variant analysis pipeline 

When trying to identify the cause of a disease through NGS, assumption will have to be made about 

the nature of the variant or variants that the researcher expects to identify. This has to be done to 

provide a filtering strategy that prioritizes the search for the disease causing variants (112). In this 

project it was expected that the causative variants would have a low population frequency and they 

should be shared by all samples, since it had been established that these individuals share haplotypes 

at the targeted regions. Because it was expected that the variants would be highly or moderately 

penetrant then a case could be made that they most likely reside within protein coding regions. 

Furthermore, reported BC susceptibility alleles conferring a high or moderate increase in risk are 

predominantly protein truncating variants (25). Our priority was thus first to identify all protein 

truncating LOF mutations by employing a variant prioritization strategy similar to the one described in 
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two studies performed by Snape et al. (76, 77). Therefore, the first analysis step involved applying a 

filter to identify all nonsense mutations, frameshift insertions and deletions and splice site mutations. 

Only one variant that could be classified as a LOF was identified, which was a FANCM splicing 

deletion. Out of the total number of protein coding variants, 74 turned out to be non-synonymous and 

71 synonymous. Only one insertion was detected but it did not alter the reading frame since it was an 

insertion of three bp. The ratio between nsSNPs and sSNPs was approximately 1:1 in our study, 

which is in agreement with other reports (110, 111). Due to the fact that the non-frameshift insertion in 

TSPYL1 was the only protein coding variant identified that was not a SNP and because the variant in 

question was an indel and could be evaluated in the sample material via fragment analysis, which is 

not as costly as e.g. SNP genotyping, it was decided that this three bp insertion would be analysed 

further. 

After the first round of evaluation it became obvious that the prioritization strategy would have to be 

altered since the primary filters used did not result in the identification of clear candidate LOF variants. 

It was decided that the next step would involve further analysis of the nsSNPs. These variants do not 

have an obvious affect on the protein products of the genes that harbour them to the same degree as 

LOF variants do. For this reason we had to decide on what grounds this list of 74 nsSNPs would be 

filtered, to decide which one among them would be most likely to have a detrimental effect. Genetic 

variants can be ranked based on a number of different factors that include their predicted effect on the 

function and structure of proteins and their positioning with regard to conservation. A number of tools 

are available that can be utilized for the determination of these factors (78, 79, 113-115). Evaluating 

nsSNPs to determine their effect on the function of proteins is not an easy thing to undertake. When 

considering this for the 74 nsSNPs in this project the first choice was to estimate the allele frequency 

of each variant directly. This would however have required a massive financial outlay and was 

therefore not a realistic option. By utilizing publicly available information in biological databases and 

some of the tools mentioned above, the list of nsSNPs could be filtered based on a couple of 

assumptions about the nature of these SNPs. The nsSNPs that have been reported to affect protein 

function are usually rare or novel (110). Collecting and merging information from the dbSNP database 

and the 1000 genomes project allowed us to rank the nsSNPs in order, from high to low allele 

frequency. A total of five variants had an allele frequency below 5% (Figure 10) and one was novel, 

i.e. it had neither been submitted to dbSNP nor did it have a frequency in the 1000 genomes project 

data. SIFT and Polyphen2 provided prediction on which SNPs would be most likely to be deleterious. 

SIFT predictions are based on the assumption that essential amino acid residues, that are important 

for the function of the encoded proteins they are part of, should be evolutionary conserved. SNPs that 

alter conserved amino acid residues in proteins are therefore predicted to be deleterious (78). 

Polyphen2 predictions are in part based on a similar assumption with regard to conserved amino acid 

residues through evolutionary processes but also take into account the structure and function of the 

protein itself. It does that by taking into consideration evolutionary conservation, as well as evaluating 

the sequence of the protein and structural information with regard to where the substituted residue is 

within the protein and the nature of the amino acids (79). All 74 nsSNPs were included in the 

functional prediction analysis and only those predicted by both programs to be damaging were 
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considered as possible candidates. This filter was used to narrow down the results and identify the 

ones most likely to be real causative variants. Three SNPs were deemed by both programs to be 

deleterious. Of these three, two had a MAF below 5% and one had a 9% allele frequency and could 

therefore be classified as a common variant. All of these predicted deleterious SNPs were included in 

the screening in the sample material. The decision to include the common variant in SLC22A16 in 

further analysis was taken because we wanted to cover some kind of middle ground in our filtering 

steps and did not want to apply filters that would turn out to have been too stringent. Therefore, this 

SNP was included as a candidate variant based on the results from the functional prediction programs 

but we turned a blind eye towards its frequency.  

At this stage all protein coding variants had been evaluated and prioritized as well as splice site 

variants. Although we did not cover other regions in the sequence capture to the extent that we could 

actively target e.g. intronic regions in the variant analysis pipeline, we nevertheless wanted to make an 

effort to analyse other regions than the protein coding exons and the exon/intron boundaries. With this 

in mind an annotation was performed using ANNOVAR in an effort to identify those variants that were 

within predicted miRNA target sites. Two variants were identified, one SNP and one insertion of four 

bp in the 3´UTR of a gene on chromosome 14q, BAZ1A. As has been mentioned, screening for indels 

is financially more attractive than screening for SNPs and therefore it was decided that this insertion 

would be analysed further with the rationale being that an insertion of four bp in a miRNA target site 

could potentially disrupt the binding of the miRNA to its target and thus affect the expression of the 

gene normally targeted by the miRNA. 

5.5 Genotyping did not confirm any candidate variants as likely to be 
causal 

Six variants from members of family 70234 were genotyped in the sample material of unselected BC 

cases and controls. The only LOF variant identified in the sequencing data was the splice site variant 

in FANCM. This gene belongs to the Fanconi anemia complementation group and encodes a protein 

that participates in DNA damage repair (88). What made the variant in this gene especially interesting, 

along with the nature of the variant itself, is the fact that four Fanconi anemia genes have been 

implicated with increased susceptibility to BC (116). However, neither the FANCM variant nor any of 

the other candidate variants that were genotyped turned out to be likely causal variants with respect to 

the observed increase in BC risk in family 70234. 

5.6 Where are the causative variants? 

There are a number of possible reasons that could explain why we were not successful in identifying 

the variants responsible for the increased BC susceptibility in family 70234 in this first phase of the 

study. 

 The original chromosomal regions identified in the genome wide linkage study contained 554 

genes in total. This phase of the study however only targeted 274 protein coding genes. The 

modification of the regions on chromosomes 2p and 14q were based on previously published reports 

of BC linkage of positions that intersected with the positions identified in family 70234. It is a possibility 
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that some of the genes that were not included in the NGS process carry mutations that would be of 

interest. However, the region linked to BC susceptibility on chromosome 6q was not modified. So the 

question lingers; why were we unable to identify a causal variant within that region? 

The target capture of the 6q region was performed based on the original positions identified in the 

GWS that identified the linkage in family 70234 (55) but not on modified positions as was the case with 

2p and 14q. Therefore, in theory at least, we should have identified the variant causing the increased 

BC susceptibility in this phase of the study. Possible explanations for the lack of identification of 

causative variants might include that the reads representing regions with large insertions or deletions 

in the genomic sequence might not align to the reference sequence due to lack of homology between 

the two. However, this scenario seems unlikely. The average proportion of the generated sequence 

reads that mapped to the reference genome sequence (98.6%) was considered to be acceptable and 

implies that it is unlikely that the causative variant remains unknown due to poor alignment of the 

reads covering the region. In our downstream analysis we did not perform a local re-alignment around 

indels which can improve the variant calling by eliminating false positive calls and identify insertions or 

deletions that remain hidden due to misalignment of the sequencing reads (117). Although, by 

applying a filter that requires variants to be shared by all samples reduces the number of false 

positives but then there is still the question of revealing possible hidden insertions and deletions in the 

data. This might also seem an unlikely explanation but should not be ruled out entirely. At the time of 

the writing of this thesis we have implemented a local realignment step in our processing and analysis 

of sequencing data that is worked on at the department. This procedure is however optimized for 

sequencing instruments that generate shorter sequence reads than the 454 instrument, e.g. data from 

the Illumina platform. Another possibility that should be kept in mind is that the filter, requiring variants 

to be shared among all four samples, might have been too stringent. A causative variant could reside 

in a genomic area that was perhaps not adequately enriched in one of the four samples. Such a 

scenario would result in the variant only being called in three of the samples and therefore not passing 

the analysis filter. Future re-analysis of the data should take this possibility into account.     

As was mentioned above, protein coding regions were primarily targeted for sequencing. 

Therefore, there are two possible explanations for why no causative variants were identified and 

confirmed. One possibility is that the region containing the causative variant on chromosome 6q is not 

covered in the sequence capture, e.g. intronic regions. Evaluating non-coding variants is a challenge 

as their characterization remains troublesome (110). Whole genome sequencing is the only approach 

that allows for extensive analysis of all of the non-coding regions of the genome, although some 

whole-genome sequencing studies have nonetheless focused primarily on coding variants in their 

variant analysis pipeline (118, 119). As time passes, however, it is likely that our understanding of the 

nature of disease causing non-coding variants will grow and their analysis and identification become 

easier (120). The other possibility is that the real causal variant on chromosome 6q is in fact protein 

coding and is among the 74 identified nsSNPs in the 454 sequencing data but that our analysis 

pipeline was not sophisticated or robust enough to identify it as a candidate variant for screening and 

further analysis. One novel nsSNP was identified, located at the 6q region, but was not considered 

further after the functional prediction programs both predicted it to be neutral. In hindsight, the decision 
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to leave the novel variant out of the screening in the sample material might seem quite naive, although 

it is supported by the prioritization strategy we were following at the time. It is therefore not a foregone 

conclusion that the causal variant at the 6q region is a coding nsSNP that has been identified in the 

samples that were sequenced. With this in mind we are continually re-evaluating our analysis pipeline 

and making an effort to improve and polish it, for the benefit of the next phase of the study on family 

70234 and other sequencing projects that are currently under way. 
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6 Conclusions 

The work presented in this thesis represents the first steps in identifying the causal variants underlying 

the increased BC susceptibility of members of family 70234, an Icelandic high-risk BRCAX family. In 

this phase of the study we were not successful in identifying a causal variant. The next steps will 

therefore involve the sequencing of the rest of the protein coding genes that lie within the original 

positions. This is a total of 280 genes. 

Since sequencing costs have been dropping considerably, whole exome sequencing (WES) is 

becoming more of a feasible option today compared to 2-3 years ago. Therefore it was decided that 

the second phase of the study would involve WES rather than targeting just the 280 genes left out in 

the first phase. At the time of writing, the sequencing data has arrived at the department and analysis 

of the data awaits. 

The variant analysis pipeline that will be pursued in the second phase will be constructed and 

based on the experience we gained when analysing the 454 data in the first phase of the study. 

Briefly, after sequence reads have been aligned to the hg19 version of the human genome the data 

will be processed through a workflow based on the framework presented by Depristo et al. (117) to 

maximize the quality of the variant and genotype calls. All identified variants will be annotated and the 

shared variants in regions 2p, 6q and 14q will be sought out. Known variants will be identified and their 

allele frequency retrieved from the 1000 genomes project data. All shared variants within the regions 

will then be ranked according to their allele frequency and variants with a MAF below 5% will be 

identified for further analysis. We will retrieve conservation scores for all of the shared variants from 

e.g. GERP (113, 114) and rank them according to the score they are given. We will look for possible 

LOF variants and functional predictions for all nsSNPs will also be retrieved. The decision of which 

variants will be screened for will be based on the aforementioned information as well as e.g. pathway 

analysis and further curation of the literature. If one or more of the susceptibility alleles we identify 

eventually turn out to be low penetrance alleles then a large sample size will be required in each 

sample group, so that we will be able to confirm the contribution to the development of the disease. 

With this in mind we are continually expanding our sample collection, although it will be difficult to 

collect enough samples to be able to provide our statistical analysis with enough power to determine 

whether the difference in allele frequency of low risk variants, which tend to be common in the 

population, between groups is statistically significant.  

Finally, we will also carry on structuring and re-evaluating our analysis pipeline continually to make 

it as robust and precise as it can possibly be. This includes improving the analysis of variants that are 

not located within the protein coding regions of the human genome. 
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