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Ágrip 

Brjóstakrabbamein er algengasta gerð krabbameina meðal kvenna í hinum vestræna heimi. 

Arfgengar stökkbreytingar í BRCA2 geninu tengjast aukinni brjóstakrabbameinsáhættu og 

arfberar eru almennt að greinast yngri. Í þessari rannsókn voru skoðuð annars vegar Aurora A 

yfirtjáning í brjóstaæxlissýnum og hins vegar telomere lengd í blóðsýnum frá 

brjóstakrabbameinssjúklingum með og án BRCA2 999del5 stökkbreytingar.  

Aurora A kjarnatjáning var metin með mótefnalitun á vefjaörflögum í alls 396 brjóstaæxlum, 

þar af voru 112 með BRCA2 999del5 kímlínubreytinguna og 284 af óþekktum uppruna. Aurora A 

kjarnalitun fannst marktækt oftar í æxlum frá BRCA2 arfberum (Chi-sq: p= 0.0376). Verri 

brjóstakrabbameinssérhæfð 10 ára lifun var marktækt tengd Aurora A yfirtjáningu í kjarna hjá 

báðum brjóstakrabbameinshópum. Áhrif Aurora A tjáningar á brjóstakrabbameinssérhæfða lifun 

var skoðuð í tengslum við litnun, estrogen viðtaka (ER), Ki-67 tjáningu og luminal undirhópa. 

Meðal arfbera var einnig skoðuð lifun í tengslum við Aurora A tjáningu og tap á BRCA2 

villigerðarsamsætu. Það fundust engin marktæk tengsl á milli Aurora A tjáningar og þessara 

þátta. Á meðal einstaklinga með brjóstaæxli af óþekktum uppruna hafði Aurora A tjáning 

marktækt neikvæð áhrif á slæma brjóstakrabbameinssérhæfða lifun hjá einstaklingum með 

luminal B krabbamein, fjöllitnun og ER neikvæða tjáningu. Á meðal BRCA2 999del5 arfbera voru 

marktækt neikvæð áhrif Aurora A kjarnalitunar á slæma brjóstakrabbameinssérhæfða lifun hjá 

þeim sem höfðu tvílitna æxli og ER jákvæða tjáningu, öfugt við það sem fékkst hjá brjóstaæxlum 

af óþekktum uppruna. Þau tilvik á meðal BRCA2 arfberanna þar sem bæði var um að ræða tap á 

BRCA2 villigerðarsamsætunni og yfirtjáning á Aurora A tengdust marktækt mjög slæmum 

horfum. Lítill hópur sem tjáði hvorki Aurora A né hafði tapað BRCA2 villigerðarsamsætunni var 

með sérstaklega góða lifun. Okkar niðurstöður benda því til þess að á meðal BRCA2 arfberanna 

séu tvær megin leiðir að æxlismyndun. Önnur í gegnum yfirtjáningu á Aurora A en hin í gegnum 

tap á BRCA2 villigerðarsamsætunni. Þegar þessar tvær leiðir fara saman verður um mjög illvígan 

sjúkdóm að ræða. 

Telomere lengd var metin með því að nota SYBR græna rauntíma PCR magngreiningu á 

DNA einangrað úr blóði. Greiningin var gerð á blóðsýnum frá 69 mæðgum sem eru arfberar 

BRCA2 999del5 stökkbreytingarinnar, þar af voru 29 mæður og 40 dætur. Einnig voru greind 

blóðsýni frá 78 konum með brjóstakrabbamein af óþekktum uppruna og 300 heilbrigðum konum á 

dreifðu aldursbili sem voru notaðar til leiðréttingar á aldursháðum breytingum telomere lengdar. 

BRCA2 arfberar sem höfðu greinst með krabbamein höfðu marktækt styttri telomere lengd en 

einstaklingar með æxli af óþekktum uppruna og viðmiðunarhópurinn. Dætur sem greinst höfðu 

með brjóstakrabbamein höfðu marktækt styttri telomere lengd en mæðurnar og dæturnar sem 

ekki höfðu greinst með brjóstakrabbamein. Dæturnar sem greinst höfðu með brjóstakrabbamein 

virtust yngri en mæðurnar við greiningu. Aldurstengdur hraði telomere eyðingar meðal BRCA2 
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arfbera var um 19 sinnum hraðari en aldurstengd eyðing innan viðmiðunarhópsins. Þessar 

niðurstöður benda til að telomere stytting gerist almennt hraðar hjá BRCA2 arfberum sem leiðir til 

aukinnar brjóstakrabbameinsáhættu og yngri greiningaraldurs.  
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Abstract 

Breast cancer is the most common cancer in women in the Western world. Hereditary mutations 

in the BRCA2 gene are associated with increased risk and earlier onset of breast cancer.  The 

focus in this study was firstly to analyze Aurora A immunohistochemical staining on breast tumor 

samples and secondly to analyze telomere length in peripheral blood from BRCA2 999del5 

mutation carriers and sporadic breast cancer cases. 

Nuclear expression of Aurora A was evaluated using immunohistochemistry in 396 breast 

tumor samples, thereof were 112 from BRCA2 999del5 mutation carriers and 285 from sporadic 

cases. Aurora A nuclear expression was significantly more frequent in tumors from BRCA2 

999del5 mutation carriers (Chi-sq: p= 0.0376). Nuclear expression of Aurora A was found to be 

associated with decreased breast cancer specific survival among both sporadic cases and 

BRCA2 999del5 mutation carriers. The effect of Aurora A on breast cancer specific survival was 

examined in connection with ploidy, estrogen receptor (ER) status, Ki-67 expression and luminal 

subgroups. Among BRCA2 mutation carriers the effect of Aurora A expression and BRCA2 wild 

type (wt) allele loss on breast cancer specific survival was also examined. No association was 

found between Aurora A expression and any of these factors. In sporadic cases Aurora A 

expression was significantly associated with worse prognosis of the luminal B, aneuploid and ER 

negative subgroups. Among BRCA2 999del5 mutation carriers Aurora A expression was, on the 

other hand, significantly associated with worse prognosis of the diploid and ER positive 

subgroups, contrary to the sporadic group. BRCA2 mutation carriers with both Aurora A nuclear 

expression and BRCA2 wt allele loss were significantly associated with very bad breast cancer 

specific survival. A few patients that neither expressed Aurora A nor had lost the BRCA2 wt allele 

had full survival. Our results indicate that among the BRCA2 999del5 mutation carriers there may 

be two ways for tumor initiation. Either through Aurora A overexpression or BRCA2 wt allele loss, 

leading to very bad prognosis when both markers come together.  

Telomere length was measured using a SYBR green real-time quantitative PCR assay on DNA 

isolated from peripheral blood samples. Telomere length was measured in blood samples from 69 

mothers and daughters carrying the BRCA2 999del5 mutation. Of those 29 were mothers and 40 

were daughters. Telomere length was also measured in samples from 78 sporadic cases and from 

300 unaffected women (controls) with wide age distribution which was used to correct for age 

dependent shortening of telomeres. BRCA2 999del5 mutation carriers diagnosed with breast cancer 

had significantly shorter telomere length than sporadic cases and the control group. Mother-daughter 

pairs carrying the mutation were compared. Daughters that had been diagnosed with breast cancer 

had significantly shorter telomeres than the mothers and unaffected daughters. The daughters were 

younger at the time of diagnosis than the mothers, this difference was not significant. The rate of 

telomere erosion among carriers was found to be on average 19 times faster than the age dependent 
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rate for the controls. These results indicate that the rate of telomere erosion is faster among BRCA2 

999del5 mutation carriers, leading to increased breast cancer risk and earlier age of onset of breast 

cancer among BRCA2 mutation carriers.  
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1 Introduction  

Breast cancer is the most common cancer in women in the Western world. In Iceland breast cancer 

accounts for approximately 29% of all cancer types diagnosed in women, where around 200 women 

are diagnosed every year. The incidence of breast cancer has increased in the last few decades. 

However, deaths caused by breast cancer have not increased. That is probably due to earlier 

detection and better treatment. Breast cancer is usually thought of as a women disease, but males 

are also diagnosed with breast cancer. The frequency of male breast cancer is low. In Iceland it 

accounts for less than 1% of all cancer types diagnosed in men (Jonasson et al., 2012). 

Breast cancer is a complicated disease and can be divided into different subtypes. The most 

suitable clinical treatment varies between subtypes. It is therefore very important to understand 

the disease to be able to give the best medical care.  

There are around 6-10 interweaving duct systems in the female breast. All originates in the 

nipple and form branch into smaller and smaller ducts. These systems are supported by a dense 

fibrous stroma admixed with fibroadipose tissue. An inner epithelium and outer myoepithelium 

are two cell layers that outline the entire female ductal-lobular system. Over 95% of breast 

cancers are epithelial tumors (carcinomas) that are either ductal or lobular carcinomas. These 

carcinomas can then be in situ and/or infiltrating depending on whether the neoplastic cells have 

invaded through the outer myoepithelial layer into the surrounding intra or interlobular stroma. 

Ductal carcinomas are around 75-80% of mammary carcinomas. Infiltrating ductal carcinomas 

(IDC) form tubules or ducts that infiltrate the supporting breast parenchyma. Some IDC can be 

sorted into subtypes; tubular, medullary, mucinous, papillary, micropapillary or metaplastic. 

However 80% can not be classified and are called ductal carcinomas of no special type (NOS). 

Infiltrating lobular carcinomas (ILC) are around 10-15% of all mammary carcinomas. They are 

composed of small, uniform cells that invade the supporting breast parenchyma in a linear, single 

file arrangement or around benign ducts in a target like fashion. They form ill defined margins and 

are difficult to detect with mammography or ultrasound. In general ILC has a better prognosis 

than ductal carcinoma NOS (Yoder et al., 2007). 

A key factor in understanding how a cancer is proceeding is staging, that is describing its 

severity. This is important when planning treatment as well as estimating person’s prognosis and 

improving the understanding of the disease progress. The TNM system is the most widely used 

for staging cancer among clinicians. The system is based on classification of the size and/or 

extent of the primary tumor (T), whether the cancer has spread to nearby lymph nodes (N) and 

the presence of metastasis (M). The TNM stages range from 0-4, 0 being carcinoma in situ or 

non invasive cancers. The cancer are then scored from 1-4 based on the invasiveness and size 

of the tumor. When stage 4 has been reached the cancer has spread to distant tissues or organs 

(Edge et al., 2010; NCI, 2013). 
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Breast cancers can also be divided into subgroups, independent of their TNM stage but 

based on gene expression profiling. These subgroups are; Luminal A (estrogen receptor(ER) 

and/or progesterone receptor (PR) positive, Human epidermal growth factor receptor 2 (HER-2) 

negative, low Ki-67), Luminal B (ER and/or PR positive, HER-2 positive and high Ki-67), HER2 

(ER and PR negative, HER-2 positive) and triple-negative carcinomas (ER/PR/HER-2 negative). 

Prognosis are different for the subgroups and the most suitable treatments differ between the 

groups (Cheang et al., 2009; Cheang et al., 2008). 

1.1 Familial breast cancer and the BRCA2 999del5 mutation 

Cancer is a common disease and mutations in certain genes can increase the risk of cancer. 

When these mutations are inherited to successive generation they are referred to as hereditary 

mutations. Hereditary mutations in the BRCA genes are associated with earlier onset and 

increased risk of breast cancer and increased risk of ovarian cancer. About 5-7% of breast 

cancers are caused by BRCA hereditary mutations (Roy et al., 2012). The BRCA1 gene is 

located on chromosome 17 and encodes for a 1863 amino acid protein and the BRCA2 gene is 

located on chromosome 13 and encodes for a 3418 amino acid protein (Miki et al., 1994; 

Tavtigian et al., 1996; Wooster et al., 1995). 

BRCA1 and BRCA2 are both involved in DNA damage responses (DDR) and repair of 

DNA double strand breaks (DSBs) through the homologous recombination (HR) pathway. 

BRCA2 has additional roles at stalled replication fork in the protection of nascent DNA strands, 

by promoting Rad51 filaments loading on single stranded DNA (ssDNA) overhangs causing 

limited degradation (Schlacher et al., 2011). Mutations in these genes may result in gross 

chromosomal rearrangements (Venkitaraman, 2002) and tumors from BRCA2 mutation carriers 

have been shown to have multiple chromosomal  abnormalities (Gretarsdottir et al., 1998). This 

has been supported by results from studies on murine Brca2 cell lines that showed abnormal 

chromosome number (polyploidy) and structure in BRCA2 deficient cells. The abnormalities in 

structure accumulate spontaneously and included chromatid and chromosomal breaks as well as 

tri- and quadriradial chromosomes (K. J. Patel et al., 1998). Spectral karyotyping of BRCA2 

deficient cells has revealed complex chromosomal rearrangements such as translocations or 

deletions, as well as fusions that include multiple, non-homologous chromosomes (Yu et al., 

2000). BRCA2 has also been found to have an important role in telomere stabilization and 

protection (Badie et al., 2010). BRCA2 heterozygosity was associated with telomere dysfunction 

such as chromosome end-to-end fusions(CEFs), extrachromosomal telomeric repeat DNA and 

frequent telomere sister chromatid exchanges that do not seem to be repressed by telomerase 

expression (Bodvarsdottir et al., 2012) 

In the Icelandic population two BRCA mutations have been described, that is BRCA2 

999del5  accounting for 6% of diagnosed breast cancer patients and BRCA1 5193GA that 

accounts for less than 1% of diagnosed breast cancer patients (Bergthorsson et al., 1998; 

Thorlacius et al., 1996). Epigenetic changes can also cause changes leading to cancer. CpG 

island hypermethylation occurs at the BRCA1 gene promoter sequence in 10-15% of sporadic 
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breast cancers in the population (Birgisdottir et al., 2006). This BRCA1 inactivation leads to 

genomic changes similar to those observed in tumors derived from BRCA1 mutation carriers 

(Stefansson et al., 2011b). 

1.2 Aurora A 

Aurora A kinase is encoded by the AURKA gene located on chromosome 20q13.2. It 

accumulates at the centrosome in S phase and is activated in the division between G2 and M 

phase (Nikonova et al., 2013). Aurora A has an important role in cell cycle control as it regulates 

centrosome maturation and separation, entry into mitosis, formation and function of the bipolar 

spindle, alignment of chromosomes in metaphase and cytokinesis (Glover et al., 1995; Hirota et 

al., 2003; Hoar et al., 2007; Mori et al., 2007).   

1.2.1 Aurora A overexpression 

Aurora A protein expression in tumors can be measured by immunohistochemistry (IHC). Tanaka 

was the first to show overexpression of Aurora A protein expression in invasive ductal carcinoma 

of the breast using IHC, where they scored expression based on diffused cytoplasmic staining 

(Tanaka et al., 1999). Aurora A expression can also be evaluated using quantitative Real Time 

PCR (qRT-PCR) for mRNA expression. Using this method Miyoshi et al. found that in majority of 

breast cancers Aurora A is overexpressed, and a correlation was found between high Aurora A 

expression and negativity of estrogen and progesterone receptors, high histological grade and 

chromosomal instability (Miyoshi et al., 2001). Hoque et al. found that Aurora A overexpression 

was higher in adjacent ductal carcinoma in situ (DCIS) and adjacent morphologically 

nonmalignant mammary ducts than in the ductal invasive breast carcinoma. Suggesting that 

overexpression of Aurora A has more to do with tumor initiation than progression of breast 

carcinogenesis. They also found that overexpression correlates with centrosome anomaly and 

aneuploidy in DCIS but not high histological grade (Hoque et al., 2003). One study that focused 

on primary breast carcinoma found an association between positive Aurora A expression and 

nuclear grade. However, no association was found with hormone receptor status, tumor size, 

lymph node status or survival. These results differ from earlier results, possibly caused by a small 

sample size and low number of patients with node negative disease (Royce et al., 2004). Another 

study on primary breast cancer found high Aurora A expression to be associated with low survival 

in the entire patient cohort as well as within a node negative cohort. High expression was also 

associated with high progesterone receptor expression as well as high Her-2 expression. In this 

study they assessed Aurora A expression with IHC in a quantitative fashion using the AQUA 

program instead of a pathologist-based division of staining into nominal scores. This made it 

possible to detect subtle differences in expression between samples (Nadler et al., 2008). A 

study on node negative breast cancer patients who did not receive chemotherapy, high Aurora A 

expression in estrogen receptor positive breast carcinomas was associated with worse prognosis 

(Siggelkow et al., 2012). Recently more attention has been paid to nuclear staining of the Aurora 

A as previously the main attention was on diffused cytoplasmic staining. In a study on serous 
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ovarian carcinoma, correlation was found between overexpression of Aurora A and poor 

prognosis, high grade and high proliferation index. Nuclear overexpression of the protein was 

associated with stage, residual tumor size and high age at diagnosis. Cytoplasmic overex-

pression was associated with aneuploidy. Defects in chromosomal segregation are therefore 

probably due to cytoplasmic overexpression of Aurora A but are not connected to nuclear 

overexpression. Aneuploidy was associated with worse overall survival compared with diploid 

tumors, therefore it is interesting to note that tumors with nuclear overexpression of Aurora A 

showed a stronger connection to aggressive disease behavior than those with cytoplasmic 

overexpression (Lassus et al., 2011). A recent study on breast cancer showed that overex-

pression of Aurora A was common both in malignant and non malignant tissue adjacent to the 

tumor, where the expression of normal tissue was mostly cytoplasmic but in the tumors the 

protein was expressed both in the cytoplasmic and the nucleus. These results suggest a 

oncogenic role of nuclear accumulation of the protein. The reason behind this change in 

localization is not known but they suggested that this changes is caused by alternative splicing of 

the protein leading to a different isoform of the protein (Ferchichi et al., 2013). 

Aurora A is overexpressed in a wide range of human cancers. The overexpression is in 

some cases due to amplification of the AURKA gene which is frequently amplified in solid tumors. 

In other cases the overexpression of the kinase is caused by changes in gene expression or 

protein stabilization (Chung et al., 2005; S. Jiang et al., 2010; Xu et al., 2010). Overexpression of 

Aurora A can promote centrosome amplification and multipolar spindle formation. This can block 

normal sister chromatid segregation which leads to aneuploid daughter cells and genomic 

instability (G. Yang et al., 2010). Overexpression of the kinase is also thought to have a role in 

overriding the mitotic spindle checkpoint at the metaphase-anaphase transition causing the cells 

to exit mitosis prematurely with incorrectly aligned or segregated chromosomes (Y. Jiang et al., 

2003). Drugs such as Taxol that are widely used in cancer therapy cause defects in spindle 

formation causing cells to arrest in the metaphase-anaphase transition and subsequently leads to 

apoptosis. Elevated expression of Aurora A also causes resistance to these drugs by causing the 

cells to exit mitosis and thereby avoiding apoptosis (Anand et al., 2003). 

Overexpression of Aurora A also affects regulation of transcriptional factors which are 

relevant for progression such as the transcriptional activity of the AP-2α tumor suppressor which 

is suppressed by Aurora A. The kinase causes enhanced ubiquitin dependent proteasomal 

degradation of AP-2α. Aurora A physically interacts with AP-2α which normally localizes in the 

nucleus (Zou et al., 2011).  Aurora A also activates the transcription factor NFκB by 

phosphorylating IκBα which leads to its degradation which is part of a pathway that leads to 

NFκB activation. NFκB promotes tumor growth and survival (Briassouli et al., 2007). It has been 

shown in human ovarian and breast epithelial cell lines that Aurora A affects telomerase activity 

through induction of c-Myc expression which up-regulates human telomerase reverse 

transcriptase and induces telomerase activity (H. Yang et al., 2004). 
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Amplification of Aurora A is significantly more frequent in breast tumors from BRCA2 

mutation carriers than non BRCA2 mutation carriers (Bodvarsdottir et al., 2007). Research on 

patients with ovarian cancer concluded that there is a negative correlation between BRCA2 and 

Aurora A protein expression, and that this correlation can be used to predict prognosis. In high 

grade serous carcinoma increased Aurora A expression and low BRCA2 was connected with 

poor overall survival, as low ratio of Aurora A and higher BRCA2 was connected with good 

overall survival (G. Yang et al., 2010). In another study they used Ras transformation on ovarian 

epithelial cells and ovarian cancer cell lines. In both cases they observed amplification of Aurora 

A and repressed BRCA2 expression. In cancer cell lines overexpression of Aurora A can cause 

phosphorylation of BRCA2 which leads to its degradation in late mitosis leading to abnormal 

cytokinesis (G. Yang et al., 2013).  

1.2.2 Aurora A and p53 

The tumor suppressor protein p53 induces apoptosis and growth arrest in cells exposed to stress 

but it is often mutated or suppressed in human cancer. When Aurora A and p53 interact, the 

kinase causes phosphorylation of p53 at Ser315. Mdm2 promotes ubiquitination of p53 which 

leads to destabilization of the protein. Phosphorylation by Aurora A on p53 enhances Mdm2 

ubiquitination and destabilization of p53 (Katayama et al., 2004; Kubbutat et al., 1997). Depletion 

of Aurora A increases levels of p53 and increased growth arrest or delay in G2-M phase possibly 

caused by increased p53 levels. In cells treated with cisplatin reduction of Aurora A caused 

increased apoptosis. On the other hand, overexpression of Aurora A leads to increased 

degradation of p53 which causes downregulation of checkpoint-response pathways and can 

facilitate oncogenic transformation of cells (Katayama et al., 2004). An example of this is how 

degradation of p53 leads to downregulation of PTEN and activation of the pro-survival kinase 

AKT which leads to increased cell survival (H. Yang et al., 2006). Even though phosphorylation of 

p53 by Aurora A can lead to degradation of p53 it can also lead to stabilization of the protein 

(Katayama et al., 2004). This is dependent on the total phosphorylation profile of p53. Binding of 

p53 to the prolyl isomerase Pin1 leads to transactivation functions and stabilization of p53. The 

binding of Pin1 to p53 is dependent on p53 phosphorilation of Ser315 along with Ser33 and 

Thr81 (Zacchi et al., 2002). As Aurora A affects p53 regulation, p53 also affects suppression of 

Aurora A oncogenic activity by interactions with the A-box on the N terminal end of Aurora A 

(Chen et al., 2002). 

The tumor suppressor protein p53 also negatively regulates HR which is an important 

pathway in DNA repair but can also cause deleterious genomic rearrangements leading to 

carcinogenesis. BRCA2 positively regulates HR by stimulating an ATPase and strand exchange 

function of the human RAD51. P53 supresses this BRCA2 function leading to reduced ATP 

hydrolysis and decline in strand exchange function of RAD51 (Verma et al., 2013). 
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1.3 Telomeres 

Telomeres are DNA repeats (TTAGGG)n located on chromosome ends, where they play a critical 

role in maintaining chromosomal stability (Moyzis et al., 1988). The name telomere is from the 

Greek word telos which means end and meros which means part. The telomere was originally 

discovered in flies in the late 1930 by Herman Muller. Further research on the chromosome ends 

was done by Barbara McClintock, in corn maize. From her research she concluded that 

chromosomes with broken ends are unstable and easily fuse with other broken ends (Zakian, 

2012). Elizabeth Blackburn sequenced the ends of Tetrahymena ribosomal DNA and found that 

they consisted of non protein coding repeats CCCCAA. These repeats varied in number but were 

on average around 50 (Blackburn et al., 1978). After this discovery Blackburn started 

collaboration with Jack W. Soztak who was working with minichromosomses (artificial linear DNA 

sequences) in yeast. He was plagued with fast degradation of the minichromosomes after 

insertion into yeast. Soztak had a hypothesis that the Tetrahymena telomere sequence could 

protect his minichromosomes from degradation. Their research reveled that it was this repeated 

DNA sequence that gives the telomeres it protective properties (Szostak, 2010). They later 

discovered that the length of the telomeres was changing by erosion, it truncated during cell 

division but seemed to grow longer again through addition of DNA sequence. The extension of 

telomeres is the work of the enzyme telomerase, a reverse transcriptase that carries its own RNA 

template. The telomerase was discovered by Blackburn and one of her doctoral students Carol 

Greider (Greider, 2010). In 2009 the Nobel Prize in Physiology or Medicine was awarded jointly 

to Elizabeth H. Blackburn, Carol W. Greider and Jack W. Szostak “for the discovery of how 

chromosomes are protected by telomeres and the enzyme telomerase” (Gilson et al., 2010) 

Telomeres shorten with each cell cycle. In newborn humans telomere length (TL) in umbilical 

artery cells is 10 to 15 kilobases (kb) (Palm et al., 2008). When the telomere length declines 

below a certain threshold because of continuing cell divisions, a growth arrest state named 

replicative senescence is triggered (Levy et al., 1992). Most cancer cells escape senescence by 

expression of telomerase, which is overexpressed in almost 90% of all tumors (Blackburn et al., 

1989). However some cancers can maintain TL by one or more mechanisms that do not involve 

telomerase utilizing, instead TL is maintained by the so called alternative lengthening of 

telomeres (ALT) characterized by increased rates of telomeric recombination (Dunham et al., 

2000). 

Cellular senescence limits cancer progression by preventing proliferation of cells in early 

neoplastic lesions, it is associated with DDR which causes cell-cycle arrest until the damage is 

removed. DSBs that occur on telomeres resist DNA repair that is possibly a consequence of their 

function in preventing chromosomal fusions, causing a persistent DDR which initiates and 

maintains cellular senescence (Collado et al., 2010; Fumagalli et al., 2012). A number of things 

have been associated with DDR such as telomere shortening, oxidative stress and DNA-

damaging agents. Genotoxic stress often causes telomere-associated damage and is a part of 

stress-induced senescence, which is not affected by telomere length nor telomerase activity 



  

21 

(Hewitt et al., 2012). Oncogene expression can induce telomere attrition and dysfunction, 

probably by causing replication stress in telomeric repeats which can lead to collapse of the DNA 

replication fork causing DSBs at fragile sites. In cells not expressing telomerase this leads to 

persistent DDR and cellular senescence (Suram et al., 2012). The effect of dysfunctional 

telomeres differs between cell types such as mammary epithelial cells continue to proliferate 

despite of displaying a few dysfunctional telomeres. When the number of dysfunctional telomeres 

is higher the cells become dysfunctional and undergo senescence (Beliveau et al., 2007). Other 

cell types such as fibroblasts undergo senescence due to only one or very few dysfunctional 

telomeres (Abdallah et al., 2009; Herbig et al., 2004). 

1.3.1 Shelterin and the formation of the T and D loop 

Telomeres are bound by six telomere specific proteins that form a complex called shelterin. 

These six core proteins are TRF1, TRF2, POT1, TIN2, TPP1 and RAP. The fundamental role of 

these proteins is the protection of chromosome ends and regulation of telomerase activity. The 

shelterin complex also affects the telomere structure. Telomeres contain a double stranded 

region of TTAGGG repeats and a single stranded overhang region of a G rich strand that is about 

150-200 nucleotides long. This single strand invades the double stranded region, creating a so 

called T-loop which ends in a displacement D-loop at the invasion site (de Lange, 2005) 

The processing of telomere ends and generation of the T and D-loop is triggered by a short 

3’ overhang on the lagging strand which is thought to cause an ATM-dependent damage signal 

that recruits MRE11 and ATM to the telomeres. This supposedly triggers the processing of the 

telomere ends which generates long 3’ overhangs (Verdun et al., 2005). The shelterin protein 

POT1 is implicated in the control of the nucleolytic processing of the 5’ end that ends on 

AATCCAATC-5’ (de Lange, 2005). According to an in vitro model (figure 1A) of the T and D loop 

formation the HR and repair proteins such as RAD51, RAD52 and XRCC3 are also recruited. 

They are required for invasion of the single strand overhang into to the double stranded telomere 

sequence (figure 1B)(Verdun et al., 2006). In vitro TRF1 can loop, bend and pair telomeric 

repeats. This function might stimulate the folding of telomeres in vivo. TIN2 can enhance some of 

TRF1’s architectural effects. TRF2 has been shown in vitro to have a role in mediating the T and 

D-loop formation (figure 1C) (de Lange, 2005). BRCA2 is also important for this process as it 

loads RAD51 helical nucleoprotein filaments on to single stranded DNA at the telomeres in late S 

to G2 phase during re-capping of telomeres after replication (Badie et al.2010). The RAD51 

filaments can invade homologous double stranded DNA to mediate the formation of a T-loop 

structure (Verdun et al., 2006). Depletion of BRCA2 results in reduction in TL as BRCA2 is 

required for TL maintenance (Badie et al., 2010). 

A key feature of the T-loop is that the end of the telomere is tucked in. The T-loop is thought 

to protect telomeres, as it hides chromosome ends from the DDR proteins as well as having a 

role in regulating telomerase (de Lange, 2005). The shelterins also have an effect on TL through 

suppression of telomerase. The amount of shelterin bound to a telomere is proportional to the TL. 

POT1 has a role in the suppression of telomerase. More shelterin is proposed to increase loading 
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of POT1 to the ssDNA on the 3’end which in turn could block telomerase from gaining access to 

the 3’ end terminus of the telomere. Shorter telomeres have less amount of shelterin with 

reduced chances of POT1 being loaded on the overhang. This increases the chances that 

telomerase can elongate the telomere (figure 1D) (de Lange, 2005). 

 

Figure 1: How shelterin shapes telomeres. A) Generation of the telomere terminus, processing 
of the chromosome end by POT1 to produce a long 3‘ overhang. B) The T-loop 
structure; the 3‘overhang invades the adjacent duplex telomeric repeat array forming a 
D-loop. C) A speculative model for T-loop formation by shelterin. TRF1 potentiall folds 
the telomere as it can bend, loop and pair telomeric DNA in vitro. The TRF2 mediate 
T-loop formation in vitro. D) Model for telomere length regulation by shelterin. To the 
left longer telomeres possess more shelterin that is proposed to increase loading of 
POT1 on the telomeric overhang. When POT1 is bound to the 3‘end it is proposed to 
block telomerase from acting. To the right shorter telomeres have less amount of 
shelterin with reduced changes of POT1 being loaded on the overhang. This 
increases the chances that telomerase can elongate the telomere (de Lange, 2005).   

de Lange T Genes Dev. 2005;19:2100-2110 
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1.3.2 Telomere length and life style factors 

Telomere length shortens with normal aging and is affected by both environmental and hereditary 

factors. At birth the sexes have similar average TL (Okuda et al., 2002). In adults there is a 

difference between the sexes as on average women have longer telomeres than males, probably 

caused by estrogen as it affects TL through activation of telomerase reverse transcriptase 

promoter (Benetos et al., 2001; Kyo et al., 1999). Unhealthy life style factors such as 

consumption of processed meat, high BMI index, smoking, heavy alcohol intake and physical 

inactivity have all been correlated with short TL (Weischer et al., 2013). Healthy life style and 

intake of micronutrients C and E vitamins, folate acid and marine omega 3 fatty acids are 

associated with longer TL. All of these factors are associated with anti-oxidative function which 

could be the reason for the connection with longer TL (Lin et al., 2012). Psychological stress can 

on the other hand increase oxidative damage to DNA as it is associated with the release of 

glucocorticoid hormones which reduce levels of antioxidant proteins and has been associated 

with shorter TL (Epel et al., 2004; R. Patel et al., 2002; von Zglinicki, 2002).  

1.3.3 Telomere length in association with cancer risk 

As many tumors harbor chromosomal instability induced by telomere erosion, general telomere 

shortening of somatic cells may be a sign of increased risk of developing cancer. Shortening of 

telomeres leads for example to changes in histone and DNA modification at mammalian 

telomeres and subtelomeres, characterized by decreased DNA methylation and increased 

acetylation. This is accompanied by increased telomere recombination (Benetti et al., 2007). 

Several case control studies have focused on the connection between cancer risk and TL. The 

majority of retrospective studies report association between short TL and cancer risk. Statistically 

significant association has been found between short TL and bladder, esophageal, gastric, 

ovarian, renal, head and neck cancer. However, studies on non Hodgkin lymphoma, breast, lung 

and colorectal cancer had inconsistent results (Hou et al., 2012; Wentzensen et al., 2011). 

Association has been found between short TL and breast cancer risk in a subgroup of women, 

that have hereditary BRCA1/BRCA2 mutations or family related disease (Martinez-Delgado et al., 

2011).One study found association between breast cancer risk and short TL in pre-menopausal 

women, TL in post-menopausal women did not seem to affect breast cancer risk (Shen et al., 

2009). Two studies have reported an association between long TL in blood leukocyte DNA and 

breast cancer risk and assumed that TL is connected with positive hormonal status of estrogen 

exposure (Gramatges et al., 2010; Svenson et al., 2008). Increased estrogen exposure is a well 

known risk factor for breast cancer development and is thought to affect TL through activation of 

telomerase reverse transcriptase promoter (Kyo et al., 1999). Longer duration of endogenous 

estrogen exposure (i.e. the length of reproductive years) has been associated with longer TL. 

Exogenous hormonal exposure through hormone replacement therapy has however been linked 

to shorter TL (Lin et al., 2011; Shen et al., 2012). A recent study with a follow up of 20 years 

found that generally short telomere length in leukocytes was not associated with increased 
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cancer risk. However,  among those individuals that were diagnosed with cancer short TL was 

associated with decreased survival (Weischer et al., 2013). 

There is a variation in TL between different subtypes of breast cancer. Luminal A (lumA) 

seems to have longer telomeres than more aggressive subtypes such as luminal B (lumB), Her-2 

and tumors of triple negative phenotype (TNP). Tumors that are negative for ER and/or PR have 

increased risk of mortality as well as having shorter TL (Anderson et al., 2001; Heaphy et al., 

2011). 

1.3.4 Telomeres and BRCA hereditary breast cancers 

BRCA2 is localized at telomeres in an ATR dependent manner in S phase of the cell cycle and is 

thought to play a crucial role in preventing stalled replication fork collapse. Depletion of BRCA2 in 

proliferating mouse fibroblast lead to telomere shortening, erosions, end fusion and accumulation 

of common fragile sites particularly on the G rich lagging strand (Min et al., 2012). BRCA2 also 

has a role in suppressing recombination at telomeres in cells that maintain telomeres by 

conventional mechanisms. However depletion of BRCA2 in cells that maintain telomeres by ALT 

mechanism causes a reduction in telomere sister chromatin exchange which normally is quiet 

high (Sapir et al., 2011). Breast tumors from BRCA2 mutation carriers showed high frequency of 

CEFs as well as chromatid and chromosome type breaks and radial shaped chromosomes. In 

BRCA2 heterozygous breast epithelial cell lines telomere dysfunction such as CEFs, interstitial 

telomere sequences, telomere loss, extrachromosomal telomeric repeat DNA and frequent 

telomere sister chromatid exchanges were shown to be common. These results indicate that 

BRCA2 has an important  role in telomere stabilization and protection (Bodvarsdottir et al., 2012). 

TL measured in peripheral blood leukocytes from individuals with hereditary BRCA1, BRCA2 

or BRCAX breast cancer were characterized with short TL compared to blood leukocytes in 

samples from sporadic breast cancer patients (Martinez-Delgado et al., 2011). Analyses on 

mother daughter pairs with hereditary breast cancer with a BRCA2 mutation have reviled an 

earlier onset of cancer in successive generations of over 10 years on average (Thorlacius et al., 

1997). In a Spanish study women from BRCA1 families were on average diagnosed ~ 7 years 

earlier than their mothers and women from BRCA2 families around 12 years earlier. There was 

also a decrease in leukocyte TL of daughters compared to their mothers both with cancer and 

those unaffected but carrying the BRCA1/2 mutation (Martinez-Delgado et al., 2011). Similar 

anticipation results were found in an American study were successive generation were diagnosed 

on average 6 years younger in BRCA1 families and 11 years younger in BRCA2 families (Litton 

et al., 2012).  
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2 Aims 
The aim of the first part of this study was to evaluate Aurora A and BRCA2 protein expression in 

BRCA2 999del5 mutated and sporadic breast tumor samples. This was done by IHC staining of 

BRCA2 and Aurora A on tissue microarrays (TMAs). The purpose was to see whether there is a 

difference between these subgroups and if there is any association between the expressions of 

these proteins. Aurora A is often overexpressed in cancer and it is therefore interesting to see if 

Aurora A expression is affecting breast cancer specific survival (bcss). Until recently the main 

focus has been on cytoplasmic staining of Aurora A. Here the difference between cytoplasmic 

and nuclear staining of the kinase is examined in connection with breast cancer specific survival 

both in BRCA2 mutated and sporadic breast cancer cases. Possible connections between 

different staining of Aurora A and clinical markers such as ploidy, Ki-67, ER, BRCA2 wild type 

(wt) allele loss and the difference between luminal subgroups were also examined to see if these 

markers in connection with Aurora A affected breast cancer specific survival. 

The objective of the second half of this study was to examine telomere length in relation to 

breast cancer of BRCA2 999del5 mutation carriers. In particular, we aimed to look at this 

complex issue with respect to BRCA2 as it has been shown to play a role at telomeres and its 

involvement in telomere capping. TL was measured in mother–daughter pairs from BRCA2 

mutated breast cancer families. Firstly, we wanted to see if there was a noticeable difference in 

TL between generations and secondly, to elucidate potential BRCA2-telomere interactions in 

relation to breast cancer.  
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3 Materials and methods 

3.1 The study group 

The study group for the first part of the study was derived from a well defined population with 

respect to the Icelandic BRCA2 999del5 mutations as all patient within the group had been 

screened for the mutation as well as the BRCA1 5193GA mutation. Patients negative for the 

BRCA germline mutations were defined as sporadic cases. IHC was used to evaluate BRCA2 

and Aurora A protein expression. 396 breast tumor samples on TMAs were examined. Thereof 

were 112 from BRCA2 999del5 mutation carriers and 284 of sporadic tumor origin. Many 

prognostic markers have already been tested on these TMAs, dividing tumors into luminal A, 

luminal B, HER-2 positive and triple negative subgroups (Stefansson et al., 2011b). 

In the second part of the experiment quantative (q) SYBR green based PCR method was 

used to measure TL in DNA from peripheral blood samples of 447 individuals. The study group 

composed of 33 mother- daughter pairs, both carrying the BRCA2 999del5 mutation and either or 

both diagnosed with breast cancer except for 4 mother-daughter pairs where neither had been 

diagnosed with breast cancer. The mothers were 29 and the daughters were 40. For comparison 

there were 78 sporadic breast cancer patients and a control group of 300 unaffected women that 

did not carry the BRCA2 mutation. The participants were within the age range 18-98 years old 

and there was an equal age distribution within the control group. Most participants had previously 

participated in a breast cancer cohort study on genetic and environmental risk factors (answering 

detailed questionnaires on lifestyle factors) during the years 2000-2004 and donated blood 

samples at the same time. TL was also measured in DNA isolated from peripheral blood from 

breast cancer patients taken at the time of diagnosis from 12 of the mothers/daughters. 

Informed consent was obtained from all participants. This work was carried out according to 

permits from the Icelandic Data Protection Commission (2006050307) and Bioethics Committee 

(VSNb2006050001/03-16). 
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3.2 BRCA2 protein immunohistochemistry 

TMAs were prepared as following. Core samples were removed (1.0 mm diameter) from each 

tumor and rearranged in empty paraffin-blocks using a manual tissue microarray device 

(BEECHER MTA II; Beecher Instruments, Inc., Sun Prairie, Wisconsin, USA). IHC was applied to 

4 μm thick TMA sections mounted on superfrosted slides (Menzel, Germany). Formalin fixed 

paraffin embedded TMA slides were deparaffinized in xylene and rehydrated in a graded series 

of ethanol. Heat-induced antigen retrieval was achieved in a 10 mM citrate buffer pH 6 for 10 min 

in an autoclave at 120°C. The sections were incubated overnight at 4°C in a humid chamber with 

the primary antibody: Anti BRCA2 Rabbit pAb (cat # CA1033 lot D00115431 from Calbiochem) at 

a dilution of 1:25. The Cell and Tissue Staining Kit, Rabbit Kit, HRP-Dap system (cat# CTS005, 

lot:1275995 from R&D systems) was used for antibody detection  following the manufacturer’s 

recommendations. Sections were then counterstained with hematoxylin. Sections were viewed in 

Leica DMLB microscope in 400x magnification and pictures were taken before and after 

hematoxylin staining. The section were scored based on their nuclear staining, cytoplasmic 

staining did not affect the score. Score 0 for no nuclear staining, score 1 for few stained cells 

and/or weak nuclear staining, score 2 for medium nuclear staining and score 3 for strong nuclear 

staining with over 50% of the cells stained (figure 2). The scoring was done by a subjective 

assessment by the same two individuals (MA & SKB) and evaluated by a pathologist (JGJ).  

Figure 2: BRCA2 protein immunohistochemistry staining on TMAs. Pictures were taken 
after hematoxylin staining in a 400 x magnification. A) TMA section with the score 0, 
no nuclear staining. B) TMA section with the score 1 few stained cells and/or weak 
nuclear staining C) TMA section with the score 2, medium nuclear staining & D) TMA 
section with score 3, strong nuclear staining with over 50% of the cells stained.  
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3.3 Aurora A protein immunohistochemistry 
TMA preparation, deparaffination and heat induced antigen retrieval was performed as described in 

former paragraph. The TMA sections were incubated overnight at 4°C in a humid chamber with the 

primary antibody: Aurora A [35C1] antibody (cat# GTX13824 from GeneTex) at a dilution of 1:50. 

The Cell and Tissue Staining Kit, Mouse Kit, HRP-Dap system (cat # CTS002 lot: 1272327 from 

R&D systems) was used for antibody detection following the manufacturer’s recommendations. 

Sections were then counterstained with hematoxylin. The sections were scored according to 

nuclear staining. Sections were viewed in Leica DMLB microscope in 400x magnification and 

pictures were taken before and after hematoxylin staining. They were given a score 0 for no 

nuclearstaining, score 1 for diffused nuclear and cytoplasmic staining and the score 2 for strong 

nuclear staining (figure 3). The scoring was done by a subjective assessment, all section were 

scored by the same two individuals (MA & SKB) and evaluated by a pathologist (JGJ). 

 

 

 

 

 

 

Figure 3: Aurora A protein immunohistochemistry staining on TMAs. Pictures were taken 
after hematoxylin staining in a 400 x magnification.  A) TMA section with the score 0, 
no nuclear staining B) TMA section with the score 1, diffuse staining both nuclear and 
cytoplasmic C) TMA section with the score 2, strong nuclear staining. 
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3.4 Telomere length measurement by quantitative PCR 

Average telomere length was measured from genomic DNA using SYBR green real-time qPCR 

(quantitative polymerase chain reaction) assay adapted from the method originally described by 

Cawthon (Cawthon, 2002). All PCRs were performed in ABI 7500 Real Time PCR instrument. 

Two master mixes of PCR reagents were prepared, one with telomere (T) primers and the other 

with the single copy gene (S) primers. Human beta-globin was used as a single copy reference 

gene. The primers for the telomere PCR were (Cawthon, 2009); 

telg: 5’- ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT and 

telc: 5’-TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA, 

the primers for the single copy gene PCR were (Cawthon, 2002); 

b-globinF: 5’- GCTTCTGACACAACTGTGTTCACTAGC and 

b-globinR: 5’-CACCAACTTCATCCACGTTCACC. 

 
The 12 µl reaction mix contained:  

Reagents Volumes for one sample 

(µl) 

Final concentration 

2x SYBR Green JumpStartTM 

Taq ReadyMixTM without 

MgCl2 (Sigma cat# S5193)  

6 1x 

Rox solution (5 µM) 

(Fermentas) 

0.024 0.01 µM 

telc/ b-globinF primer (2 µM) 1.2 0.2 µM 

telg/ b-globinR primer (2 µM) 1.2 0.2 µM 

25mM MgCl2 1.44 3 mM 

 DNA (20 ng/ µl) 0.167 3.34 ng 

H2O 2  

The thermal cycling profile for both telomere and globin (single copy gene) was the standard 

PCR profile for the ABI 7500 instrument and consisted of: 2 min at 50°C and 10 min at 95°C 

incubation, then 40 cycles of denature at 95°C for 15 sec, anneal and extend at 60°C for 1min, 

with fluorescence data collection. 

PCRs were performed on 96 well plates, all sample were run twice in duplicates on separate 

plates with each primer pairs; for telomere (T) and the single copy gene (S). If there was more 

than 5% difference between the runs the sample was run for a third time. A series of 3x dilution 

standard DNA was run on each plate ranging from 0,137-33,3ng to generate a standard curve, 

with the middle sample quantity approximately matching that of the samples being assayed. Log 

of the DNA concentration was plotted against the Ct (cycle threshold) value (Ct of a DNA sample 

is the fractional number of PCR cycles to which the sample must be subjected in order to 
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accumulate enough product to cross a set threshold of magnitude of fluorescent signal) for each 

dilution. The amplification efficiency (Eff) of each PCR run was calculated from the slopes of the 

standard curves; Eff= 10
(-1/slope)

. If the efficiency of the run is 100% there is a doubling of the 

target DNA in each cycle, Eff=2. The ratio between T and S (T/S ratio) was then used to calculate 

relative difference in TL between individuals. The T/S ratio was calculated with the following 

formula (Martinez-Delgado et al., 2011; Willeit et al., 2010): 

 

The amplification curve for the standard was used as a calibrator to calculate the T/S value. 

As telomeres shorten with age the data had to be adjusted for age. The T/S ratio for all 300 

controls was plotted against their age, equation for the trendline was used to calculate the linear 

predicted telomere length for each subject. Age-adjusted telomere length for each subject was 

computed by subtracting the subject's linear predicted telomere length from the observed 

telomere length (T/S ratio) (Peffault de Latour et al., 2012). Medium telomere length after 

adjusting for age had T/S ratio ~0, short telomeres had a T/S ratio < 0 and long telomeres had a 

T/S ratio> 0. 

3.5 Statistical analysis 

Association between categorical variables was examined using either Fisher’s exact test or the 

Chi square test. All p values were 2-sided. The statistical package GraphPad InStat version 3.01 

(GraphPad Software, Inc., San Diego California USA) was used for statistical analysis. Breast 

cancer specific survival was examined using the Kaplan-Meier Analysis in the XLSTAT 2013.4 

(Addinsoft, Paris, France). A 2-sided t-test was used to compare quantitative variables 

(www.studentsttest.com). 

 

/ 





  

33 

4 Results 

4.1 BRCA2  

BRCA2 expression was evaluated with IHC. Nuclear staining of BRCA2 was observed in just 

over 50% of the samples in both sporadic and BRCA2 999del5 mutated tumors (table 1). There 

was no statistical difference between the groups (p> 0.7; Fisher’s exact).  

Table 1:  BRCA2 expression in sporadic tumors vs. tumors from BRCA2 999del5 mutation 
carriers (p>0.7; Fisher‘s exact)  

 BRCA2 wt BRCA2 mut 

BRCA2 <1    (negative) 117 (42%) 50 (45%) 

BRCA2 ≥ 1  (positive) 160 (58%) 62 (55%) 

Total 277 112 

Aurora A expression was evaluated using IHC. Comparing BRCA2 and Aurora A expression in 

sporadic tumors revealed association between BRCA2 and Aurora A nuclear staining (p<0.001; Fisher’s 

exact). Where 35% of the tumors showed both positive BRCA2 and Aurora A staining, 25% of the 

tumors showed neither BRCA2 nor Aurora A staining (table 2). Among BRCA2 999del5 mutation carriers 

there was no association between BRCA2 and Aurora A staining (p>0.5; Fisher’s exact, table 3). 

Table 2: BRCA2 vs. Aurora A protein expression in sporadic tumors. (p<0.001; Fisher‘s exact) 

 Aurora  A 0 Aurora A 1-2 Total 

BRCA2 <1 (negative) 71 (25%) 46 (17%) 117 

BRCA2 ≥ 1 (positive)  62 (22%) 98 (35%) 160 

Total  133 144 277 

Table 3: BRCA2 vs. Aurora A protein expression in tumors from BRCA2 999del5 mutation 
carriers (p>0.05; Fisher’s exact) 

T Aurora  A 0 Aurora A 1-2 Total 

BRCA2 <1 (negative)  21 (19%) 29 (26%) 50 

BRCA2 ≥ 1 (positive)  22 (19%) 40 (36%) 62 

Total  43 69 112 
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4.2 Auora A 

Aurora A expression was evaluated using IHC. Majority of the sporadic cases had no Aurora A 

staining or 48%, 24% had diffused staining and 28% had strong nuclear staining. In the BRCA2 

999del5 mutation carriers group the majority of the cases had strong nuclear staining or 41%, 

21% had diffused staining and 38% had no Aurora A staining. There was a statistically significant 

difference between these groups (p= 0.0376; Chi-sq, table 4) 

Table 4: Aurora A expression protein in BRCA2 999del5 mutated vs. sporadic tumors 
(p=0.0367; Chi-sq) 

The effects of Aurora A expression on 10 years breast cancer specific survival (10 y. bcss) 

was tested using a Kaplan Meier survival curve. Aurora A nuclear staining had a negative affect 

on breast cancer specific survival. In sporadic tumors nuclear (~77% 10 y. bcss) and diffused 

staining (~64% 10 y. bcss) was associated with worse survival. Diffused staining had a slightly 

worse outcome. The best survival was within the group that showed no Aurora A staining, with 

around 88% 10 years breast cancer specific survival (figure 4A). Strong nuclear staining in 

tumors from BRCA2 999del5 carriers was associated with the worst survival (~47% 10 y. bcss), 

cases with diffused staining had similar survival as those with no staining (~82% bcss) during the 

first 5 years, in the later stages the survival among cases with diffused staining decreased (~66% 

10 y. bcss) (figure 4B). Among both sporadic (p=0.0002; log-rank) and BRCA2999del5 mutated 

cases (p=0.013; log-rank) there was a significant difference in breast cancer specific survival 

between different Aurora A staining.  

The difference in 10 years breast cancer specific survival between sporadic and BRCA2 

999del5 mutation carriers was tested using the Kaplan Meier survival curve. BRCA2 999del5 

mutation carriers had significantly worse (p=0.002; log-rank) survival (~64% 10 y. bcss) than 

sporadic cases (~80% 10 y. bcss) (figure 5A). The effect of Aurora A expression on each group 

was checked. Aurora A staining was associated with worse survival, particularly among BRCA2 

999del5 mutation carriers (~53% 10 y. bcss). Similar survival was found among sporadic cases 

that expressed Aurora A (~72% 10 y. bcss) and BRCA2 999del5 mutation carriers without Aurora 

A expression (~79% 10 y. bcss). 10 years breast cancer specific survival within the sporadic 

group that didn’t show nuclear expression of Aurora A was quite good or around 89%. There was 

a significant difference between the groups (p< 0.0001; log-rank, figure 5B).  

 

 Aur- A  0 Aur- A  1 Aur-A  2 Total 

Sporadic  136 (48%) 69 (24%) 79 (28%) 284 

BRCA2 999del 5  43 (38%) 23 (21%) 46 (41%) 112 

Total  179 (45%) 92 (23%) 125 (32%) 396 
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Figure 4 : The effect of Aurora A expression on breast cancer specific survival. A) The 
effect of Aurora A on breast cancer specific survival in sporadic tumors (p=0.0002; 
log-rank). B) The effect of Aurora A on breast cancer specific survival in BRCA2 
999del5 mutated tumors (p=0. 013; log-rank).  

Figure 5: Difference in breast cancer specific survival between BRCA2 999del5 mutated 
and sporadic cancer cases, with and without Aurora A expression. A) shows 
difference in breast cancer specific survival between BRCA2 mutated and sporadic 
breast cancer cases (p=0.002; log-rank). B) shows the effect of Aurora A nuclear 
expression on breast cancer specific survival among both sporadic and BRCA2 
mutated breast cancer cases (p<0.0001; log-rank).  

4.2.1 Aurora A survival in luminal breast cancer 

The proliferation marker Ki-67 was used to separate lumA from lumB subtypes of hormone 

receptor positive breast tumors. Ki-67 expression had previously been estimated were the 

proportion of postive staining based on nuclear staining was reported on the scale from 0,0 to 

1,0.  Luminal tumors showing Ki-67 expression ≥ 0.14 (high expressioin) were assigned the lumB 
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subtype, tumors showing expression <0.14 (low expression) were assigned the lumA subtype 

(Stefansson et al., 2011a). High Ki-67 expression did not seem to affect survival in BRCA2 

999del5 mutataion carriers (low Ki-67: ~67% 10 y. bcss on the other hand high Ki-67: ~61% 10 y. 

bcss). High Ki-67 expression was associated with worse survival (~72% 10 y. bcss) in sporadic 

cases which was similar as found within the BRCA2 999del5 mutated group (figure 6). Low Ki-67 

expression was associated with good 10 years breast cancer specific survival in the sporadic 

group or ~90%. There was a statistical difference between the groups (p< 0.0001; log-rank). In 

both sporadic and BRCA2 mutated cancers there was no association between Ki-67 expression  

and Aurora A expression (tables 5 and 6). 

 

Figure 6: The effect of Ki-67 expression on breast cancer specific survival in BRCA2 
mutated and sporadic tumors (p<0.0001; log-rank) 

Among sporadic cases lumB had worse survival than lumA. LumA with nuclear Aurora A 

expression had similar survival (~88%10 y. bcss) as lumB cases without Aurora A nuclear 

expressioin (~83% 10 y. bcss). Without Aurora A expression the lumA group had good 10 years 

breast cancer specific survival or 94%.  Aurora A exression predicts worse survival in both 

luminal subgroups. LumB cases with Aurora A nuclear expression (~64% 10 y. bcss) had 

significantly worse survival than the other groups (p=0.005; log-rank, figure 7A). Having a lumB 

subtype or showing Aurora A nuclear expression was associated with worse survival, 

independently of each other (p=0.002; log-rank, figure 7B). 

BRCA2 999del5 mutation carriers with Aurora A nuclear expression had worse breast cancer 

specific survival, both among lumA cases (~59% 10 y. bcss) and particularly among lumB 

cases(~43% 10 y. bcss). Both lumA and lumB that didn’t express Aurora A had good surivial 

 Aur-A  0  Aur-A  1-2  Total  

Ki-67 low  57 (21%)  57 (21%)  114  

Ki-67 high  72 (27%)  84 (31%)  156  

Table 6: Ki-67 expression vs. Aurora A in 
sporadic cancers (p>0.5; Fisher‘s 
exact) 

Table 5: Ki-67 expression vs. Aurora A in 
BRCA2 999del5 mutated cancers.  

(p>0.5; Fisher‘s exact) 

 Aur-A  0  Aur-A  1-2  Total  

Ki-67 low  12 (11%)  25 (23%)  37  

Ki-67 high  30 (27%)  44 (40%)  74  
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(~80% 10 y. bcss). There was not a statistical difference between the groups (p=0.085; log-rank , 

figure 7C). When looking at the luminal groups and Aurora A expression seperatly there was not 

a significant difference between the groups (p=0.062;log-rank). The luminal B group and the 

group with Aurora A expression had the worst survival (figure 7D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: The effect of Aurora A expression on breast cancer specifc survival among 
LumA and LumB breast cancer cases. A) The effect of Aurora A expression on 
breast cancer specific survival in Lum A and Lum B subtypes of sporadic cancers 
(p=0.005; log-rank). B) The effect of Aurora A expression vs Lum A and LumB breast 
cancer subtypes among sporadic caners cases (p=0.002; log-rank). C) The effect of 
Aurora A expression on breast cancer specific survival in Lum A and Lum B breast 
cancer for BRCA2 999del5 mutation carriers(p=0.085; log-rank). D) The effect of 
Aurora A expression vs Lum A and LumB breast cancer subtypes on breast cancer 
specific survival among BRCA2 999del5 mutation carriers (p=0.062; log-rank) 
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There was no association between Aurora A nuclear expression with either subtype in 

sporadic (p=0.1884; Fisher’s exact, table 7) nor in BRCA2 999del5 mutated cancers (p=0.3542; 

Fisher’s exact, table 8). 

Table 7: Luminal A and B subtypes vs Aurora A nuclear expression in Sporadic cancers  
(p=0.1884; Fisher‘s exact ) 

 Aur- A  0 Aur- A 1-2 Total 

Lum A Sporadic  51 (27%) 49 (26%) 100 

Lum B Sporadic  36 (19%) 52 (28%) 88 

Total  87 101 188 

 

Table 8: Luminal A and B subtypes vs Aurora A nuclear expression in BRCA2 mutated 
cancers  (p=0.3542; Fisher‘s exact) 

 Aur- A  0 Aur- A 1-2 Total 

Lum A (BRCA2 BC)  10 (12%) 26 (31%) 36 

Lum B (BRCA2 BC)  19 (23%) 29 (34%) 48 

Total  29 55 84 

4.2.2 Aurora A expression and ploidy in breast cancer 

Among sporadic breast cancer cases those who were aneuploid and expressed Aurora A had the 

worst survival (~56% 10 y. bcss) (p=0.001; log-rank). The rest of the group had similar survival 

(~89% bcss) the first 7 years, after that the survival of the diploid group with Auroa A staining 

dropped to 76% 10 years breast cancer specific survival (figure 8A). In the BRCA2 999del5 group 

the cases who were diploid and had Aurora A nuclear staining had significantly worse survival 

(p<0.01; log rank) than the rest of the group (~47% 10 y. bcss). The cases that were aneuploid and 

had Aurora A nuclear staining had also quite bad survival (~65%10 y. bcss). There was very good 

survival within the aneuploid group that didn’t express Aurora A (~95% 10 y. bcss) and quite good 

survival within the diploid group that didn’t express Aurora A (~79% 10 y. bcss) (figure 8B).  

There was no association between Aurora A expression and ploidy in the sporadic tumors 

(p=0.5209; Fisher’s exact). In the sporadic group the diploids had similar numbers that expressed 

Aurora A and those who didn’t. The majority of aneuploid tumors expressed Aurora A (table 9). 

There was no statistical association between Aurora A expression and ploidy in BRCA2 999del5 

mutated tumors (p=0.37; Fisher’s exact). There was similar percentage of those who were 

aneuploid and expressed Aurora A and those who didn’t. In the diploid group however, the 

majority expressed Aurora A (table 10). 



  

39 

Figure 8: Difference in breast cancer specific survival between cases with aneuploid and 

diploid tumors with or without Aurora A expression. A) The effect of ploidy and Aurora A 

expression on breast cancer specific survival among sporadic cancer cases (p= 0.001; log-rank) 

B) The effect of ploidy and Aurora A expression among BRCA2 999del5 mutation carriers 

(p<0.01; log-rank). 

Table 9 : Ploidy vs. Aurora A protein expression in sporadic cancer (p= 0.5209; Fisher’s 
exact) 

 Aur-A   0   Aur-A  1-2  Total  

Diploid (Sporadic)  33 (46% )  38 (53%)  71 (44%) 

Aneuploid (Sporadic)  36  (40%)  53 (60%)  89 (56%) 

Total  69  91  160  

Table 10: Ploidy vs. Aurora A protein expression in BRCA2 mutated cancer (p=0.3713; 
Fisher’s exact) 

 Aur- A  0 Aur- A 1-2 Total 

Diploid (BRCA2 BC)  14 (37% ) 24 (63%) 38 

Aneuploid (BRCA2 BC)  20 (48%) 22 (52%) 42 

Total  34 46 80 
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4.2.3 Aurora A and the ER status in breast cancer 

Those who were ER negative and expressed Aurora A in the sporadic group had the worst 

survival (~61% 10 y. bcss) compared to those who had one or none of these markers (p< 0.001; 

log-rank). For the first 7 years there was similar survival within the group of those who were ER 

negative and didn’t express Aurora A and those who were ER positive and expressed Aurora A 

(~83% bcss), after 7 years the survival within the ER positive group that expressed Aurora A 

decreased (~75% 10 y. bcss). Good survival was found within the ER positive group that didn’t 

express Aurora A (~90% 10 y. bcss) (figure 9A). Among the BRCA2 999del5 mutation carriers 

there was similar survival among those who were ER negative both with or without Aurora A 

expression (~83% 10 y. bcss) although in the last year, the survival of those expressing Aurora A 

dropped (~68% 10 y. bcss). Those who were ER positive and had no Aurora A expression had 

similar survival (~79% 10 y. bcss) as those who were ER negative and had no Aurora A 

expression. Those that expressed Aurora A and were ER positive had statistically worse survival 

(p=0.037; log-rank) than the rest of the group (~50% 10 y. bcss, figure 9B).  

Figure 9: The effect of ER status and Aurora A expression on breast cancer specific 
survival. A) Aurora A and ER status effect on breast cancer specific survival among 
sporadic cancer cases (p<0.001; log-rank). B) Aurora A and ER status effect on 
breast cancer specific survival among BRCA2 999del5 mutation carriers (p=0.037; 
log-rank). 

4.2.4 Aurora A expression and BRCA2 wild type allele loss 

There was no significant association between Aurora A expression and BRCA2 wt allele loss 

although there was a strong trend for either or both factors to be present (p=0.1315; Fisher’s 

exact) in breast tumors of BRCA2 999del5 mutation carriers (table 11). The few cases with 

neither BRCA2 wt allele loss nor Aurora A expression had 100% 10 years breast cancer specific 
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survival. Those cases expressing Aurora A and that had not lost the BRCA2 wt allele had worse 

survival (~75% 10 y. bcss) than those not expressing Aurora A and with BRCA2 wt allele loss 

(~82% 10 y. bcss). Tumors with both Aurora A expression and BRCA2 wt allele loss were 

associated with the worst breast cancer specific survival (~27% 10 y. bcss)( p<0.0001; log-rank, 

figure 10A). Both Aurora A nuclear staining and BRCA2 wt allele loss were independetnly to each 

other associated with worse survival (p=0.005; log-rank), having Aurora A nuclear staining 

predicted a little worse survival than loss of the BRCA2 wt allele (figur 10B). 

Table 11: BRCA2 wt allele loss vs Aurora A expression in BRCA2 999del5 mutated tumors 
(p=0.1315; Fisher’s exact) 

 

 

 

 

 

Figure 10: The effect of BRCA2 allele loss and Aurora A expression on breast cancer 
specific survival among BRCA2 999del5 mutation carriers. A) The effect of 
BRCA2 wt allele loss on breast cancer specific survival with or without Aurora A 
expression (p<0.0001; log-rank). B) The effect of Aurora A vs BRCA2 wt allele loss 
on breast cancer specific survival (p=0.005; log-rank). 

4.3  Telomeres 

Average telomere length was measured from genomic DNA isolated from peripheral blood 

samples, using a SYBR-Green real-time qPCR assay. Relative T/S ratio was calculated for each 

sample using a standard DNA as the reference with T/S = 1. The samples that had T/S > 1 had 

 Aur-A  0  Aur A 1-2  Total  

No BRCA2 wt allele loss  4 (7%)  22 (39%)  26 (46%)  

BRCA2 wt allele loss  11 (19%)  20 (35%)  31 (54%)  

Total  15 (26%)  42 (74%)  57  
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longer telomeres than the standard and the samples with T/S < 1 had shorter telomeres than the 

standard. To calculate relative telomere length using the T/S ratio the amplification efficiency of 

the qPCR run had to be measured. The efficiency was calculated from the slope of a standard 

curve (figure 11) generated by 6 concentrations of 3 fold serial dilutions of standard DNA ranging 

from 0.137-33.3 ng.  

Figure 11:  Standard curves for the SYBR-Green real time qPCR assay. 6 concentrations of 
a standard DNA sample prepared by 3 fold serial dilutions (33.3 ng-11.1ng-3.7ng-
1.2ng-0.4ng-0.13ng) were run for telomere (blue dimonds) and the single copy 
reference gene (human beta-globin, red squares). Log of the DNA concentration was 
plotted against the Ct value for telomere and beta-globin. The slope of the standard 
curve was used to determine amplification efficiency for the qPCR assay 

The combined equation for the telomere standard curve was y=-3.68x +25.55. With an 

R
2
=0.9983. The amplification efficiency for the telomere qPCR assay was: Eff= 10^

(-1/-3.68)
= 1.869. 

The efficiency for the telomere run was 93%. The combined equation for the beta-globin (scg) 

standard curve was y=-3.57x +27.336. With an R
2
=0.9984. The amplification efficiency for the 

beta-globin (scg) qPCR assay was: Eff= 10^
(-1/-3.57)

= 1.904. The efficiency for the globin (scg) run 

was 95%.  

Telomeres shorten with age so the results had to be adjusted for age. The T/S ratio for all 

300 controls was plotted against their age (figure12). Equation for the trendline was used to 

calculate the linear predicted telomere length for each subject. Within the control group telomere 

length declined by 0.0069 T/S per year (R
2
=0.0426). Age-adjusted telomere length for each 

subject was computed by subtracting the subject's linear predicted telomere length (T/S ratio) 

from the observed telomere length (T/S ratio). Medium telomere length after adjusting for age 

had T/S ratio ~0, short telomeres had a T/S ratio < 0 and long telomeres had a T/S ratio> 0.  
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Figure 12: Telomere length (T/S ratio) distribution within the control group. Relative 
telomere length in DNA isolated from peripheral blood from the control group (300 
unaffected women not carrying the BRCA2 mutation) plotted against age. Telomere 
length declined by 0.0069 T/S per year (R

2
=0.0426).  

4.3.1 Telomere length in BRCA2 999del5 and sporadic breast cancer patients  

Breast cancer patients with the BRCA2 999del5 mutation had significantly shorter telomeres, 

adjusted for age, than sporadic breast cancer patients (p<0.001; t-test) and the control group 

(p<0.0001; t-test). There was not a significant difference in TL between sporadic cases and the 

control group (t-test p=0.602) (figure 13). After adjusting for age the average TL for the BRCA2 

999del5 mutated group was -0.418 T/S, ranging from -1.012 to 0.358 T/S. The average TL for the 

sporadic group was 0.057 T/S, ranging from -0.970 to 5.779 T/S. 

Figure 13: Telomere length in breast cancer patients with sporadic and BRCA2 999del5 
mutated cancer. A boxplot representing TL distribution within the control group vs. 
breast cancer patients with sporadic and BRCA2 999del5 mutated cancers. There 
was a significant difference between TL of BRCA2 999del5 mutated cancer patients 
and sporadic (p<0.001; t-test). There was not a significant difference between the 
sporadic group and the controls. There was a significant difference between the 
BRCA2 999del5 mutated group and the controls (p<0.0001; t-test). 
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Telomere length within the BRCA2 999del5 mutation carries diagnosed with breast cancer 

and sporadic cancer patients that participated in the cohort study on genetic and environmental 

risk factors during the years 2000-2004, was divided into 5 quintiles (Q1-Q5). Q1 were the 

shortest telomeres and Q5 the longest. The majority of the BRCA2 999del5 mutation carriers had 

short telomeres (Q1 and Q2) or 78%, 16% had TL in the Q3, 6% in the Q4 and none had TL in 

the Q5. The sporadic group had fewer cases with short telomeres (Q1 and Q2) or around 47%, 

18% had TL in the Q3 and 12% in the Q4. High percentage of the sporadic cases had very long 

telomeres (Q5) or 23% (figure 14).  

Figure 14: Distribution of BRCA2 999del5 mutated and sporadic cancer cases into quintiles of 
telomere length. Comparing telomere length between BRCA2 999del5 mutation carriers 
and sporadic cases by dividing telomere length into 5 quintiles Q1-Q5. Q1 is 
charchterized by the shortest telomeres and Q5 by the longest.  

4.3.2 Telomere length in mother-daughter pairs carrying the BRCA2 999del5 mutation 

Samples taken during the cohort study on genetic and environmental risk factors were used to 

compare TL between mothers and daughters carrying the BRCA2 999del5 mutation after adjusting 

for age. The daughters were divided depending on if they had been diagnosed with breast cancer. 

The majority of the mothers had been diagnosed with breast cancer (5 were unaffected). Two 

mothers had not participated in the cohort study on genetic and environmental risk factors so their 

blood samples were taken at the time of diagnosis. Comparing TL between mothers and daughters 

revealed that daughters that had been diagnosed with breast cancer had significantly shorter TL than 

their mothers (p=0.010; t-test). Daughters diagnosed with breast cancer also had significantly shorter 

TL than unaffected daughters (p=0.013; t-test). There was not a statistical difference in TL between 

mothers and unaffected daughters (t-test: p=0.453). The mean TL for affected daughters after 

adjusting for age was -0.58, the mean TL for unaffected daughters was -0.12 and for the mothers -

0.25 (figure 15). There was a significant difference between the control group and the mothers (p= 

0.0085; t-test) and affected daughters (p<0.0001; t-test). There was not a significant difference 

between the control group and unaffected daughters (p=0.442; t-test).  
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Figure 15: Telomere length in mother-daughter pairs carrying the BRCA2 999del5 
mutation. A boxplot comparing TL between mothers and daughters with or without 
breast cancer. Majority of the mothers had been diagnosed with breast cancer, 5 
were unaffected. Significant difference was found between daughters with and 
without breast cancer (p=0.013; t-test) and between mothers and daughters with 
breast cancer (p=0.010; t-test). There was not a significant difference between 
mothers and unaffected daughters (p=0.453; t-test) 

The mean age at diagnosis for the mothers was 53 years (n=29), for the daughters it was 47 

years (n=9). Within the mother-daughter group there were 8 pairs where both mother and 

daughter had been diagnosed with breast cancer. Among these 8 pairs the daughters were being 

diagnosed on average 5 years younger than their mothers (53 vs.48 years old, figure 16). This 

difference in age of onset was, however, not statistically significant (p=0.065; t-test). 

Figure 16: Mother-daughter pairs difference in age of breast cancer onset. 

Dividing telomere length into 5 quintiles and comparing the distribution between mothers and 

daughters revealed that daughters diagnosed with breast cancer had TL only in the first two 

quintiles (40% Q1 and 60% Q2). Mothers and unaffected daughters had similar distribution of TL 
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between quintiles. They had higher percentage of cases in the Q1 (40%) compared with the 

controls (20%). Similar percentage of Q2 and Q3 TL were among the mother and unaffected 

daughters as the controls (20%) but lower percentage of Q4 TL (6 and 7%) than the controls. The 

unaffected daughters had a higher percentage of Q5 TL (16%) than the mothers (10%), but both 

were lower than the controls (figure 17). 60% of the mothers and 70% of all the daughters had 

short telomeres (Q1 and Q2). 35% of the daughters with short telomeres had been diagnosed 

with cancer, but none of the daughters with longer telomeres (Q3,Q4 and Q5) had been 

diagnosed with cancer. There was no difference in age distribution between quintiles within each 

group. Unaffected daughters were on average younger (average age 35 years) than affected 

daughters (average age 49 years) at the time of sample collection. 

Figure 17: Distribution of BRCA2 999del5 mother-daughter pairs by quintiles of telomere 

length. Comparing telomere length between mother and daughter with or without 
breast cancer. TL between the groups was compared by dividing relative telomere 
length into 5 quintiles Q1-Q5. Q1 is charchterized by the shortest telomeres and Q5 
by the longest. Among the mothers were 5 individuals that had not been diagnosed 
with breast cancer (black stars), two of the mothers only had samples taken at the 
time of diagnosis (red stars). 

Relative TL was measured in more than one sample form 14 of the BRCA2 999del5 

mutation carriers some were from the time of diagnosis and others from the breast cancer cohort 

study on genetic and environmental risk factors during the years 2000-2004. The average time 

between sample collections was 6.2 years (ranging from 2-14 years). All of these 14 carriers 

except 2 daughters (marked with a (*) in table 12,) had been diagnosed with breast cancer at the 

time of sample collection. Of the two unaffected daughters one was diagnosed with breast cancer 

a few years later. Observed telomere shortening/year (T/S) was compared to the predicted 

telomere shortening/year (T/S). The predicted telomere shortening had been calculated from the 

T/S age distribution within the control group which declined by 0.0069 T/S per year. Telomere 

shortening within BRCA2 999del5 mutated group was on average 19 times faster than the 
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average telomere shortening within the control group. There was a difference in telomere 

shortening within the group ranging from 0.0132 T/S – 0.3328 T/S per year (table 12). The 

average telomere shortening for the daughters was 0.1260 T/S and the average the mothers was 

0.1383 T/S. There was not a statistical difference in TL shortening between mothers and 

daughters (p=0.819; t-test).   

Table 12: Telomere shortening in BRCA2 999del5 mutation carriers. Observed telomere 
shortening in mothers and daugthers carrying the BRCA2 999del5 mutation 
compared to the predicted telomere shortening calculated from the T/S age 
distribution within the control group which declined by 0.0069 T/S per year. All of 
these 14 carriers had been diagnosed with breast cancer when the samples were 
taken except 2 daughters (*). There was on average 19 times faster telomere 
shortening within the BRCA2 mutated group compared to controls.  

Patient 

nr. 
Mother/daugther 

Observed 

Telomere 

shortening/year 

(T/S) 

Time 

between 

sample 

collection 

(years) 

Predicted Telomere 

shortening/year 

(T/S) 

Difference 

1 Daughter 0.0959 9 0.0069 x 13.9 

2 Mother 0.2200 3 0.0069 x 31.9 

3 Daughter 0.2702 4 0.0069 x 39.2 

4 Mother 0.1549 2 0.0069 x 22.4 

5 Daughter 0.0410 7 0.0069 x 5.9 

6 Daughter 0.0132 13 0.0069 x 1.9 

7 Mother 0.0814 14 0.0069 x 11.8 

8 Mother 0.0690 8 0.0069 x 10.0 

9 Mother 0.0912 2 0.0069 x 13.2 

10 Mother 0.0944 5 0.0069 x 13.7 

11 Mother 0.3328 5 0.0069 x 48.2 

12 Daughter 0.1277 2 0.0069 x 18.5 * 

13 Daughter 0.2081 4 0.0069 x 30.2 * 

14 Mother 0.0624 10 0.0069 x 9.0 

Average  0.1330 6.2 0.0069 x 19.3 

Samples from 11 BRCA2 999del5 mutation carriers were taken both at the time of diagnosis 

and a few years later when they participated in the breast cancer cohort study. The time between 

diagnosis and second sample collection was on average 8 years for the daughters and 7 years 

for the mothers (ranging from 2-14 years). 
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Figure 18: Difference in telomere length in mothers and daughters at diagnosis and a few 
years later. Compares relative TL measured in samples taken at time of diagnosis 
and samples taken a few years later in relation to a breast cancer cohort study on 
genetic an enviromental risk factors. There was a statistical difference in TL in 
samples from mothers taken at the time of diagnosis and taken a few years later (p= 
0.0011; t-test). There was not a statistical difference in samples from the daughters 
taken at the time of diagnosis and a few years later (p=0.063, t-test).  

At the time of diagnosis the mothers had a mean telomere length of 0.398 T/S after 

adjusting for age. A few years later there had been a significant decrease in telomere length 

(p=0.011, t-test), the mean TL after adjusting for age was -0.326 T/S. At the time of diagnosis the 

daughters had a mean telomere of 0.073 after adjusting for age. The TL had decreased a few 

years later and the mean TL was -0.471 after adjusting for age. This decrease was not 

statistically significant (p=0.063, t-test) possibly explained by a very small sample size (figure 18). 
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5 Discussion: 

The main findings of the first part in this study were that Aurora A protein expression was associated 

with worse 10 years breast cancer specific survival both among BRCA2 999del5 mutation carriers 

and sporadic breast cancer patients. Positive nuclear expression of Aurora A was found to be 

significantly associated with BRCA2 999del5 mutated breast cancer. How clinical markers affected 

breast cancer specific survival often differed between BRCA2 999del5 mutation carriers and sporadic 

cases. Tumors with Aurora A nuclear expression and ER negativity were significantly associated with 

worse survival among sporadic cases but tumors with Aurora A nuclear expression and ER positivity 

were on the other hand associated with worse survival among BRCA2 mutation carriers. Also, 

aneuploid tumors with Aurora A nuclear expression were significantly associated with worse survival 

among sporadic cases but diploid tumors with Aurora A nuclear expression were in the same way 

associated with worse survival among BRCA2 mutation carriers. Some of the clinical markers did not 

seem to have an effect on breast cancer specific survival unless Aurora A was expressed, such as 

the luminal subtypes among the BRCA2 mutation carriers and different ploidy among the sporadic 

cases. Among the BRCA2 999del5 mutation carriers Aurora A expression was associated with very 

bad breast cancer specific survival when it was expressed along with BRCA2 wt allele loss. Our 

results indicate that either Aurora A expression or BRCA2 wt allele loss are needed for 

carcinogenesis of BRCA2 mutation carriers and when both markers come together it points towards a 

very bad disease.  

The main findings of the second part of this study were that BRCA2 999del5 mutation 

carriers diagnosed with breast cancer had shorter relative TL than sporadic breast cancer 

patients and controls. Among BRCA2 999del5 mutation carriers daughters diagnosed with breast 

cancer had significantly shorter relative TL than the mothers. This difference was not observed 

among daughters that had not been diagnosed with breast cancer. Mean age related relative TL 

shortening in the control group was found to be 0.0069 T/S per year. Within the BRCA2 999del5 

group this decline was on average found to be 19 times faster than within the control group and 

the telomeres declined on average by 0.133 T/S per year. 

5.1 BRCA2 

IHC of BRCA2 protein expression showed BRCA2 expression in both sporadic tumors and 

tumors from BRCA2 999del5 mutation carriers in just above 50% of the cases. Previously it was 

thought that loss of wt BRCA2 allele was required for breast tumor initiation to occur in BRCA2 

mutation carriers. It has been shown that in some cases loss of the BRCA2 wt allele seems not to 

be required for tumor initiation. Stefansson et al. found that among BRCA2 999del5 mutation 

carriers BRCA2 wt allele loss was more frequent in luminal subtypes than basal/TNP subtypes. 

They found loss of the BRCA2 wt allele to be a part of co-occurring genetic changes that relate to 
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advanced progression. From their results they suggested that loss of the wt allele is not required 

for tumor initiation but rather is a late event in progression towards metastatic disease 

(Stefansson et al., 2011a). Therefore we can expect to see some BRCA2 expression in part of 

the tumor samples from the BRCA2 999del5 mutation carriers. However, similar BRCA2 protein 

expression within the sporadic group and the BRCA2 mutated group was not expected. 

Expression in over 50% of the tumors from the BRCA2 mutated group could be accepted 

according to our data of relative BRCA2 wild type loss. From these results it is therefore difficult 

to conclude if the BRCA2 antibody was specific enough. Association was found between BRCA2 

expression and Aurora A nuclear expression in sporadic breast cancer. 

5.2 Aurora A   

IHC of Aurora A protein expression revealed a statistical difference between the sporadic and 

BRCA2 999del5 mutated tumors (Chi-sq: p = 0.0376). The BRCA2 999del5 mutation was 

associated with positive nuclear staining of Aurora A. Amplification of the Aurora A gene has 

been shown to be significantly more frequent in BRCA2 999del5 mutated breast cancer than in 

sporadic breast tumors (Bodvarsdottir et al., 2007). High percentage of strong nuclear staining of 

Aurora A among BRCA2 mutated tumors compared with sporadic tumors could therefore be due 

to increased amplification of the AURKA gene within the BRCA2 mutated tumors. 

The focus on the location of Aurora A protein expression has changed recently from focusing 

on cytoplasmic expression toward nuclear accumulation. In this study we focused on nuclear 

expression as well as diffused cytoplasmic and nuclear expression. A recent study on Aurora A 

nuclear expression in breast cancer found the majority (~ 77%) of tumors to have both nuclear 

and cytoplasmic staining (Ferchichi et al., 2013). Our results differ from Ferchichi et al. 2013 by a 

higher percentage of tumors that show no Aurora A expression in our study. We had a similar 

number of positive Aurora A stained tumors as in a study on ovarian and breast cancer (G.Yang 

et al. 2010) and another study on ovarian cancer (F.Yang et al. 2011) were the same Aurora A 

antibody (GTX13824) was used as in our study. Even with similarity in Aurora A staining to these 

two studies there is a difference in scoring. We divided Aurora A positive tumors into two groups 

based on the strength of nuclear staining which both revealed difference in staining between 

sporadic and BRCA2 mutated tumors as well as different effect on breast cancer specific 

survival. The evaluation of the IHC scores is done in a subjective manner and the method varies 

between research groups causing difficulties in comparing data between different groups. 

Aurora A nuclear expression in tumors was associated with decreased breast cancer 

specific survival in both sporadic cases and particularly among BRCA2 mutation carriers. Similar 

results have been found in studies on ovarian carcinomas where positive Aurora A expression 

was associated with decreased overall disease free survival (F. Yang et al., 2011; G. Yang et al., 

2010) and aggressive disease characteristics (Lassus et al., 2011). Our results show that Aurora 

A could be used as a prognostic marker for breast cancer patients as Aurora A nuclear 

expression was associated with decreased survival. This would be particularly important for 

BRCA2 mutation carriers that express the kinase as they had significantly worse survival and 
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could benefit from a more aggressive cancer treatment possibly involving drugs that target 

Aurora A (Aurora A inhibitors). Aurora A expression seems to have more effect on 10 years 

breast cancer specific survival among the BRCA2 999del5 mutation carriers than the sporadic 

cases. It is possible that the difference in the effect of Aurora A was caused by Aurora A 

suppression of BRCA2. Overexpression of Aurora A has indeed been shown to suppress the 

expression of BRCA2 in an ovarian cancer cell line model (G. Yang et al., 2010). BRCA2 999del5 

mutation carriers probably already had restricted BRCA2 expression due to their 

haploinsufficiency and might therefore be more sensitive to suppression of the protein. This could 

also be affected by difference in Aurora A expression as the majority of tumors from BRCA2 

999del5 mutation carriers that expressed Aurora A showed strong nuclear staining. Ferchichi et 

al. found the localization of the Aurora A to shift from cytoplasmic in non malignant adjacent 

tissue to both cytoplasmic and nuclear in malignant tissue. Their results indicated that 

accumulation of Aurora A to the nucleus might be a part of an oncogenic role of Aurora A 

(Ferchichi et al., 2013). Lassus et al. showed that nuclear overexpression of the kinase is more 

strongly associated with aggressive disease behavior than cytoplasmic expression, implying that 

Aurora A has different function within the nucleus and in the cytoplasm (Lassus et al., 2011). This 

could explain why Aurora A seems to have more effect on survival among the BRCA2 999del5 

mutation carriers. 

Ki-67 expression negatively affected breast cancer specific survival among sporadic 

cases but not among BRCA2 999del5 mutated cases. Therefore the use of Ki-67 expression as a 

prognostic marker would be more useful in sporadic cases than in BRCA2 999del5 mutated 

cases. Aurora A expression would be a more suitable prognostic maker for BRCA2 999del5 

mutation carriers and could also be used in sporadic cases. Ali et al. tested different proliferation 

markers which are often used as prognostic marker for luminal breast cancer. They found Aurora 

A to outperform other prognostic makers such as Ki-67 and be a great predictor of breast cancer 

specific survival in ER-positive breast cancer (Ali et al., 2012). 

Breast cancer specific survival of BRCA2 999del5 mutation carriers was significantly 

worse in those that had Aurora A staining in diploid tumors than those with aneuploid tumors, 

contrary to sporadic cases. This is in an agreement with recently published prognosis analysis of 

tumor ploidy in the same cohort (Tryggvadottir et al., 2013). Lassus et al. found that cytoplasmic 

staining of Aurora A was associated with aneuploidy and nuclear staining with diploidy in serous 

ovarian carcinomas (Lassus et al., 2011). No such association was detected in our study, 

possibly due to the fact that there were no samples that displayed only cytoplasmic staining. It is 

interesting that among sporadic cancer ploidy did not affect survival when Aurora A was not 

expressed but when it was expressed aneuploid cases had significantly worse survival than 

diploid cases. This change in the effect of ploidy was not observed within the BRCA2 999del5 

mutation carrier cohort where diploid tumors had worse survival than aneuploid, both when 

comparing cases that had no Aurora A expression and those that had expression. These results 
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suggest that among both BRCA2 999del5 mutation carriers and sporadic breast cancer cases 

Aurora A expression has more effect on survival than ploidy. 

Among BRCA2 999del5 mutation carriers positive ER status and Aurora A expression 

were associated with worse survival and Aurora A expression did not seem to affect survival in 

cases with ER negative tumors. Siggelkow et al. also found association between Aurora A 

expression and poor prognosis in ER positive tumors but not in ER negative tumors in a cohort of 

node negative breast cancer patients that had not received any adjuvant chemotheraphy 

(Siggelkow et al., 2012). In a recent study ER positive, diploid tumors of low proliferation were 

found to be a predictor of poor prognosis among BRCA2 999del5 mutation carriers (Tryggvadottir 

et al., 2013). However, among the sporadic cases negative ER status and Aurora A expression 

were associated with worse survival, different from the BRCA2 999del5 mutation carriers. 

Among BRCA2 999del5 mutation carriers Aurora A overexpression was associated with 

very bad prognosis in cases with BRCA2 wt allele loss. Previously it was thought that loss of 

BRCA2 wt allele was required for breast tumor initiation to occur in BRCA2 mutation carriers. The 

present results indicate that among the BRCA2 999del5 mutation carriers may be two ways for 

tumor progression to occur, either through Aurora A overexpression or through BRCA2 wt allele 

loss. Very few cases had neither Aurora A expression nor BRCA2 wt allele loss and among those 

cases full 10 years survival was obtained. Results from our laboratory show that BRCA2 

heterozygous cell lines with defected p53 and high Aurora A and B expression are more sensitive 

to Aurora kinase inhibition than other cell lines (Vidarsdottir et al., 2012). Cases with BRCA2 

mutation and Aurora A expression could therefore be likely candidates to benefit from treatment 

with Aurora inhibitors. 

5.3 Telomeres 

Telomere length measurements by a SYBR-Green real-time qPCR assay within the control group 

revealed a 0.0069 T/S decline in telomere length per year based on 300 unaffected women in 

different age range. Similar results were found in a study done by Codd et al. where TL was 

measured in two control cohorts, in one the decline was 0.0063 T/S per year and in the other it 

was 0.0088 T/S per year (Codd et al., 2010). Another study showed similar results were TL 

declined by 0.0083 T/S per year (Peffault de Latour et al., 2012).  

Studies based on TL analysis and breast cancer risk have been inconsistent. In our study we 

found that BRCA2 999del5 mutation carriers that had been diagnosed with breast cancer had 

significantly shorter TL than sporadic breast cancer patients. Sporadic breast cancer patient had 

similar TL as the control group. These results indicate that TL in peripheral blood of sporadic 

cases is not associated with breast cancer risk. Two studies that focused on sporadic cancer also 

found no association between TL in blood leukocytes and breast cancer risk (De Vivo et al., 

2009; Zheng et al., 2010). The association between BRCA2 999del5 mutation carriers diagnosed 

with breast cancer and short TL indicates that BRCA2 is an important factor in maintaining 

telomere length, possibly through its role in protection of stalled replication fork at telomeres. Min 
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et al. showed that depletion of BRCA2 led to telomere shortening, erosion and end fusion in 

proliferating mouse fibroblasts (Min et al., 2012). Results from our laboratory show that 

chromosomal end-to-end fusions and telomere dysfunction is abundant in BRCA2 heterozygous 

cell line indicating haploinsufficient effects of BRCA2 heterozygousity (Bodvarsdottir et al., 2012). 

Martinez-Delgado et al. showed similar results as ours where BRCA1/2 mutation carriers had 

shorter TL in blood than sporadic cases (Martinez-Delgado et al., 2011). Mutation in the BRCA2 

gene seems also to affect TL in tumors as Badie et al. found TL to be shorter in BRCA2 mutated 

tumors than BRCA1 mutated tumors (Badie et al. 2010). These results show that BRCA2 is 

important in maintaining TL. 

Daughters diagnosed with breast cancer had significantly shorter TL than the mothers and 

unaffected daughters. Among the daughters only those with short TL had been diagnosed with 

cancer. The majority of the mothers also had short TL, indicating an association between short 

TL and breast cancer risk among BRCA2 999del5 mutation carriers. In this study there were 8 

mother-daughter pairs were both had been diagnosed with breast cancer. The daughters were 

diagnosed on average 5 years younger than their mothers, but this difference was not statistically 

significant (t-test p>0.05). Earlier onset of BRCA2 related breast cancer in successive generation 

has been observed in other studies. Analyses on 12 mother-daughter pairs carrying the BRCA2 

999del5 mutation revaled an earlier onset of cancer in the successive generation, of over 10 

years on average (Thorlacius et al., 1997). Similar results were found in an American study on 39 

mother-daughter pairs were daughters were diagnosed on average 11 years younger than their 

mothers (Litton et al., 2012). In a Spanish study BRCA2 mutated daughters were diagnosed on 

average 12 years younger than their mothers based on 52 mother-daughter pairs. Martinez-

Delgado et al. proposed that the reason for the earlier onset in the successive generation was 

due to increased telomere shortening. As daughters carrying the mutation had shorter telomeres 

than their mothers, independet of whether they had been diagnosed with breast cancer or not. 

This was based on one affected BRCA2 mother-daughter pair and 5 mother-daughter pairs were 

the daughters were unaffected (Martinez-Delgado et al., 2011). In our study this decrease in TL 

between mothers and daughters was only observed in daughters that had been diagnosed with 

breast cancer. As stated above the results indicate that deficency of BRCA2 affects telomere 

maintenance. A possible reason why not all of the unaffected daughters had short telomeres 

could be caused by younger age as the average age among the unaffected daughters was 35 

years versus average age of 49 years among the affected daughters. Another reason could be 

other factors that affect telomere length such as life style factors. Healty life style, exercise and 

intake of micronutrients C and E vitamins, folate acid and marine omega 3 fatty acids have been 

shown to be associated with longer TL (Lin et al., 2012).  

Time dependent TL shortening among the BRCA2 999del5 mutation carriers was on 

average 19.3 times higher than the age dependent rate for the controls. This shows that 

heterozygous mutation of the BRCA2 gene may be associated with increased telomere erosion. 

These results indicate that the decline in T/S from the time of diagnosis until participating in the 
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breast cancer cohort study on genetic and environmental risk factors is at least partially due to 

the BRCA2 999del5 mutation as BRCA2 999del5 mutation carriers showed increased telomere 

erosion. Other factors such as the breast cancer treatment received after diagnosis could also 

have affected the rate of telomere erosion. Therefore these results need to be compared to serial 

time dependent samples from sporadic breast cancer patients and serial time dependent 

samples from unaffected BRCA2 mutation carriers.     

 Firstly, these results indicate that the BRCA2 999del5 mutation is associated with shorter 

TL as the majority of the mothers and daughters had shorter telomeres compared to sporadic 

breast cancer patients and the unaffected controls. Secondly, short TL seems to be associated 

with increased breast cancer risk among BRCA2 999del5 mutation carriers as only daughters 

with short TL had been diagnosed with breast cancer but none of those with longer TL. Thirdly, 

anticipation effects of the BRCA2 mutation were seen, where telomeres are getting shorter and 

the onset of breast cancer is earlier in succesive generations. 
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Conclusions 

The main conclusion from the first part of this study is that positive nuclear Aurora A expression 

is associated with worse 10 years breast cancer specific survival among both BRCA2 999del5 

mutation carriers and sporadic breast cancer cases, with the worst outcome among BRCA2 

mutation carriers. Among the sporadic group Aurora A nuclear expression was significantly 

associated with decreased breast cancer specific survival of the luminal B, aneuploid and ER 

negative subgroups. Among BRCA2 999del5 mutation carriers, on the other hand, Aurora A 

nuclear expression was significantly associated with decreased breast cancer specific survival of 

the diploid and ER positive subgroups. No association was found between Aurora A expression 

and BRCA2 wt allele loss among BRCA2 999del5 mutation carriers. However, when both of 

these markers come together they are associated with very poor breast cancer specific survival. 

Our results indicate that there may be two ways for tumor progression to occur among BRCA2 

999del5 mutation carriers. Either through Aurora A overexpression or through loss of the BRCA2 

wt allele, since almost no breast tumors had neither Aurora A expression nor BRCA2 wt allele 

loss. These results show that Aurora A expression along with BRCA2 wt allele loss could be used 

as a prognostic marker for BRCA2 999del5 mutation carriers as they are associated with very 

bad breast cancer specific survival. Cases with both of these markers could benefit from 

treatment involving drugs that target Aurora A (Aurora A inhibitors). 

The main conclusion from the second part of this study is that breast cancer patients 

carrying the BRCA2 999del5 mutation had significantly shorter TL than sporadic breast cancer 

patients and unaffected controls. There was also increased telomere erosion among BRCA2 

mutation carriers were TL declined on average by 0.133 T/S per year, which was 19.3 times 

higher than the age dependent rate for the controls. These results show that heterozygous 

mutation in the BRCA2 gene is associated with increased telomere erosion. Daughters 

diagnosed with breast cancer had significantly shorter TL than the mothers. They were also 

diagnosed on average 5 years younger than their mothers. These results indicate that earlier 

onset of breast cancer among the daughters may be associated with increased telomere 

shortening in successive generations. The majority of the carriers, both mothers and daughters, 

had short telomeres and interestingly only daughters with short telomeres had been diagnosed 

with breast cancer. These results indicate that among BRCA2 mutation carriers short TL in 

peripheral blood seems to be associated with breast cancer risk. Such an association was not 

seen within the sporadic group, which had similar TL as the control group. Further research is 

needed to confirm our results. It would be interesting to compare these results to serial time 

dependent samples from unaffected BRCA2 mutation carriers and from sporadic cancer patients 

to verify our results. 
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