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ÁGRIP 

Litningaóstöðugleiki er tíður í brjóstaæxlum sem er algengasta 

krabbamein meðal kvenna á Vesturlöndum. Helstu orsakavaldar eru 

meðal annars erfðafræðilegar breytingar sem verða við myndun 

brjóstakrabbameins og ýta undir litningaóstöðugleika, svo sem 

mögnun æxlisgena og gallar í litningaendum. Í þessu samhengi eru 

einstaklingar sem bera ættlæga stökkbreytingu í BRCA2 geni eða 

áunna stökkbreytingu í TP53 geni í brjóstaæxli einkar áhugaverðir því 

þekkt er að þessar stökkbreytingar stuðla að óstöðugleika 

erfðaefnisins. Við greiningu á litningabreytingum í brjóstaæxlum með 

litningaóstöðugleika reyndust litningavæði 8q og 20q oftast mögnuð. 

Meðal þekktra æxlisgena á þessum litningaörmum sem ýta undir 

litningaóstöðugleika eru MYC á 8q24 og AURKA á 20q13. Mögnun 

MYC æxlisgensins var metin í 27 brjóstaæxlum með FISH. Mögnun 

fannst í 59% æxlanna og tengdist hún marktækt TNM stigun I og II (p 

= 0,018), miklum litningaóstöðugleika (p = 0,033) og háum S-fasa (p 

= 0,020). Möguleg tengsl mögnunar AURKA æxlisgens og BRCA2 

stökkbreytinga voru metin í 20 brjóstaæxlum frá BRCA2 arfberum og 

41 brjóstaæxli haft til samanburðar. AURKA mögnun, sem var greind 

með flúrljómun litninga, reyndist vera til staðar í 70% BRCA2 

stökkbreyttra brjóstaæxla sem var marktækt algengara en í öðrum 

brjóstaæxlum (p < 0,001). Mögnun á AURKA æxligeni greindist 

einnig í brjóstafrumulínum sem bera BRCA2 stökkbreytingu. Þar að 

auki reyndist AURKA mögnun tengjast marktækt áunninni 

stökkbreytingu í TP53 geni í æxlum sem ekki báru BRCA2 
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stökkbreytingu (p = 0,007). Þessar niðurstöður benda til þess að 

lyfjasprotar sem nú þegar eru í prófun gegn AURKA geti nýst 

brjóstakrabbameinssjúklingum með BRCA2 eða TP53 stökkbreytingu. 

 Hugsanleg áhrif litningaenda á litningaóstöðugleika í BRCA2 

stökkbreyttum brjóstaæxlum og frumulínum voru skoðuð. 

Endatengingar litninga reyndust mun algengari í BRCA2 

stökkbreyttum brjóstaæxlum og frumulínum borið saman við 

brjóstaæxli án stökkbreytingar. Endatengingar reyndust vera bæði 

milli litningaendanna sjálfra og milli litningaenda og litningabrota í 

BRCA2 brjóstafrumulínunum. Litningaendar voru oft brotnir og 

millivíxl litningaenda á systurlitningsþráðum voru tíð í BRCA2 

frumulínunum. Þessi einkenni eru dæmigerð fyrir frumur sem nota 

endurröðun milli litningaenda í stað telomerasa til uppbyggingar á 

litningaendum. Niðurstöðurnar benda til þess að BRCA2 hafi hlutverki 

að genga við varðveislu og viðhald litningaenda. 

 

Lykilorð: Brjóstakrabbamein, litningaóstöðugleiki, MYC, AURKA, 

BRCA2, litningaendar 
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ABSTRACT 

Breast carcinoma, the most common cancer in women in the Western 

world, frequently shows complex karyotypes with multiple 

chromosomal changes. In this thesis the focus is on genomic 

alterations that may play a role in increasing chromosomal instability, 

such as amplification of oncogenes and dysfunctional telomeres. Of 

special interest are breast tumour samples with mutations in the 

BRCA2 and TP53 genes, which are known to induce chromosomal 

instability. The genomic alterations most often found in selected 

breast tumour samples with chromosomal instability were gains on 

chromosomes 8q and 20q. Candidate oncogenes on these chromosome 

arms known to be associated with chromosomal instability are MYC 

on 8q24 and AURKA on 20q13. Oncogene MYC amplification analysis 

was performed on 27 paraffin-embedded breast tumour samples by 

FISH. Amplification of MYC was detected in 59% of tumours and 

found to be significantly associated with TNM stages I and II (p = 

0.018), high genomic index (p = 0.033), and high S-phase fraction (p 

= 0.020). Potential association of AURKA oncogene amplification and 

BRCA2 mutation was examined in breast tumours from BRCA2 

mutation carriers (n = 20) and non-carriers (n = 41). AURKA 

amplification studied by FISH was found in 70% of BRCA2-mutated 

breast tumours and was highly associated with BRCA2 mutation 

carriers (p < 0.001). Extensive AURKA amplification was also 

detected on metaphase chromosomes in three breast epithelial cell 

lines with a BRCA2 mutation. In addition, significant association was 
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found between AURKA amplification and TP53 mutations in non-

BRCA2 mutation carrier tumours (p = 0.007). These results suggest 

that breast tumours with mutations in BRCA2 or TP53 could be 

promising candidates for AURKA targeted treatment. 

 Possible involvement of telomeres in chromosomal instability 

of BRCA2-mutated breast tumours and cell lines was examined. Breast 

tumours and cell lines from BRCA2 mutation carriers showed 

significantly higher frequency of chromosome end fusions than 

tumours from non-carriers even though telomere DNA content was 

normal. Chromosome end fusions were shown to be both between 

telomeres and between telomeres and double strand breaks, which 

implies telomere end capping defects. Telomere signals were 

frequently lost and telomere sister chromatid exchanges were frequent 

in BRCA2-mutated cell lines, characteristic of cells using alternative 

lengthening of telomeres. These results indicate that BRCA2 may have 

an important role in telomere stabilization. 

 

Keywords: Breast cancer, chromosomal instability, MYC, AURKA, 

BRCA2, telomeres 
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1. INTRODUCTION 

 Breast cancer is the most common cancer type in women in the 

Western world. In Iceland breast cancer accounts for 28% of all 

cancer types diagnosed in women, with mean age of 61 at diagnosis. 

Yearly over 170 Icelandic women are diagnosed with breast cancer in 

a population of roughly 300.000 individuals. Hence, as in our 

neighbouring countries, one in ten women can expect to be diagnosed 

with breast cancer before the age of 70, and this proportion is 

gradually increasing (Tryggvadottir et al., 2006). Iceland, however, 

has the highest five-year relative survival rates for breast cancer since 

89.4% of breast cancer patients lived for five years or longer after they 

were diagnosed with the disease in the years 1996 – 2000, while the 

OECD average was 83.6% (OECD, 2007). The relatively high 

survival rate in Iceland may be due to effective screening for breast 

cancer, starting 1987 at the Icelandic Cancer Society, and a good 

health care system and hospitals in Iceland. Today about 2000 women 

are alive in Iceland diagnosed with breast cancer (The Icelandic 

Cancer Registry).  

 

1.1 Breast tumour progression and biomarkers 

 The female breast has several interweaving ductal systems 

which open at the nipple and are supported by a dense fibrous stroma 

admixed with fibroadipose tissue. Each duct system successively 

branches into smaller and smaller ducts, eventually giving rise to the 

terminal duct lobular unit of 20 to 40 lobules. Each lobule consists of 

10 to 100 alveoli or tubulosaccular secretory units. Two cell layers, an 
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inner luminal epithelium and outer myoepithelium, line the entire 

female ductal-lobular system. The inner luminal epithelium has 

secretory or absorptive functions based upon whether it resides within 

the terminal duct lobular unit or large duct system, respectively. The 

outer myoepithelial cells have contractile properties that assist in both 

milk ejection and support of the ductal-lobular system. Epithelial 

tumours (carcinomas) account for >95% of breast tumours and may 

arise anywhere along the ductal-lobular system. Most malignant 

epithelial neoplasms, however, arise from the epithelium of the 

terminal duct lobular unit. Minority of breast tumours arise from 

stroma (Harris et al., 1991; Yoder et al., 2007).  

 Breast carcinoma tumorigenesis has two main separate 

pathways, leading either to ductal carcinomas or lobular carcinomas 

that have been distinguished since lobular carcinoma was first 

described by Stewart in 1941 (Stewart, 1941; Foote and Stewart, 

1946). Ductal neoplasia progresses from ductal hyperplasia to atypical 

ductal hyperplasia, then to ductal carcinoma in situ (DCIS) and 

eventually infiltrating ductal carcinoma (IDC). Lobular neoplasia with 

atypical lobular hyperplasia progresses to lobular carcinoma in situ 

(LCIS) and eventually to infiltrating lobular carcinoma (ILC). IDC is 

75-80% of mammary carcinomas and is characterized by the 

formation of tubules, or ducts that infiltrate throughout the supporting 

breast parenchyma. IDC is usually not sub-classifiable but the other 

20% can be categorized into subtypes such as tubular, medullary, 

mucinous, papillary, micropapillary, or metaplastic. ILC comprises 

10-15% of all mammary carcinomas and is composed of small, 
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uniform cells. It is a low-grade tumour with little or no nuclear atypia 

and a low mitotic rate. ILC has a better prognosis compared with IDC 

(Yoder et al., 2007). The subtypes of IDC and ILC account for >95% 

of all mammary carcinomas. Genomic aberrations in mammary 

carcinoma are highly complex and appear to be more associated with 

tumour grade rather than any histopathologic subtype. The 

histological grading system of breast tumours is based on frequency of 

cell mitoses, tubule formation and nuclear pleomorphism, and defined 

as well, moderately or poorly differentiated (Elston and Ellis, 1998). 

 The tumour-node-metastasis (TNM) staging system, 

transmitted by the American Joint Committee on Cancer (AJCC), 

based on combination of tumour size (T), lymph node spread (N), and 

presence or absence of metastases (M) was devised more than 50 

years ago by Denoix (Denoix, 1944). The TNM classification system 

was designed with the aim of assisting treatment planning, providing 

prognostic guidance, and improving understanding of the disease 

process. Once the T, N, and M categories have been determined, this 

information is combined in a procedure called stage grouping. Cancers 

with similar stages tend to have a similar outlook and thus are often 

treated in a similar way. Stages are expressed in Roman numerals 

from stage I (the least advanced stage) to stage IV (the most advanced 

stage). Non-invasive cancer is listed as stage 0 (Greene et al., 2002).  

 Known breast cancer biomarkers that have implications for 

prognosis and therapy are the status of estrogen receptors (ER), 

progesterone receptors (PR), and ERBB2 (also known as HER2, 

NEU) which is over-expressed in between 20-30% of breast cancers. 



 

 

4 

 

These biomarkers are independent of TNM stages. Estrogen receptor 

(ER) positively improves prognosis, whatever the stage, and it also 

makes the tumour a candidate for therapy with a targeted hormonal 

agent such as tamoxifen or an aromatase inhibitor. Herceptin 

(trastuzumab) targets ERBB2, has been considered a negative 

prognostic indicator independent of TNM stage. ERBB2 is one of four 

known human epidermal growth factor receptors (the others are 

HER1, HER3 and HER4) that play many roles in mammalian growth 

and development. Over-expression of HERs is widely correlated with 

resistance to radiotherapy and to other forms of adjuvant therapy 

(Jameel et al., 2004; Ludwig and Weinstein, 2005).  

  

1.2 BRCA related familiar breast cancer 

In the mid nineties two breast cancer susceptibility genes were 

identified; BRCA1 on chromosome 17 and BRCA2 on chromosome 13 

(Miki et al., 1994; Wooster et al., 1995; Tavtigian et al., 1996). These 

genes express large proteins. The BRCA1 protein is composed of 

1863 amino acids and is transcribed from 22 exons and the BRCA2 

protein is composed 3418 amino acids transcribed from 27 exons. 

Risk of breast cancer is highly associated with mutations in these two 

major breast cancer susceptibility genes which are most often found 

among high-risk families with early-onset breast cancer, ovarian 

cancer, male breast cancer and strong family history of cancer. In 

BRCA related familial breast cancer, one allele is inactivated via a 

germ-line mutation and the remaining wild-type allele can be lost due 

to somatic rearrangements or inactivation. The two very large gene 
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products of BRCA1 and BRCA2 lack significant resemblance to each 

other or known proteins but both promote homology-directed DSB 

repair. These proteins are found in the nucleus of dividing cells in 

most tissues (Scully and Livingston, 2000; Welcsh et al., 2000). 

Numerous mutations have already been detected in different 

populations, some relatively common, others rare. Some are ancient in 

the human population (Szabo and King, 1997; Ford et al., 1998). Most 

known mutations are truncating mutations, over 670 reported for 

BRCA1, and over 730 for BRCA2. These include nonsense mutations, 

frame-shift mutations due to small insertion and/or deletion events, 

and mutations within splice sites. They occur throughout the lengths 

of the two genes. Missense mutations are much fewer, only 27 have 

been reported in BRCA1 and 10 in BRCA2. In addition, BRCA1 and 

BRCA2 are both known to have germ-line mutations resulting from 

larger-scale genomic rearrangements that result in duplications or 

deletions of one or more exons, usually producing premature stop 

codons. Such mutations are difficult to detect by traditional methods, 

so their contribution to mutation frequencies in different populations 

is not well known (Fackenthal and Olopade, 2007).  

Patients with ovarian cancer, early-onset breast cancer or male 

breast cancer are likely to harbour BRCA1 and BRCA2 mutations. 

Germ-line mutations in BRCA1 and BRCA2 greatly increase the risk 

of carriers developing breast and ovarian cancer and to a lesser degree 

a number of other cancers. Generally, the mutation frequencies in 

different populations are low. In very high-risk BRCA1 or BRCA2 

families with four or more breast cancer cases, age-specific 
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cumulative risk has by the age og 70 reached 80-87% likelihood of 

developing breast cancer, and 27-63% likelihood of developing 

ovarian cancer. Somewhat lower breast cancer risk was found in 

BRCA1 and BRCA2 mutation carriers detected in case series 

independent of family history, or 47-57% and 31-71%, respectively, 

by the age of 70 years (Fackenthal and Olopade, 2007; Tryggvadottir 

et al., 2006). This shows that different BRCA1 and BRCA2 mutations 

can have different penetrance for breast cancer susceptibility. BRCA1 

mutation carriers have a high risk of breast cancer and ovarian cancer, 

and they also have generally a 2-, 3-, 4- and 120-fold increased risk of 

colon, pancreas, stomach and fallopian tube cancers, respectively, 

compared with population-based estimates (Brose et al., 2002).  

It has been shown that different mutations may confer different 

risk of breast cancer. This has been shown in studies on BRCA 

founder mutations in individuals of Ashkenazi Jewish ancestry and in 

Icelandic and Polish families. The Icelandic founder mutation BRCA2 

999del5 shows, for example, a considerable difference in penetrance 

in different families or individuals (Thorlacius et al., 1997). This is an 

early truncation mutation in exon 9 of the BRCA2 gene, found in 6-7% 

of female breast cancer cases and 40% of male breast cancer cases in 

Iceland (Thorlacius et al., 1996). Cloning of the 999del5 mutant and 

expression studies show that even though the mutant RNA is produced 

there is no detectable corresponding protein product (Mikaelsdottir et 

al., 2004). About 0.6% of the population carries the mutation and 

about 24% of breast cancer cases with the mutation are diagnosed 

before age of 40 (Thorlacius et al., 1997). Cumulative incidence of 
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breast cancer before 70 years is about 70% (Tryggvadottir et al., 

2006). This sole mutation is associated with nearly 40% of familial 

breast cancer in Iceland in addition to 4- and 5-fold risk of developing 

prostate and ovarian cancers, respectively, compared with population 

based estimates (Tulinius et al., 2002; Rafnar et al., 2004). This 

increased prostate cancer risk of BRCA2 mutation carriers is 

associated with poor prognosis (Sigurdsson et al., 1997; Tryggvadottir 

et al., 2007). Prognosis of BRCA2-mutated breast cancer cases needs 

to be validated but does not seem to be as poor as for the BRCA2-

mutated prostate cancer cases.    

 

1.3 BRCA involvement in maintaining genomic stability 

 BRCA1 and BRCA2 function as tumour suppressor genes that 

play important roles in DNA repair and transcriptional regulation in 

response to DNA damage. BRCA proteins are required for 

maintenance of chromosomal stability, thereby protecting the genome 

from damage. On DNA damage, BRCA proteins interact with 

numerous other proteins to facilitate DNA repair, transcription, and 

the cell cycle. Many of these proteins have been identified and several 

have been shown to be affected in human breakage syndromes and 

cancer (additional paper 3). The role of BRCA proteins in repairing 

double strand breaks (DSBs) and stalled replication forks is through 

homologous recombination (HR) that arises during DNA replication 

in S and G2 phase. ATM/ATR dependent phosphorylation of BRCA1 

activates DNA repair through HR, in cooperation with BRCA2 and 

RAD51. BRCA1 also recruits the Mre11- Rad50-NBS1 (MRN) 
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complex to the sites of DNA repair (additional paper 3). BRCA2 

interacts directly with the RAD51 recombinase, through its 

evolutionary conserved BRC repeats, and regulates recombination 

mediated DSB repair through RAD51 oligomerization, which is 

required for nucleofilament formation. The first repair process of HR 

at DSB is the production of a single-stranded region with 3´overhang 

which replication protein A binds to. Then BRCA2 binds to the 

junction between the double-stranded and single-stranded regions and 

forms a RAD51 nucleoprotein filament. HR repairs DSBs and stalled 

replication forks by pairing with the matching DNA region on the 

intact chromosome copy using the sister chromatid as a template to 

direct synthesis of DNA at the site of DNA damage. This process 

restores the damaged DNA to its original sequence, through an error-

free HR repair (Thorslund and West, 2007). Another primary 

mechanism of DSB repair in vertebrates, known as non-homologous 

end joining (NHEJ), occurs through an end-splicing mechanism and is 

more error-prone and can lead to loss of genetic information. NHEJ is 

primarily utilized during the G1 phase and does only play a role in 

DSB repair, but apparently not in repair of collapsed replication forks. 

Cells that lack HR repair, most often by mutations or inactivation of 

responsible HR repair genes, rely on NHEJ which is more error-prone 

and may lead to genomic instability. Therefore, the tumour suppressor 

and breast cancer-susceptibility genes (BRCAs) are required for 

normal levels of HR-mediated DSB repair and provide an important 

link between the ability to maintain genome stability and 

tumorigenesis (Thorslund and West, 2007; Martin et al., 2008). It has 
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been shown that BRCA2-deficient human and murine cells exhibit a 

spontaneous genome instability phenotype that involves the 

accumulation of chromosome breaks and radial chromosomes, 

presumably due to defects in the repair of replication associated DSBs 

(Patel et al., 1998; Yu et al., 2000). Studies on BRCA2-deficient cells 

have shown that DSB repair through NHEJ seems to function 

normally, implying that BRCA2 is not directly involved in NHEJ 

(Wang et al., 2001; Xia et al., 2001), whereas BRCA1 is involved in 

NHEJ (Zhong et al., 2002). 

Chromosomal instability (CI) in breast carcinomas has been 

related to BRCA1 and BRCA2 mutations in breast cancers 

(Gretarsdottir et al., 1998; Miyoshi et al., 2000; AP3). Reduced HR, 

caused by BRCA-deficiency, is thought to promote malignant 

transformation by selection for mutations that promote the growth and 

survival of tumour cells. Therefore, BRCA-defective cells that have 

lost both copies of BRCA1 or BRCA2 could be hypersensitive to 

cancer therapies that function by inducing recombinogenic lesions 

such as irradiation and DNA cross linking agents. Inhibition of poly 

(ADP-Ribose) polymerase (PARP), which is involved in repair of 

single-strand DNA breaks, has been shown to lead to apoptosis in 

BRCA-deficient cells, presumably because of collapse of the DNA 

replication fork. In contrast, cells with one or both copies of BRCA1 or 

BRCA2 have been shown to be relatively unaffected by PARP 

inhibition, as the retained BRCA1 or BRCA2 function allows for HR 

repair (Bryant et al., 2005; Farmer et al., 2005). PARP inhibition has 

also been shown to be selective for cells with defects in HR 
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components other than BRCA1 and BRCA2 that resemble BRCA-

deficient tumour cells, a property referred to as BRCAness (Turner et 

al., 2004; McCabe et al., 2006).  

 

1.4 Other genes associated with familial breast cancer 

Among important genes other than BRCA1 and BRCA2 in 

maintaining DSB repair and chromosomal stability are ATM and 

TP53. ATM orchestrates the DSB response by phosphorylating 

substrates required for the G1/S, intra-S and G2/M checkpoints, the 

induction and regulation of DSB repair, or, in the event of incomplete 

repair, apoptosis (Ralhan et al., 2006). Chek2 is activated by ATM-

mediated phosphorylation in response to DSBs and, in turn, catalyzes 

phosphorylation of TP53 at serine 20 (Kurz and Lees-Miller, 2004). In 

a Li-Fraumeni syndrome family without a TP53 mutation, a 

heterozygous germ-line mutation 1100delC was identified in the 

CHEK2 gene with cancer susceptibility of lower penetrance than 

TP53 mutations (Bell et al., 1999). This CHEK2 1100delC frameshift 

mutation was found to be associated with familial breast cancer since 

women with the germ-line mutation have a twofold greater risk of 

breast cancer than women in the general population (Meijers-Heijboer 

et al., 2002). In BRCA1 and BRCA2 mutation carriers the CHEK2 

1100delC mutation was not found to be associated with an increased 

cancer risk, suggesting participation in the same pathway (Meijers-

Heijboer et al., 2002; Varley and Haber, 2003). The ATM-Chk2-TP53 

pathway is activated in precancerous lesions as a DSB repair and 

checkpoint control pathway that prevents genomic instabilities before 



 

 

11 

 

malignant conversion (Venkitaraman, 2005). 

A recent Finnish study of the three MRN genes found an 

association of three MRN complex mutations, two from RAD50 and 

one from NBS1, with hereditary breast cancer susceptibility with low 

penetrance.  One RAD50 mutation was identified as a Finnish founder 

mutation that has not been detected in other Nordic cohorts. Loss of 

the wild-type allele of these two genes was not involved in the 

tumorigenesis in any of the studied mutation carriers. These results 

indicate an effect of RAD50 and NBS1 haploinsufficiency on genomic 

integrity and susceptibility to cancer (Heikkinen et al., 2006). 

Mutations in two other genes, BRIP1 and PALB2, are associated with 

doubling the risk of breast cancer. These breast cancer susceptibility 

genes, in addition to BRCA2, cause Fanconi anemia (FA) which is an 

autosomal recessive disease. FA is characterized by developmental 

abnormalities, bone marrow failure, sensitivity to cross-linking agents 

and cancer susceptibility, both haematologic and solid tumours.  

Biallelic BRCA2 mutations cause FA-D1, BRIP1 cause FA-J and 

PALB2 cause FA-N (Walsh and King, 2007). FA proteins have in 

common with BRCA1, BRCA2 and RAD51 an essential role in 

mechanisms that deal with both endogenous and exogenous DNA 

damage. One of the FA proteins, FA-D2, co-localizes with BRCA1, 

BRCA2, and RAD51 and several other repair proteins in response to 

DNA damage (additional paper 3). 

 

1.5 Genomic instability in breast carcinomas 

Breast carcinoma may arise as a result of multiple changes in 
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the genome of normal mammary epithelial cells. Some chromosomal 

changes can be detected in majority of breast tumours, whereas about 

one third is expected to harbour CI. These changes include gene 

deletions, insertions and translocations, gains and losses of entire, or 

parts of, chromosomes and chromosome arms, and eventually gross 

changes in chromosome number (Steinarsdottir et al., 1995; Teixeira 

et al., 2002; Höglund et al., 2002). CI has two main origins which 

may not be easily distinguishable. One has its origin in defects in 

DNA repair, such as BRCA1 and BRCA2 genes known to be involved 

in familial breast cancer, or loss of tumour suppressor genes such as 

TP53, leading to abnormal chromosomal structures. The other lies in 

aberrations in chromosome segregation between daughter cells that 

leads to changes in chromosome number. One of these aberrations is 

amplification of centrosomes that leads to multipolar chromosome 

segregation and uneven chromosome splitting (Dutrillaux, 1995; 

Venkitaraman, 2004). Chromosomal rearrangements and oncogene 

amplifications seem to drive CI and may take place before 

aneuploidization (Rennstam et al., 2001). These findings are 

contradicted by observations of aneuploidy being commonly present 

in early breast lesions, such as in atypical ductal hyperplasia and DCIS 

(Devilee et al., 1994; Fiche et al., 2000; Chin et al., 2004; 

Steinarsdottir et al., 2004). A number of studies have shown that CI in 

breast tumours is associated with TP53 and BRCA2 mutations 

(Livingstone et al., 1992; Eyfjord et al., 1995; Valgardsdottir et al., 

1997; Gretarsdottir et al., 1998; Patel et al., 1998).  

Results from various classification studies indicate that many 
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genomic gains and losses show recurrences in anywhere between 20 

and 80% of all tumours in a separate class, depending on the region 

and the cancer subtype investigated. Previous results from our 

laboratory revealed that chromosome 17 was most often involved in 

chromosomal rearrangements and in chromosomal gains along with 

chromosome 1, while chromosome 16 was preferentially involved in 

losses and deletions (Anamthawat-Jonsson et al., 1996). Generally, 

certain regions such as 1q and 8q almost exclusively exhibit gain and 

rarely loss, whereas 16q often shows loss but hardly ever gain (van 

Beers and Nederlof, 2006). There seem to be two distinct major 

pathways behind the evolution of low- and high-grade invasive 

carcinomas. The former consistently shows ER and PR positivity and 

16q loss while the latter is usually negative for the hormonal receptors 

and shows ERBB2 overexpression or amplification and a complex 

karyotype (Simpson et al., 2005). Low grade IDC is frequently 

diploid, ER positive, have a low mitotic index, low expression index, 

overexpression of cyclin D1 and frequent gains of 1q and losses of 

16q. High grade IDC, however, often has TP53 mutations, tends to 

overexpress MYC, have high S-phase, DNA aneuploidy, loss of ER, 

expression of either ERBB2 or basal epithelial cell-enriched gene 

cluster, and frequent gains of 8q and 13q and losses of p and 11q. ILC 

follows a similar pathway as low grade IDC but additionally looses 

expression of E-cadherin. Pleomorphic IDC initiation is poorly 

understood but appears to be similar to high grade IDC with more 

frequent gains of 1q and losses of 16q in addition to loss of expression 

of E-cadherin (Simpson et al., 2005; Yoder et al., 2007). 
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 Results from comparative genomic hybridization (CGH) 

analysis indicate that loss of 16q is commonly found in IDC and ILC. 

In premalignant lesions, such as hyperplasia and carcinoma in situ, 

array CGH suggest very similar lesions for lobular and ductal tumour 

progression from hyperplasia (Climent et al., 2007). Aberrations 

specific to each of these tumour types are, however, found indicating 

differences in the intrinsic biology of IDC and ILC, such as gains of 

4p and 5p and losses of 17p, 18q12-q21, and 22q in ILC, and gains of 

8q and 20q in IDC (Nishizaki et al., 1997; Loveday et al., 2000; 

Richard et al., 2000; Gunther et al., 2001).  

 

1.6 Breast tumour subclassification 

 Five distinct breast cancer subtypes have been defined by 

different gene expression patterns: luminal A and B, ERBB2, basal-

like and unclassified. Clinical outcome of these subtypes is worst 

among basal-like and ERBB2 positive tumours (Sorlie et al., 2003; 

Chin et al., 2006). The largest subgroup is luminal A with 30-45% of 

tumours, next is the ERBB2 subgroup, then luminal B and smallest is 

the basal-like subgroup. High level amplification is most common 

among the luminal B subtype and gains/losses are most common 

among basal-like tumours (Bergamaschi et al., 2006; Melchor et al., 

2007). Amplifications, most frequent in luminal B tumours, were 

found on chromosome regions 8q and 20q, which are a subset of ER-

positive tumours characterized by higher proliferation rates and 

associated with unfavourable outcomes (Bergamaschi et al., 2006). 
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1.7 Chromosomal instability and subclassification of BRCA 

tumours 

 CGH analyses on BRCA1 and BRCA2-mutated breast tumour 

samples show distinct profiles of chromosome aberrations compared 

to sporadic tumours (Tirkkonen et al., 1997; Alvarez et al., 2005; van 

Beers et al., 2005; Jonsson at al., 2005; Melchor et al., 2005). 

Tirkkonen et al. (1997) revealed that gains on chromosomal regions 

17q22-24 and 20q13 were associated with BRCA2-mutated breast 

tumours (87% and 60% of tumours, respectively) when compared to 

BRCA1 and sporadic tumours. Losses were most common at the 

13cen-q21 chromosomal region in BRCA2-mutated tumours (73% of 

tumours) and confirmed with loss of heterozygosity analysis (78% of 

samples). These BRCA2-mutated samples were all from Icelandic 

999del5 germ-line mutation carriers (Tirkkonen et al., 1997). Other 

studies on BRCA2-mutated breast tumours also show frequent gains 

on 17q23-24 and 20q (Jonsson et al., 2005; van Beers et al., 2005). 

Different results were obtained in a study that compared BRCA2-

mutated breast tumours with BRCA1-mutated tumours and tumours 

without BRCA1/2 mutations, showing that BRCA2-mutated tumour 

samples had more frequently gains on chromosome regions 8p11-12 

and 12q11-21. The same study also revealed more frequent losses of 

chromosome regions 15q22-26 and 18q in BRCA2-mutated breast 

tumours. No association was, however, found between gains on 

chromosome regions 17q22-25 and 20q, and BRCA2-mutated breast 

tumours in this study even though gains on 17q22-25 were found in 

above 60% of BRCA2-mutated samples (Alvarez et al., 2005). 
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Immunohistochemical and BAC-array based CGH analysis from the 

same laboratory showed that BRCA2-related tumours were found to be 

subdivided mainly into luminal B or unclassified subtypes (38% and 

31%, respectively). A minority were of basal-like or luminal A 

subtypes (19% and 12%, respectively) and none of the ERBB2 

subtype (Melchor et al., 2007). Luminal B and unclassified tumours 

were the only subtypes found to have high-level 17q22-25 

amplification, and the luminal B subtype was the only tumour-type 

with high-level 20q amplification. Luminal B tumours had more high-

level DNA amplifications than other subtypes and medium genomic 

instability. The same study confirms that BRCA1-related tumours are 

preferentially basal-like, and were shown to have greater number of 

gains and losses and higher genomic instability than other subtypes 

(Melchor et al., 2007). 

BRCA1-associated breast cancer is often poorly differentiated 

IDC that shows morphological features of typical or atypical 

medullary carcinoma, whereas BRCA2-associated breast cancer tends 

to be of higher grade than sporadic breast cancer. In typical medullary 

breast carcinomas, a TP53 mutation occurs in 100% of cases (de 

Cremoux et al., 1999), but they share clinicopathological similarities 

with BRCA1 associated cases. Hormone receptor negativity is frequent 

in BRCA1 tumours in addition to a high frequency of TP53 mutations, 

and low ERBB2 expression is frequently found in both BRCA1 and 

BRCA2-mutated tumours (Crook et al., 1997; Gretarsdottir et al., 

1998; Robson et al., 1998). The basal subtype of breast tumours from 

BRCA1 mutation carriers corresponds to the triple-negative phenotype 
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(i.e., negative for ER, PR, and ERBB2) that can be characterized by 

the expression of basal (myoepithelial) markers. Currently there are no 

specific treatment guidelines for the basal-like subgroup of cancer 

patients. These cancers are particularly chemosensitive, for which 

platinum-based regimens should always be considered in view of 

defects in the BRCA1 DNA-repair pathways.  Moreover, the genetic 

instability of basal-like breast cancers is expected to present resistance 

to treatments (Fatouros et al., 2008). Key studies have shown that 30-

40% of sporadic breast carcinomas show reduced or absent expression 

of BRCA1, suggesting a much wider role in mammary carcinogenesis 

(Thompson et al., 1995; Wilson et al., 1999).  

 

1.8 Epigenetic alterations and allelic loss of BRCA 

Somatic BRCA mutations are not found in sporadic breast 

tumours. However, hypermethylation of the BRCA1 promoter has 

been shown to occur in sporadic breast tumours and to be associated 

with reduced gene expression. The frequency of BRCA1 methylation 

in 143 primary sporadic breast tumours along with BRCA1 copy 

number alterations and tumour phenotype was examined in our 

laboratory (additional paper 4). BRCA1 methylation was found in 9% 

of 143 sporadic breast tumours tested. An obvious trend for BRCA1 

allelic imbalance (AI), reduced BRCA1 expression and significant 

association with ER negativity was found in BRCA1 methylated 

tumours (additional paper 4). Phenotypic similarities were found in 

this study between BRCA1 methylated tumours and familial-BRCA1 

tumours, based on deletion at the BRCA1 locus, TP53 mutations, ER 



 

 

18 

 

status, young age and tumour grade. Other studies have shown wide 

range (11-41%) of promoter BRCA1 hypermethylation (Catteau et al., 

1999; Esteller et al., 2000; Rice et al., 2000; Wei et al., 2005; Li et al., 

2006; Mirza et al., 2007). Promoter methylation has not been found in 

the BRCA2 gene. 

Although somatic mutations are not found in the BRCA genes, 

inactivation by AI is found in sporadic breast tumours. In the study of 

143 sporadic breast tumours described above AI was found to be 37% 

in the BRCA1 gene and 31% in the BRCA2 gene (Birgisdottir, 2004). 

A slightly higher proportion of AI was found in a study of 127 

sporadic breast carcinomas with 49% AI in the BRCA1 gene and 44% 

AI in the BRCA2 gene (Gonzalez et al., 1999). In another study the 

combined AI in both BRCA genes was only seen in 29% of sporadic 

tumours, and rose to 71% with hereditary tumours from germ-line 

BRCA1 and BRCA2 mutation carriers (Staff et al., 2001). Results from 

our laboratory showed that less than half of the samples having AI in 

one of the BRCA genes had AI in both BRCA genes, or only 21% 

(Birgisdottir, 2004) which is in agreement with results from Staff et 

al. (2001). 

 

1.9 Oncogene amplification 

The term oncogene refers to genes whose activation can 

contribute to the development of cancer. There is, however, no widely 

accepted standard to classify oncogenes, although there are several 

categories that are commonly used. A strict definition would require 

that activation has been proven to induce tumorigenesis, but this does 
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not apply to many well known oncogenes, except when combined 

with inactivation of key tumour suppressor genes. Activation can 

occur through gene amplification leading to more expression of the 

protein encoded by the gene or enhanced function, such as oncogene 

activation of ERBB2 that is overexpressed in about 25-30% of primary 

breast cancer cases (Miles et al., 1999). Another mechanism of 

activation is through point mutations or chromosomal translocations 

that enhance the function of oncoproteins or fusion proteins, which are 

usually not found in breast cancer (Osborne et al., 2004). Oncogenes 

that have been reported to play an early role in sporadic breast cancer 

and shown to have a major role in breast tumorigenesis are MYC, 

CCND1 and ERBB2 (Kenemans et al., 2004).  

A putative oncogene, EMSY (C11orf30), implicates the 

BRCA2 pathway in sporadic tumours by binding to BRCA2 which 

can lead to inadequate BRCA2 function when EMSY is 

overexpressed. EMSY maps to an amplicon at the chromosomal locus 

11q13.5 that is amplified in 13% of sporadic breast cancers and in 

17% of higher-grade ovarian cancers (Hughes-Davies et al., 2003). 

Furthermore, EMSY gene amplification is associated with adverse 

prognosis and shorter disease-free survival (Hughes-Davies et al., 

2003; Rodriguez et al., 2004). The activation of BRCA2 within the 

conserved exon 3 regions might play a role in chromatin remodelling 

during transcription and DNA repair. Overexpression of the repressor 

protein EMSY, which binds to and silences this domain, may mimic 

the effects of BRCA2 by inactivation and contribute to breast cancer 

progression (Hughes-Davies et al., 2003).  



 

 

20 

 

1.9.1 AURKA amplification 

Induction of tumorigenesis may be caused by abnormalities in 

chromosome segregation and cytokinesis, as a consequence of tumour 

suppressor gene inactivation in addition to amplification of 

oncogenes. One such oncogene is AURKA, aurora serine/threonine 

kinase A gene (also known as Aurora-A, STK15 and BTAK), located 

on chromosome 20q13 (Sen et al., 1997). AURKA amplification and 

overexpression are common events in breast cancer cells (Sen et al., 

1997), causing centrosomal amplification and aneuploidy (Zhou et al., 

1998). AURKA overexpression and centrosome amplification has been 

shown to be an early event in rat mammary tumorigenesis (Goepfert et 

al., 2002). In human mammary tumorigenesis AURKA overexpression 

seems to correlate with transition from in situ to IDC and may 

therefore be more relevant in tumour initiation than progression in 

breast carcinogenesis (Hoque et al., 2003). AURKA amplification has 

been shown to override the mitotic spindle assembly checkpoint 

which subsequently leads to failure to complete cytokinesis, resulting 

in multinucleation (Anand et al., 2003; Jiang et al., 2003). 

Overexpressing AURKA in an in vitro model has shown that 

tetraploidisation is a major route to centrosome amplification in  

Trp53
-/- cells (Meraldi et al., 2002). There is an association between 

centrosome size and numbers, and aneuploidy and cytogenetic 

heterogeneity in breast tumours that exhibit abnormalities in structure 

and/or numbers of centrosomes in 80% of invasive breast tumours 

(Lingle et al., 2002). Centrosome abnormalities appear early in 

carinogenesis and are detected at the breast carcinoma in situ stage 
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where excessive pericentriolar material showed higher correlation 

with abnormal mitotic cells than did the presence of supernumerary 

centrosomes (Lingle et al., 2002). 

Absence of Brca2 in mouse embryonic fibroblasts (MEFs) 

leads to centrosome amplification and genomic instability (Tutt et al., 

1999). Neoplastic transformation and aneuploidy has been shown to 

occur through inactivation of the mitotic spindle assembly checkpoint 

in an in vitro study of Brca2 homozygous truncated murine cells (Lee 

et al., 1999) resulting in delay or failure to complete cytokinesis 

(Daniels et al., 2004). These observations are very similar to changes 

seen in AURKA amplified tumour cells. 

Other tumour suppressor genes, such as TP53, have also been 

shown to be strongly associated with centrosomal amplification and 

CI (Fukasawa et al., 1996; Gretarsdottir et al., 1998). TP53 interacts 

with AURKA and suppresses its oncogenic activity by transactivation-

independent function (Chen et al., 2002). Induction of AURKA 

overexpression in MEFs prepared from transgenic mice led to aberrant 

mitosis and binucleated cell formation followed by apoptosis through 

increased TP53 protein levels (Zhang et al., 2004). Apoptosis was 

significantly suppressed by deletion of TP53 and significant alteration 

of centrosomes and extra nuclei were detected in TP53-/- MEF cells in 

the presence of AURKA overexpression (Meraldi et al., 2002; Zhang 

et al., 2004). On the other hand the AURKA kinase activity seems to 

inactivate TP53 function by phosphorylation (Katayama et al., 2004; 

Liu et al., 2004). AURKA overexpression has been associated with 

mutations in the TP53 gene in hepatocellular carcinomas (Jeng et al., 
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2004) indicating in vivo cooperative effects that contribute to tumour 

formation. 

1.9.2 MYC amplification 

Amplification and overexpression of the MYC oncogene is 

common in breast cancer (Liao and Dickson, 2000). Amplification of 

MYC has been strongly linked to genomic instability and high 

histological grade in breast tumours (Persons et al., 1997; Janocko et 

al., 2001; Rummukainen et al., 2001; Al-Kuraya et al., 2004). Both 

MYC and AURKA have been shown to activate telomerase 

expression, directly by MYC binding to the TERT promoter (Wu et 

al., 1999) and indirectly through AURKA upregulation of MYC 

(Yang et al., 2004).  Telomerase is composed of a reverse transciptase 

that carries its own RNA template and is activated in 75-90% of breast 

tumours. Progressive increase in the mean telomerase activity has 

been detected with increased severity of histopathological change 

from benign breast disease to DCIS lesions and IDC (Yashima et al., 

1998). Increased TERT expression levels in breast tumours have been 

associated with worse prognosis and lower overall survival (Poremba 

et al., 2002). 

The association between telomerase activity and genetic 

alteration is reflected in the complex role of telomerase activation in 

the progression of breast carcinomas (Artandi, 2003). This has been 

supported by a relationship between telomerase activity levels and 

genetic changes. Low telomerase activity was detected in breast 

tumours with above average genomic instability but high telomerase 
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activity was detected in breast tumours with below average genomic 

instability (Papadopoulou et al., 2003). Telomerase activation in turn 

leads to enhanced genomic stability and DNA repair (Sharma et al., 

2003). Recently, it has been shown that telomere dysfunction, in the 

absence of the cell-cycle control proteins, TP53 and CDKN1A, and 

telomerase, leads to alterations in chromosome numbers found in 

many solid tumours (Pantic et al., 2006). TP53 and TERT have been 

shown to be interactive, TP53 as a powerful inhibitor of the TERT 

promoter activity (Xu et al., 2000) and TERT in downregulation of 

TP53-induced apoptosis (Rahman et al., 2005).  

 

1.10 Telomeres and chromosomal instability 

 The telomeres of mammalian chromosomes consist of six base 

pair tandem repeats, TTAGGG, that are typically 10-15 kb long in 

humans and end in a single-stranded 150-200 nucleotide overhang of 

the G-rich strand. The G-strand overhang folds back and anneals with 

the double-stranded region of the TTAGGG repeats to form a large 

telomeric loop, called the T-loop. As a consequence, single-strand 

DNA forms from a portion of the strand where the overhang-invasion 

is displaced, so-called D-loop. This folding of telomeres is capped by 

many proteins usually involved in DSB response and DNA repair and 

protects the telomeres from being degraded, fused with each other or 

recognised as DSB by checkpoints triggering senescence or apoptosis. 

The protein complex that shapes and safeguards human telomeres has 

been named shelterin. Among shelterin proteins are TRF1, TRF2 and 

POT1, that directly recognize the TTAGGG repeats and three 
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additional proteins, TIN2, TPP1 and Rap1, that are interconnected and 

together this complex allows cells to distinguish telomeres from sites 

of damage (de Lange, 2005). 

 Because of the end replication problem DNA polymerases are 

unable to replicate terminal DNA and telomeres in somatic cells 

progressively lose approximately 50-200 nucleotides during each 

mitotic replication. Once telomeres become too short to maintain T-

loop structure, they may be recognised as DSBs and thereby trigger 

cellular senescence or apoptosis. To maintain telomere length under 

continuously proliferative conditions expression of telomerase must 

be continuously maintained in stem cells, activated lymphocytes, germ 

cells and tumour cells. 

 Telomere repeats (TTAGGG)n on chromosome ends play a 

critical role in maintaining chromosomal stability (Moyzis et al., 

1988). 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 this senescence by expression of telomerase (Blackburn et 

al., 1989). Some cancers can maintain telomere lengths by one or 

more mechanisms that do not involve telomerase and use instead so 

called alternative lengthening of telomeres (ALT) characterized by 

increased rates of telomeric recombination (Bryan and Reddel, 1997). 

ALT can be examined by chromosome orientation fluorescence in situ 

hybridization (CO-FISH) of the telomere leading (G-rich probe) or 

lagging (C-rich probe) strand (Bailey et al., 2001a; Londono-Vallejo 

et al., 2004).  
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 Barbara McClintock demonstrated that anaphase bridges could 

play a role in chromosome instability with her research on irradiated 

corn plants during the late 1930s and early 1940s. She demonstrated 

that anaphase bridges resulted from ring chromosomes, dicentric 

chromosomes and chromosomes with fusions of two sister 

chromatids. After anaphase bridge formation, the chromatids of these 

chromosomes would break at the end of cell division and then fuse 

again with broken ends in the daughter cell, leading to unbalanced 

translocations by repeated breakage-fusion-bridge (BFB) cycles 

(McClintock, 1938; McClintock, 1941). Similar BFB events 

contribute to genetic heterogeneity in human tumours. Ring and 

dicentric chromosomes appear because of abnormal telomere 

shortening and subsequent dysfuntion of the DNA-proteins that 

protect the ends of chromosomes from recognition by the DNA repair 

machinery which leads to the induction of BFB events (Gisselsson and 

Höglund, 2005). A murine model of defective telomerase and Trp53 

expression has demonstrated a synergistic effect between telomere 

shortening and disruption of the Trp53 checkpoint system in the 

generation of unbalanced translocations in epithelial cancers (Artandi 

et al., 2000). Anaphase bridging and concurrent telomere erosion have 

been observed in breast tissue, as in other investigated epithelial 

tumours (Meeker et al., 2004; Calcagnile and Gisselsson, 2007). 

Combination of telomere deficiency and cell cycle checkpoint 

disruption, such as TP53, may be a prerequisite for sustainable BFB 

instability (figure 1). Such chromosome aberration can lead to an 

efficient mechanism for loss of tumour suppressor genes and gain of 
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oncogenes although BFB events may have negative effects on tumour 

development as well (Gisselsson and Höglund, 2005). Repeated 

rearrangements of chromosomes through BFB cycles may create a 

heterogeneous pattern of structural chromosome aberrations in a 

number of tumour types (Gisselsson et al., 2000). 

 
Figure 1. Model of the BFB cycle mechanism in carcinogenesis. After certain 
number of cell divisions telomeres get critically short leading to senescence by cell 
cycle checkpoint proteins, like TP53. If such proteins are functionally inactive, e.g. 
by gene mutation, continuing cell divisions will lead to further telomere erosion. 
Very eroded telomeres are uncapped and will be recognized as DSBs and repaired 
by chromosome end-to-end fusions. Dicentric end-to-end fused chromosomes go 
through BFB cycle during cell division leading to oncogene amplification. 
Amplified oncogenes, such as MYC and AURKA, induce telomerase expression that 
furthermore enhances tumorigenesis. This model is based on the Nature review 
article “The age of cancer” by DePinho (DePinho, 2000). 
 
 One dysfunctional telomere is sufficient to trigger a series of 

unbalanced translocations, leading to chromosomal rearrangements 

similar to those seen in tumour cells. It is believed that the 

contribution of telomerase in carcinogenesis is to prevent telomere 

shortening and crisis during prolonged neoplastic growth by 
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counteracting the senescence, apoptosis, and/or genomic instability 

triggered by dysfunctional telomeres. More than 90% of malignant 

tumours have been shown to express telomerase. Among these 

tumours, chromosomal BFB instability triggered by telomere erosion 

or dysfunction is still a common phenomenon (Calcagnile and 

Gisselsson, 2007). Telomerase expression leads to a reduction in the 

number of critically short telomeres without eliminating short 

telomeres or anaphase bridging. By telomerase expression genomic 

instability is maintained or reduced to a steady-state level allowing 

efficient cellular proliferation while retaining some potential for 

cytogenetic evolution. Telomere shortening seems to occur early in 

tumorigenesis, and reaches high levels before telomerase activation. 

Once telomerase is activated, telomere sequences are stabilised to 

some extent, although some remain unstable (Artandi, 2003; 

Calcagnile and Gisselsson, 2007). 

 Studies of the cytogenetic evolution in breast cancer have 

suggested that a highly aneuploid state could originate from a 

tetraploidisation event concurrent with a gradual loss of chromosome 

copies (Dutrillaux et al., 1991). Most of the highly aneuploid tumours 

recorded in the literature have chromosome numbers in the 

hyperdiploid-hypotetraploid interval, consistent with a model of whole 

chromosome losses from an originally tetraploid cell (Mitelman F, 

Johansson B and Mertens F (Eds.), 2008). In vitro studies have 

suggested that short telomeres could play a key role in the 

tetraploidisation process in connection with telomere crisis and the 

initiation of BFB events. During late population doublings, most cells 
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become tetraploid or hypotetraploid, and more complex chromosome 

aberrations become frequent. Many of them appear to result from BFB 

cycles involving previously detected end-to-end fusions of short 

telomeres, following stabilization of the telomeres by re-expression of 

telomerase (der-Sarkissian et al., 2004). Telomerase expression may 

then be carcinogenic by regulating genes promoting cellular growth, 

such as the EGF receptor and by diminishing the rate of cell death 

(Smith et al., 2003; Geserick et al., 2006). The function of telomerase 

in carcinogenesis could therefore be more diverse than previously 

thought, strongly supporting the notion that inhibition of telomerase is 

a feasible strategy for targeted tumour therapy (Calcagnile and 

Gisselsson, 2007). 

  NHEJ is one of most important pathways in the recognition 

and processing of DSBs in several organisms. After DSB formation, 

the complex Ku/DNA-PKcs (DNA-dependent protein kinase catalytic 

subunit) is involved in initial recognition. Ku binds to DNA ends and 

recruits DNA-PKcs which can phosphorylate several targets (Ma et 

al., 2005). Both these proteins are required for telomere capping. 

Deletion of Ku70 leads to an increase of telomere sister chromatid 

exchange (T-SCE), which is a hallmark of HR events at telomeres, 

indicating that Ku70 prevents inappropriate recombination of 

telomeres (Celli and de Lange, 2005). Ku86 is an essential partner in 

telomere capping and prevents aberrant recombination events in order 

to preserve telomere integrity (Ayouaz et al., 2008). In the absence of 

DNA-PKcs, fusions occur between both leading strands after 

replication, suggesting that DNA-PKcs is involved in post-replicative 
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telomere capping (Bailey et al., 2004c). DNA Ligase IV is involved in 

the ligation of DNA broken ends and is essential in mammalian cells. 

In cell lines from patients with a DNA Ligase IV mutation, telomere 

shortening continues, as is detected in AT (ataxia-telangiectasia) cells 

(Cabuy et al., 2005). In the absence of DNA Ligase IV, chromosome 

end fusions (CEFs), depending on NHEJ, have been abrogated 

(Smogorzewska et al., 2002). NHEJ partners act as genomic 

caretakers in the whole genome and particularly at telomeres. 

Therefore, deregulation of NHEJ components has been suspected to 

alter telomere stability and lead to genomic instability (Ayouaz et al., 

2008). This contradicts the fact that CEFs lead to activation of the 

BFB cycle which has major impact on increased chromosomal 

instability. 

1.10.1 Telomere dysfunction in BRCA related breast tumours 

As BRCA1 and BRCA2 are known to be involved in DSB 

repair in DNA damage response, mutated tumours may result in gross 

chromosomal rearrangements (Venkitaraman, 2002). Human breast 

tumours with a BRCA2 mutation have been shown to have multiple 

chromosomal abnormalities (Gretarsdottir et al., 1998). This has also 

been supported by results from studies on murine cells deficient in the 

BRCA2 homolog with spontaneous aberrations in chromosome 

structure (Patel et al., 1998). The abnormalities include broken 

chromosomes and chromatids, markers of defective mitotic 

recombination, and tri- and quadriradial chromosomes. Spectral 

karyotyping reveals complex chromosomal rearrangements such as 
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translocations or deletions, as well as fusions that include multiple, 

non-homologous chromosomes (Yu et al., 2000). Similar structural 

aberrations occur in Brca1-deficient mouse cells (Xu et al., 1999). 

These abnormalities establish that BRCA gene products are essential 

for preserving chromosome structure, suggesting that they behave as 

caretakers, suppressing genome instability and play key roles in 

networks involved in response to DNA damage (additional paper 3). 

Studies on ageing telomerase-deficient mice, heterozygous for 

mutant TP53, indicate that telomere erosion sustains a high rate of 

epithelial cancer, such as breast cancer, and formation of complex 

non-reciprocal chromosome translocations (Artandi et al., 2000). 

Some tumours, however, harbour dysfunctional telomeres without 

telomere erosion, but show instead a deficient telomere end-capping 

function (Greider, 1996). Many proteins are involved in telomere 

capping and maintenance which also play an important role in the 

DNA damage response (Bailey et al., 1999). Among these proteins are 

ATM, Ku, DNA-PKcs, RAD51D, the MRN (MRE11/RAD51/NBS1) 

complex, WRN, hRAD9, PARP1 and notably BRCA1 (Slijepcevic, 

2006). Loss of these proteins has been shown to increase end-to-end 

chromosome fusions (Bailey et al., 1999).  Dicentric chromosomes 

from targeted Brca1 null-mutated murine T cells and BRCA1 

heterozygous human cells often contain telomere sequences at fusion 

points that are a sign of telomere capping defect (Al-Wahiby and 

Slijepcevic, 2005; McPherson et al., 2006). No study has, however, 

shown involvement of BRCA2 in telomere maintenance. 
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2. AIMS 

To address the complex role of the induction of chromosomal 

instability (CI) in breast tumours the goal of this study was to analyse 

genomic changes that could be responsible for increased CI. Among 

these genomic changes are mutations in the well known breast tumour 

suppressor genes BRCA2 and TP53, amplification of oncogenes and 

telomere erosion. By CGH analysis of breast tumours with CI two 

chromosome regions were identified that were most often gained in 

these tumours, 8q24 and 20q13. 

The thoroughly studied MYC oncogene is located on 

chromosome region 8q24. To analyse its impact on CI, MYC 

amplification was detected by FISH in selected breast tumours with 

CI. The objective was to examine the complex role of MYC oncogene 

amplification, genomic instability, and telomerase (TERT) activation 

in primary breast tumours. 

Among proto-oncogenes located on chromosome region 20q13 

is AURKA that has been associated with CI in breast tumours. Since 

all breast tumours with germ line BRCA2 mutation in the CGH 

analysis had gain on this region, and in light of common features of 

tumours with AURKA amplification and BRCA2 germ-line mutations, 

we set out to examine a possible association of AURKA amplification 

with BRCA2. 

Telomeres play an important role in maintaining chromosomal 

stability. To examine the impact of telomere erosion on CI, telomere 

DNA content of breast tumours with known CI was measured. 
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BRCA2-mutated breast tumours turned out to be of special interest 

because of abundant CI with chromosome end fusions and without 

detectable telomere erosion. Emphasis was therefore put on analysing 

possible involvement of dysfunctional telomeres in CI of BRCA2-

mutated breast tumours and cell lines.  
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3. MATERIALS AND METHODS 

 

3.1 Tissue materials and histopathological examination 

Fresh breast tumour tissue samples used for chromosomal 

analysis and DNA isolation were obtained immediately after surgery 

from the Department of Pathology, Landspitali University Hospital, 

between the years 1990 and 2001. Breast tumour samples were 

selected for the study based on CI karyotype (Steinarsdottir et al., 

1995), DNA index (Jonasson and Hrafnkelsson, 1994) and mutation 

status of BRCA2 (Thorlacius et al., 1996) and TP53 (Valgardsdottir et 

al., 1997). Formalin-fixed and paraffin-embedded breast tumour tissue 

samples, used for immunostaining and FISH, were also obtained from 

the Department of Pathology, Landspitali University Hospital. 

Information about histopathological parameters, hormone receptor 

status and DNA index were obtained from pathology reports of the 

Department of Pathology. Tumour size was rated as well as 

pathological TNM staging was determined according to AJCC 

(Greene et al., 2002). Permission from the National Bioethics 

Committee and the Data Protection Authority was obtained for the 

study (99/041V2S1, 99/111V1S1). 

 

3.2 Epithelial BRCA2-mutated breast cell lines 

Three human mammary epithelial cell lines immortalized with 

a retroviral construct containing the human papilloma virus 16 E6 and 

E7 oncogenes and derived from BRCA2 999del5 mutation carriers; 

BRCA2-999del5-1N, BRCA2-999del5-2N and BRCA2-999del5-2T 
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(Rubner Fridriksdottir et al., 2005) were used and another mammary 

epithelial cell line, HME348, derived from BRCA2 6872del4 mutation 

carrier and immortalised with ectopic TERT transformation (Lewis et 

al., 2006). Cell lines of BRCA2 999del5 origin were grown in H14 

medium which consists of DMEM-Ham´s F12 basal medium with 

supplements as previously described (Rubner Fridriksdottir et al., 

2005). The HME348 cell line was grown in MCDB170 basal medium 

(Invitrogen/GIBCO) with supplements as previously described (Lewis 

et al., 2006).  

 

3.3 Chromosome harvest and banding analysis 

Tumour tissue directly from surgery was minced finely in a 

drop of culture medium. One-half of each sample was used for DNA 

analysis, and the remainder was processed for chromosomal analysis 

and tissue culture. Chromosomes were harvested directly from the 

minced tumour tissue and/or after 3-11 days short-term culture as 

previously described (Steinarsdottir et al., 1995). Mitotic cells were 

collected by standard colchicine treatment. Chromosomes were G-

banded with Wright´s stain (Pandis et al., 1992). The number of cells 

analysed depended on the material and ranged from 5 to 300 cells per 

sample. Karyotypes were described according to the International 

System for Human Cytogenetic Nomenclature (ISCN 1995, 1995).  

 

3.4 BRCA2 mutation analysis  

 BRCA2 exon 9 fragments were PCR-amplified and run on 6% 

denaturing polyacrylamide gels for detection of the 999del5 mutation, 
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the only one found in the Icelandic population (Thorlacius et al., 

1996). Mutants were identified by the presence of an extra allele 

(Gudmundsdottir et al., 2003).  

 

3.5 TP53 mutation analysis 

TP53 mutation analysis was carried out by polymerase chain 

reaction (PCR) amplification and constant denaturing gel 

electrophoresis (CDGE) on exons 5-8. Mutations were confirmed by 

direct DNA sequencing. The constant denaturant gel electrophoresis 

and sequencing condition were as previously described 

(Gudlaugsdottir et al., 2000). 

 

3.6 Comparative genomic hybridisation 

Breast tumour samples with high genomic instability and DNA 

index above 1.2 were selected for CGH analysis, which was 

performed as described previously (James et al., 1999; Warren et al., 

2003). Briefly, 1 µg of normal reference DNA (normal female DNA; 

Sigma, Poole, UK) was labelled by nick translation with 

SpectrumRed-dUTP (Vysis, Berkshire, UK) and 1 µg of high 

molecular weight tumour DNA with fluorescein-11-dUTP 

(AmershamBiosciences, Bucks, UK). Labelled DNAs and 50 µg Cot-

1 DNA (Life Technologies) were combined and then hybridised onto 

normal female metaphase chromosomes, prepared as described 

previously (James et al., 1999). The hybridisation was done at 37°C 

overnight or longer in a humid chamber. Each CGH experiment 

included a control slide with normal female DNA labelled as both test 



 

 

36 

 

and reference. This slide was used to set fluorescence ratio threshold 

values, generally of 1.18 to identify gains and less than 0.80 to 

identify loss of copy number in tumour material.  Results were 

visualised using a fluorescence microscope and image analysis was 

done with a Vysis QUIPS workstation (James et al., 1997).   

 

3.7 Telomere slot-blotting 

Average telomere length for each sample was measured on slot blot as 

previously described (Bryan and Reddel, 1997) using the Telo-

TTAGGG Telomere Length Assay Kit for probes and telomere length 

controls. Telomeric probe hybridisation signals of two placental 

control DNA samples of mean 10.2 kb and 3.9 kb in different 

dilutions were normalised against centromeric probe hybridisation 

signals to correct for DNA loading in each sample. Normalised 

telomeric probe hybridisation signals were then plotted against 

telomere length controls. Measured average telomere length less than 

80% of the 10.2 kb control telomere content was observed as reduced 

telomere content and telomere signal stronger than 120% of the 

control was observed as amplified telomere signal. 

 

3.8 Fluorescence in situ hybridisation (FISH) 

Paraffin-embedded breast cancer tissue was sliced in 4 µm 

sections for FISH analysis, which was performed using two different 

probes simultaneously. Detection of MYC amplification was done by 

using the clone dJ944B18, labelled with SpectrumOrange-dUTP 

(Vysis), and clone pZ8.4 for the centromere 8 as ploidy control, 
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labelled with fluorescein-12-dUTP (Enzo-Roche, Hvidover, 

Denmark). Both these clones were kindly provided from Dr. Mariano 

Rocchi´s Web-based Resources for Molecular Cytogenetics (Rocchi). 

For the detection of AURKA amplification, the clone RP5-1167H4 

from the Human BAC Clone Library (Sanger Centre, UK) was used, 

which spans the entire STK15/AURKA genomic region. As a control 

for the ploidy level of chromosome 20 the probe pZ20 for centromere 

20 was used, also kindly provided from Dr. Mariano Rocchi´s Web-

based Resources. The RP5-1167H4 clone was labelled with 

SpectrumOrange-dUTP (Vysis) and the pZ20 centromeric probe with 

fluorescein-12-dUTP (Enzo-Roche), by nick translation. The slides 

were deparaffinized, boiled in a microwave oven twice for 10 min 

each in 0.01M citric acid buffer, pH 6, cooled and incubated with 

1500 U/ml pepsin at 37°C for 20 min. The slides were then 

dehydrated. Probes were diluted in t-DenHyb-2 hybridisation buffer 

(InSitus Biotechnologies, Albuquerque, NM, USA) following 

manufacture’s instructions. Sections and probes were simultaneously 

denatured on a heated plate with a metal lid placed on top of Perkin 

Elmer Cetus DNA Thermal Cycle heat-block at 95°C for 10 min 

followed by overnight hybridisation at 37°C in a humid chamber. 

Slides were washed three times for 5 min each in 0.1x SSC at 60°C. 

Fluorescence signals were scored in each sample by counting the 

number of single-copy gene and centromeric signals in an average of 

120 (66-154) well-defined nuclei. The cut-off for amplification was 

when the amplicon-reference ratio was 1.5 or more or when the 

average oncogene copy number was higher than 4. 
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Probes used for detection of the BRCA2 gene copy number in 

cell lines were kindly provided by Dr. Sunnöve Staff (Staff et al., 

2000). The probe for the BRCA2 gene spans exons 25-27 of the 3´end, 

PAC 92M18 and maps chromosome region 13q12-q13 by FISH. The 

reference gene for copy number reference of chromosome 13 was a 

PAC probe specific for the ETB gene (at 13q22), because a specific 

centromere probe for chromosome 13 is not available.  

AURKA and BRCA2 copy number variation was analysed on 

the BRCA2-mutated breast epithelial cell lines. Metaphase 

chromosomes of cultured cell lines BRCA2-999del5-1N, BRCA2-

999del5-2N and BRCA2-999del5-2T were harvested as previously 

described (Rubner Fridriksdottir et al., 2005) and spread on slides and 

FISH performed as described above, excluding deparaffination and 

microwave pre-treatment, using c-DenHyb-2 hybridization buffer 

(Insitus, Albuquerque, NM, USA) and lower denature temperature 

(85°C). About 20 metaphases were analysed for each cell line. 

 

3.9 Combined binary ratio labelling  

A slide with metaphase chromosomes from a breast tumour 

sample was hybridized using a multicolour FISH approach named 

combined binary ratio labelling (COBRA)-FISH. 48-color FISH 

staining every chromosome-arm in a different colour combination, 

digital imaging and analysis were performed as previously described 

(Wiegant et al., 2000; Szuhai and Tanke, 2006). Hybridizations with 

individual libraries labelled with single fluorochromes were used to 

confirm the detected rearrangements.  
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3.10 BRCA1 and BRCA2 allelic imbalance analysis 

 AI at polymorphic microsatellite markers was analysed by 

laser quantification of PCR products from normal and tumour DNA, 

as previously described (Birgisdottir, 2004; additional paper 4). Two 

intragenic BRCA1 markers (D17S855 and D17S1323) were analysed, 

located within introns 12 and 20, respectively, and one marker 

centromeric to the BRCA1 gene (D17S846) located in region 17q12. 

Two BRCA2 markers were analysed, located in region 13q12, 

centromeric (D13S260) and telomeric (D13S171) to the gene. AI was 

defined if the relative difference of peaks representing alleles in the 

tumour and the corresponding normal DNA reactions was more than 

25%. 

 

3.11 BRCA1 methylation analysis 

 DNA methylation of the BRCA1 promoter region was assessed 

by methylation specific PCR of sodium bisulphite treated DNA, as 

previously described (Birgisdottir, 2004; additional paper 4). Briefly, 

tumour DNA and controls (1 µg) were treated with sodium bisulphite 

and purified. Modified DNA was amplified with PCR primers that 

distinguish unmethylated and methylated DNA. 

 

3.12 TERT protein immunohistochemistry 

Immunohistochemical staining for the catalytic subunit of the 

TERT protein was performed as previously described (Poremba et al., 

2002) on 103 breast tumour paraffin-embedded sections with slight 

modifications. Briefly, polyclonal rabbit anti-human antibody (Anti-
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Telomerase, Human Ab-2; Calbiochem Cat. No. 58005) was used in 

dilution 1:400 and detected with EnVision System (DAKO, Cat. No. 

K 4010), with peroxidase as the final enzymatic reaction. The TERT 

staining was scored as previously described (Poremba et al., 2002): 

grade 1 = negative or cytoplasmic staining only, without any nuclear 

staining; grade 2 = 1-10% positive nuclei with either homogeneous 

staining or a speckled/dotted pattern in the nucleus; grade 3 = 10-50% 

positive nuclei with homogeneous staining in the nucleus; grade 4 = 

>50% positive nuclei with homogeneous staining in the nucleus. 

Samples with above 50% positive nuclear immunostaining were 

classified as having high TERT staining. 

 

3.13 BRCA1 protein immunohistochemistry 

 BRCA1 protein expression analysis was performed as 

previously described (additional paper 4) on formalin-fixed and 

paraffin-embedded malignant breast tissue, with BRCA1 MS110 

antibody (Oncogene Research Products, San Diego, CA, USA). 

Briefly, tissue sections were deparaffinized, placed in citric acid 

buffer for microwave treatment. The antibody was diluted 50 times in 

1x Tris buffer and incubated overnight. ABC detection kit with 

StreptABComplex/HRP Duet (Code No. K0492: Dako, Glostrup, 

Denmark) was used for antibody detection following the 

manufacturer's recommendations. Positive staining of normal breast 

epithelial cells from normal breast tissue sections was used as a 

control. No staining or nuclear staining in <20% of tumour cells was 

classified as grade 1, that is, absent/markedly reduced expression, 
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grade 2 had 20-50% nuclear staining and grade 3 >50% nuclear 

staining, respectively. 

 

3.14 Telomere FISH 

For detection of CEFs, ready-to-use PNA probe for telomeric 

sequences was used included in the Telomere PNA FISH kit/Cy3 

(K5326 from Dako, Glostrup, Denmark) in mixture with FITC-

conjugated PNA centromeric probe for detection of all centromeres, 

kindly provided and generated by Dako. Hybridization was done 

according to the manufacturer’s instructions. 

 

3.15 Chromosome orientation FISH 

CO-FISH analysis was done following the established basic 

protocol with several modifications (Bailey et al., 2001b). Briefly, 

subconfluent cell monolayers were cultured in fresh medium 

containing 5´-bromo-2´-deoxyuridin (Sigma) to a final concentration 

of 1x10-5 M for 24h, and Colcemid (0.1 mg/ml) was added for the 

final 2.5 to 5h depending on accumulations of mitosis. Metaphase 

spreads were prepared by treating trypsinized cells with hypotonic 

KCl buffer (0.075M) for 10 min at 37°C followed by several washes 

with methanol-acetic acid (3:1) until a clean white pellet was 

obtained, then the cells were spread on slides. Slides were treated with 

RNase A (0.5 µg/ml) for 10 min at 37°C, stained with Hoechst 33258 

(0.5 µg/ml; Sigma) for 15 min at room temperature, mounted with 

2xSSC buffer, and exposed to 365 nm UV black-light L 18 W/73 

(Osram) for 60 min at room temperature. The bromodeoxyuridine-
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substituted DNA was digested with Exonuclease III (3 U/µl; New 

England Biolabs) in 1xNEB buffer provided with the enzyme for 10 

min at 37°C. CO-FISH was performed using the Cy3-conjugated 

telomere probe following manufacturer’s instruction for the DAKO 

Telomere FISH kit/Cy3 with addition of same concentration of FAM-

conjugated PNA reverse telomere (TTAGGG)3 probe (Panagene, 

Daejeon, Korea). The CO-FISH method was validated and confirmed 

on normal blood lymphocytes that were found to have stable telomere 

signal distribution of one telomere leading strand signal and other 

telomere lagging strand signal on each sister chromatid. T-SCE was 

detected when single or both sister chromatids were labelled with red 

and green telomere signals. Chromosome ends with single telomere 

signal had signal on one of the two sister chromatids and signal free 

ends were completely without telomere signals on both sister 

chromatids.  

 

3.16 Statistical analysis 

Associations between categorical variables were examined 

using Fisher’s exact test. All p values are 2-sided. The statistical 

package GraphPad InStat version 3 (GraphPad Software, San Diego, 

CA, USA) was used for statistical analysis. Boneferroni Multiple 

Comparisons test One way ANOVA was performed using the 

statistical software GraphPad Instat3 (GraphPad Software, San Diego, 

CA).
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4. RESULTS 

 

4.1 Breast tumour sample selection 

 Breast tumour sample selection was based on genomic 

instability, mainly of chromosomal origin, but also DNA index. 

Samples were analysed for the Icelandic BRCA2 9999del5 germ-line 

mutation and for somatic mutations in the TP53 gene. All samples 

were immunostained for the active reverse transcriptase of telomerase, 

TERT. CGH was done on selected samples and gained chromosome 

regions analysed for amplification of candidate oncogenes by FISH. 

Complex chromosomal changes were further analysed. 

4.2 Genomic instability in tumours analysed by CGH 

A subset of 30 breast tumour samples was selected for CGH 

analysis, based on CI. CGH was unsuccessful on three samples 

because of degraded tumour DNA. All 27 analysed breast tumour 

samples had a genomic index above 1 and nineteen tumours (70%) 

had genomic index above 1.5. Genomic index (based on DNA index 

and karyotype) ranged from 1.10 to 2.74 with a median value of 1.69 

(average 1.72). Most of the samples had complex karyotypic changes 

and variable chromosome number. CGH analysis of the tumour DNA 

showed complex patterns of gains and losses. For these samples a 

genomic index above 1.5 was associated with small tumour size (p = 

0.0119; odds ratio = 18.79; 95% Confidence Interval 0.95 – 371.73) 

and low TNM pathological stages I & II (p = 0.0329; OR = 12.00; 

95% CI 1.21 – 118.96) (table 1). 
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Table 1. Correlation between genomic index and tumour stages and size. 
  Genomic index    

  > 1.5 (n = 19) < 1.5 (n = 8) p OR 95% CI 

TNM pathological stages      

I & II 12 (63%) 1 (12%) 0.0329 12.0 1.21-119 

III & IV 7 (37%) 7 (88%)    

Tumour size      

1 (< 2 cm) 10 (53%) 0 0.0119 18.8 0.95-372 

2 and 3 (> 2 cm) 9 (47%) 8 (100%)    

 

Mean average gains and losses in each sample were 16 (from 2 

to 32, data not shown) as seen by CGH analysis. Gains were most 

common on chromosome regions 8q and 20q (figure 2), 70% of cases 

for each region, and other chromosome arms were almost as often 

gained, such as 19p, 19q and 17q (figure 3). Losses were most 

common on chromosome arms 13q and 4q, in 59% and 56% of cases, 

respectively. These chromosome regions are known for genomic 

alterations in tumours. Known oncogenes are located on amplified 

regions and known tumour suppressor genes are located on lost 

chromosome regions. Among candidate genes involved in breast CI 

and tumorigenesis located in chromosome regions 8q and 20q are 

MYC and AURKA, respectively, and the BRCA2 gene located on 13q 

(figure 2). Amplification of MYC and AURKA in these samples was 

further analysed (papers 1 and 2). 
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A   B  

Figure 2. CGH analysis showing gains on 8q and 20q and loss of 13q. Examples 
of CGH results of (A) gains of chromosome 8q and 20q where MYC and AURKA are 
located and (B) loss of chromosome 13q where the BRCA2 gene is located. 
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CGH profile of 27 breast tumour samples with known chromosomal instability
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Figure 3. CGH gains and losses from 27 breast tumour samples with chromosomal instability. All samples 
were known to have DNA index above 1.2. Number of gains and losses analysed on chromosome arms of each 
sample are shown.   
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4.3 TERT immunohistochemistry (paper 1) 

Immunostaining for the active unit of telomerase, TERT, was 

positive for most breast tumour samples, or 125 of 139 breast tumour 

samples tested. High grade nuclear staining of 3 or 4 (figure 4) was 

detected in 28 (20%) and 87 (63%) of tumour samples, respectively. 

Low grade staining 1 and 2 was detected in 14 (10%) and 10 (7%) 

tumours, respectively (table 2).  

   
 
Figure 4. Difference in grading 1-4 of TERT immunohistochemistry on breast 
tumour sections. Grade 4 (A) with >50% nuclear TERT staining, grade 3 (B) with 
10-50% nuclear staining, grade 2 (C) with <10% nuclear staining and grade 1 with 
(C) no nuclear staining. 

 

Tumour samples were characterized and pathological factors 

and mutations in the TP53 gene estimated. A difference was found 

between sporadic and BRCA2-mutated samples, where higher grade 

TERT staining was more common in BRCA2 tumours than in sporadic 

tumour samples. Tumour samples were subdivided into sporadic and 
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BRCA2-mutated cases (table 2). Results from the subdivision of 

sporadic breast tumours are published in paper 1. 

Table 2. Characteristics of 139 breast tumours included in TERT analysis. 
  Sporadic cases (n=103) BRCA2 cases (n=36) 

TERT immunostaining   

Grade 1: no nuclear staining 11 (10.7%) 3 (8.3%) 

Grade 2: 1-10% nuclear staining 10 (9.7%) 0 

Grade 3: 10-50% nuclear staining 22 (21.4%) 6 (16.7%) 

Grade 4: >50% nuclear staining 60 (58.2%) 27 (75.0%) 

TNM stages   

I 25 (24.3%) 10 (28.6%) 

IIa-IIb 49 (47.6%) 19 (54.3%) 

IIIa-IIIb 25 (24.3%) 5 (14.3%) 

IV 4 (3.9%) 1 (2.9%) 

Genomic index   

>1.5 48 (46.6%) 14 (38.9%)  

<1.5 38 (36.9%) 12 (33.3%) 

Not analysed 17 (16.5%) 10 (27.8%) 

S-phase fraction   

>5 % 51 (49.5%) 14 (38.9%) 

<5 % 27 (26.2%) 10 (27.8%) 

Not analysed 25 (24.3%) 12 (33.3%) 

TP53   

Mutated 23 (22.3%) 6 (16.7%) 

wild-type 78 (75.7%) 26 (72.2%) 

Not analysed 2 (1.9%) 4 (11.1%)  

 

Among the 103 sporadic breast tumour samples tested for TERT 

immunostaining, samples with high immunostaining of grade 4 were 

associated with high genomic instability (p=0,015; OR = 3.03; 95% 

CI = 1.25 - 7.35), S phase fraction above 5% (p=0.056; OR = 3.42; 

95% CI = 1.02 - 6.96) and TP53 mutations (p=0.030; OR = 3.42; 95% 

CI = 1.15 - 10.13). No association was found between TERT and 

TNM stages (table 3). Among the 36 BRCA2-mutated breast tumour 

samples tested for TERT immunostaining, no association was found 
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between TERT staining and pathological factors tested. When TERT 

results from BRCA2-mutated tumour samples were combined with 

results from sporadic breast tumour samples association between 

TERT immunostaining and pathological factors were lost (results not 

shown). 

Table 3. Correlation of TERT immunostaining with molecular and pathological 
factors. 
  TERT staining     
  > 50%  < 50%  P OR 95% CI 
 n = 60 n = 43    
TNM pathological stages      
I and II 45 (75%) 29 (67%) N.S.   
III and IV 15 (25%) 14 (33%)    
Genomic index      
> 1.5 33 (67%) 15 (41%) 0.017 3.03 1.25-7.35 
< 1.5 16 (33%) 22 (59%)    
S-phase      
> 5% 33 (75%) 18 (53%) 0.056 2.67 1.02-6.96 
< 5% 11 (25%) 16 (47%)    
TP53 mutation      
Mutation 18 (31%)  5 (12%) 0.030 3.42 1.15-10.13 
Wild type 40 (69%) 38 (88%)    

 

4.4 Amplification of MYC in breast tumours (paper 1) 

Among the 27 tumour samples tested with CGH, a high 

proportion showed amplification on chromosome region 8q24. 

Amplification of the MYC oncogene was detected by site specific 

FISH analysis in 16 of the 27 (59%) tumours on paraffin sections, 

with MYC/centromere ratio above 1.5 or MYC mean copy number 

above 4 (figure 5). Most of the samples had complex karyotypic 

changes and variable chromosome number (Appendix table 1). 

Majority of the samples (74%) had S phase fraction above 5%, 14 

(52%) had high TNM stages of III-IV, 14 showed high TERT 

immunostaining of grade 4, and 10 (37%) carried a TP53 mutation 

(table 4). Among the 27 breast tumours tested for MYC amplification, 
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a significant association was found with low TNM pathological stages 

I and II (P = 0.018; OR = 9.90; 95% CI = 1.54-63.72), genomic index 

above 1.5 (P = 0.033; OR = 8.40; 95% CI = 1.26-56.09), and S-phase 

fraction above 5 % (P = 0.020; OR = 20.08; 95% CI = 0.94 = 0.94-

430.54). No correlation was found between MYC amplification and 

TP53 mutations or high nuclear TERT immunostaining. 

 
 
Figure 5.  MYC amplification in 
paraffin-embedded breast tumour 
sample. MYC is detected as red signal and 
compared to centromere 8 detected as 
green signal. This sample shows clear 
MYC amplification. 
 
 

 
Table 4. Correlation of MYC amplification with molecular and 
pathological factors. 
  MYC  amplification 

  Yes (n = 16) No (n = 11) pa 

TNM pathological stages    

I & II 11 (69%) 2 (18%) p = 0.018 

III & IV 5 (31%) 9 (92%)  

Genomic index    

> 1.5 14 (88%) 5 (45%) p = 0.033 

< 1.5 2 (12%) 6 (55%)  

S-phase    

> 5% 14 (100%) 6 (60%) p = 0.020 

< 5% 0 4 (40%)  

TP53 mutation    

Mutation 6 (37%) 4 (36%) N.S. 

Wild type 10 (63%) 7 (64%)  

TERT immunostaining    

>50% cell nuclei 12 (75%) 6 (55%) N.S. 

<50% cell nuclei 4 (25%) 5 (35%)  

                                                 
a P values of Fisher´s exact test 
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4.5 Amplification of AURKA in breast tumours (paper 2) 

 Among the 27 breast tumour samples tested with CGH, a high 

proportion showed gain on chromosome region 20q13. All the 

tumours in this sample with germ-line BRCA2 mutation had gain on 

20q13. The AURKA oncogene is located on this chromosome region 

and its amplification was tested with FISH on paraffin-embedded 

breast tumour sections (figure 6). Breast tumour samples with BRCA2 

mutation or AI were added to the CGH group for FISH analysis. The 

study group was composed of samples from BRCA2 mutation carriers 

(20 samples), sporadic tumours with AI of the BRCA2 gene (21 

samples) and sporadic tumours with high DNA index and/or complex 

karyotype (20 samples) as described (appendix table 2). Of the 61 

breast tumour sample tested for AURKA gene amplification, 23 (38%) 

were amplified. Of the breast tumours from BRCA2 mutation carriers 

14 of 20 (70%) had AURKA amplification, but only 9 of 41 (22%) 

from non-BRCA2 mutation carriers. This shows a highly significant 

association of AURKA amplification with BRCA2-mutated breast 

tumours (p = 0.0005; OR = 8.3; 95% CI = 2.5-27.8; table 5). AURKA 

amplification was not significantly associated with AI at the BRCA2 

locus as compared to breast tumours without detected AI (p = 0.1274; 

OR = 4.154; 95% CI = 0.7-24.0, data not shown). The association 

between AURKA amplification and BRCA2-mutated tumours was, 

however, even stronger when compared with non-carrier tumours 

without AI at the BRCA2 locus, i.e. excluding those with BRCA2 AI 

(p = 0.0002; OR = 21.0; 95% CI = 3.6-120.4; table 5). 
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Figure 6. AURKA amplification in 
paraffin-embedded breast tumour. 
FISH analysis of AURKA 
amplification (red signal) compared to 
centromere on chromosome 20 (green 
signal) on paraffin-embedded breast 
tumour tissue with 
AURKA/centromere 20 ratio above 
1.5.   
 
 

 
Table 5. Association between AURKA amplification and BRCA2 mutation 
breast tumours. 

 AURKA  amplification  
  

Study group Yes  No  p value 
ORb 

95% CIc 

BRCA2 999del5 carriers 14  6   
 

 

Non-BRCA2 mutation carriers 9  32  0.0005 
 
8.3 2.5 – 27.8 

Non-BRCA2 mutation carriers with BRCA2 AId 7 14 0.03 
4.7 

1.2 – 17.5 

Non-BRCA2 mutation carriers without BRCA2 AIe 2 18 0.0002 
21.0 

3.6 – 120.4 

 TP53 mutation analysis was carried out on DNA from the 

same breast tumours using CDGE on exons 5-8 and mutations 

confirmed with direct DNA sequencing. Mutations in TP53 were 

detected in 15 tumours of 60 analysed (25%). TP53 mutations showed 

a significant association with AURKA amplification in tumours from 

non-BRCA2 mutation carrier (p = 0.007; OR = 11.1; 95% CI = 1.8-

67.8; table 6). No association of AURKA amplification with TP53-

mutated tumours was found for the whole study group or tumours 

from BRCA2 mutation carriers (table 6). The association found 

between AURKA amplification and TP53 mutations was thus 

restricted to tumours of sporadic origin.  

                                                 
b OR = Odds Ratio 
c CI = Confidence interval 
d AI = Allelic Imbalance 
e AI = Allelic Imbalance 
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Table 6. Association between AURKA amplification and TP53 mutation in 
sporadic breast tumours. 
Study group TP53 mutation   

 Yes No p value ORf (95% CIg) 

All breast tumours     

AURKA amplification 8 14   

No AURKA amplification 8 31 0.14 2.5 (0.8-8.4) 

Non-BRCA2 tumours     

AURKA amplification  6 2   

No AURKA amplification 7 26 0.007 11.1 (1.8-67.8) 

     

 

4.5.1 AURKA amplification in BRCA2-mutated cell lines (paper 2) 

AURKA copy number amplification found in breast tumour 

samples was also analysed in three BRCA2-mutated mammary 

epithelial cell lines carrying the same BRCA2 999del5 mutation as 

some of the tumours tested. Extensive AURKA amplification was 

detected in over 80% of metaphases analysed in all cell lines, either as 

intrachromosomal amplification, chromosome 20 triploidy or extra-

chromosomal amplification (figure 7). AURKA amplicons were in 

addition found as DMs (figure 7A) or as site specific amplification on 

chromosome 20 (figure 7B). These cell lines were also tested for MYC 

amplification, which was negative (not shown). 

                                                 
f OR = Odds Ratio 
g CI = Confidence Interval 
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Figure 7. AURKA amplification in BRCA2-mutated cell lines. AURKA 
amplification (red signal) was found in near diploid BRCA2-mutated cell lines, using 
centromere DNA probe for chromosome 20 as control (green signal). (A) Cell line 
BRCA2-999del5-1N showing AURKA amplification (arrows) and AURKA extra-
chromosomal DM. (B) Cell line BRCA2-999del5-2T also showing AURKA 
amplification on unknown chromosome and a site specific amplification on third 
chromosome 20 (arrowhead). 
 
4.6 Co-amplification of AURKA and MYC? 

 Since a high proportion of breast tumours have AURKA or 

MYC amplification, a relevant question is whether co-amplification 

appears in breast tumours. Among the 27 breast tumours tested for 

amplification of both AURKA and MYC, only 5 (19%) had co-

amplification of both genes, and only 6 (22%) had amplification of 

neither gene. No correlation was therefore found between 

amplification of AURKA and MYC. 

 

4.7 Chromosomal abnormalities in BRCA-related breast tumours 

 CI is frequent in breast tumours. Atypical structural changes 

were, however, found in five breast tumour samples that have not 

been reported before in human breast tumours. These cases involve 

very fragile chromosomes with abundant chromatid breaks and 
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chromosome fragments (figure 8A-B), tri- and quadriradial 

chromosome structures (figure 8C-E) and double minute (DM) 

formation (figure 8C-D). All these breast tumours have complex 

karyotypes (Steinarsdottir et al., 1995). Molecular analysis of these 

tumours shows that most of the tumours harbour BRCA abnormality 

(table 7), Among these, three carry the BRCA2 999del5 germ line 

mutation (cases 2, 20 and 32), two have BRCA1 promoter methylation 

(cases 18 and 32), one has AI in BRCA1 (case 18) and two have AI in 

BRCA2 (cases 18 and 30). All tumour samples show low grade 

BRCA1 nuclear staining, less than 20% (table 7). They also show 

chromosome radial configuration (figures 8C-E and 14C,E). In 

addition, three of the tumour samples have mutations in the TP53 gene 

(cases 2, 18 and 30) and two of these samples had DMs indicating 

oncogene amplification (figure 8C-D). 
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Figure 8. Chromosome abnormalities in human breast tumours related to 
BRCA abnormalities. (A-B) Frequent chromatid breaks, fragments and a ring 
(arrowheads) found in BRCA2 cases 32 and 20, respectively. (C) Dicentric 
chromosome (arrowhead), quadriradial chromosome (double arrowhead) and DMs 
(small arrowheads) found in BRCA2 case 2. (D-E) Triradial chromosomes (double 
arrowheads) and DM (small arrowhead) found in cases 30 and 18, respectively. 
Chromosomes were Giemsa stained. 
 
 
Table 7. BRCA related breast tumours with distinctive chromosomal changes. 
Case 
numberh 

BRCA2 

999del5 

BRCA1 promoter 
methylation 

AI in 
BRCA1 

AI in 
BRCA2 

BRCA1 
staining 

TP53 

mutation 
32 x x   < 20%  
20 x    < 20%  
2 x  n.d.i n.d. < 20% x 
30    x < 20% x 
18  x x  x < 20% x 

 

 

                                                 
h According to karyotype in Steinarsdottir et al., 1995 
i n.d. (not determined) 
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4.8 BRCA2 allelic loss in BRCA2 heterozygous cell lines 

 The heterozygous 999del5 BRCA2 cell lines are highly 

heterogeneous with several clonally changes and karyotypic sublines 

in each cell culture passage (Rubner Fridriksdottir et al., 2005). These 

cells were analysed with the BRCA2 DNA probe in combination with 

the ETB probe as reference for chromosome 13 by FISH. A high 

proportion of the cells in all three BRCA2 999del5 cell lines showed 

normal copy number but other cells had lost one BRCA2 copy or the 

whole chromosome 13 (figure 9A-C). It is, however, impossible to 

distinguish between the normal and mutated BRCA2 allele with this 

method, although loss of the normal BRCA2 copy would be expected. 

In addition, a few cells in cell line BRCA2-999del5-2N had lost the 

normal chromosome 13 which means that no BRCA2 gene was left 

(figure 9D). FISH analysis did not detect BRCA2 copy loss in the 

HME348 cell line.  
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Figure 9. FISH analysis of the BRCA2 gene. The BRCA2 gene was detected as red 
FISH signal using the ETB gene (green signal) as reference for chromosome 13, 
arrows point to normal chromosome 13. (A-B) Loss of one chromosome 13 was 
found in some cells of cell lines BRCA2-999del5-1N and BRCA2-999del5-2N. (C) 
Cell line BRCA2-999del5-2T had BRCA2 gene deletion on one chromosome 13 
(star) in many cells and (D) a few cells had lost the normal chromosome 13.  

 

4.9 Telomere erosion and genomic instability 

Telomere DNA content was analysed in 84 breast tumours by 

normalizing telomeric probe hybridisation signals for DNA loading 

with centromere probe signal of the placental DNA controls of 10.2 kb 

and 3.9 kb mean telomere length plotted against slot-blot signal 

strengths (figure 10). 
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Figure 10. Slot-blot analysis of telomere DNA content. Column 1 is loaded with 
control DNA samples of 10.2 kb and 3.9 kb mean telomere length and loading 
ranging from 10-60 ng DNA. Column 2 is loaded with nine different tumour DNA 
samples. (A) Slot-blot using telomere DNA probe and (B) the same slot-blot 
reprobed with centromere DNA used as reference of DNA loading. (C) Different 
DNA loading (ng DNA) of the 10.2kb telomere DNA control plotted against slot-
blot signal strengths for measurement of telomere DNA content of tumour samples.  
  

The average telomere content of tumour DNA was 73% (range 

0-137%) of the 10.2 kb control, giving average telomere length of 7.5 

kb. The median telomere DNA content was 74% of the control which 

is close to the average. Reduced telomere content of less than 80% of 

the 10.2 kb placental DNA control was detected in 40 (48%) tumours, 

whereas increased telomere DNA content, of above 120% of the 

control, was only detected in three tumours. The remaining 41 

tumours (49%) had normal telomere DNA content (80-120%), with 

respect to the controls. No significant association was found between 

tumour telomere DNA content and several breast tumour prognostic 

factors, such as genomic instability, S-phase fraction, TNM stages, 

mutations in TP53 and BRCA2, and TERT immunostaining (table 8). 

 
 
 

C 
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Table 8. Association between telomere DNA content of tumours and prognostic 
factors. 
 Telomere content 

<80%, n=41 
Telomere content 
>80%, n=43 

 

P 

Genomic index    
> 1.5 23 (58%) 25 (57%)  
< 1.5 17 (42%) 19 (43%) N.S. 
S-phase    
>5% 21 (75%) 30 (77%)  
<5% 9 (25%) 9 (23%) N.S. 
TNM stages    
I & II 27 (69%) 27 (61%)  
III & IV 12 (31%) 17 (39%) N.S. 
TP53     
Mutated 9 (22%) 11 (25%)  
Wild type 31 (78%) 33 (45%) N.S. 
BRCA2    
999del5 mutation 3 (77%) 8 (18%)  
non mutation 36 (23%) 37 (82%) N.S. 

 One breast tumour sample with eroded telomeres (no 

detectable telomere signal on slot-blot) showed di- or tricentric end 

fused chromosomes, ring chromosomes and unresolved anaphase 

bridges (figure 11). This sample has a complex karyotype that has 

been published as case 10 in paper 1 (appendix table 1). Clones of 

dicentric chromosomes, so-called marker chromosomes, were 

repeatedly seen in several metaphases analysed by G-banding and 

COBRA (figure 12).  

 
Figure 11. Chromosomes and nuclei from breast tumour sample with eroded 
telomeres. Chromosomes were stained with DAPI. (A) Several end fused dicentric 
chromosomes are seen in a metaphase cell (red arrows), (B) as well as ring 
chromosomes (red arrows).  (C-D) Examples of unresolved anaphase bridges 
persisting as interphase nuclear bridges (white arrows).   
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Figure 12. COBRA analysis of metaphase from a breast tumour with eroded 
telomeres. Chromosome number is above 60, including rings and fragments (bottom 
line). Translocations are unequal between chromosomes and nonreplicative, 
involving complex dicentric marker chromosomes (white arrows). 

 

One of the marker chromosomes has two centromeres from 

chromosome 5, but other parts of the chromosome originate from 

chromosomes 2, 8, 12 and 17. The other marker chromosome has 

parts from chromosome 6 and 19 with one centromere from each 

(figure 13). 

 
 
 
Figure 13. Ideogram of two dicentric marker 
chromosomes found in a breast tumour with 
eroded telomeres. One marker chromosome 
has two centromeres of chromosome 5 and 
parts of chromosomes 2q, 8q, 12p and 17pq. 
The other marker chromosome has a 
combination of chromosomes 6 and 19, with 
one centromere from each chromosome. 
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4.10 Chromosome end fusions in BRCA2-mutated breast tumours 

(paper 3) 

Chromosomal aneuploidy and complex karyotypes were seen 

in BRCA2-mutated breast tumours and found to include CEFs, DSBs, 

fragments and radial chromosomes (figure 14A-E). Available 

metaphases (range 17-86) were analysed for CEF, detected as di- and 

tricentric chromosomes (figure 14A). Telomere associations were 

frequently seen in BRCA2-mutated breast tumours (figure 14B) as 

well as radial configuration of fragile chromosomes (figure 14C). 

Some metaphases had a high number of chromatid breaks (figure 

14D) which could result in radial shaped chromosomes (figure 14E).  

The mean chromosome number was similar between samples 

and close to being diploid, except one BRCA2-mutated sample which 

had the mean chromosome number of 86 (table 9; figure 15A). 

Tumours from BRCA2 mutation carriers had more often metaphases 

with CEFs than tumours from non-carriers (table 9; figure 15B). 

Frequency of CEF was calculated per metaphase and per chromosome 

to exclude the effect of aneuploidy (table 9; figure 15C-D). The mean 

number of CEFs per metaphase was significantly higher in BRCA2-

mutated carriers than the non-carriers (P<0.001; t=27.4; mean 

diff=0.4463; One way ANOVA (Bonferroni)), as was the mean 

number of CEFs per chromosome (P<0.001; t=8.6; mean diff=0.0202; 

One way ANOVA (Bonferroni)).  

Telomere FISH was applied to chromosomes of BRCA2-

mutated case 32. Results show that many chromosome ends are 

missing one or both telomere signals, and duplex telomere signals are 
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also seen on some chromatids. Strong telomere signals were detected 

either inserted into chromosomes or on chromosome ends (figure 14F) 

and radial chromosome configurations were also detected (figure 

14G). All three BRCA2-mutated samples were shown to have >50% 

TERT nuclear staining suggesting that they actively express 

telomerase (table 9). The three control tumour samples, on the other 

hand, showed <50% TERT nuclear staining. 

 
Figure 14. Chromosomal abnormalities in BRCA2-mutated breast tumours. 
Examples show giemsa stained chromosomes from case 32 with (A) high frequency 
of dicentric chromosomes (arrowheads) as consequence of end chromosome fusions, 
small chromosome fragments (double arrowheads), (B) telomere association and (C) 
radial configuration of fragile chromosomes. Examples from case 20 show (D) 
frequent DSBs and chromatid end fusions of chromosome fragments (stars) and (E) 
triradial configuration. In situ hybridization of chromosomes from case 32 with (F) 
FAM labelled telomere probe show insertion of telomere repeats inside chromosome 
and on single chromatid end. Cy3-labelled telomere probe (G) shows heterogeneous 
telomere signals on chromosome ends including double telomere signal on single 
chromatid. Triradial configuration involves telomere signal at fusion point (star). 
Chromosomes were counterstained with DAPI. 
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Table 9. Detected chromosomal aberrations in breast tumour samples with and without BRCA2 mutation. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Frequency of CEFs (calculated per metaphase and per chromosome to exclude the effect of aneuploidy) and average telomere length in tumour 
samples from patients carrying the inherited BRCA2 999del5 founder mutation (upper three rows) or from patients with sporadic tumours lacking 
mutation in BRCA1, BRCA2 or TP53 (lower three rows). The mean number of end-to-end fusions per metaphase was significantly different between 
the BRCA2-mutant and non-mutant sample groups (P<0.001; t = 27.4; mean diff = 0.4463; One way ANOVA (Bonferroni)), as was the mean number 
of ECFs per chromosome (P < 0.001; t = 8.6; mean diff = 0.0202, One way ANOVA (Bonferroni)). Karyotypes of case numbers are according to 
Steinarsdottir et al., 1995, except case 23 is according to P1.

BRCA2 
genotype 
 
 

No. of 
meta-
phases  
 

Chromosome 
number / 
metaphase 
(+/-SEM) 

Metaph. 
with 
CEFs  
 

Mean CEFs 
/ metaphase 
(+/-SEM) 
 

Mean CEF / 
chromosome 
(+/-SEM) 
 

Average 
telomere 
length 
(kb) 

TERT 
nuclear 
staining 

Case 
number 

999del5 25 81.24+/-0.70 88.0% 2.92+/-0.50 0.036+/-0.006 14.0 >50% 32 

999del5  86 45.03+/-0.40 53.5% 0.80+/-0.10 0.018+/-0.002 10.7 >50% 2 

999del5 28 51.39+/-1.71 42.9% 0.93+/-0.27 0.017+/-0.005 9.5 >50% 20 

wild-type 76 44.86+/-0.25 17.1% 0.17+/-0.04 0.004+/-0.001 12.6 <10% 16 

wild-type 42 46.98+/-1.13 21.4% 0.23+/-0.07 0.005+/-0.002 10.3 10-50% 23 

wild-type 17 45.82+/-0.13 11.8% 0.12+/-0.08 0.003+/-0.002 11.6 <10% 11 
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Figure 15. Chromosome end fusion (CEF) analysis of BRCA2-mutated and wild 
type breast tumour samples. (A) Mean chromosome number of breast tumour 
metaphases analysed. (B) A higher proportion of BRCA2-mutated tumours had 
metaphases with CEF. (C) CEF was also higher per metaphase and (D) each 
chromosome in the BRCA2-mutated tumours.  

4.10.1 Telomere abnormalities in BRCA2 heterozygous breast 

epithelial cell lines (paper 3) 

Metaphases from four human breast epithelial cell lines were 

analyzed for telomere dysfunction using pan-telomere and pan-

centromere probes for FISH. Three of the cell lines had the 999del5 

BRCA2 mutation and the fourth line, HME348, was heterozygous for 

the BRCA2 6872del4 mutation. Mean chromosome number ranged 

from 45 to 62 chromosomes per metaphase, highest for the HME238 

cell line (figure 16A; table 10). Many metaphases, 15-46%, had 

chromatid breaks or fragmented chromosomes (figure 16B; table 10). 

CEFs were detected as di- and tricentric chromosomes (figure 17A), 

sometimes with telomere signal at fusion points (figure 17B) as a sign 
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of a telomere capping defect. CEFs were found in 39-66% of 

metaphases (table 10) similar to the frequency found in the BRCA2 

tumours (table 9). Mean CEFs ranged between 0.68-1.32 in 

metaphases of the cell lines and mean CEFs for each chromosome 

ranged between 0.009-0.0030 (figure 16C-D; table 10). The strength 

of telomere signals was heterogeneous with some chromosome ends 

showing strong signals and others with almost invisible or no telomere 

signals (figure 17A). Telomere signals were frequently seen scattered 

around unattached to chromosomes and many chromosome ends had 

only one telomere signal or unequal telomeres on sister chromatids 

(figure 17C-E). Radial configurations were found (figure 17D) along 

with additional telomere signals attached to telomeres (figure 17E).  

 
Figure 16.  Frequency of chromosomal aberrations in BRCA2 heterozygous cell 
lines. (A) Mean chromosome number in each BRCA2 cell line. (B) Proportion of 
metaphases with chromatid breaks or fragments. (C) Mean number of CEFs per 
metaphase and (D) mean number of CEFs per chromosome. 
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Table 10. Detected chromosomal aberrations in BRCA2 heterozygous cell lines. 
 

Cell line 

No. of 
meta-
phases  

Mean 
chromosome 
number+/-
SEM 

Proportion 
of 
metaphases 
with 
chromatid 
breaks 

Proportion 
of 
metaphases 
with CEF 

Mean CEF 
/ metaphase 
+/-SEM 

Mean CEF / 
chromosome 
+/-SEM 

BRCA2-999del5-1N 84 46,44+/-1,18 0,369 0,655 0,99+/-0,10 0,023+/-0,003 

BRCA2-999del5-2N 33 47,36+/-1,60 0,152 0,636 0,94+/-0,18 0,020+/-0,004 

BRCA2-999del5-2T 50 44,98+/-1,31 0,460 0,660 1,32+/-0,19 0,030+/-0,004 

HME348 28 62,36+/-4,69 0,429 0,393 0,68+/-0,16 0,009+/-0,002 
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Figure 17. Chromosomal aberrations in BRCA2 heterozygous cell lines. (A) 
CEFs were detected as dicentric (dic) and tricentric (tric) chromosomes. High 
telomere signal heterogeneity was found between chromosome ends, some of which 
showed strong telomere signals, others were much weaker or absent, even on the 
other end of the same chromosome (arrowhead). (B) Some dicentric chromosomes 
had telomere signal at the fusion point as a sign of uncapped telomeres. (C-E) Extra 
chromosomal telomere signals were found scattered around the chromosomes 
(arrowheads). (D) Many chromosome ends showed unequal telomere signals 
between sister chromatids or revealed loss of one signal. Radial chromosomal 
configurations were found with telomere signal at chromatid break-site (star). (E) 
Extra chromosomal telomere signals were found attached to telomeres along with 
telomere signals scattered around chromosomes (arrowheads) and chromosome 
DSB. Examples are from cell lines BRCA2-999del5-1N (A and C), HME348 (B and 
D) and BRCA2-999del5-2T (E). Chromosomes were counterstained with DAPI. 

4.10.2 Frequency of T-SCEs in BRCA2-mutated cell lines (paper 3) 

The BRCA2 heterozygous cell lines showed telomere 

aberrations including interstitial telomere signals, signal free 
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chromosome ends, chromosome ends with a single telomere signal or 

unequal telomere signals of sister chromatids. Depending on the cell 

line analysed, interstitial telomere signals were detected in 13-23% of 

chromosomes, signal free ends were 3-9% and ends with single 

telomere signal were 17-33% (figure 18A-C; table 11). The BRCA2 

cell lines were treated for CO-FISH analysis to detect T-SCEs (figure 

19). Chromosome ends showing T-SCEs were 15-31% (figure 18D; 

table 11), with only 7-13% ends of equal T-SCEs with double 

telomere signals of both colours of leading and lagging strands (data 

not shown). Other chromosome ends with T-SCEs had unequal T-

SCEs with two telomere signals of the same colour at both sister 

chromatids and one telomere signal of the other colour or single 

telomere signal of both colours (figure 19A). Altogether, 47-60% of 

chromosome ends had abnormal telomeres, detected with one 

telomere signal, no signal or T-SCE (figure 18E; table 11). Some 

interstitial telomere signals showed a sign of end-to-end telomere 

fusions, with double telomere signal of leading and lagging strands at 

the fusion point (figure 19B). Other interstitial telomere signals seem 

to have been caused by telomere-DSB fusion of two chromosomes 

with double telomere signal of each colour at the fusion point, or more 

often as interstitial telomere signal at a single chromatid (figure 19C). 

Large telomere DNA clusters were found in interphase nuclei of the 

BRCA2 heterozygous cell lines (figure 20) which implies active 

telomere DNA recombination.  
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Figure 18.  Chromosomal abnormalities by CO-FISH in BRCA2-mutated cell 
lines. High proportion of chromosomes had (A) interstitial signals, (B) telomere 
signal free ends, (C) ends with single telomere signal and (D) T-SCEs on telomere 
sequences. (E) Taken together more than half of chromosome ends were abnormal. 
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Table 11. CO-FISH results of BRCA2 heterozygous cell lines. 
 

Cell line 

No. of 
meta-
phases 

Average 
proportion of 
intrachromosomal 
telomere signal 
each chromosome  
+/-SEM 

Average 
proportion of 
telomere 
signal free 
ends +/-SEM 

Average 
proportion of 
ends with single 
telomere signal 
+/-SEM 

Average 
proportions of 
ends with  
T-SCE      
+/-SEM 

Average 
proportion of 
telomere 
dysfunctional 
chromosome ends 
+/-SEM 

BRCA2-999del5-1N 75 0,205+/-0,011 0,054+/-0,004 0,264+/-0,008 0,159+/-0,009 O,477+/-0,0001 

BRCA2-999del5-2N 82 0,131+/-0,007 0,034+/-0,003 0,174+/-0,007 0,308+/-0,012 0,517+/-0,0001 

BRCA2-999del5-2T 97 0,142+/-0,007 0,059+/-0,004 0,239+/-0,007 0,253+/-0,011 0,552+/-0,0001 

HME348 46 0,226+/-0,017 0,088+/-0,008 0,324+/-0,009 0,187+/-0,013 0,599+/-0,0002 
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Figure 19. CO-FISH analysis of BRCA2 heterozygous chromosomes. CO-FISH 
analysis was performed by detecting telomere leading strand by FAM labelled 
(TTAGGG)3 probe and lagging strand by Cy3 labelled (CCCTAA)n probe. (A) 
Normal leading and lagging strand telomeres have one red and one green signal on 
each sister chromatid (1). Even T-SCEs are seen as double signals of both colours 
on each sister telomere (2), uneven T-SCEs are either seen as double signal of one 
colour and single signal of the other colour (3) or as single signal of both colours on 
one sister telomere (4). Arrowhead points to extra chromosomal signal. (B) 
Chromosome-type telomere leading-lagging strand fusions detected as double 
telomere signal combination of both colours at the fusion points. (C) Telomere-DSB 
type fusion is detected as double telomere signal with both colours. Inserted 
intrachromosomal telomere signal is located on single chromatid near the 
chromosome end. Examples are from cell lines HME348 (A) and BRCA2-999del5-
1N (B and C).Chromosomes were counterstained with DAPI. 



 

 

73 

 

 
 

 

Figure 20. Large telomere interfase foci in the BRCA2 999del5 cell lines. 
Colocalization of FAM labelled telomere leading strand probe and Cy3 labelled 
telomere lagging strand probe in interfase nuclei of three BRCA2 heterozygous cell 
lines analysed by CO-FISH. 
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5. DISCUSSION 

The main finding of this thesis is that several different 

mechanisms can contribute chromosomal instability in breast tumours. 

The consequences of these mechanisms include ongogene 

amplifications, mutations in genes involved in maintaining genomic 

integrity and structural changes on the chromosomes themselves. 

Increased chromosomal instability in breast tumours was significantly 

associated with MYC oncogene amplification. AURKA oncogene 

amplification was also found to be frequent in these tumours. In 

particular, AURKA amplification was significantly and independent 

associated with BRCA2-mutated and TP53-mutated tumours. 

Chromosomal instability was associated with increased telomerase 

expression. Telomeres were shown to play a critical role in 

maintaining chromosomal stability by detection of chromosomal end 

fusions as a consequence of telomere erosion. Chromosomal end 

fusions were frequent in BRCA2-mutated breast tumours but without 

detectable telomere erosion. This implies that BRCA2-associated 

chromosomal instability may be caused by telomere dysfunction. 

BRCA2-mutated cell lines were shown to have fragile telomeres and 

frequent telomere sister chromatid exchanges which indicates activity 

of the alternative telomere lengthening pathway. Radial chromosome 

configurations that were only found in BRCA-related breast tumours 

and BRCA2-mutated cell lines may therefore be resulted from 

dysfunctional telomeres.   
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5.1 Genomic alterations by CGH analysis 

 CGH analysis revealed frequent genomic alterations in 27 

breast tumours with CI. The most frequently amplified chromosome 

regions were 8q and 20q. Other chromosome regions amplified in 

more than 50% of samples were 16p, 17q and 19pq. Chromosome 

regions 4q and 13q had losses in more than 50% of tumour cases. 

These breast tumour samples with CI resemble breast tumour group B 

defined by 17q and 20q gain and loss of 13q, and breast tumour group 

C with gain on 8q, as described (Rennstam et al., 2003). Gains on 

chromosome regions 8q and 20q have been associated with IDC but 

not ILC (Richard et al., 2000; Gunther et al., 2001) which is in 

agreement with the present study, where over 90% of the tumour 

samples were of IDC origin. 

 A candidate oncogene on 8q is the well known MYC oncogene 

on 8q24, commonly amplified and overexpressed in a wide range of 

human cancers and associated with CI. Chromosome region 20q 

includes a wide range of proto-oncogenes that are mostly not very 

well characterized. Among these are BCAS1, AIB1, MYBL2, ZNF217, 

AURKA, CYP24A1 and NCOA3 (Collins et al., 2001; Nessling et al., 

2005; Johnson et al., 2007). Previously one of these proto-oncogenes, 

AURKA, was found to be associated with CI in breast tumours (Zhou 

et al., 1998), and it was therefore chosen for further amplification 

analysis. Other proto-oncogenes on 20q might, however, also be 

frequently amplified in these breast tumours.  
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5.2 TERT expression in breast tumours (paper 1) 

TERT protein expression was detected in almost 90% of the 

tumours examined by immunostaining. High grade protein expression 

pattern (grade 3 and 4) was seen in approximately 80% of the tumours 

and 58% had above 50% of nuclei stained (table 3). This finding is in 

agreement with other studies that have found telomerase activity in 

75-93% of breast tumours (Hiyama et al., 1996; Clark et al., 1997; 

Roos et al., 1998; Bieche et al., 2000; Yano et al., 2002; 

Papadopoulou et al., 2003). Two other studies which are, like the 

present study, based on TERT immunohistochemistry, detected TERT 

expression in 59-71% of breast tumours (Poremba et al., 2002; Elkak 

et al., 2005).  

TERT nuclear staining above 50% (grade 4) was found to be 

associated with high genomic index and high S phase fraction (table 

4) (paper 1). One other study has reported association between 

telomerase activity and DNA index and high S phase fraction in breast 

tumours (Clark et al., 1997). An association between grade 4 TERT 

nuclear staining and TP53 mutations was also found (table 4) which is 

in agreement with TP53-triggered inhibition of TERT expression (Xu 

et al., 2000). One other study has previously found an association 

between telomerase activity and TP53 protein accumulation in breast 

tumours, but did not find association with TP53 mutations (Roos et 

al., 1998). No association was found between high TERT expression 

and TNM stages in the present study, but other studies have shown 

association between increased telomerase activity and late stages 

(Hiyama et al., 1996; Hoos et al., 1998; Kassim et al., 2001; Swellam 
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et al., 2004). It is well known that increased telomerase expression is 

associated with worse disease prognoses and shorter overall survival 

of breast cancer patients (Clark et al., 1997; Poremba et al., 2002). 

 

5.3 MYC oncogene amplification in breast tumours (paper 1) 

 Amplification of MYC, detected by site specific FISH, was 

found to be significantly associated with low TNM stages, high 

genomic instability and high S phase fraction in a group of breast 

tumour samples selected for having complex chromosomal changes 

(table 5). These results implicate MYC amplification as an early event 

in carcinogenesis, in early tumours with high genomic instability and 

a high rate of proliferation. This is the first study to associate MYC 

amplification with low TNM stages and TP53 mutations in breast 

tumours (paper 1). Other studies have previously shown association of 

MYC amplification with high genomic instability and proliferation 

(Persons et al., 1997; Janocko et al., 2001; Janocko et al., 2001; 

Rummukainen et al., 2001; Aulmann et al., 2002). Involvement of 

MYC in early genomic instability is supported by a study where MYC 

amplification seemed to be the first identifiable genetic alteration 

associated with progression from DCIS to IDC (Robanus-Maandag et 

al., 2003). MYC amplification has been shown to play a role in the 

development of a more aggressive phenotype of DCIS through higher 

proliferative activity (Aulmann et al., 2002). These studies along with 

ours support the involvement of MYC in early stages of breast 

carcinogenesis. MYC oncogene activation can induce DNA damage by 

elevating reactive oxygen species and may also override damage 
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control, e.g. by phosphorylation of TP53, thereby accelerating tumour 

progression via genetic instability (Vafa et al., 2002). TP53 has been 

shown to repress MYC transcription through a mechanism that 

involves histone deacetylation at the MYC promoter (Ho et al., 2005). 

No association was found, however, between MYC amplification and 

TP53 mutations in tumours in the present study.  

MYC amplification was detected in 59% of the breast tumour 

samples tested (paper 1). This is high compared to the average MYC 

amplification in sporadic breast cancer that was found to be about 

16% in a meta-analysis of 29 studies based on Southern blotting 

(Deming et al., 2000). Studies using methods based on FISH in 

sporadic breast cancer have reported MYC amplification to be of wide 

range, or 5–45% (Persons et al., 1997; Janocko et al., 2001; 

Rummukainen et al., 2001; Aulmann et al., 2002; Al-Kuraya et al., 

2004; Grushko et al., 2004; Park et al., 2005; Aulmann et al., 2006). 

MYC amplification was detected in 53-72% of breast tumours from 

BRCA1/2 mutation carriers (Adem et al., 2004; Grushko et al., 2004; 

Palacios et al., 2005) and in 70% of high-grade sporadic breast 

tumours (Blancato et al., 2004). These study-groups are expected to 

have high genomic instability as is the case in the present study and 

this may explain the high proportion of breast tumours with MYC 

amplification. Gene amplification of MYC correlates with over-

expression of its mRNA and protein and therefore appears to play a 

key role in regulating expression (Blancato et al., 2004). 

Our data did not show a correlation between TERT expression 

and MYC amplification, even though MYC is known to directly 



 

 

79 

 

activate TERT (Wu et al., 1999). Only one study has found an 

association between TERT and MYC expression (Bieche et al., 2000) 

but other studies did not (Kirkpatrick et al., 2003; Elkak et al., 2005). 

Following TERT activation MYC amplification seems to trail off, 

probably due to enhanced genomic stability and DNA repair (Sharma 

et al., 2003). 

 

5.4 AURKA association with BRCA2-mutated breast tumours 

(paper 2) 

In the present study a previously unknown association between 

abnormalities in the cancer related genes, AURKA and BRCA2, in 

breast tumours is described (paper 2). AURKA amplification was 

detected in 70% of tumours from BRCA2 mutation carriers but only in 

22% of tumours from non-carriers, which was highly significant (p < 

0.001). Extensive AURKA amplification was also demonstrated in 

three BRCA2-mutated cell lines, which all had an amplified AURKA 

gene (figure 7). In addition, AURKA amplification was found to be 

more common in tumours with AI at the BRCA2 locus (32%) as 

compared with tumours without AI (10%). The difference between 

AURKA amplification in tumours with and without AI at the BRCA2 

locus was not significant but indicates a trend for AURKA 

amplification in tumours with BRCA2 AI (table 5). One study 

published on AURKA amplification in breast tumours analysed by 

FISH found amplification in 12% of cases (Zhou et al., 1998). This is 

in agreement with our results of 10% AURKA amplification in breast 

tumours with unaffected BRCA2. 
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The effect of AURKA amplification/overexpression and 

BRCA2 mutations in breast tumour cells, such as aneuploidy, 

centrosomal amplification, G2/M transition induction and failures or 

delay in completing cytokinesis appear to be similar (Gretarsdottir et 

al., 1998; Zhou et al., 1998; Tutt et al., 1999; Anand et al., 2003; 

Daniels et al., 2004). These observations indicate that abnormalities in 

BRCA2 and AURKA may interact in early stages of breast 

tumorigenesis. AURKA overexpression has on its own been 

demonstrated to be an early mammary tumorigenesis factor (Goepfert 

et al., 2002; Hoque et al., 2003) and could therefore have a major role 

in BRCA2 associated tumorigenesis.  

Frequencies of gains on chromosome 20q, where the AURKA 

gene is located, in BRCA2-related breast tumours, have been reported 

to be 60-75% as compared with only 18-33% in sporadic breast 

tumours analysed by CGH (Tirkkonen et al., 1997; Jonsson et al., 

2005; van Beers et al., 2005). This difference of gains on chromosome 

20q between BRCA2-related and non-related breast tumours is in 

agreement with the difference of AURKA amplification between 

BRCA2 mutation carriers and non-carriers found in the present study 

by FISH. 

A recent study showed that AURKA activity was inhibited in 

response to DSBs through a Chk1-dependent pathway (Krystyniak et 

al., 2006). AURKA inactivation prevents CDC25B phosphorylation 

resulting in cell cycle arrest because of lack of CDK1-cyclin B1 

activation (Cazales et al., 2005). Ectopic overexpression of AURKA 

leads to bypass of DNA damage response resulting in mitotic entry 
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(Anand et al., 2003; Krystyniak et al., 2006). AURKA kinase activity 

is essential for mitotic entry and is first evident at the centrosomes 

during G2 phase (Hirota et al., 2003). In such circumstances CDK1 is 

activated at the centrosomes by AURKA phosphorylation of CDC25B 

(De Souza et al., 2000; Dutertre et al., 2004). CDK1 has indeed been 

shown to be among overexpressed proteins in BRCA2 defective breast 

tumours (Palacios et al., 2005). Since BRCA2 responds to DNA 

damage it might be expected that a small overdose of AURKA 

expression could override cell cycle arrest when only one wild-type 

BRCA2 gene is expressed. This could make BRCA2 germ-line 

mutation carriers more prone to tumorigenesis caused by AURKA 

overexpression than non-BRCA2 mutation carriers. 

AURKA amplification was found to be strongly associated with 

TP53 mutations in non BRCA2-mutated breast tumours in the present 

study (p = 0.007) (paper 2). Association between AURKA and TP53 

has previously only been found in hepatocellular carcinomas (Jeng et 

al., 2004). AURKA overexpression in transgenic MEFs led to 

binucleated cell formation followed by increased TP53 levels and 

apoptosis. However, continuous AURKA overexpression did not entail 

malignant tumour formation until TP53 was deleted resulting in 

suppressed apoptosis followed by neoplastic transformation (Zhang et 

al., 2004). Loss of TP53 in MEFs leads to abnormal amplification of 

centrosomes and failure of cytokinesis (Fukasawa et al., 1996). TP53 

appears to be involved both in the regulation of initiation of 

centrosome duplication in late G1 and suppression of re-duplication in 

S-phase (Tarapore et al., 2001). Somatic TP53 inactivation appears to 
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be required for tumorigenesis caused by AURKA overexpression. As 

mentioned earlier BRCA2 is involved in maintaining the correct 

number of centrosomes in G2-M transition (Tutt et al., 1999). 

Absence of BRCA2 has been shown to lead to centrosome 

amplification as well as hampering cell division (Tutt et al., 1999; 

Daniels et al., 2004). Our results suggest that BRCA2 germ-line 

mutations may also increase the risk of AURKA associated 

tumorigenesis, probably both through abnormalities in DNA damage 

response and control of cell division. This may be due to increased 

risk of AURKA amplification and/or selection for AURKA related 

pathways leading to tumour formation in BRCA2 mutation carriers. 

AURKA kinase is a promising target for breast cancer 

treatment (Gautschi et al., 2008). Among inhibitors that are known to 

target the enzymatic activity of the AURKA kinase are quinazoline 

derivatives (Ditchfield et al., 2003; Heron et al., 2006) and VX-680 

(Harrington et al., 2004). BRCA2-associated breast tumours and those 

with TP53 mutations might therefore be good candidates for such 

therapies because of high frequency of AURKA amplification as 

shown in the present study. Preliminary results from our laboratory 

show higher sensitivity of the BRCA2 999del5 breast cell lines 

compared to controls in reaction to the AURKA inhibitor, ZM447439 

(Vidarsdottir, 2008).  

 

5.5 AURKA polymorphism in relation to BRCA2 in breast 

tumours (additional paper 5) 

 A functional polymorphism 91T → A in exon 4 in the AURKA 
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gene has been identified which causes an amino acid substitution 

changing phenylalanine to isoleucine (Ewart-Toland et al., 2003). The 

91A allele has been associated with increased risk of breast cancer 

(Sun et al., 2004; Cox et al., 2006), colorectal cancer (Ewart-Toland et 

al., 2005), ovarian cancer (Dicioccio et al., 2004) and esophageal 

squamous cell carcinoma (Miao et al., 2004). Meta-analysis of 15 

studies of seven cancer types showed statistically significant 

association with cancer in both homozygotes and heterozygotes 

confirming 91T → A as a general low-penetrance cancer 

susceptibility polymorphism (Ewart-Toland et al., 2005). Our results 

show a statistically significant association between the AURKA 

91T → A polymorphism and breast cancer risk (additional paper 5). 

Interestingly, our results showed that BRCA2 999del5 cases were 

different from sporadic cases and did in fact have an allele distribution 

that was very similar to controls. According to this the 91A risk allele 

does not have any effect on breast cancer risk in BRCA2 mutation 

carriers. 

 Generally, the 91A allele is associated with higher cancer risk 

and a possible reason could be a co-localization of AURKA and the 

ubiquitin-conjugating enzyme, UBE2N. This enzyme preferentially 

binds to the Phe31 variant and results in a selective concentration of 

the Phe31 protein at centrosomes. In the presence of the Ile31 variant 

the UBE2N remains predominantly cytoplasmic because of the low 

binding affinity. Reduced centrosomal localization of AURKA could 

encourage cell growth and transformation (Ewart-Toland et al., 2003). 

The low binding affinity of the Ile31 variant of AURKA could 
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therefore be a risk factor in carcinogenesis where the balance of 

quantity and activity between AURKA and tumour suppressor gene 

products, such as BRCA2, might be important to maintain the normal 

growth rate of cells. Therefore, insufficiency of BRCA2 may lead to 

more sensitivity to AURKA amplification for tumour progression. As a 

consequence BRCA2 mutation carriers homozygous for the 31I 

isoform would therefore not be as sensitive for AURKA amplification 

because of lower binding affinity to UBE2N of the 31I isoform. The 

31I isoform may therefore even protect against tumorigenesis in 

carriers of BRCA2 mutation, despite of general higher risk of tumour 

progression of the 31I isoform. From this the conclusion can be driven 

that both too high and too low AURKA expression can induce 

tumorigenesis. 

 
5.6 Oncogene amplification in BRCA2-mutated breast tumours 

 As discussed above, AURKA amplification on chromosome 

region 20q13 is in agreement with other findings regarding BRCA2-

mutated tumours by CGH (Tirkkonen et al., 1997; Jonsson et al., 

2005; van Beers et al., 2005). The mechanism behind this locus 

specific amplification is still unknown. When the BRCA2-mutated 

breast cell lines were examined the AURKA amplification seems to 

happen on the tip of the chromosome end (figure 7). AURKA 

amplicons are seen as DM chromosomes (figure 7A) or as site specific 

amplification (figure 7B) which indicates a loss of the subtelomeric 

20q region. A similar amplification is known in the 11q subtelomeric 

region where loss of the distal 11q, including critical genes involved 
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in the DNA damage response pathway, results in 11q13 amplification. 

Among amplified genes on chromosome region 11q13 are CCND I, 

FGF3 and FGF4 that are a consequence of the BFB cycle mechanism 

in oral squamous cell carcinoma cell lines (Shuster et al., 2000). 

 Another chromosome region associated with BRCA2-mutated 

breast tumours is 17q22-24 (Tirkkonen et al., 1997; Jonsson et al., 

2005; van Beers et al., 2005). At this region amplification of the 

proto-oncogenes HEATR6, BCAS3, RPS6KB1 and GDPD1 (Nessling 

et al., 2005) may be associated with BRCA2-mutated breast tumours. 

One of these genes, BCAS3 (breast carcinoma amplified sequence 3), 

has been shown to make a fusion protein with BCAS4 located in 

chromosome region 20q13 in the MCF7 breast cancer cell line 

(Barlund et al., 2002). Both of these chromosome regions are 

commonly amplified in BRCA2-mutated breast tumours. If genomic 

amplification happens through breakage of distal 17q and 20q by BFB 

cycle mechanism, BRCA2 tumours may possibly be associated with 

BCAS3-BCAS4 fusion gene formation. 

 

5.7 AURKA and MYC upregulation in tumour progression 

AURKA has been shown to up-regulate MYC and then 

indirectly activate TERT expression (Yang et al., 2004). AURKA 

overexpression has been implicated as being most relevant in tumour 

initiation (Hoque et al., 2003), whereas the MYC amplification seems 

to be associated with the progression from DCIS to IDC (Robanus-

Maandag et al., 2003) which indicates that AURKA may activate 

MYC expression in tumour progression.  
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Amplification of the AURKA and MYC oncogenes was, 

independent of each other, shown to be more common in the present 

study of breast carcinomas with CI than reported in unselected breast 

tumours. Moreover, both oncogenes seem to be independently related 

to early tumorigenesis and increased CI in breast tissue. We propose a 

modified model, based on a model previously proposed where 

genomic instability is an early event in breast carcinogenesis (Artandi, 

2003; Chin et al., 2004). In this model of evolution of CI, telomere 

erosion and telomerase activation through breast carcinogenesis is 

described (figure 21). First, genomic aberrations in tumour suppressor 

genes or DNA repair genes, e.g. TP53 and BRCA2, may take place 

allowing further cell cycles that lead to telomere erosion. Telomere 

end-to-end fusions and oncogene amplification may occur (such as 

AURKA and MYC), genomic instability increases and telomerase 

activation takes place. Telomerase activity may be responsible for 

progression to invasive cancer and regained genomic stability by 

enhanced DNA repair and telomere rebuilding. Association of 

AURKA amplification with BRCA2 dysfunction, first reported in the 

present study, raises challenging questions about their interaction that 

may be explained by disruption of the mitotic spindle assembly 

checkpoint.  
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Figure 21. Telomere dynamics and chromosomal instability during human 
breast cancer development. Schematic representation based on Artandi 2003, and the 
present work. The model describes general changes leading to genomic instability, telomere 
length and telomerase activity in breast carcinogenesis. Mutations or AI of tumour suppressor 
genes, such as BRCA2 and TP53, in normal epithelial cells may lead to hyperplasia that 
affects continuing cell cycle, telomere erosion and oncogene amplification. Passing through 
crisis of short telomeres and genomic instability by activation of telomerase will introduce 
better genomic stability for continuing growth to invasive and metastatic breast cancer.  
 

5.8 Telomere DNA content in breast cancer  

Telomere erosion plays a critical role in establishing CI. Most 

telomere shortening, in cases with concurrent DCIS and IDC, occurs 

at the pre-invasive level, and may therefore play a role in initiating 

carcinogenesis (Meeker et al., 2004). Since telomere erosion is 

thought to happen early in carcinogenesis it is expected to be seen in 

tumours that are in early stages. In the present study almost half of the 

84 breast tumour samples examined for telomere shortening had low 

telomere DNA content compared with placental DNA control samples 

(table 1). No association was found between telomere DNA content 

and other factors investigated. Telomere erosion probably occurs until 

telomerase is fully activated in invasive breast cancer, as has been 

suggested by a recent model (Chin et al., 2004). 

A recent study of a set of 530 breast tumours showed that high 
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telomere DNA content (>200% of placental DNA standard) was 

significantly associated with longer breast cancer free survival and 

longer overall survival (Heaphy et al., 2007). Telomere DNA content 

in the 530 breast tumours was, however, independent of 12 clinical 

factors, prognostic markers, and adjuvant therapies (Heaphy et al., 

2007). A new study shows that relative telomere lengths in peripheral 

blood cells may also serve as prognostic factor for breast cancer 

survival in patients with advanced disease (Svenson et al., 2008). A 

similar study on prostate cancer, from the same laboratory, revealed 

that high telomere DNA content was also associated with prostate 

cancer-free survival (Fordyce et al., 2005). An earlier study on 140 

breast tumour samples showed that high telomere DNA content was 

associated with smaller tumours, node negativity and lower TNM 

stages (Fordyce et al., 2006).  

In the present study the breast tumour samples were selected 

on the basis of having CI. Majority of the samples had normal or 

reduced telomere DNA content but very few had increased telomere 

DNA content. A previous study showed that genomic instability in 

breast tumours was associated with reduced telomere DNA content 

(Griffith et al., 1999) which could explain low proportion of tumours 

with increased telomere DNA content in the present study. 

 

5.9 Chromosomal instability as a consequence of telomere erosion 

 The present study found evidence of frequent CEFs in a breast 

tumour sample with dramatic telomere erosion (figure 11A-B). The 

same sample shows unresolved anaphase bridges persisting as 
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interphase nuclear bridges (figure 11C-D) probably leading to the 

BFB cycle, that can be seen as frequent chromosome fragments 

(figure 12). Further chromosomal analysis, both by G-banding and 

COBRA, indicates, however, that the same dicentric chromosomes 

(marker chromosomes) are present in the majority of metaphases. 

These markers seem to be able to escape the BFB cycle, probably by 

inactivation of one of two centromeres. Many spindle checkpoint-

associated proteins have been shown to bind specifically to active 

human centromeres, but do not bind to inactive centromeres (Saffery 

et al., 2000). So far, dicentric marker chromosomes with inactive 

centromeres have not been identified in breast tumours. To confirm 

inactive centromeres in dicentric marker chromosomes, that would 

then escape the BFB cycle, centromere specific DNA FISH probes 

would need to be used in combination with immunostaining of active 

centromere specific proteins, such as the centromere proteins CENP-

A, CENP-C and CENP-E, the checkpoint proteins BUB1, BUBR1, 

BUB3, MAD2, ERK1 and hZW10 and the anaphase-promoting 

proteins Tsg24 and p55CDC (Saffery et al., 2000). Previously, a 

combination of FISH and immunostaining was carried out in our 

laboratory to detect simultaneously TP53 expression and CI in breast 

tumour tissue sections (AP1), showing higher CI in cells with 

abnormal TP53 protein staining (AP2).  

Several studies have suggested that DNA fragmentation is not 

the only outcome of anaphase bridging. At least two other processes 

have been observed in cells undergoing BFB events which could 

result in numerical chromosome abnormalities. Bridged chromatids 
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may detach from one of the spindle poles and be pulled away from 

their group of segregating chromatids and this could result in gain of a 

dicentric chromosome in one of the daughter cells and loss of two 

entire chromosomes copies in the other daughter cell (Gisselsson and 

Hoglund, 2005).  

 

5.10 Telomere abnormalities in BRCA2-mutated breast tumours 

and cell lines (paper 3)  

The present study indicates an essential role of the BRCA2 

protein in telomere stabilization and protection from CEFs and T-

SCEs. Breast tumours from BRCA2 mutation carriers showed 

significantly higher frequency of CEFs than other breast tumours, in 

spite of high average telomere length and active telomerase expression 

(table 7). Other chromosomal abnormalities were commonly seen, 

such as chromatid breaks and radial shaped chromosomes (figure 8). 

The high frequency of CEFs was also found in the breast epithelial 

cell lines, carrying two different BRCA2 mutations, that frequently 

had metaphases with dicentric or tricentric chromosomes in addition 

to other chromosomal abnormalities such as chromatid breaks (table 

10; figure 16). Telomere signals were frequently lost from 

chromosome ends, extra telomere signals were found detached from 

chromosomes, interstitial telomere signals were frequent and 

additional signals were found attached to telomeres on chromosome 

ends (figure 17). Of particular interest is that T-SCEs were found to be 

frequent in the BRCA2-mutated cell lines (figure18D) even though 

they actively express telomerase (Ólafur A. Stefánsson, unpublished 
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microarray data; Lewis et al., 2006). Generally, more than 47% of 

chromosome ends had aberrant telomeres in the BRCA2-mutated cell 

lines (table 10). 

 Telomere dysfunction was recently linked to the BRCA1 

protein (Al-Wahiby and Slijepcevic, 2005; McPherson et al., 2006). In 

the present study we report that breast tumours and breast epithelial 

cell lines from BRCA2 mutation carriers have a high frequency of 

CEFs (tables 10 and 11), including telomere signals at fusion points of 

dicentric chromosomes (figure 17B). Telomeric end-to-end fusions 

were shown to be of the chromosome-type (figure 19B), by fusion of 

leading and lagging strands of both telomeres, and of telomere-DSB 

type fusion (figure 19C), which indicates telomere end capping 

defects (Bailey et al., 2004c). Telomere signal loss was frequent on 

chromosome ends in BRCA2-mutated cell lines and signals were seen 

detached from chromosomes, suggesting intensive breakage at 

telomeric sequences (figure 17C-E). In the BRCA2-mutated cell lines 

20-40% of chromosome ends were found to have lost one or both 

telomere signals (table 12). Telomeric loss was also seen in blood 

cells from FA patients of group A and found to be 2.8 times higher in 

FA than in controls and more than 10 fold increase of CEFs was 

detected compared with controls (Callen et al., 2002). Biallelic 

BRCA2 mutations have been found in FA-D1 patients indicating that 

FANCD1 is the BRCA2 gene (Howlett et al., 2002). Atm-/- mouse cells 

have also been found to have abnormal telomeres, including loss of 

signals, end-to-end chromosome fusions and attached extra telomere 

signals as seen in present study (Hande et al., 2001; Undarmaa et al., 
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2004). These results indicate an important role of DNA response and 

repair proteins in maintaining telomere stability and our results 

strongly suggest that BRCA2 also has a role there. 

 In the present study T-SCEs in the BRCA2-mutated cell lines 

affect 15-30% of chromosome ends (figure 18D). In a recent study of 

Ku70-deficient mouse cells T-SCEs increased to 15-20% in the 

absence of TRF2, indicating that Ku70 and TRF2 act in parallel to 

repress HR of the ALT pathway (Celli et al., 2006). Loss of Ku70 or 

TRF2 alone had no significant effect. The high frequency of T-SCE 

observed in the BRCA2-mutated cell lines was similar to that seen in 

ALT cells. T-SCEs showed various exchange ratios, often with 

unequal T-SCEs (table 12), which are expected to alter the lengths of 

the sister telomeres that can result in an ALT-like phenotype (Bailey 

et al., 2004a). These unequal T-SCEs could explain high telomere 

DNA content measured in BRCA2-mutated breast tumour samples 

(table 10) and heterogeneous telomere signals of the BRCA2-mutated 

cell lines (figure 17A) .  

Even though BRCA2 heterozygous lymphocytes are known to 

have an increased rate of spontaneous genomic sister chromatid 

exchange (G-SCE) (Kim et al., 2004) it has been shown that despite of 

superficial resemblance between the two types of exchanges, G-SCE 

and T-SCE, the underlying molecular mechanisms are different, 

emphasizing that T-SCEs are not merely a subset of G-SCEs (Bailey 

et al., 2004a). The frequency of G-SCEs have indeed been shown to 

be the same in ALT and telomerase-positive cells suggesting that ALT 

may be mediated by increased telomere-specific recombination rather 
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than a general increase in recombination rates (Ford et al., 2001; 

Bechter et al., 2003; Londono-Vallejo et al., 2004). The ALT pathway 

can be activated by telomerase inhibition and suppressed with 

telomerase reactivation in mismatch repair-deficient human colon 

cancer cells (Bechter et al., 2004). T-SCEs were not suppressed with 

telomerase induction in ALT positive cells which leads to the 

conclusion that true ALT cells are independent of telomerase 

activation (Cerone et al., 2001; Perrem et al., 2001; Londono-Vallejo 

et al., 2004). The BRCA2-mutated breast tumours and cell lines 

examined in the present study have been shown to express telomerase 

despite of high T-SCE values and this may put them in line with true 

ALT cells. They also have a high amount of extra chromosomal 

signals which could be free telomere circles known to be characteristic 

for ALT cells (Cesare and Griffith, 2004; Wang et al., 2004). 

Therefore, our data indicate that BRCA2 may be involved in 

protection of telomeres from deletions through t-loop HR which can 

function as template for rolling circle replication (Wang et al., 2004). 

These unattached telomeres might then be picked up again by 

recombination to telomeres on chromosome ends as a part of the ALT 

mechanism (figure 17E). 

 So far, the only evidence of ALT like behaviour in BRCA2 

defective cells comes from a study on BRCA2 heterozygous 

lymphocyte cell line, GM14622, which was found to have an average 

telomere length of 21 kb or about four times longer than was found in 

18 other cell lines in the same study (Cabuy et al., 2004). The cell line 

had two ALT-like sub-populations with respect to telomere content in 
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a cytometry analysis and was confirmed to express telomerase. 

Therefore the results from this BRCA2 heterozygous lymphocyte cell 

line support the idea that BRCA2 may repress telomeric 

recombination. 

 ALT cells are known to contain ALT-associated PML bodies 

(APBs) in interphase nuclei containing PML protein that colocalizes 

with telomeric DNA, telomere-binding proteins and several proteins 

involved in DNA synthesis and recombination (Yeager et al., 1999; 

Muntoni and Reddel, 2005). APBs appear at the same time as 

activation of ALT (Yeager et al., 1999). In the present study large 

telomere DNA clusters were found in the nuclei of BRCA2 

heterozygous cell lines (figure 20) which implies that active 

chromosomal telomere recombination may be going on, preferentially 

between sister chromatids but some may also occur between telomeres 

of different chromosomes (Bailey et al., 2004a).  This can possibly be 

demonstrated by co-staining of telomere FISH and immunostaining of 

one of PML associated proteins for detection of APBs. 

 

5.11 Origin of BRCA related radial chromosomes (paper 3) 

Cells with non-functional BRCA protein may have reduced ability to 

repair DNA damage and under normal conditions this would lead to 

TP53 mediated cell cycle arrest and apoptosis. Loss of cell cycle 

checkpoint control would enable accumulation of further somatic 

mutations and genomic abnormalities that could lead to tumorigenesis. 

In the present study BRCA2-mutated untreated primary human breast 

tumours showed changes similar to those seen in lymphocytes from 
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patients with FA (figures 8 and 14).  Tri- or quadriradial chromosomes 

have, to our knowledge, not been reported in human breast tumours 

before. These structures seem to co-exist with frequent chromatid 

breaks and be associated with high CI and are seen in BRCA2 and 

BRCA1 defective breast tumour samples (figures 8 and 14). The 

formation of these radial structures has been linked to chromatid-type 

telomeric fusion (Bailey et al., 1999; Bailey et al., 2004b). Studies on 

Chinese hamster cells rich in interstitial telomere-like DNA sequence 

blocks have shown that these sequences were involved in tri- and 

quadriradial chromosome configurations caused by mutagen-induced 

chromatid exchanges (Fernandez et al., 1995; Bolzan et al., 2001). It 

was recently observed that de novo telomere addition at chromatid 

breaks was abundant in HR mutants (Cullen et al., 2007). Telomeric 

DNA repeats were frequently inserted in chromosomes of BRCA2 

tumours and cell lines (figures 14F and 19C). Such interstitial 

telomere repeats could be prone to rearrangements resulting in 

abnormal configurations. De novo telomere additions were even seen 

at the break-sites of triradial chromosome configuration (figure 17D). 

Radial chromosome formation could also occur through NHEJ of 

chromatid breaks and uncapped or broken telomeres as proposed by 

Satoh et al. (Satoh et al., 2002). Radial configurations in BRCA2 

heterozygous tumours and cell lines are most likely caused by 

telomere dysfunction and fragile chromosomes. 

 

5.12 Heterogeneity of breast tumours and cell lines 

Breast tumour tissues have a mixture of normal and tumour 



 

 

96 

 

cells. Our previous study on CI in breast tumour tissues with TP53 

mutations shows high heterogeneity by simultaneous detection of 

chromosome 17 copy number with FISH and immunofluoresence 

detection of TP53 (AP2). In these breast tumours CI was found to be 

significantly associated with TP53 positive immunostaining which 

suggests TP53 mutation as a cause for CI in these samples. TP53 

mutations have been associated with CI in breast tumours, as 

previously discussed. In the present study TP53 mutations were 

significantly associated with oncogene amplification of MYC and 

AURKA (papers 1 and 2). In these breast tumour samples oncogene 

amplification was analyzed as mean copy number gain, but oncogene 

amplification would be expected to be more related to tumour cells 

harbouring the TP53 mutation. This may be analyzed by simultaneous 

detection of MYC or AURKA oncogene amplification by FISH and 

immunofluoresence detection of TP53 nuclear protein (additional 

paper 1). 

The BRCA2 999del5 cell lines have been shown to be highly 

heterogeneous with several clonal changes and karyotypic sublines 

(Rubner Fridriksdottir et al., 2005). In the present study some cells 

were found to have lost one BRCA2 copy, probably the normal 

BRCA2 copy, in all BRCA2 999del5 cell lines (figure 9A-C). The 

BRCA2-999del5-2T cell line was found to have few cells with no 

BRCA2 copies (figure 9D). The analysis on telomere dysfunction in 

the present study was therefore done on heterogeneous material where 

BRCA2 haploinsufficiency may have some impact on telomere 

abnormalities (Arnold et al., 2006), but major impact would be 
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expected from cells that have lost the normal BRCA2 copy. Cell lines 

BRCA2-999del5-1N and BRCA2-999del5-2N have been shown to 

express very limited amount of the BRCA2 protein compared to 

controls, analyzed by Western blotting (Ólafur A. Stefánsson, 

personal communication).  

Testing of telomere dysfunction on breast epithelial cell lines 

without BRCA2 mutations is in process. All cell lines will also be 

measured for BRCA2 expression by Taq-Man analysis. Based on 

results from other laboratories detection of lower frequency of 

telomere abnormalities in BRCA2 wild-type cell lines is expected, but 

this needs to be validated.  
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6. CONCLUSIONS 

 

The main conclusions that can be derived from this thesis are divided 

into three parts based on the original papers submitted along with this 

thesis. 

In paper 1 MYC amplification and TERT expression analysis 

were reported in selected breast tumours, based on complex 

chromosomal changes. Amplification of MYC was shown to be 

associated with early tumorigenesis factors such as high genomic 

instability, high S phase fraction and low TNM stages. Amplification 

of MYC therefore appears to be an early event in breast tumorigenesis 

and to diminish following TERT activation. The correlation between 

high TERT immunostaining and TP53 mutations suggests that 

functional TP53 may be responsible for suppression of TERT 

transcription during tumour progression. These results indicate that 

breast tumour progression may be induced by an interplay between 

MYC amplification, genomic instability, TERT and TP53 activity. 

Potential interaction of AURKA amplification and BRCA2 

mutation in breast tumours was examined in paper 2 (paper 2). 

Association between AURKA amplification and BRCA2 mutation in 

breast tumours was found to be highly significant in addition to 

significant association between AURKA amplification and somatic 

TP53 mutations. Cells with a defective DNA damage response seem 

to be sensitive to AURKA overexpression that may lead to mitotic 

entry without DNA repair. Therefore, breast tumours with BRCA2 or 

TP53 mutations could be promising candidates for Aurora kinase A 
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targeted treatment. 

In paper 3, BRCA2 is suggested to have an important role in 

telomere stabilization and protection. Frequent chromosome end 

fusions in BRCA2-mutated breast tumours without telomere erosion is 

a sign of a telomere capping defect. End-to-end chromosome fusions 

of telomeres, extrachromosomal telomere signals, and T-SCEs in 

BRCA2-mutated breast epithelial cell lines, support a telomere 

capping defect in addition to ALT-like phenotype in spite of 

telomerase expression. Therefore, BRCA2 may have an important role 

in telomere stabilization by taking part in telomere end capping and 

suppressing T-SCEs. This can explain aberrant chromsomal 

configurations in BRCA2 defective cells. A possible BRCA2 

involvement in telomere maintenance still needs to be demonstrated 

by a comparison with control breast epithelial cell lines and by 

examining BRCA2 expression in the BRCA2-mutated cell lines used 

in this study. 
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