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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
iii

found between AURKA amplification and TP53 mutations in nonBRCA2 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.
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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 BRCA2mutated 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 errorfree 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 BRCAdeficient 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 ATMmediated 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 (MeijersHeijboer 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
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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

12
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, basallike 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 ERpositive 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 BRCA2mutated 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 highlevel 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 3040% 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
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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).
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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 transactivationindependent 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 Tloop 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).

(TTAGGG)n
(TTAGGG)n

TP53 mutation
(TTAGGG)n
(TTAGGG)n

Continuing cell
divisions
Telomere erosion

TP53
Senescence

DSB repair
Tumour formation

Telomerease
expression

Oncogene
amplification
End-to-end fusion

BFB cycle

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 BRCA2mutated 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 Gbanded 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 Cot1 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
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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 TeloTTAGGG 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 Webbased 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, BRCA2999del5-2N 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 FITCconjugated 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 FAMconjugated 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).

43
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

I & II

12 (63%)

1 (12%)

0.0329 12.0

1.21-119

III & IV

7 (37%)

7 (88%)

1 (< 2 cm)

10 (53%)

0

0.0119 18.8

0.95-372

2 and 3 (> 2 cm)

9 (47%)

8 (100%)

OR

95% CI

TNM pathological stages

Tumour size

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
20

Number of gains and losses

15
10
5
Gains

0

Losses

-5
1p 1q 2p 2q 3p 3q 4p 4q 5p 5q 6p 6q 7p 7q 8p 8q 9p 9q 10p10q11p11q12p12q13q14q15q16p16q17p17q18p18q19p19q20p20q21q22q Xp Xq
-10
-15
-20
Chromosome arms

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)

11 (10.7%)

3 (8.3%)

TERT immunostaining
Grade 1: no nuclear staining
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%)

I

25 (24.3%)

10 (28.6%)

IIa-IIb

49 (47.6%)

19 (54.3%)

IIIa-IIIb

25 (24.3%)

5 (14.3%)

4 (3.9%)

1 (2.9%)

>1.5

48 (46.6%)

14 (38.9%)

<1.5

38 (36.9%)

12 (33.3%)

Not analysed

17 (16.5%)

10 (27.8%)

>5 %

51 (49.5%)

14 (38.9%)

<5 %

27 (26.2%)

10 (27.8%)

Not analysed

25 (24.3%)

12 (33.3%)

Mutated

23 (22.3%)

6 (16.7%)

wild-type

78 (75.7%)

26 (72.2%)

2 (1.9%)

4 (11.1%)

TNM stages

IV
Genomic index

S-phase fraction

TP53

Not analysed

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.

TNM pathological stages
I and II
III and IV
Genomic index
> 1.5
< 1.5
S-phase
> 5%
< 5%
TP53 mutation
Mutation
Wild type

TERT staining
> 50%
n = 60

< 50%
n = 43

P

45 (75%)
15 (25%)

29 (67%)
14 (33%)

N.S.

33 (67%)
16 (33%)

15 (41%)
22 (59%)

33 (75%)
11 (25%)
18 (31%)
40 (69%)

OR

95% CI

0.017

3.03

1.25-7.35

18 (53%)
16 (47%)

0.056

2.67

1.02-6.96

5 (12%)
38 (88%)

0.030

3.42

1.15-10.13

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 = 0.94430.54). 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

I & II

11 (69%)

2 (18%)

p = 0.018

III & IV

5 (31%)

9 (92%)

> 1.5

14 (88%)

5 (45%)

< 1.5

2 (12%)

6 (55%)

> 5%

14 (100%)

6 (60%)

< 5%

0

4 (40%)

Mutation

6 (37%)

4 (36%)

Wild type

10 (63%)

7 (64%)

>50% cell nuclei

12 (75%)

6 (55%)

<50% cell nuclei

4 (25%)

5 (35%)

TNM pathological stages

Genomic index
p = 0.033

S-phase
p = 0.020

TP53 mutation
N.S.

TERT immunostaining

a

P values of Fisher´s exact test

N.S.
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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

BRCA2 999del5 carriers

14

6

p value

Non-BRCA2 mutation carriers

9

32

0.0005

Non-BRCA2 mutation carriers with BRCA2 AId

7

14

0.03

Non-BRCA2 mutation carriers without BRCA2 AIe

2

18

0.0002

ORb

8.3
4.7
21.0

95% CIc

2.5 – 27.8
1.2 – 17.5
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 = 1.867.8; table 6). No association of AURKA amplification with TP53mutated 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
CI = Confidence interval
d
AI = Allelic Imbalance
e
AI = Allelic Imbalance
c
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Table 6. Association between AURKA amplification and TP53 mutation in
sporadic breast tumours.
Study group

TP53 mutation
Yes

No

AURKA amplification

8

14

No AURKA amplification

8

31

p value

ORf (95% CIg)

0.14

2.5 (0.8-8.4)

0.007

11.1 (1.8-67.8)

All breast tumours

Non-BRCA2 tumours
AURKA amplification

6

2

No AURKA amplification

7

26

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 extrachromosomal 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
g

OR = Odds Ratio
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 extrachromosomal 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 coamplification 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
32
20
2
30
18

h
i

BRCA2
999del5
x
x
x

BRCA1 promoter
methylation
x

x

AI in
BRCA1

AI in
BRCA2

n.d.i

n.d.
x
x

x

According to karyotype in Steinarsdottir et al., 1995
n.d. (not determined)

BRCA1
staining
< 20%
< 20%
< 20%
< 20%
< 20%

TP53
mutation

x
x
x
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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).

Slot-blot signal
strengths
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y = 183,22x + 1305,2
R20,9596 =
15.000,00
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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 slotblot 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).
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Table 8. Association between telomere DNA content of tumours and prognostic
factors.
Genomic index
> 1.5
< 1.5
S-phase
>5%
<5%
TNM stages
I & II
III & IV
TP53
Mutated
Wild type
BRCA2
999del5 mutation
non mutation

Telomere content
<80%, n=41

Telomere content
>80%, n=43

P

23 (58%)
17 (42%)

25 (57%)
19 (43%)

N.S.

21 (75%)
9 (25%)

30 (77%)
9 (23%)

N.S.

27 (69%)
12 (31%)

27 (61%)
17 (39%)

N.S.

9 (22%)
31 (78%)

11 (25%)
33 (45%)

N.S.

3 (77%)
36 (23%)

8 (18%)
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 BRCA2mutated 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 BRCA2mutated 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.
TERT
nuclear
staining

Case
number

0.036+/-0.006

Average
telomere
length
(kb)
14.0

>50%

32

0.018+/-0.002

10.7

>50%

2

0.017+/-0.005

9.5

>50%

20

12.6

<10%

16

BRCA2
genotype

No. of
metaphases

Chromosome
number /
metaphase
(+/-SEM)

Metaph.
with
CEFs

Mean CEFs
/ metaphase
(+/-SEM)

Mean CEF /
chromosome
(+/-SEM)

999del5

25

81.24+/-0.70

88.0%

2.92+/-0.50

999del5

86

45.03+/-0.40

53.5%

0.80+/-0.10

999del5

28

51.39+/-1.71

42.9%

0.93+/-0.27

wild-type

76

44.86+/-0.25

17.1%

0.17+/-0.04

0.004+/-0.001

wild-type

42

46.98+/-1.13

21.4%

0.23+/-0.07

0.005+/-0.002

10.3

10-50%

23

0.003+/-0.002

11.6

<10%

11

wild-type

17

45.82+/-0.13

11.8%

0.12+/-0.08

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.
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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 pancentromere 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
metaphases

Mean
chromosome
number+/SEM

Proportion
of
metaphases
with
chromatid
breaks

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

Proportion
of
metaphases
with CEF

Mean CEF
/ metaphase
+/-SEM

Mean CEF /
chromosome
+/-SEM
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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 TSCEs 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
metaphases

BRCA2-999del5-1N

75

Average
proportion of
intrachromosomal
telomere signal
each chromosome
+/-SEM
0,205+/-0,011

BRCA2-999del5-2N

82

0,131+/-0,007

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

Average
proportion of
telomere
dysfunctional
chromosome ends
+/-SEM
O,477+/-0,0001

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

0,054+/-0,004

0,264+/-0,008

0,159+/-0,009

0,034+/-0,003

0,174+/-0,007

0,308+/-0,012

0,517+/-0,0001
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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 BRCA2-999del51N (B and C).Chromosomes were counterstained with DAPI.
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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 overexpression 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
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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 BRCA2mutated 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 (RobanusMaandag 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 checkpointassociated 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 CENPA, 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 TSCEs. 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
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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.

100

7. REFERENCES
1.

Adem C., Soderberg C.L., Hafner K., Reynolds C., Slezak J.M., Sinclair
C.S., Sellers T.A., Schaid D.J., Couch F., Hartmann L.C., and Jenkins
R.B. (2004). ERBB2, TBX2, RPS6KB1, and MYC alterations in breast
tissues of BRCA1 and BRCA2 mutation carriers. Genes Chromosomes
Cancer 41, 1-11.

2.

Al-Kuraya K., Schraml P., Torhorst J., Tapia C., Zaharieva B., Novotny
H., Spichtin H., Maurer R., Mirlacher M., Kochli O., Zuber M., Dieterich
H., Mross F., Wilber K., Simon R., and Sauter G. (2004). Prognostic
relevance of gene amplifications and coamplifications in breast cancer.
Cancer Res. 64, 8534-8540.

3.

Alvarez S., Diaz-Uriarte R., Osorio A., Barroso A., Melchor L., Paz M.F.,
Honrado E., Rodriguez R., Urioste M., Valle L., Diez O., Cigudosa J.C.,
Dopazo J., Esteller M., and Benitez J. (2005). A predictor based on the
somatic genomic changes of the BRCA1/BRCA2 breast cancer tumours
identifies the non-BRCA1/BRCA2 tumours with BRCA1 promoter
hypermethylation. Clin. Cancer Res. 11, 1146-1153.

4.

Al-Wahiby S. and Slijepcevic P. (2005). Chromosomal aberrations
involving telomeres in BRCA1 deficient human and mouse cell lines.
Cytogenet. Genome Res. 109, 491-496.

5.

Anamtahwat-Jonsson K., Eyfjord J.E., Ogmundsdottir H.M., Petursdottir
I., and Steinarsdottir M. (1996). Instability of chromosomes 1, 3, 16, and
17 in primary breast carcinomas inferred by fluorescence in situ
hybridization. Cancer Genet. Cytogenet. 88, 1-7.

6.

Anand S., Penrhyn-Lowe S., and Venkitaraman A.R. (2003). AURORAA amplification overrides the mitotic spindle assembly checkpoint,
inducing resistance to Taxol. Cancer. Cell. 3, 51-62.

7.

Arnold K., Kim M.K., Frerk K., Edler L., Savelyeva L., Schmezer P., and
Wiedemeyer R. (2006). Lower level of BRCA2 protein in heterozygous
mutation carriers is correlated with an increase in DNA double strand
breaks and an impaired DSB repair. Cancer Lett. 243, 90-100.

8.

Artandi S.E., Chang S., Lee S.L., Alson S., Gottlieb G.J., Chin L., and
DePinho R.A. (2000). Telomere dysfunction promotes non-reciprocal
translocations and epithelial cancers in mice. Nature 406, 641-645.

9.

Artandi S.E. (2003). Complex roles for telomeres and telomerase in breast
carcinogenesis. Breast Cancer Res. 5, 37-41.

101
10.

Aulmann S., Bentz M., and Sinn H.P. (2002). C-myc oncogene
amplification in ductal carcinoma in situ of the breast. Breast Cancer Res.
Treat. 74, 25-31.

11.

Aulmann S., Adler N., Rom J., Helmchen B., Schirmacher P., and Sinn
H.P. (2006). c-myc Amplifications in primary breast carcinomas and their
local recurrences. J. Clin. Pathol. 59, 424-4248.

12.

Ayouaz A., Raynaud C., Heride C., Revaud D., and Sabatier L. (2008).
Telomeres: hallmarks of radiosensitivity. Biochimie 90, 60-72.

13.

Bailey S.M., Meyne J., Chen D.J., Kurimasa A., Li G.C., Lehnert B.E.,
and Goodwin E.H. (1999). DNA double-strand break repair proteins are
required to cap the ends of mammalian chromosomes. Proc. Natl. Acad.
Sci. U. S. A. 96, 14899-14904.

14.

Bailey S.M., Cornforth M.N., Kurimasa A., Chen D.J., and Goodwin E.H.
(2001a). Strand-specific postreplicative processing of mammalian
telomeres. Science 293, 2462-2465.

15.

Bailey S.M., Cornforth M.N., Kurimasa A., Chen D.J., and Goodwin E.H.
(2001b). Strand-specific postreplicative processing of mammalian
telomeres. Science 293, 2462-2465.

16.

Bailey S.M., Brenneman M.A., and Goodwin E.H. (2004a). Frequent
recombination in telomeric DNA may extend the proliferative life of
telomerase-negative cells. Nucleic Acids Res. 32, 3743-3751.

17.

Bailey S.M., Brenneman M.A., Halbrook J., Nickoloff J.A., Ullrich R.L.,
and Goodwin E.H. (2004b). The kinase activity of DNA-PK is required to
protect mammalian telomeres. DNA Repair (Amst) 3, 225-233.

18.

Bailey S.M., Cornforth M.N., Ullrich R.L., and Goodwin E.H. (2004c).
Dysfunctional mammalian telomeres join with DNA double-strand
breaks. DNA Repair (Amst) 3, 349-357.

19.

Barlund M., Monni O., Weaver J.D., Kauraniemi P., Sauter G., Heiskanen
M., Kallioniemi O.P., and Kallioniemi A. (2002). Cloning of BCAS3
(17q23) and BCAS4 (20q13) genes that undergo amplification,
overexpression, and fusion in breast cancer. Genes Chromosomes Cancer
35, 311-317.

20.

Bechter O.E., Zou Y., Shay J.W., and Wright W.E. (2003). Homologous
recombination in human telomerase-positive and ALT cells occurs with
the same frequency. EMBO Rep. 4, 1138-1143.

102
21.

Bechter O.E., Zou Y., Walker W., Wright W.E., and Shay J.W. (2004).
Telomeric recombination in mismatch repair deficient human colon
cancer cells after telomerase inhibition. Cancer Res. 64, 3444-3451.

22.

Bell D.W., Varley J.M., Szydlo T.E., Kang D.H., Wahrer D.C., Shannon
K.E., Lubratovich M., Verselis S.J., Isselbacher K.J., Fraumeni J.F., Birch
J.M., Li F.P., Garber J.E., and Haber D.A. (1999). Heterozygous germ
line hCHK2 mutations in Li-Fraumeni syndrome. Science 286, 25282531.

23.

Bergamaschi A., Kim Y.H., Wang P., Sorlie T., Hernandez-Boussard T.,
Lonning P.E., Tibshirani R., Borresen-Dale A.L., and Pollack J.R. (2006).
Distinct patterns of DNA copy number alteration are associated with
different clinicopathological features and gene-expression subtypes of
breast cancer. Genes Chromosomes Cancer 45, 1033-1040.

24.

Bieche I., Nogues C., Paradis V., Olivi M., Bedossa P., Lidereau R., and
Vidaud M. (2000). Quantitation of hTERT gene expression in sporadic
breast tumours with a real-time reverse transcription-polymerase chain
reaction assay. Clin. Cancer Res. 6, 452-459.

25.

Birgisdottir V. (2004). Epigenetic inactivation and loss of BRCA1 in
sporadic breast cancer.

26.

Birgisdottir V., Stefansson O.A., Bodvarsdottir S.K., Hilmarsdottir H.,
Jonasson J.G., and Eyfjord J.E. (2006). Epigenetic silencing and deletion
of the BRCA1 gene in sporadic breast cancer. Breast Cancer Res. 8, R38.

27.

Blackburn E.H., Greider C.W., Henderson E., Lee M.S., Shampay J., and
Shippen-Lentz D. (1989). Recognition and elongation of telomeres by
telomerase. Genome 31, 553-560.

28.

Blancato J., Singh B., Liu A., Liao D.J., and Dickson R.B. (2004).
Correlation of amplification and overexpression of the c-myc oncogene in
high-grade breast cancer: FISH, in situ hybridisation and
immunohistochemical analyses. Br. J. Cancer 90, 1612-1619.

29.

Bodvarsdottir S.K., Sigurdsson S., Steinarsdottir M., Eyfjord J.E.,
Ogmundsdottir H., and Anamthawat-Jonsson K. (1998). Simultaneous
detection of p53 nuclear protein and chromosome aberrations on sections
from formalin-fixed, paraffin-embedded breast cancer tissue.
Chromosome Res. 6, 233-235.

103
30.

Bodvarsdottir S.K., Hilmarsdottir H., Birgisdottir V., Steinarsdottir M.,
Jonasson J.G., and Eyfjord J.E. (2007a). Aurora-A amplification
associated with BRCA2 mutation in breast tumours. Cancer Lett. 248, 96102.

31.

Bodvarsdottir S.K., Steinarsdottir M., Hilmarsdottir H., Jonasson J.G.,
and Eyfjord J.E. (2007b). MYC amplification and TERT expression in
breast tumour progression. Cancer Genet. Cytogenet. 176, 93-99.

32.

Bolzan A.D., Paez G.L., and Bianchi M.S. (2001). FISH analysis of
telomeric repeat sequences and their involvement in chromosomal
aberrations induced by radiomimetic compounds in hamster cells. Mutat.
Res. 479, 187-196.

33.

Brose M.S., Rebbeck T.R., Calzone K.A., Stopfer J.E., Nathanson K.L.,
and Weber B.L. (2002). Cancer risk estimates for BRCA1 mutation
carriers identified in a risk evaluation program. J. Natl. Cancer Inst. 94,
1365-1372.

34.

Bryan T.M. and Reddel R.R. (1997). Telomere dynamics and telomerase
activity in in vitro immortalised human cells. Eur. J. Cancer 33, 767-773.

35.

Bryant H.E., Schultz N., Thomas H.D., Parker K.M., Flower D., Lopez
E., Kyle S., Meuth M., Curtin N.J., and Helleday T. (2005). Specific
killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose)
polymerase. Nature 434, 913-917.

36.

Cabuy E., Newton C., Roberts T., Newbold R., and Slijepcevic P. (2004).
Identification of subpopulations of cells with differing telomere lengths in
mouse and human cell lines by flow FISH. Cytometry A. 62, 150-161.

37.

Cabuy E., Newton C., Joksic G., Woodbine L., Koller B., Jeggo P.A., and
Slijepcevic P. (2005). Accelerated telomere shortening and telomere
abnormalities in radiosensitive cell lines. Radiat. Res. 164, 53-62.

38.

Calcagnile O. and Gisselsson D. (2007). Telomere dysfunction and
telomerase activation in cancer--a pathological paradox? Cytogenet.
Genome Res. 118, 270-276.

39.

Callen E., Samper E., Ramirez M.J., Creus A., Marcos R., Ortega J.J.,
Olive T., Badell I., Blasco M.A., and Surralles J. (2002). Breaks at
telomeres and TRF2-independent end fusions in Fanconi anemia. Hum.
Mol. Genet. 11, 439-444.

104
40.

Catteau A., Harris W.H., Xu C.F., and Solomon E. (1999). Methylation of
the BRCA1 promoter region in sporadic breast and ovarian cancer:
correlation with disease characteristics. Oncogene 18, 1957-1965.

41.

Cazales M., Schmitt E., Montembault E., Dozier C., Prigent C., and
Ducommun B. (2005). CDC25B phosphorylation by Aurora-A occurs at
the G2/M transition and is inhibited by DNA damage. Cell. Cycle 4,
1233-1238.

42.

Celli G.B. and de Lange T. (2005). DNA processing is not required for
ATM-mediated telomere damage response after TRF2 deletion. Nat. Cell
Biol. 7, 712-718.

43.

Celli G.B., Denchi E.L., and de Lange T. (2006). Ku70 stimulates fusion
of dysfunctional telomeres yet protects chromosome ends from
homologous recombination. Nat. Cell Biol. 8, 885-890.

44.

Cerone M.A., Londono-Vallejo J.A., and Bacchetti S. (2001). Telomere
maintenance by telomerase and by recombination can coexist in human
cells. Hum. Mol. Genet. 10, 1945-1952.

45.

Cesare A.J. and Griffith J.D. (2004). Telomeric DNA in ALT cells is
characterized by free telomeric circles and heterogeneous t-loops. Mol.
Cell. Biol. 24, 9948-9957.

46.

Chen S.S., Chang P.C., Cheng Y.W., Tang F.M., and Lin Y.S. (2002).
Suppression of the STK15 oncogenic activity requires a transactivationindependent p53 function. EMBO J. 21, 4491-4499.

47.

Chin K., de Solorzano C.O., Knowles D., Jones A., Chou W., Rodriguez
E.G., Kuo W.L., Ljung B.M., Chew K., Myambo K., Miranda M., Krig
S., Garbe J., Stampfer M., Yaswen P., Gray J.W., and Lockett S.J. (2004).
In situ analyses of genome instability in breast cancer. Nat. Genet. 36,
984-988.

48.

Chin K., DeVries S., Fridlyand J., Spellman P.T., Roydasgupta R., Kuo
W.L., Lapuk A., Neve R.M., Qian Z., Ryder T., Chen F., Feiler H.,
Tokuyasu T., Kingsley C., Dairkee S., Meng Z., Chew K., Pinkel D., Jain
A., Ljung B.M., Esserman L., Albertson D.G., Waldman F.M., and Gray
J.W. (2006). Genomic and transcriptional aberrations linked to breast
cancer pathophysiologies. Cancer. Cell. 10, 529-541.

49.

Clark G.M., Osborne C.K., Levitt D., Wu F., and Kim N.W. (1997).
Telomerase activity and survival of patients with node-positive breast
cancer. J. Natl. Cancer Inst. 89, 1874-1881.

105
50.

Climent J., Garcia J.L., Mao J.H., Arsuaga J., and Perez-Losada J. (2007).
Characterization of breast cancer by array comparative genomic
hybridization. Biochem. Cell Biol. 85, 497-508.

51.

Collins C., Volik S., Kowbel D., Ginzinger D., Ylstra B., Cloutier T.,
Hawkins T., Predki P., Martin C., Wernick M., Kuo W.L., Alberts A., and
Gray J.W. (2001). Comprehensive genome sequence analysis of a breast
cancer amplicon. Genome Res. 11, 1034-1042.

52.

Cox D.G., Hankinson S.E. and Hunter D.J. (2006). Polymorphisms of the
AURKA (STK15/Aurora Kinase) Gene and Breast Cancer Risk (United
States). Cancer Causes Control. 17: 81-83.

53.

Crook T., Crossland S., Crompton M.R., Osin P. and Gusterson B.A.
(1997). p53 mutations in BRCA1-associated familial breast cancer.
Lancet 350, 638-9.

54.

Cullen J.K., Hussey S.P., Walker C., Prudden J., Wee B.Y., Dave A.,
Findlay J.S., Savory A.P., and Humphrey T.C. (2007). Break-Induced
Loss of Heterozygosity in Fission Yeast: Dual Roles for Homologous
Recombination in Promoting Translocations and Preventing de novo
Telomere Addition. Mol. Cell. Biol.

55.

Daniels M.J., Wang Y., Lee M., and Venkitaraman A.R. (2004).
Abnormal cytokinesis in cells deficient in the breast cancer susceptibility
protein BRCA2. Science 306, 876-879.

56.

de Cremoux P., Salomon A.V., Liva S., Dendale R., Bouchind'homme B.,
Martin E., Sastre-Garau X., Magdelenat H., Fourquet A., and Soussi T.
(1999). P53 Mutation as a Genetic Trait of Typical Medullary Breast
Carcinoma. J. Natl. Cancer Inst. 91, 641-643.

57.

de Lange T. (2005). Shelterin: the protein complex that shapes and
safeguards human telomeres. Genes Dev. 19, 2100-2110.

58.

De Souza C.P., Ellem K.A., and Gabrielli B.G. (2000). Centrosomal and
cytoplasmic Cdc2/cyclin B1 activation precedes nuclear mitotic events.
Exp. Cell Res. 257, 11-21.

59.

Deming S.L., Nass S.J., Dickson R.B., and Trock B.J. (2000). C-myc
amplification in breast cancer: a meta-analysis of its occurrence and
prognostic relevance. Br. J. Cancer 83, 1688-1695.

60.

Denoix P.F. (1944). Bull Inst Nat Hyg (Paris) 1, 1–69 and 5–82.

61.

DePinho RA (2000). The age of cancer. Nature 408, 248-254.

106
62.

der-Sarkissian H., Bacchetti S., Cazes L., and Londono-Vallejo J.A.
(2004). The shortest telomeres drive karyotype evolution in transformed
cells. Oncogene 23, 1221-1228.

63.

Devilee P., Schuuring E., van de Vijver M.J., and Cornelisse C.J. (1994).
Recent developments in the molecular genetic understanding of breast
cancer. Crit. Rev. Oncog. 5, 247-270.

64.

Dicioccio R.A., Song H., Waterfall C., Kimura M.T., Nagase H.,
McGuire V., Hogdall E., Shah M.N., Luben R.N., Easton D.F., Jacobs
I.J., Ponder B.A., Whittemore A.S., Gayther S.A., Pharoah P.D., and
Kruger-Kjaer S. (2004). STK15 polymorphisms and association with risk
of invasive ovarian cancer. Cancer Epidemiol. Biomarkers Prev. 13,
1589-1594.

65.

Ditchfield C., Johnson V.L., Tighe A., Ellston R., Haworth C., Johnson
T., Mortlock A., Keen N., and Taylor S.S. (2003). Aurora B couples
chromosome alignment with anaphase by targeting BubR1, Mad2, and
Cenp-E to kinetochores. J. Cell Biol. 161, 267-280.

66.

Dutertre S., Cazales M., Quaranta M., Froment C., Trabut V., Dozier C.,
Mirey G., Bouche J.P., Theis-Febvre N., Schmitt E., Monsarrat B.,
Prigent C., and Ducommun B. (2004). Phosphorylation of CDC25B by
Aurora-A at the centrosome contributes to the G2-M transition. J. Cell.
Sci. 117, 2523-2531.

67.

Dutrillaux B., Gerbault-Seureau M., Remvikos Y., Zafrani B., and Prieur
M. (1991). Breast cancer genetic evolution: I. Data from cytogenetics and
DNA content. Breast Cancer Res. Treat. 19, 245-255.

68.

Dutrillaux B. (1995). Pathways of chromosome alteration in human
epithelial cancers. Adv. Cancer Res. 67, 59-82.

69.

Elkak A.E., Meligonis G., Salhab M., Mitchell B., Blake J.R., Newbold
R.F., and Mokbel K. (2005). hTERT protein expression is independent of
clinicopathological parameters and c-Myc protein expression in human
breast cancer. J. Carcinog. 4, 17.

70.

Elston, C.W. and Ellis I.O. (1998.) Assessment of histological grade. In
Elston, C.W. and Ellis, I.O. (eds), The breast. Vol. 13. Churchill
Livingstone, Edinburgh ; New York, 356-384.

107
71.

Esteller M., Silva J.M., Dominguez G., Bonilla F., Matias-Guiu X.,
Lerma E., Bussaglia E., Prat J., Harkes I.C., Repasky E.A., Gabrielson E.,
Schutte M., Baylin S.B., and Herman J.G. (2000). Promoter
hypermethylation and BRCA1 inactivation in sporadic breast and ovarian
tumours. J. Natl. Cancer Inst. 92, 564-569.

72.

Ewart-Toland A., Briassouli P., de Koning J.P., Mao J.H., Yuan J., Chan
F., MacCarthy-Morrogh L., Ponder B.A., Nagase H., Burn J., Ball S.,
Almeida M., Linardopoulos S., and Balmain A. (2003). Identification of
Stk6/STK15 as a candidate low-penetrance tumour-susceptibility gene in
mouse and human. Nat. Genet. 34, 403-412.

73.

Ewart-Toland A., Dai Q., Gao Y.T., Nagase H., Dunlop M.G., Farrington
S.M., Barnetson R.A., Anton-Culver H., Peel D., Ziogas A., Lin D., Miao
X., Sun T., Ostrander E.A., Stanford J.L., Langlois M., Chan J.M., Yuan
J., Harris C.C., Bowman E.D., Clayman G.L., Lippman S.M., Lee J.J.,
Zheng W., and Balmain A. (2005). Aurora-A/STK15 T+91A is a general
low penetrance cancer susceptibility gene: a meta-analysis of multiple
cancer types. Carcinogenesis 26, 1368-1373.

74.

Eyfjord J.E., Thorlacius S., Steinarsdottir M., Valgardsdottir R.,
Ogmundsdottir H.M., and Anamthawat-Jonsson K. (1995). p53
abnormalities and genomic instability in primary human breast
carcinomas. Cancer Res. 55, 646-651.

75.

Eyfjord J.E. and Bodvarsdottir S.K. (2005). Genomic instability and
cancer: networks involved in response to DNA damage. Mutat. Res. 592,
18-28.

76.

Fackenthal J.D. and Olopade O.I. (2007). Breast cancer risk associated
with BRCA1 and BRCA2 in diverse populations. Nat. Rev. Cancer. 7,
937-948.

77.

Farmer H., McCabe N., Lord C.J., Tutt A.N., Johnson D.A., Richardson
T.B., Santarosa M., Dillon K.J., Hickson I., Knights C., Martin N.M.,
Jackson S.P., Smith G.C., and Ashworth A. (2005). Targeting the DNA
repair defect in BRCA mutant cells as a therapeutic strategy. Nature 434,
917-921.

78.

Fatouros M., Baltoyiannis G., and Roukos D.H. (2008). The predominant
role of surgery in the prevention and new trends in the surgical treatment
of women with BRCA1/2 mutations. Ann. Surg. Oncol. 15, 21-33.

79.

Fernandez J.L., Gosalvez J., and Goyanes V. (1995). High frequency of
mutagen-induced chromatid exchanges at interstitial telomere-like DNA
sequence blocks of Chinese hamster cells. Chromosome Res. 3, 281-284.

108
80.

Fiche M., Avet-Loiseau H., Maugard C.M., Sagan C., Heymann M.F.,
Leblanc M., Classe J.M., Fumoleau P., Dravet F., Mahé M. and
Dutrillaux B. (2000).Gene amplifications detected by fluorescence in situ
hybridization in pure intraductal breast carcinomas: relation to
morphology, cell proliferation and expression of breast cancer-related
genes. Int. J. Cancer 89, 403-410.

81.

Foote FW, Stewart FW (1946). A histologic classification of carcinoma
of the breast. Surgery 19, 74–99.

82.

Ford D., Easton D.F., Stratton M., Narod S., Goldgar D., Devilee P.,
Bishop D.T., Weber B., Lenoir G., Chang-Claude J., Sobol H., Teare
M.D., Struewing J., Arason A., Scherneck S., Peto J., Rebbeck T.R.,
Tonin P., Neuhausen S., Barkardottir R., Eyfjord J., Lynch H., Ponder
B.A., Gayther S.A., and Zelada-Hedman M. (1998). Genetic
heterogeneity and penetrance analysis of the BRCA1 and BRCA2 genes
in breast cancer families. The Breast Cancer Linkage Consortium. Am. J.
Hum. Genet. 62, 676-689.

83.

Ford L.P., Zou Y., Pongracz K., Gryaznov S.M., Shay J.W., and Wright
W.E. (2001). Telomerase can inhibit the recombination-based pathway of
telomere maintenance in human cells. J. Biol. Chem. 276, 32198-32203.

84.

Fordyce C.A., Heaphy C.M., Joste N.E., Smith A.Y., Hunt W.C., and
Griffith J.K. (2005). Association between cancer-free survival and
telomere DNA content in prostate tumours. J. Urol. 173, 610-614.

85.

Fordyce C.A., Heaphy C.M., Bisoffi M., Wyaco J.L., Joste N.E.,
Mangalik A., Baumgartner K.B., Baumgartner R.N., Hunt W.C., and
Griffith J.K. (2006). Telomere content correlates with stage and prognosis
in breast cancer. Breast Cancer Res. Treat. 99, 193-202.

86.

Fukasawa K., Choi T., Kuriyama R., Rulong S., and Vande Woude G.F.
(1996). Abnormal centrosome amplification in the absence of p53.
Science 271, 1744-1747.

87.

Gautschi O., Heighway J., Mack P.C., Purnell P.R., Lara P.N.,Jr, and
Gandara D.R. (2008). Aurora kinases as anticancer drug targets. Clin.
Cancer Res. 14, 1639-1648.

88.

Geserick C., Tejera A., González-Suárez E., Klatt P. and Blasco M.A.
(2006). Expression of mTert in primary murine cells links the growthpromoting effects of telomerase to transforming growth factor-beta
signaling. Oncogene 25, 4310-4319.

109
89.

Gisselsson D., Pettersson L., Hoglund M., Heidenblad M., Gorunova L.,
Wiegant J., Mertens F., Dal Cin P., Mitelman F., and Mandahl N. (2000).
Chromosomal breakage-fusion-bridge events cause genetic intratumor
heterogeneity. Proc. Natl. Acad. Sci. U. S. A. 97, 5357-5362.

90.

Gisselsson D. and Hoglund M. (2005). Connecting mitotic instability and
chromosome aberrations in cancer--can telomeres bridge the gap? Semin.
Cancer Biol. 15, 13-23.

91.

Goepfert T.M., Adigun Y.E., Zhong L., Gay J., Medina D., and Brinkley
W.R. (2002). Centrosome amplification and overexpression of aurora A
are early events in rat mammary carcinogenesis. Cancer Res. 62, 41154122.

92.

Gonzalez R., Silva J.M., Dominguez G., Garcia J.M., Martinez G.,
Vargas J., Provencio M., Espana P., and Bonilla F. (1999). Detection of
loss of heterozygosity at RAD51, RAD52, RAD54 and BRCA1 and
BRCA2 loci in breast cancer: pathological correlations. Br. J. Cancer 81,
503-509.

93.

Greene F.L., Page D.L., Fleming I.D., Fritz A.G., Balch C.M., Haller
D.G., and Morrow M., ed(s) (2002). American Joint Comittee on Cancer
Staging Manual, 6th ed. (Philadelphia: Springer-Verlag).

94.

Greider C.W. (1996). Telomere length regulation. Annu. Rev. Biochem.
65, 337-365.

95.

Gretarsdottir S., Thorlacius S., Valgardsdottir R., Gudlaugsdottir S.,
Sigurdsson S., Steinarsdottir M., Jonasson J.G., Anamthawat-Jonsson K.,
and Eyfjord J.E. (1998). BRCA2 and p53 mutations in primary breast
cancer in relation to genetic instability. Cancer Res. 58, 859-862.

96.

Griffith J.K., Bryant J.E., Fordyce C.A., Gilliland F.D., Joste N.E., and
Moyzis R.K. (1999). Reduced telomere DNA content is correlated with
genomic instability and metastasis in invasive human breast carcinoma.
Breast Cancer Res. Treat. 54, 59-64.

97.

Grushko T.A., Dignam J.J., Das S., Blackwood A.M., Perou C.M.,
Ridderstrale K.K., Anderson K.N., Wei M.J., Adams A.J., Hagos F.G.,
Sveen L., Lynch H.T., Weber B.L., and Olopade O.I. (2004). MYC is
amplified in BRCA1-associated breast cancers. Clin. Cancer Res. 10,
499-507.

110
98.

Gudlaugsdottir S., Sigurdardottir V., Snorradottir M., Jonasson J.G.,
Ogmundsdottir H., and Eyfjord J.E. (2000). P53 mutations analysis in
benign and malignant breast lesions: using needle rinses from fine-needle
aspirations. Diagn. Cytopathol. 22, 268-274.

99.

Gudmundsdottir K., Thorlacius S., Jonasson J.G., Sigfusson B.F.,
Tryggvadottir L., and Eyfjord J.E. (2003). CYP17 promoter
polymorphism and breast cancer risk in males and females in relation to
BRCA2 status. Br. J. Cancer 88, 933-936.

100. Gunther K., Merkelbach-Bruse S., Amo-Takyi B.K., Handt S., Schroder
W., and Tietze L. (2001). Differences in genetic alterations between
primary lobular and ductal breast cancers detected by comparative
genomic hybridization. J. Pathol. 193, 40-47.
101. Hande M.P., Balajee A.S., Tchirkov A., Wynshaw-Boris A., and
Lansdorp P.M. (2001). Extra-chromosomal telomeric DNA in cells from
Atm(-/-) mice and patients with ataxia-telangiectasia. Hum. Mol. Genet.
10, 519-528.
102. Harrington E.A., Bebbington D., Moore J., Rasmussen R.K., AjoseAdeogun A.O., Nakayama T., Graham J.A., Demur C., Hercend T., DiuHercend A., Su M., Golec J.M., and Miller K.M. (2004). VX-680, a
potent and selective small-molecule inhibitor of the Aurora kinases,
suppresses tumor growth in vivo. Nat. Med. 10, 262-267.
103. Harris J.R., Hellman S., Henderson I.C., and Kinne D.W., ed(s) (1991).
Breast disease, 2nd ed. (Philadelphia: J. B. Lippincott Company) pp. 928.
104. Heaphy C.M., Baumgartner K.B., Bisoffi M., Baumgartner R.N., and
Griffith J.K. (2007). Telomere DNA content predicts breast cancer-free
survival interval. Clin. Cancer Res. 13, 7037-7043.
105. Heikkinen K., Rapakko K., Karppinen S.M., Erkko H., Knuutila S.,
Lundan T., Mannermaa A., Borresen-Dale A.L., Borg A., Barkardottir
R.B., Petrini J., and Winqvist R. (2006). RAD50 and NBS1 are breast
cancer susceptibility genes associated with genomic instability.
Carcinogenesis 27, 1593-1599.
106. Heron N.M., Anderson M., Blowers D.P., Breed J., Eden J.M., Green S.,
Hill G.B., Johnson T., Jung F.H., McMiken H.H., Mortlock A.A.,
Pannifer A.D., Pauptit R.A., Pink J., Roberts N.J., and Rowsell S. (2006).
SAR and inhibitor complex structure determination of a novel class of
potent and specific Aurora kinase inhibitors. Bioorg. Med. Chem. Lett.
16, 1320-1323.

111
107. Hirota T., Kunitoku N., Sasayama T., Marumoto T., Zhang D., Nitta M.,
Hatakeyama K., and Saya H. (2003). Aurora-A and an interacting
activator, the LIM protein Ajuba, are required for mitotic commitment in
human cells. Cell 114, 585-598.
108. Hiyama E., Gollahon L., Kataoka T., Kuroi K., Yokoyama T., Gazdar
A.F., Hiyama K., Piatyszek M.A., and Shay J.W. (1996). Telomerase
activity in human breast tumors. J. Natl. Cancer Inst. 88, 116-122.
109. Ho J.S., Ma W., Mao D.Y., and Benchimol S. (2005). p53-Dependent
transcriptional repression of c-myc is required for G1 cell cycle arrest.
Mol. Cell. Biol. 25, 7423-7431.
110. Hoos A., Hepp H.H., Kaul S., Ahlert T., Bastert G., and Wallwiener D.
(1998). Telomerase activity correlates with tumor aggressiveness and
reflects therapy effect in breast cancer. Int. J. Cancer 79, 8-12.
111. Höglund M., Gisselsson D., Hansen G.B., Säll T and Mitelman F (2002).
Multivariate analysis of chromosomal imbalances in breast cancer
delineates cytogenetic pathways and reveals complex relationships among
imbalances. Cancer Res. 62, 2675-80.
112. Hoque A., Carter J., Xia W., Hung M.C., Sahin A.A., Sen S., and
Lippman S.M. (2003). Loss of aurora A/STK15/BTAK overexpression
correlates with transition of in situ to invasive ductal carcinoma of the
breast. Cancer Epidemiol. Biomarkers Prev. 12, 1518-1522.
113. Howlett N.G., Taniguchi T., Olson S., Cox B., Waisfisz Q., De DieSmulders C., Persky N., Grompe M., Joenje H., Pals G., Ikeda H., Fox
E.A., and D'Andrea A.D. (2002). Biallelic inactivation of BRCA2 in
Fanconi anemia. Science 297, 606-609.
114. Hughes-Davies L., Huntsman D., Ruas M., Fuks F., Bye J., Chin S.F.,
Milner J., Brown L.A., Hsu F., Gilks B., Nielsen T., Schulzer M., Chia S.,
Ragaz J., Cahn A., Linger L., Ozdag H., Cattaneo E., Jordanova E.S.,
Schuuring E., Yu D.S., Venkitaraman A., Ponder B., Doherty A.,
Aparicio S., Bentley D., Theillet C., Ponting C.P., Caldas C., and
Kouzarides T. (2003). EMSY links the BRCA2 pathway to sporadic
breast and ovarian cancer. Cell 115, 523-535.
115. Icelandic Cancer Society Cancer Registry Carcinoma of the breast in
Iceland; Years 1956-2005.
http://www.krabbameinsskra.is/indexen.jsp?icd=C50
116. ISCN 1995 (1995). An international system for human cytogenetic
nomenclature In , Anonymous (Basel: S. Krager).

112
117. Jameel J.K., Rao V.S., Cawkwell L., and Drew P.J. (2004).
Radioresistance in carcinoma of the breast. Breast 13, 452-460.
118. James L.A., Mitchell E.L., Menasce L., and Varley J.M. (1997).
Comparative genomic hybridisation of ductal carcinoma in situ of the
breast: identification of regions of DNA amplification and deletion in
common with invasive breast carcinoma. Oncogene 14, 1059-1065.
119. James L.A., Kelsey A.M., Birch J.M., and Varley J.M. (1999). Highly
consistent genetic alterations in childhood adrenocortical tumours
detected by comparative genomic hybridization. Br. J. Cancer 81, 300304.
120. Janocko L.E., Brown K.A., Smith C.A., Gu L.P., Pollice A.A., Singh
S.G., Julian T., Wolmark N., Sweeney L., Silverman J.F., and Shackney
S.E. (2001). Distinctive patterns of Her-2/neu, c-myc, and cyclin D1 gene
amplification by fluorescence in situ hybridization in primary human
breast cancers. Cytometry 46, 136-149.
121. Jeng Y.M., Peng S.Y., Lin C.Y., and Hsu H.C. (2004). Overexpression
and amplification of Aurora-A in hepatocellular carcinoma. Clin. Cancer
Res. 10, 2065-2071.
122. Jiang Y., Zhang Y., Lees E., and Seghezzi W. (2003). AuroraA
overexpression overrides the mitotic spindle checkpoint triggered by
nocodazole, a microtubule destabilizer. Oncogene 22, 8293-8301.
123. Johnson N., Speirs V., Curtin N.J., and Hall A.G. (2007). A comparative
study of genome-wide SNP, CGH microarray and protein expression
analysis to explore genotypic and phenotypic mechanisms of acquired
antiestrogen resistance in breast cancer. Breast Cancer Res. Treat.
124. Jonasson J.G. and Hrafnkelsson J. (1994). Nuclear DNA analysis and
prognosis in carcinoma of the thyroid gland. A nationwide study in
Iceland on carcinomas diagnosed 1955-1990. Virchows Arch. 425, 349355.
125. Jonsson G., Naylor T.L., Vallon-Christersson J., Staaf J., Huang J., Ward
M.R., Greshock J.D., Luts L., Olsson H., Rahman N., Stratton M.,
Ringner M., Borg A., and Weber B.L. (2005). Distinct genomic profiles
in hereditary breast tumors identified by array-based comparative
genomic hybridization. Cancer Res. 65, 7612-7621.
126. Kassim S.K., Fawzy H., El Rassad M.M., Khalil F.K., and Khalifa A.
(2001). Telomerase activity, and tissue polypeptide specific antigen (TPS)
in Egyptian breast cancer patients. Clin. Biochem. 34, 499-504.

113
127. Katayama H., Sasai K., Kawai H., Yuan Z.M., Bondaruk J., Suzuki F.,
Fujii S., Arlinghaus R.B., Czerniak B.A., and Sen S. (2004).
Phosphorylation by aurora kinase A induces Mdm2-mediated
destabilization and inhibition of p53. Nat. Genet. 36, 55-62.
128. Kenemans P., Verstraeten R.A., and Verheijen R.H. (2004). Oncogenic
pathways in hereditary and sporadic breast cancer. Maturitas 49, 34-43.
129. Kim M.K., Zitzmann S., Westermann F., Arnold K., Brouwers S.,
Schwab M., and Savelyeva L. (2004). Increased rates of spontaneous
sister chromatid exchange in lymphocytes of BRCA2+/- carriers of
familial breast cancer clusters. Cancer Lett. 210, 85-94.
130. Kirkpatrick K.L., Ogunkolade W., Elkak A.E., Bustin S., Jenkins P.,
Ghilchick M., Newbold R.F., and Mokbel K. (2003). hTERT expression
in human breast cancer and non-cancerous breast tissue: correlation with
tumour stage and c-Myc expression. Breast Cancer Res. Treat. 77, 277284.
131. Krystyniak A., Garcia-Echeverria C., Prigent C., and Ferrari S. (2006).
Inhibition of Aurora A in response to DNA damage. Oncogene 25, 338348.
132. Kurz E.U. and Lees-Miller S.P. (2004). DNA damage-induced activation
of ATM and ATM-dependent signaling pathways. DNA Repair (Amst) 3,
889-900.
133. Lee H., Trainer A.H., Friedman L.S., Thistlethwaite F.C., Evans M.J.,
Ponder B.A., and Venkitaraman A.R. (1999). Mitotic checkpoint
inactivation fosters transformation in cells lacking the breast cancer
susceptibility gene, Brca2. Mol. Cell 4, 1-10.
134. Levy M.Z., Allsopp R.C., Futcher A.B., Greider C.W., and Harley C.B.
(1992). Telomere end-replication problem and cell aging. J. Mol. Biol.
225, 951-960.
135. Lewis C.M., Herbert B.S., Bu D., Halloway S., Beck A., Shadeo A.,
Zhang C., Ashfaq R., Shay J.W., and Euhus D.M. (2006). Telomerase
immortalization of human mammary epithelial cells derived from a
BRCA2 mutation carrier. Breast Cancer Res. Treat. 99, 103-115.
136. Li S., Rong M., and Iacopetta B. (2006). DNA hypermethylation in breast
cancer and its association with clinicopathological features. Cancer Lett.
237, 272-280.

114
137. Liao D.J. and Dickson R.B. (2000). c-Myc in breast cancer. Endocr.
Relat. Cancer 7, 143-164.
138. Lingle W.L., Barrett S.L., Negron V.C., D'Assoro A.B., Boeneman K.,
Liu W., Whitehead C.M., Reynolds C., and Salisbury J.L. (2002).
Centrosome amplification drives chromosomal instability in breast tumor
development. Proc. Natl. Acad. Sci. U. S. A. 99, 1978-1983.
139. Liu Q., Kaneko S., Yang L., Feldman R.I., Nicosia S.V., Chen J., and
Cheng J.Q. (2004). Aurora-A abrogation of p53 DNA binding and
transactivation activity by phosphorylation of serine 215. J. Biol. Chem.
279, 52175-52182.
140. Livingstone L.R., White A., Sprouse J., Livanos E., Jacks T., and Tlsty
T.D. (1992). Altered cell cycle arrest and gene amplification potential
accompany loss of wild-type p53. Cell 70, 923-935.
141. Londono-Vallejo J.A., Der-Sarkissian H., Cazes L., Bacchetti S., and
Reddel R.R. (2004). Alternative lengthening of telomeres is characterized
by high rates of telomeric exchange. Cancer Res. 64, 2324-2327.
142. Loveday R.L., Greenman J., Simcox D.L., Speirs V., Drew P.J., Monson
J.R., and Kerin M.J. (2000). Genetic changes in breast cancer detected by
comparative genomic hybridisation. Int. J. Cancer 86, 494-500.
143. Ludwig J.A. and Weinstein J.N. (2005). Biomarkers in cancer staging,
prognosis and treatment selection. Nat. Rev. Cancer. 5, 845-856.
144. Ma Y., Pannicke U., Lu H., Niewolik D., Schwarz K., and Lieber M.R.
(2005). The DNA-dependent protein kinase catalytic subunit
phosphorylation sites in human Artemis. J. Biol. Chem. 280, 3383933846.
145. Martin S.A., Lord C.J., and Ashworth A. (2008). DNA repair deficiency
as a therapeutic target in cancer. Curr. Opin. Genet. Dev.
146. McCabe N., Turner N.C., Lord C.J., Kluzek K., Bialkowska A., Swift S.,
Giavara S., O'Connor M.J., Tutt A.N., Zdzienicka M.Z., Smith G.C., and
Ashworth A. (2006). Deficiency in the repair of DNA damage by
homologous recombination and sensitivity to poly(ADP-ribose)
polymerase inhibition. Cancer Res. 66, 8109-8115.
147. McClintock B. (1938). The Production of Homozygous Deficient Tissues
with Mutant Characteristics by Means of the Aberrant Mitotic Behavior
of Ring-Shaped Chromosomes. Genetics 23, 315-376.

115
148. McClintock B. (1941). The Stability of Broken Ends of Chromosomes in
Zea Mays. Genetics 26, 234-282.
149. McPherson J.P., Hande M.P., Poonepalli A., Lemmers B., Zablocki E.,
Migon E., Shehabeldin A., Porras A., Karaskova J., Vukovic B., Squire J.,
and Hakem R. (2006). A role for Brca1 in chromosome end maintenance.
Hum. Mol. Genet. 15, 831-838.
150. Meeker A.K., Hicks J.L., Gabrielson E., Strauss W.M., De Marzo A.M.,
and Argani P. (2004). Telomere shortening occurs in subsets of normal
breast epithelium as well as in situ and invasive carcinoma. Am. J. Pathol.
164, 925-935.
151. Meijers-Heijboer H., van den Ouweland A., Klijn J., Wasielewski M., de
Snoo A., Oldenburg R., Hollestelle A., Houben M., Crepin E., van
Veghel-Plandsoen M., Elstrodt F., van Duijn C., Bartels C., Meijers C.,
Schutte M., McGuffog L., Thompson D., Easton D., Sodha N., Seal S.,
Barfoot R., Mangion J., Chang-Claude J., Eccles D., Eeles R., Evans
D.G., Houlston R., Murday V., Narod S., Peretz T., Peto J., Phelan C.,
Zhang H.X., Szabo C., Devilee P., Goldgar D., Futreal P.A., Nathanson
K.L., Weber B., Rahman N., Stratton M.R., and CHEK2-Breast Cancer
Consortium (2002). Low-penetrance susceptibility to breast cancer due to
CHEK2(*)1100delC in noncarriers of BRCA1 or BRCA2 mutations. Nat.
Genet. 31, 55-59.
152. Melchor L., Alvarez S., Honrado E., Palacios J., Barroso A., Díez O.,
Osorio A. and Benítez J. (2005). The accumulation of specific
amplifications characterizes two different genomic pathways of evolution
of familial breast tumors. Clin. Cancer Res. 11, 8577-8584.
153. Melchor L., Honrado E., Garcia M.J., Alvarez S., Palacios J., Osorio A.,
Nathanson K.L., and Benitez J. (2007). Distinct genomic aberration
patterns are found in familial breast cancer associated with different
immunohistochemical subtypes. Oncogene.
154. Meraldi P., Honda R., and Nigg E.A. (2002). Aurora-A overexpression
reveals tetraploidization as a major route to centrosome amplification in
p53-/- cells. EMBO J. 21, 483-492.
155. Miao X., Sun T., Wang Y., Zhang X., Tan W., and Lin D. (2004).
Functional STK15 Phe31Ile polymorphism is associated with the
occurrence and advanced disease status of esophageal squamous cell
carcinoma. Cancer Res. 64, 2680-2683.

116
156. Mikaelsdottir E.K., Valgeirsdottir S., Eyfjord J.E., and Rafnar T. (2004).
The Icelandic founder mutation BRCA2 999del5: analysis of expression.
Breast Cancer Res. 6, R284-90.
157. Miki Y., Swensen J., Shattuck-Eidens D., Futreal P.A., Harshman K.,
Tavtigian S., Liu Q., Cochran C., Bennett L.M., and Ding W. (1994). A
strong candidate for the breast and ovarian cancer susceptibility gene
BRCA1. Science 266, 66-71.
158. Miles D.W., Harris W.H., Gillett C.E., Smith P. and Barnes D.M. (1999).
Effect of c-erbB(2) and estrogen receptor status on survival of women
with primary breast cancer treated with adjuvant
cyclophosphamide/methotrexate/fluorouracil. Int. J. Cancer 84, 354–359.
159. Mirza S., Sharma G., Prasad C.P., Parshad R., Srivastava A., Gupta S.D.,
and Ralhan R. (2007). Promoter hypermethylation of TMS1, BRCA1,
ERalpha and PRB in serum and tumor DNA of invasive ductal breast
carcinoma patients. Life Sci. 81, 280-287.
160. Mitelman F, Johansson B and Mertens F (Eds.) (2008). Mitelman
Database of Chromosome Aberrations in Cancer.
161. Miyoshi Y., Iwao K., Takahashi Y., Egawa C., and Noguchi S. (2000).
Acceleration of chromosomal instability by loss of BRCA1 expression
and p53 abnormality in sporadic breast cancers. Cancer Lett. 159, 211216.
162. Moyzis R.K., Buckingham J.M., Cram L.S., Dani M., Deaven L.L., Jones
M.D., Meyne J., Ratliff R.L., and Wu J.R. (1988). A highly conserved
repetitive DNA sequence, (TTAGGG)n, present at the telomeres of
human chromosomes. Proc. Natl. Acad. Sci. U. S. A. 85, 6622-6626.
163. Muntoni A. and Reddel R.R. (2005). The first molecular details of ALT
in human tumor cells. Hum. Mol. Genet. 14 Spec No. 2, R191-6.
164. Nessling M., Richter K., Schwaenen C., Roerig P., Wrobel G.,
Wessendorf S., Fritz B., Bentz M., Sinn H.P., Radlwimmer B., and
Lichter P. (2005). Candidate genes in breast cancer revealed by
microarray-based comparative genomic hybridization of archived tissue.
Cancer Res. 65, 439-447.
165. Nishizaki T., Chew K., Chu L., Isola J., Kallioniemi A., Weidner N., and
Waldman F.M. (1997). Genetic alterations in lobular breast cancer by
comparative genomic hybridization. Int. J. Cancer 74, 513-517.

117
166. OECD (2007). OECD Health Data 2007: Statistics and Indicators for 30
Countries. Version 10/26/2007, .
167. Osborne C., Wilson P., and Tripathy D. (2004). Oncogenes and tumor
suppressor genes in breast cancer: potential diagnostic and therapeutic
applications. Oncologist 9, 361-377.
168. Palacios J., Honrado E., Osorio A., Cazorla A., Sarrio D., Barroso A.,
Rodriguez S., Cigudosa J.C., Diez O., Alonso C., Lerma E., Dopazo J.,
Rivas C., and Benitez J. (2005). Phenotypic characterization of BRCA1
and BRCA2 tumors based in a tissue microarray study with 37
immunohistochemical markers. Breast Cancer Res. Treat. 90, 5-14.
169. Pandis N., Heim S., Bardi G., Limon J., Mandahl N., and Mitelman F.
(1992). Improved technique for short-term culture and cytogenetic
analysis of human breast cancer. Genes Chromosomes Cancer 5, 14-20.
170. Pantic M., Zimmermann S., El Daly H., Opitz O.G., Popp S., Boukamp
P., and Martens U.M. (2006). Telomere dysfunction and loss of p53
cooperate in defective mitotic segregation of chromosomes in cancer
cells. Oncogene 25, 4413-4420.
171. Papadopoulou A., Trangas T., Teixeira M.R., Heim S., Dimitriadis E.,
Tsarouha H., Andersen J.A., Evangelou E., Ioannidis P., Agnantis N.J.,
and Pandis N. (2003). Telomerase activity and genetic alterations in
primary breast carcinomas. Neoplasia 5, 170-178.
172. Park K., Kwak K., Kim J., Lim S., and Han S. (2005). c-myc
amplification is associated with HER2 amplification and closely linked
with cell proliferation in tissue microarray of nonselected breast cancers.
Hum. Pathol. 36, 634-639.
173. Patel K.J., Yu V.P., Lee H., Corcoran A., Thistlethwaite F.C., Evans M.J.,
Colledge W.H., Friedman L.S., Ponder B.A., and Venkitaraman A.R.
(1998). Involvement of Brca2 in DNA repair. Mol. Cell 1, 347-357.
174. Perrem K., Colgin L.M., Neumann A.A., Yeager T.R., and Reddel R.R.
(2001). Coexistence of alternative lengthening of telomeres and
telomerase in hTERT-transfected GM847 cells. Mol. Cell. Biol. 21, 38623875.
175. Persons D.L., Borelli K.A., and Hsu P.H. (1997). Quantitation of HER2/neu and c-myc gene amplification in breast carcinoma using
fluorescence in situ hybridization. Mod. Pathol. 10, 720-727.

118
176. Poremba C., Heine B., Diallo R., Heinecke A., Wai D., Schaefer K.L.,
Braun Y., Schuck A., Lanvers C., Bankfalvi A., Kneif S., Torhorst J.,
Zuber M., Kochli O.R., Mross F., Dieterich H., Sauter G., Stein H., Fogt
F., and Boecker W. (2002). Telomerase as a prognostic marker in breast
cancer: high-throughput tissue microarray analysis of hTERT and hTR. J.
Pathol. 198, 181-189.
177. Rafnar T., Benediktsdottir K.R., Eldon B.J., Gestsson T., Saemundsson
H., Olafsson K., Salvarsdottir A., Steingrimsson E., and Thorlacius S.
(2004). BRCA2, but not BRCA1, mutations account for familial ovarian
cancer in Iceland: a population-based study. Eur. J. Cancer 40, 27882793.
178. Rahman R., Latonen L., and Wiman K.G. (2005). hTERT antagonizes
p53-induced apoptosis independently of telomerase activity. Oncogene
24, 1320-1327.
179. Ralhan R., Kaur J., Kreienberg R., and Wiesmuller L., (2007). Links
between DNA double strand break repair and breast cancer: accumulating
evidence from both familial and nonfamilial cases. Cancer Lett. 248, 1-17
180. Rennstam K., Baldetorp B., Kytola S., Tanner M., and Isola J. (2001).
Chromosomal rearrangements and oncogene amplification precede
aneuploidization in the genetic evolution of breast cancer. Cancer Res. 61,
1214-1219.
181. Rennstam K., Ahlstedt-Soini M., Baldetorp B., Bendahl P.O., Borg A.,
Karhu R., Tanner M., Tirkkonen M., and Isola J. (2003). Patterns of
chromosomal imbalances defines subgroups of breast cancer with distinct
clinical features and prognosis. A study of 305 tumors by comparative
genomic hybridization. Cancer Res. 63, 8861-8868.
182. Rice J.C., Ozcelik H., Maxeiner P., Andrulis I., and Futscher B.W.
(2000). Methylation of the BRCA1 promoter is associated with decreased
BRCA1 mRNA levels in clinical breast cancer specimens. Carcinogenesis
21, 1761-1765.
183. Richard F., Pacyna-Gengelbach M., Schluns K., Fleige B., Winzer K.J.,
Szymas J., Dietel M., Petersen I., and Schwendel A. (2000). Patterns of
chromosomal imbalances in invasive breast cancer. Int. J. Cancer 89, 305310.

119
184. Robanus-Maandag E.C., Bosch C.A., Kristel P.M., Hart A.A., Faneyte
I.F., Nederlof P.M., Peterse J.L., and van de Vijver M.J. (2003).
Association of C-MYC amplification with progression from the in situ to
the invasive stage in C-MYC-amplified breast carcinomas. J. Pathol. 201,
75-82.
185. Robson M., Rajan P., Rosen P.P., Gilewski T., Hirschaut Y., Pressman P.,
Haas B., Norton L. and Offit K. (1998). BRCA-associated breast cancer:
absence of a characteristic immunophenotype. Cancer Res. 58, 18391842.
186. Rocchi M. Resources for Molecular Cytogenetics.
http://www.biologia.uniba.it/rmc/
187. Rodriguez C., Hughes-Davies L., Valles H., Orsetti B., Cuny M., Ursule
L., Kouzarides T., and Theillet C. (2004). Amplification of the BRCA2
pathway gene EMSY in sporadic breast cancer is related to negative
outcome. Clin. Cancer Res. 10, 5785-5791.
188. Roos G., Nilsson P., Cajander S., Nielsen N.H., Arnerlov C., and
Landberg G. (1998). Telomerase activity in relation to p53 status and
clinico-pathological parameters in breast cancer. Int. J. Cancer 79, 343348.
189. Rubner Fridriksdottir A.J., Gudjonsson T., Halldorsson T., Bjornsson J.,
Steinarsdottir M., Johannsson O.T., and Ogmundsdottir H.M. (2005).
Establishment of three human breast epithelial cell lines derived from
carriers of the 999del5 BRCA2 Icelandic founder mutation. In Vitro Cell.
Dev. Biol. Anim. 41, 337-342.
190. Rummukainen J.K., Salminen T., Lundin J., Joensuu H., and Isola J.J.
(2001). Amplification of c-myc oncogene by chromogenic and
fluorescence in situ hybridization in archival breast cancer tissue array
samples. Lab. Invest. 81, 1545-1551.
191. Saffery R., Irvine D.V., Griffiths B., Kalitsis P., and Choo K.H. (2000).
Components of the human spindle checkpoint control mechanism localize
specifically to the active centromere on dicentric chromosomes. Hum.
Genet. 107, 376-384.
192. Satoh T., Hatanaka M., Yamamoto K., Kuro-o M., and Sofuni T. (2002).
Application of mFISH for the analysis of chemically-induced
chromosomal aberrations: a model for the formation of triradial
chromosomes. Mutat. Res. 504, 57-65.

120
193. Scully R. and Livingston D.M. (2000). In search of the tumour-suppressor
functions of BRCA1 and BRCA2. Nature 408, 429-432.
194. Sen S., Zhou H., and White R.A. (1997). A putative serine/threonine
kinase encoding gene BTAK on chromosome 20q13 is amplified and
overexpressed in human breast cancer cell lines. Oncogene 14, 21952200.
195. Sharma G.G., Gupta A., Wang H., Scherthan H., Dhar S., Gandhi V.,
Iliakis G., Shay J.W., Young C.S., and Pandita T.K. (2003). hTERT
associates with human telomeres and enhances genomic stability and
DNA repair. Oncogene 22, 131-146.
196. Shuster M.I., Han L., Le Beau M.M., Davis E., Sawicki M., Lese C.M.,
Park N.H., Colicelli J., and Gollin S.M. (2000). A consistent pattern of
RIN1 rearrangements in oral squamous cell carcinoma cell lines supports
a breakage-fusion-bridge cycle model for 11q13 amplification. Genes
Chromosomes Cancer 28, 153-163.
197. Sigurdsson S., Thorlacius S., Tomasson J., Tryggvadottir L.,
Benediktsdottir K., Eyfjord J.E., and Jonsson E. (1997). BRCA2 mutation
in Icelandic prostate cancer patients. J. Mol. Med. 75, 758-761.
198. Sigurdsson S., Bodvarsdottir S.K., Anamthawat-Jonsson K.,
Steinarsdottir M., Jonasson J.G., Ogmundsdottir H.M., and Eyfjord J.E.
(2000). P53 Abnormality and Chromosomal Instability in the Same
Breast Tumor Cells. Cancer Genet. Cytogenet. 121, 150-155.
199. Simpson P.T., Reis-Filho J.S., Gale T., and Lakhani S.R. (2005).
Molecular evolution of breast cancer. J. Pathol. 205, 248-254.
200. Slijepcevic P. (2006). The role of DNA damage response proteins at
telomeres--an "integrative" model. DNA Repair (Amst) 5, 1299-1306.
201. Smith L.L., Coller H.A. and Roberts J.M. (2003). Telomerase modulates
expression of growth-controlling genes and enhances cell proliferation.
Nat. Cell Biol. 5, 474-479.
202. Smogorzewska A., Karlseder J., Holtgreve-Grez H., Jauch A., and de
Lange T. (2002). DNA ligase IV-dependent NHEJ of deprotected
mammalian telomeres in G1 and G2. Curr. Biol. 12, 1635-1644.

121
203. Sorlie T., Tibshirani R., Parker J., Hastie T., Marron J.S., Nobel A., Deng
S., Johnsen H., Pesich R., Geisler S., Demeter J., Perou C.M., Lonning
P.E., Brown P.O., Borresen-Dale A.L., and Botstein D. (2003). Repeated
observation of breast tumor subtypes in independent gene expression data
sets. Proc. Natl. Acad. Sci. U. S. A. 100, 8418-8423.
204. Staff S., Nupponen N.N., Borg A., Isola J.J., and Tanner M.M. (2000).
Multiple copies of mutant BRCA1 and BRCA2 alleles in breast tumors
from germ-line mutation carriers. Genes Chromosomes Cancer 28, 432442.
205. Staff S., Isola J.J., Johannsson O., Borg A., and Tanner M.M. (2001).
Frequent somatic loss of BRCA1 in breast tumours from BRCA2 germline mutation carriers and vice versa. Br. J. Cancer 85, 1201-1205.
206. Steinarsdottir M., Petursdottir I., Snorradottir S., Eyfjord J.E., and
Ogmundsdottir H.M. (1995). Cytogenetic studies of breast carcinomas:
different karyotypic profiles detected by direct harvesting and short-term
culture. Genes Chromosomes Cancer 13, 239-248.
207. Steinarsdottir M., Jonasson J.G., Vidarsson H., Juliusdottir H.,
Hauksdottir H., and Ogmundsdottir H.M. (2004). Cytogenetic changes in
nonmalignant breast tissue. Genes Chromosomes Cancer 41, 47-55.
208. Stewart F.W. (1941). Lobular carcinoma in situ: a rare form of mammary
cancer. Am J Pathol 17, 491–496.
209. Sun T., Miao X., Wang J., Tan W., Zhou Y., Yu C., and Lin D. (2004).
Functional Phe31Ile polymorphism in Aurora A and risk of breast
carcinoma. Carcinogenesis 25, 2225-2230.
210. Svenson U., Nordfjäll K., Stegmayr B., Manjer J., Nilsson P., Tavelin B.,
Henriksson R., Lenner P. and Roos G. (2008). Breast cancer survival is
associated with telomere length in peripheral blood cells. Cancer Res. 68,
3618-3623.
211. Swellam M., Ismail M., Eissa S., Hamdy M., and Mokhtar N. (2004).
Emerging role of p53, bcl-2 and telomerase activity in Egyptian breast
cancer patients. IUBMB Life 56, 483-490.
212. Szabo C.I. and King M.C. (1997). Population genetics of BRCA1 and
BRCA2. Am. J. Hum. Genet. 60, 1013-1020.
213. Szuhai K. and Tanke H.J. (2006). COBRA: combined binary ratio
labeling of nucleic-acid probes for multi-color fluorescence in situ
hybridization karyotyping. Nat. Protoc. 1, 264-275.

122
214. Tarapore P., Horn H.F., Tokuyama Y., and Fukasawa K. (2001). Direct
regulation of the centrosome duplication cycle by the p53-p21Waf1/Cip1
pathway. Oncogene 20, 3173-3184.
215. Tavtigian S.V., Simard J., Rommens J., Couch F., Shattuck-Eidens D.,
Neuhausen S., Merajver S., Thorlacius S., Offit K., Stoppa-Lyonnet D.,
Belanger C., Bell R., Berry S., Bogden R., Chen Q., Davis T., Dumont
M., Frye C., Hattier T., Jammulapati S., Janecki T., Jiang P., Kehrer R.,
Leblanc J.F., Mitchell J.T., McArthur-Morrison J., Nguyen K., Peng Y.,
Samson C., Schroeder M., Snyder S.C., Steele L., Stringfellow M., Stroup
C., Swedlund B., Swense J., Teng D., Thomas A., Tran T., Tranchant M.,
Weaver-Feldhaus J., Wong A.K., Shizuya H., Eyfjord J.E., CannonAlbright L., Tranchant M., Labrie F., Skolnick M.H., Weber B., Kamb
A., and Goldgar D.E. (1996). The complete BRCA2 gene and mutations
in chromosome 13q-linked kindreds. Nat. Genet. 12, 333-337.
216. Teixeira M.R., Pandis N., and Heim S. (2002). Cytogenetic clues to breast
carcinogenesis. Genes Chromosomes Cancer 33, 1-16.
217. Thompson M.E., Jensen R.A., Obermiller P.S., Page D.L., and Holt J.T.
(1995). Decreased expression of BRCA1 accelerates growth and is often
present during sporadic breast cancer progression. Nat. Genet. 9, 444-450.
218. Thorlacius S., Olafsdottir G., Tryggvadottir L., Neuhausen S., Jonasson
J.G., Tavtigian S.V., Tulinius H., Ogmundsdottir H.M., and Eyfjord J.E.
(1996). A single BRCA2 mutation in male and female breast cancer
families from Iceland with varied cancer phenotypes. Nat. Genet. 13, 117119.
219. Thorlacius S., Sigurdsson S., Bjarnadottir H., Olafsdottir G., Jonasson
J.G., Tryggvadottir L., Tulinius H., and Eyfjord J.E. (1997). Study of a
single BRCA2 mutation with high carrier frequency in a small population.
Am. J. Hum. Genet. 60, 1079-1084.
220. Thorslund T. and West S.C. (2007). BRCA2: a universal recombinase
regulator. Oncogene 26, 7720-7730.
221. Tirkkonen M., Johannsson O., Agnarsson B.A., Olsson H., Ingvarsson S.,
Karhu R., Tanner M., Isola J., Barkardottir R.B., Borg A., and
Kallioniemi O.P. (1997). Distinct somatic genetic changes associated with
tumor progression in carriers of BRCA1 and BRCA2 germ-line
mutations. Cancer Res. 57, 1222-1227.

123
222. Tryggvadottir L., Sigvaldason H., Olafsdottir G.H., Jonasson J.G.,
Jonsson T., Tulinius H., and Eyfjord J.E. (2006). Population-based study
of changing breast cancer risk in Icelandic BRCA2 mutation carriers,
1920-2000. J. Natl. Cancer Inst. 98, 116-122.
223. Tryggvadottir L., Vidarsdottir L., Thorgeirsson T., Jonasson J.G.,
Olafsdottir E.J., Olafsdottir G.H., Rafnar T., Thorlacius S., Jonsson E.,
Eyfjord J.E., and Tulinius H. (2007). Prostate cancer progression and
survival in BRCA2 mutation carriers. J. Natl. Cancer Inst. 99, 929-935.
224. Tulinius H., Olafsdottir G.H., Sigvaldason H., Arason A., Barkardottir
R.B., Egilsson V., Ogmundsdottir H.M., Tryggvadottir L., Gudlaugsdottir
S., and Eyfjord J.E. (2002). The effect of a single BRCA2 mutation on
cancer in Iceland. J. Med. Genet. 39, 457-462.
225. Turner N., Tutt A., and Ashworth A. (2004). Hallmarks of 'BRCAness' in
sporadic cancers. Nat. Rev. Cancer. 4, 814-819.
226. Tutt A., Gabriel A., Bertwistle D., Connor F., Paterson H., Peacock J.,
Ross G., and Ashworth A. (1999). Absence of Brca2 causes genome
instability by chromosome breakage and loss associated with centrosome
amplification. Curr. Biol. 9, 1107-1110.
227. Undarmaa B., Kodama S., Suzuki K., Niwa O., and Watanabe M. (2004).
X-ray-induced telomeric instability in Atm-deficient mouse cells.
Biochem. Biophys. Res. Commun. 315, 51-58.
228. Vafa O., Wade M., Kern S., Beeche M., Pandita T.K., Hampton G.M.,
and Wahl G.M. (2002). c-Myc can induce DNA damage, increase
reactive oxygen species, and mitigate p53 function: a mechanism for
oncogene-induced genetic instability. Mol. Cell 9, 1031-1044.
229. Valgardsdottir R., Tryggvadottir L., Steinarsdottir M., Olafsdottir K.,
Jonasdottir S., Jonasson J.G., Ogmundsdottir H.M., and Eyfjord J.E.
(1997). Genomic instability and poor prognosis associated with abnormal
TP53 in breast carcinomas. Molecular and immunohistochemical
analysis. APMIS 105, 121-130.
230. van Beers E.H., van Welsem T., Wessels L.F., Li Y., Oldenburg R.A.,
Devilee P., Cornelisse C.J., Verhoef S., Hogervorst F.B., van't Veer L.J.,
and Nederlof P.M. (2005). Comparative genomic hybridization profiles in
human BRCA1 and BRCA2 breast tumors highlight differential sets of
genomic aberrations. Cancer Res. 65, 822-827.
231. van Beers E.H. and Nederlof P.M. (2006). Array-CGH and breast cancer.
Breast Cancer Res. 8, 210.

124
232. Varley J. and Haber D.A. (2003). Familial breast cancer and the hCHK2
1100delC mutation: assessing cancer risk. Breast Cancer Res. 5, 123-125.
233. Venkitaraman A.R. (2002). Cancer susceptibility and the functions of
BRCA1 and BRCA2. Cell 108, 171-182.
234. Venkitaraman A.R. (2004). Preface: chromosomal instability and breast
cancer pathogenesis. J. Mammary Gland Biol. Neoplasia 9, 217-220.
235. Venkitaraman A.R. (2005). Medicine: aborting the birth of cancer. Nature
434, 829-830.
236. Vidarsdottir L., Bodvarsdottir S.K., Hilmarsdottir H., Tryggvadottir L.,
and Eyfjord J.E. (2007). Breast cancer risk associated with AURKA 91T ->A polymorphism in relation to BRCA mutations. Cancer Lett. 250, 206212.
237. Vidarsdottir L. (2008). Aurora kinases and BRCA2 in breast tumors.
238. Walsh T. and King M.C. (2007). Ten genes for inherited breast cancer.
Cancer. Cell. 11, 103-105.
239. Wang H., Zeng Z.C., Bui T.A., DiBiase S.J., Qin W., Xia F., Powell S.N.,
and Iliakis G. (2001). Nonhomologous end-joining of ionizing radiationinduced DNA double-stranded breaks in human tumor cells deficient in
BRCA1 or BRCA2. Cancer Res. 61, 270-277.
240. Wang R.C., Smogorzewska A., and de Lange T. (2004). Homologous
recombination generates T-loop-sized deletions at human telomeres. Cell
119, 355-368.
241. Warren C., James L.A., Ramsden R.T., Wallace A., Baser M.E., Varley
J.M., and Evans D.G. (2003). Identification of recurrent regions of
chromosome loss and gain in vestibular schwannomas using comparative
genomic hybridisation. J. Med. Genet. 40, 802-806.
242. Wei M., Grushko T.A., Dignam J., Hagos F., Nanda R., Sveen L., Xu J.,
Fackenthal J., Tretiakova M., Das S., and Olopade O.I. (2005). BRCA1
promoter methylation in sporadic breast cancer is associated with reduced
BRCA1 copy number and chromosome 17 aneusomy. Cancer Res. 65,
10692-10699.
243. Welcsh P.L., Owens K.N., and King M.C. (2000). Insights into the
functions of BRCA1 and BRCA2. Trends Genet. 16, 69-74.

125
244. Wiegant J., Bezrookove V., Rosenberg C., Tanke H.J., Raap A.K., Zhang
H., Bittner M., Trent J.M., and Meltzer P. (2000). Differentially painting
human chromosome arms with combined binary ratio-labeling
fluorescence in situ hybridization. Genome Res. 10, 861-865.
245. Wilson C.A., Ramos L., Villasenor M.R., Anders K.H., Press M.F.,
Clarke K., Karlan B., Chen J.J., Scully R., Livingston D., Zuch R.H.,
Kanter M.H., Cohen S., Calzone F.J., and Slamon D.J. (1999).
Localization of human BRCA1 and its loss in high-grade, non-inherited
breast carcinomas. Nat. Genet. 21, 236-240.
246. Wooster R., Bignell G., Lancaster J., Swift S., Seal S., Mangion J.,
Collins N., Gregory S., Gumbs C., and Micklem G. (1995). Identification
of the breast cancer susceptibility gene BRCA2. Nature 378, 789-792.
247. Wu K.J., Grandori C., Amacker M., Simon-Vermot N., Polack A.,
Lingner J., and Dalla-Favera R. (1999). Direct activation of TERT
transcription by c-MYC. Nat. Genet. 21, 220-224.
248. Xia F., Taghian D.G., DeFrank J.S., Zeng Z.C., Willers H., Iliakis G., and
Powell S.N. (2001). Deficiency of human BRCA2 leads to impaired
homologous recombination but maintains normal nonhomologous end
joining. Proc. Natl. Acad. Sci. U. S. A. 98, 8644-8649.
249. Xu D., Wang Q., Gruber A., Bjorkholm M., Chen Z., Zaid A., Selivanova
G., Peterson C., Wiman K.G., and Pisa P. (2000). Downregulation of
telomerase reverse transcriptase mRNA expression by wild type p53 in
human tumor cells. Oncogene 19, 5123-5133.
250. Xu X., Weaver Z., Linke S.P., Li C., Gotay J., Wang X.W., Harris C.C.,
Ried T., and Deng C.X. (1999). Centrosome amplification and a defective
G2-M cell cycle checkpoint induce genetic instability in BRCA1 exon 11
isoform-deficient cells. Mol. Cell 3, 389-395.
251. Yang H., Ou C.C., Feldman R.I., Nicosia S.V., Kruk P.A., and Cheng
J.Q. (2004). Aurora-A kinase regulates telomerase activity through c-Myc
in human ovarian and breast epithelial cells. Cancer Res. 64, 463-467.
252. Yano Y., Yoshida K., Osaki A., Toge T., Tahara H., Ide T., and Yasui W.
(2002). Expression and distribution of human telomerase catalytic
component, hTERT, in human breast tissues. Anticancer Res. 22, 41014107.

126
253. Yashima K., Milchgrub S., Gollahon L.S., Maitra A., Saboorian M.H.,
Shay J.W., and Gazdar A.F. (1998). Telomerase enzyme activity and
RNA expression during the multistage pathogenesis of breast carcinoma.
Clin. Cancer Res. 4, 229-234.
254. Yeager T.R., Neumann A.A., Englezou A., Huschtscha L.I., Noble J.R.,
and Reddel R.R. (1999). Telomerase-negative immortalized human cells
contain a novel type of promyelocytic leukemia (PML) body. Cancer Res.
59, 4175-4179.
255. Yoder B.J., Wilkinson E.J., and Massoll N.A. (2007). Molecular and
morphologic distinctions between infiltrating ductal and lobular
carcinoma of the breast. Breast J. 13, 172-179.
256. Yu V.P., Koehler M., Steinlein C., Schmid M., Hanakahi L.A., van Gool
A.J., West S.C., and Venkitaraman A.R. (2000). Gross chromosomal
rearrangements and genetic exchange between nonhomologous
chromosomes following BRCA2 inactivation. Genes Dev. 14, 1400-1406.
257. Zhang D., Hirota T., Marumoto T., Shimizu M., Kunitoku N., Sasayama
T., Arima Y., Feng L., Suzuki M., Takeya M., and Saya H. (2004). CreloxP-controlled periodic Aurora-A overexpression induces mitotic
abnormalities and hyperplasia in mammary glands of mouse models.
Oncogene 23, 8720-8730.
258. Zhong Q., Boyer T.G., Chen P.L., and Lee W.H. (2002). Deficient
nonhomologous end-joining activity in cell-free extracts from Brca1-null
fibroblasts. Cancer Res. 62, 3966-3970.
259. Zhou H., Kuang J., Zhong L., Kuo W.L., Gray J.W., Sahin A., Brinkley
B.R., and Sen S. (1998). Tumour amplified kinase STK15/BTAK induces
centrosome amplification, aneuploidy and transformation. Nat. Genet. 20,
189-193.

127

APPENDIX TABLE 1

128

