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Abstract 
 
Somatic genetic re-arrangements of breast cancer susceptibility genes, BRCA1 and BRCA2, 
were investigated in hereditary and sporadic breast carcinomas using allelic imbalance (AI) 
analysis with microsatellite markers and fluorescence in situ hybridization (FISH). 
Quantitative real-time RT-PCR was used to study BRCA1 gene expression and its relation 
to somatic genetic re-arrangements and promoter hypermethylation in sporadic breast 
cancer. Experimental mouse xenograft (L56Br-X1) and cell line (L56Br-C1) models were 
established for future purposes of studying BRCA1 function and therapeutical aspects of 
BRCA1 tumors.  
 
AI at BRCA1 and BRCA2 was detected in majority of breast tumors from germ-line BRCA1 
and BRCA2 mutation carriers, respectively. Concomitant loss of BRCA1 and BRCA2 gene 
copies was more frequent in hereditary than sporadic breast cancers (71% vs. 29%). AI at 
BRCA1/2 loci in hereditary breast tumors from germ-line BRCA1 mutation carriers resulted 
not only from physical deletions but also from alternative mechanisms such as non-
disjunction or somatic recombination, whereas AI at BRCA1/2 loci in sporadic tumors was 
predominantly due to physical deletions. Multiple copies of mutant BRCA1 alleles were 
detected in many hereditary BRCA1 tumors.  
 
The BRCA1 gene had undergone physical deletion in 45% of the sporadic breast tumors 
studied. Physical deletion of the gene was associated with ERBB2 oncogene amplification, 
aneuploidy and decreased expression of both full-length BRCA1 and BRCA1-delta11b 
splice variant mRNA. Eleven percent of the sporadic breast carcinomas showed BRCA1 
promoter hypermethylation, which associated with low levels of both full-length and 
BRCA1-delta11b mRNA, but not with BRCA1 deletions or any clinico-pathological feature 
of the tumors. In multiple regression analysis, the strongest determining factor for the full-
length BRCA1 mRNA level was BRCA1 deletion, followed by negative progesterone 
receptor (PgR) status and BRCA1 promoter hypermethylation. These three factors 
explained ca. 45% of the total variation in BRCA1 gene expression. The expression levels 
of full-length BRCA1 and BRCA1-delta11b mRNA showed strong correlation with each 
other.  
 
A mouse xenograft, L56Br-X1, was established from a breast cancer axillary node 
metastasis of a 53-year-old woman with a BRCA1 germ-line nonsense mutation 
(1806C→T; Gln563Stop), and subsequently a cell line (L56Br-C1) was derived from the 
xenograft. The L56Br-X1 xenograft carried only the mutant BRCA1 allele, and expressed 
mutant BRCA1 mRNA, but no BRCA1 protein. Cytogenetic analyses of the L56Br-X1 
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xenograft and L56Br-C1 cell line revealed complex karyotypes with numerous unbalanced 
translocations. Both L56Br-X1 xenograft and L56Br-C1 cell line showed the p53 somatic 
missense mutation (Ser215Ile) of the primary tumor, as well as a lack of detectable 
expression of ER, PgR, EGFR and ERBB2 by immunostaining. Gene expression profiling 
by cDNA microarrays supported the similarity of the expression profiles between the 
L56Br-X1 xenograft, L56Br-C1 cell line and primary tumor.  
 
Our results support the role of the BRCA1/2 genes as tumor suppressors in hereditary breast 
cancer. Mechanisms alternative to deletions leading to AI in BRCA1 breast tumors suggest 
that specific pathways, such as recombinational repair, may be defective specifically in this 
tumor type. Multiple mutant BRCA1 alleles may reflect dominant negative function of 
certain BRCA1 mutants in tumor formation. The association of BRCA1 deletions with low 
levels of BRCA1 mRNA suggests that BRCA1 may be involved in sporadic breast cancer 
through haplo-insufficiency. BRCA1 was down-regulated in sporadic breast cancer tumors 
mainly by physical deletion and also by promoter hypermethylation in a small proportion of 
tumors. Multiple regression analysis indicated that almost half of the total variation in 
BRCA1 expression in sporadic breast cancer was due to BRCA1 gene copy number 
variation and promoter hypermethylation. The strong correlation between BRCA1 full-
length and delta11b variant mRNA levels suggests that they may be co-expressed in 
sporadic breast carcinomas. L56Br-X1 xenograft and L56Br-C1 cell line derived from 
BRCA1 breast cancer did retain close resemblance to the primary tumor. Thus, they can be 
used as experimental model systems for future studies on BRCA1 function, pathogenesis 
and treatment of BRCA1 breast cancer. 
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Introduction 
 
Breast cancer is the most common female malignancy is western countries. In Finland, 
more than 3500 women are affected with the disease every year and the incidence of breast 
cancer has been estimated to even increase in the future (Finnish Cancer Registry 2000). 
Breast cancer is due to both environmental and genetic factors, but positive family history 
is the strongest risk factor. Ca. 5-10% of breast cancer is hereditary showing Mendelian 
inheritance pattern and associating with early onset, bilateral disease and cancers at other 
sites. Approximately 20% of breast cancers show familial aggregation without obvious 
Mendelian inheritance. In 1994 and 1995, major findings regarding breast cancer genetics 
were accomplished by the cloning of two major breast cancer susceptibility genes, BRCA1 
(Miki et al. 1994) and BRCA2 (Wooster et al. 1995, Tavtigian et al. 1996). Inherited 
mutations in the BRCA1/2 genes account for most of breast cancers occurring in families of 
early-onset breast and ovarian cancers, but only minority of hereditary site-specific breast 
cancers (reviewed in Nathanson and Weber 2001). Somatic BRCA1/2 mutations are rare 
(Futreal et al. 1994, Teng et al. 1996), and thus, the role of these genes in sporadic breast 
cancer has remained unexplained.  
 
As all human malignancies, both sporadic and inherited breast cancers can be regarded as 
genetic diseases, since they all are derived from a single cell, in which genetic alterations 
have been accumulated to let the cell escape from normal growth restrictions. Cytogenetic 
and molecular genetic analyses of breast cancer tumors have revealed genetic 
heterogeneity, complex patterns of genetic alterations and thus, genomic instability 
(reviewed in Beckmann et al. 1997, and Ingvarsson 1999). One of the main aims of genetic 
studies of breast cancer can be seen as to achieve a better understanding of the fundamental 
genetic alterations leading to malignant tumor initiation and promotion. If these genetic 
aberrations could be detected and the genes involved identified, targeted molecular 
treatments could be designed, rendering the therapy of cancer patients more accurate and 
effective. The purpose of this study parallels to this general idea of a detailed analysis of 
genetic re-arrangements and mechanisms of tumor suppressor gene inactivation in breast 
cancer. More specifically, the aim of this study was to investigate the somatic inactivation 
mechanisms of the BRCA1 and BRCA2 genes in both hereditary and sporadic breast cancer 
tumors. 
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Review of the literature 
 

1. Cancer 
 
Cancer is a genetic disease evolving from a single cell, which has acquired a sufficient 
amount of mutations in critical genes controlling cell division or cell death. Cultured 
normal human fibroblasts and epithelial cells have been transformed into malignant cells by 
introducing a combination of three genetic elements affecting important cellular pathways 
(Hahn et al. 1999, Seger et al. 2002) as opposed to two genetic changes required to 
transform mouse cells (Land et al. 1983). The model for multistep evolution of human 
cancer is provided from the studies of colorectal cancer, in which mutations accumulate 
along the progression of the disease (reviewed in Fearon and Vogelstein 1990). 
Furthermore, it has been suggested that in the process of transformation a human cell must 
undergo at least six genetic alterations leading to a defect in essential pathways controlling 
normal cellular physiology. Thus, any cell developing into a malignant one needs to 
become self-sufficient in growth signals, insensitive to anti-growth signals, evade 
apoptosis, sustain angiogenesis, gain limitless replicative potential and acquire potential for 
tissue invasion and subsequent metastasis (reviewed in Hanahan and Weinberg 2000). In 
other words, malignant process requires that proto-oncogenes, usually controlling 
positively growth, become activated and turn into oncogenes. Conversely, genes inhibiting 
growth or controlling DNA repair, i.e. tumor suppressors, become inactivated. 
 

1.1. Oncogenes 
 
Proto-oncogenes are normal cellular genes, which regulate growth (e.g. PDGF, secreted 
growth factor; ERBB gene family, cell surface receptors), take part in intracellular signaling 
pathways (e.g. ABL, RAS gene family), control transcription of other genes (e.g. MYC) or 
control progression of cell cycle (e.g. MDM2, CCND1) (reviewed in Schwab 1998). 
Oncogenes are activated by gain-of-function mutations leading to cancer progression. 
Activation of oncogenes can be the result of gene amplification, and, in fact, MYC and 
ERBB2 are often amplified in breast cancer (Borg et al. 1991, Rummukainen et al. 2001). 
Oncogenes can also be activated by point mutations, of which RAS gene provides an 
example in various types of tumors (Bos et al. 1987, Suzuki et al. 1990), and by 
chromosomal translocations, which can produce either novel chimeric genes functioning 
abnormally (e.g. ABL-BCR fusion gene in chronic myeloid leukemia (Shtivelman et al. 
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1985)) or put oncogenes in a chromosomal environment of active transcription (e.g. MYC 
in Burkitt�s lymphoma (Taub et al. 1982)).  
 

1.2. Tumor suppressor genes 
 
Cell fusion experiments have shown that transformed phenotypes can be corrected in vitro 
by fusion of the transformed cell with a normal cell indicating the presence of genes that 
control negatively growth (Harris et al. 1969). These genes are called tumor suppressor 
(TS) genes and they are inactivated by recessive, loss-of-function mutations. Identification 
of TS genes has been mainly achieved by positional cloning of genes causing rare inherited 
cancer syndromes or by defining chromosomal locations commonly deleted in tumor cells 
using loss of heterozygosity (LOH) or allelic loss studies or comparative genomic 
hybridization (CGH). TS genes are often involved in cell cycle control (e.g. RB1, p53, 
BRCA1, BRCA2), in transcriptional control (e.g. p53, BRCA1, BRCA2, APC), in repair of 
damaged DNA (e.g. BRCA1, BRCA2, MLH1, MSH2, MSH6) or in negative regulation of 
signaling pathways (e.g. NF-1) (reviewed in Macleod 2000).  
 
1.2.1. Knudson’s two-hit hypothesis 
 
Retinoblastoma is a rare childhood eye tumor that AG Knudson studied using 
epidemiological approach and based on these studies he proposed the so-called two-hit 
hypothesis (Knudson 1971). According to this theory, two inactivating �hits�, i.e. mutations, 
are needed in transformation of a normal cell. Thus, patients of hereditary retinoblastoma 
syndrome have inherited the first �hit� as a germ-line mutation in the RB1 gene, but in order 
to develop retinoblastoma, the wild-type allele has to be inactivated as well. Because these 
patients have inherited the first �hit�, they are prone to early-onset or bilateral 
retinoblastoma compared to healthy individuals who have to acquire both inactivating RB1 
mutations (�hits�) within one cell during their lifetime. Knudson�s theory was confirmed by 
studies of sporadic retinoblastoma where markers at RB1 locus on chromosome 13 were 
compared between blood and tumor tissue from the same patients. These analyses revealed 
that blood samples were heterozygous for chromosome 13 markers whereas tumor samples 
had lost their heterozygosity i.e. become homozygous (LOH) (Cavenee et al. 1983). These 
findings were considered as a proof of Knudson�s first hit, a loss of one functional copy of 
a TS gene. Furthermore, studies of hereditary retinoblastoma have showed that the lost 
copy detected by LOH is always the wild-type allele (Cavenee et al. 1985). The possible 
mechanisms leading to LOH at a TS locus are summarized in Figure 1.  
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Figure 1. Chromosomal mechanisms resulting in LOH at a TS locus. Open rectangle indicates 
paternally and grey rectangle maternally inherited chromosome. A star can be interpreted as either 
an inherited or somatic mutation. LOH can result from non-disjunction without reduplication (A) or 
with reduplication (B), from mitotic recombination with segregation of both mutation-bearing 
chromosomes into the same daughter cell (C), from deletion (D) or from other mechanisms 
inactivating the remaining chromosome locus (E) such as gene conversion. Modified from Cavenee 
et al. 1986. 
 
Other mechanisms can also result in inactivation of a TS gene besides the ones leading to 
LOH. The first �hit� can be followed also by epigenetic silencing of the remaining allele by 
promoter hypermethylation (reviewed in Jones and Laird 1999) and despite the functional 
inactivation of both alleles of the TS gene, LOH can not be detected. In fact, inactivation of 
many TS genes by epigenetic silencing have been shown to occur in the process of tumor 
formation (reviewed in Esteller 2002). Alternatively, inactivation of only one TS gene copy 
(Knudson�s first �hit�) could confer a selective advantage to cells, which can be interpreted 
as the TS gene being haplo-insufficient (Cook and McCaw 2000, Quon and Berns 2001). In 
fact, TS genes Dmp1, NF-1 and APC have been described to be haplo-insufficient for tumor 
suppression (Inoue et al. 2001, Kemkemer et al. 2002, Yan et al. 2002) indicating that 
Knudson�s prevailing paradigm for tumor suppressor function may have to be revised. 
 
1.2.2. Gatekeepers and caretakers 
 
A model has been described where TS genes are divided into two categories, gatekeepers 
and caretakers (Kinzler and Vogelstein 1997). According to this model, gatekeepers 
directly regulate growth of tumors by inhibiting growth or accelerating death. Thus, 
inactivating mutations in these genes are rate-limiting for tumor initiation, which requires 
inactivation of both maternal and paternal copies of the gatekeeper gene but not any 
additional mutations in other genes. Caretaker TS genes are suggested to be the so-called 
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guardians of the genome. Inactivation of both caretaker alleles is suggested to lead to 
instability of the genome but not directly initiation of neoplasia. The genomic instability as 
such renders cells prone to additional genetic changes in other genes (also in gatekeepers), 
which then subsequently leads to malignancy. Thus, it has been speculated that very early-
onset hereditary cancer syndromes are associated with inherited mutations in the gatekeeper 
genes and it would be also more likely that sporadic tumors exhibited somatic mutations in 
these genes (e.g. p53, RB1, NF-1, APC). In contrast, caretaker genes would be then 
responsible for inherited cancer syndromes manifesting later in life (e.g. BRCA1, BRCA2). 
Moreover, involvement of somatic mutations in the caretaker genes leading to sporadic 
cancer would be improbable, since more mutations in number would be required in the 
caretaker �pathway�. 
 

2. Breast cancer 
 
Breast cancer is the most common female malignancy in western countries and it is also the 
most common cause of female cancer mortality. In year 2000, 3665 new breast cancers 
were diagnosed in Finland and the incidence of breast cancer is further rising (Finnish 
Cancer Registry 2000). Breast cancer is due to both environmental and genetic factors 
(reviewed in Henderson 1993, Henson and Tarone 1994). Most risk factors for breast 
cancer, such as early menarche, late age at first childbirth and menopause, nulliparity, 
obesity or exposure to ionizing radiation, are generally associated with moderate increase in 
risk (reviewed in Feigelson and Henderson 1996). In contrast, patients with a family history 
of breast cancer at young age and with many family members affected are at high risk 
(Pharoah et al. 1997). However, only a minority of women belongs to this group of high 
risk. Only 5-10% of breast cancer is hereditary associated with early onset, bilateral disease 
and cancer at other sites and approximately 10-20% of breast cancer is familial associated 
with two or three family members of breast cancer (Lynch et al. 1984, Claus et al. 1991). 
While hereditary breast cancers are due to inherited mutations in highly penetrant 
susceptibility genes, familial breast cancer may be due to genes of low penetrance or 
clustering of unknown environmental factors or chance (Lynch et al. 1989). 
 

2.1. Hereditary breast cancer  
 
Hereditary breast cancers show Mendelian autosomal dominant pattern of inheritance 
(reviewed in Rebbeck 1999). Most, if not all, of the susceptibility for both inherited breast 
and ovarian cancer syndrome is due to germ-line mutations in the two major breast cancer 
susceptibility genes, BRCA1 and BRCA2 (Miki et al. 1994, Wooster et al. 1995, reviewed in 
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Nathanson and Weber 2001). However, only a small proportion of hereditary site-specific 
breast cancer risk can be explained by BRCA1/2 mutations suggesting that other 
susceptibility genes remain to be discovered (BRCAx) (Schubert et al. 1997, Serova et al. 
1997, Vehmanen et al. 1997a, Ford et al. 1998, Antoniou et al. 2001). Even very early-
onset breast cancer without association with ovarian cancer is mostly due to other genetic 
factors than germ-line mutations in the BRCA1/2 genes (Ford et al. 1998, Peto et al. 1999, 
Loman et al. 2001). A truncating variant of CHEK2 (previously CHK2) has been recently 
reported to confer low-penetrance susceptibility to breast cancer in families not carrying 
mutations in BRCA1 or BRCA2 (Meijers-Heijboer et al. 2002, Vahteristo et al. 2002). Rare 
cancer syndromes also account for a small proportion of hereditary breast cancers. Inherited 
mutations in the p53 gene cause Li-Fraumeni syndrome associated with early-onset and 
bilateral breast tumors and other tumors (such as sarcomas, brain tumors, leukemia) 
(Malkin et al. 1990). Cowden syndrome is due to mutations in the PTEN gene and is 
manifested by increased incidence of tumors of thyroid, breast, skin and gastrointestinal 
tract (Liaw et al. 1997, Tsou et al. 1997). Additionally, hereditary syndromes like Peutz-
Jeghers (Boardman et al. 1998) and ataxia-telangiectasia associated with mutations in the 
ATM gene (Olsen et al. 2001) are associated with an increased risk of breast cancer. An 
overview of etiology of breast cancer is shown in Figure 2.  
 
 
 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
Figure 2. Schematic presentation of etiology of breast cancer.  
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3. BRCA1 and BRCA2 genes 

3.1. Structure and expression pattern 
 
BRCA1 gene at 17q21 was cloned in 1994 (Miki et al. 1994). The BRCA1 gene consists of 
24 exons, of which 22 are coding, spanning over 70 kb of genomic DNA. The central exon 
11 corresponds to over 50% of the BRCA1 coding region. The mRNA transcript of BRCA1 
is 7.8 kb and it encodes a nuclear protein of 1863 amino acids and molecular weight 220 
kDa (Miki et al. 1994, Chen et al. 1996). BRCA1 has several common splice variants, of 
which the most studied is BRCA1-delta11b lacking most of the central exon 11 (Miki et al. 
1994, Lu et al. 1996, Wilson et al. 1997). BRCA2 gene at 13q12 was cloned in 1995 and 
completely sequenced in 1996 (Wooster et al. 1995, Tavtigian et al. 1996). BRCA2 consists 
of 26 coding exons. BRCA2 mRNA transcript is 11.2 kb and it encodes a nuclear protein of 
3418 amino acids and molecular weight 384 kDa (Tavtigian et al. 1996, Bertwistle et al. 
1997). Genomic regions of BRCA1/2 genes have high density of repetitive elements 
(reviewed in Welcsh et al. 2000). 
 
BRCA1/2 mRNA is expressed in a wide range of tissues but predominantly in testis and 
thymus (Miki et al. 1994, Tavtigian et al. 1996). In developing mouse embryos, expression 
of BRCA1/2 genes is co-regulated and at highest levels in rapidly proliferating cells and in 
differentiating mammary epithelial cells (Rajan et al. 1996, Rajan et al. 1997). Both 
BRCA1 and BRCA2 are expressed at high levels in mouse mammary gland also during 
puberty and pregnancy (Rajan et al. 1997). Expression patterns of BRCA1/2 mRNA and 
protein are cell-cycle dependent peaking at G1-S and G2-M (Chen et al. 1996, Gudas et al. 
1996, Rajan et al. 1996, Wang et al. 1997, Xu et al. 1999b).  
 
BRCA1 and BRCA2 show no sequence homology to other known proteins but some 
conserved domains have been identified providing some clues to their functions (Figure 3). 
BRCA1 has an N-terminal RING (a specialized type of Zn-finger) domain, which can 
mediate protein-DNA or protein-protein interactions (Miki et al. 1994, Koonin et al. 1996). 
BRCA1 interacts through its RING domain with BARD1, also a RING finger containing 
protein (Wu et al. 1996). BRCA1-BARD1 complex is suggested to take part in 
ubiquitination (reviewed in Welcsh et al. 2000). Both BRCA1 and BRCA2 have nuclear 
localization sequences (NLS) and transactivation domains (Chapman and Verma 1996, 
Milner et al. 1997). BRCA1 and BRCA2 include regions of conserved repeated sequences. 
BRCT (BRCA1 C-terminal) repeats are motifs often identified in proteins involved in DNA 
repair or metabolism (Callebaut and Mornon 1997). Exon 11 of BRCA2 consists of BRC 
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repeats, which are conserved across mammalian BRCA2 proteins and which mediate 
interaction with RAD51 (Wong et al. 1997).  
 
 
 
 

 
 
 
 
 

 
Figure 3. Functional domains of BRCA1 and BRCA2. (NLS = nuclear localization sequence, 
BRCT = BRCA1 C-terminal repeats, BRC = repeat sequences in BRCA2 exon 11) 
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LOH at BRCA1/2 loci (Smith et al. 1992, Neuhausen and Marshall 1994, Collins et al. 
1995, Gudmundsson et al. 1995). Furthermore, they both encode nuclear proteins of cell 
cycle dependent expression pattern and co-localize in various tissues during proliferation 
and differentiation (Zhang et al. 1998b). Both BRCA1/2 proteins have also putative 
transcriptional activation domains (Chapman and Verma 1996, Milner et al. 1997). Most 
knockout BRCA1-/- or BRCA2-/- mice die in early embryonic development and suffer 
from severe proliferation defects (Ludwig et al. 1997). Finally, somatic mutations in either 
BRCA1 or BRCA2 gene are practically absent in sporadic breast cancers (Futreal et al. 
1994, Miki et al. 1996).  
 

3.2. Mutations 
 
Several hundred different mutations and sequence variants have been described for both of 
the BRCA1/2 genes (Breast Cancer Information Core; 
http://www.nhgri.nih.gov/Intramural_research/Lab_transfer/Bic/). Mutations are scattered 
throughout the coding sequences of the BRCA1/2 genes revealing no mutational hotspots 
and indicating that all parts of BRCA1 and BRCA2 proteins may be important for tumor 
suppression. Disease-associated mutations are mostly frameshift and nonsense mutations 
leading to premature stop codon in the transcript and thus truncated BRCA1/2 proteins. 
Missense mutations abrogating critical domains (e.g. RING and BRCT) have also been 
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described for BRCA1 (Thai et al. 1998, Williams and Glover 2002). However, the relevance 
of BRCA1/2 missense variants is still unclear (Couch and Weber 1996, Wagner et al. 1999). 
The carrier frequency of BRCA1 or BRCA2 mutations in general population has been 
estimated approximately 0.05-0.1% (Ellisen and Haber 1998, Antoniou et al. 2002) but 
among some ethnic groups the prevalence of BRCA1/2 mutations is higher (e.g. 185delAG 
and 5382insC in BRCA1 or 6174delT in BRCA2 in Ashkenazi Jews and 999del5 in BRCA2 
in Icelanders) (Roa et al. 1996, Struewing et al. 1997, Thorlacius et al. 1997, Fodor et al. 
1998).  
 
In Finland, approximately 30 different mutations in the BRCA1/2 genes have been 
described (Vehmanen et al. 1997a, Vehmanen et al. 1997b, Huusko et al. 1998, Syrjäkoski 
et al. 2000, Vahteristo et al. 2001) and ca. one third of them account for majority of the 
mutations identified (Vehmanen et al. 1997a, Vehmanen et al. 1997b, Huusko et al. 1998). 
Among unselected breast cancer patients, the prevalence of BRCA1 and BRCA2 mutations 
is very low but the presence of ovarian cancer in the family together with positive family 
history for multiple cases of early onset breast cancer is a strong indicator for BRCA1/2 
mutations (Syrjäkoski et al. 2000, Vahteristo et al. 2001). The BRCA1/2 mutation 
frequencies in different populations are summarized in Table 1. 
 
Table 1. The prevalence of BRCA1 and BRCA2 mutations. 
 BRCA1 (%) BRCA2 (%) Study 
General population 
  Ashkenazi Jews 
 
   
 
  Icelanders 
 
Breast cancer patients 
  Ashkenazi Jews  
  (all ages) 
   
  
  Icelanders (all ages) 
   
  Finnish (all ages) 
  Swedish (age <41) 
  English (age <36) 

0.051 
1.05 (185delAG)  
0.12 (5382insC) 
0.8 (185delAG)  
0.4 (5382insC) 
 
 
 
2.99 (185delAG)  
0.75 (5382insC) 
8.3 (both 185delAG, 
5382insC) 
 
 
0.39 
6.8 
3.5 

0.068 
1.05(6174delT) 
 
1.2 (6174delT) 
 
0.6 (999del5) 
 
 
2.99 (6174delT) 
 
3.6 (6174delT) 
 
10.4 (999del5) 
7.7 (999del5) 
1.4 
2.1 
2.4 

(Antoniou et al. 2002)1 

(Fodor et al. 1998) 
 
(Struewing et al. 1997) 
 
(Thorlacius et al. 1997) 
 
 
(Fodor et al. 1998) 
 
(Warner et al. 1999) 
 
(Thorlacius et al. 1998) 
(Thorlacius et al. 1997) 
(Syrjäkoski et al. 2000)2 

(Loman et al. 2001)3 

(Peto et al. 1999)3 
1 An estimate derived form epidemiological modeling. 2 Eleven BRCA1 and eight BRCA2 
mutations previously found in Finnish population were screened. 3 The whole coding sequences of 
the BRCA1/2 genes were screened for mutations. 
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Based on studies of families with multiple affected first- and second-degree relatives with 
early onset disease (high risk families), BRCA1 and BRCA2 mutation carriers were 
estimated to have very high, up to 85% lifetime risk for developing breast cancer (Ford et 
al. 1994, Easton et al. 1995, Ford et al. 1998). Significantly lower breast cancer risk 
(approximately 30-50%) have been estimated for mutation carriers in studies of patients 
unselected for family history or age at diagnosis (Struewing et al. 1997, Fodor et al. 1998, 
Thorlacius et al. 1998) (Table 2). In addition to considerable breast cancer risk, both 
BRCA1/2 mutation carriers have substantially increased risk of ovarian cancer. Ovarian 
cancer risk varies depending on the position of the BRCA1/2 mutation (Thompson and 
Easton 2001, Thompson and Easton 2002a), and has been estimated to be approximately 
16-40% by age 70 (Struewing et al. 1997, Ford et al. 1998, Breast Cancer Linkage 
Consortium 1999, Brose et al. 2002). Furthermore, BRCA1 mutation carriers have been 
reported to have an excessive risk for developing cancers of colon, pancreas, stomach and 
fallopian tube (Brose et al. 2002, Thompson and Easton 2002b), and BRCA2 mutations are 
associated with an elevated risk of prostate and male breast cancer (Thorlacius et al. 1998, 
Breast Cancer Linkage Consortium 1999, Eerola et al. 2001a, Thompson and Easton 2001).  
 
Table 2. Breast cancer risks associated with BRCA1 and BRCA2 mutations 

Study Study subjects Gene Risk for 
breast 

cancer at 
age 70 

(Ford et al. 1994) 
 
(Ford et al. 1998) 
 
(Struewing et al. 1997) 
 
(Fodor et al. 1998) 
 
(Thorlacius et al. 1998) 

High-risk breast cancer 
families 
High-risk breast cancer 
families 
Ashkenazi Jews (voluntary 
subjects) 
Ashkenazi Jews (unselected) 
 
Icelanders (unselected) 

BRCA1 
 
BRCA2 
 
BRCA1/2 founder 
mutations 
BRCA1/2 founder 
mutations 
BRCA2 (999del5) 

87% 
 

84% 
 

56% 
 

36% 
 

35.4% 
 

3.3. Functions of BRCA1 and BRCA2  
 
Studies regarding the cellular functions of BRCA1 and BRCA2 in breast cancer have been 
hampered by lack of good model systems. BRCA1/2 have only mammalian homologs, and 
majority of mice with targeted homozygous deletions in BRCA1 or BRCA2 do not survive 
(Ludwig et al. 1997), and mice heterozygous for either BRCA1 or BRCA2 are not 
predisposed to any tumors (reviewed in Deng and Scott 2000). Depending on the position 
of the truncating mutation, some homozygous BRCA1/2 mutant mice survive to adulthood 
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(Connor et al. 1997, Friedman et al. 1998, Ludwig et al. 2001). These mice develop thymic 
lymphomas (Connor et al. 1997, Friedman et al. 1998) and also breast carcinomas, which 
show, however, a great variability in histopathological patterns suggesting stochastic 
involvement of tumorigenic pathways in their progression (Ludwig et al. 2001). BRCA1 
conditional knockout mutant mice have BRCA1 mutation specifically in the mammary 
epithelial cells. These BRCA1 conditional mice in turn develop mammary tumors, but in 
stochastic fashion, at relatively low frequency and late in life (Xu et al. 1999a). However, 
the mammary tumors of BRCA1 conditional knockout mice mimic human tumors by 
showing multiple genetic changes and similar histopathology (Dennis 1999, Xu et al. 
1999a, Brodie et al. 2001, Weaver et al. 2002).  
 
BRCA1/2-deficient mouse embryonic cells have been used to study the functions of the 
BRCA1/2 genes, and two BRCA1/2-deficient, one BRCA1 and one BRCA2, human cancer 
cell lines (HCC1937 and Capan-1, respectively) are available for studies of BRCA1/2 
function (Goggins et al. 1996, Tomlinson et al. 1998). BRCA1/2-deficient mouse cells and 
human tumor cells have revealed a complex pattern of gross chromosomal re-arrangements, 
including deletions and translocations, broken chromosomes and chromatids, triradial and 
quadriradial structures, all markers of defective mitotic recombination (Tirkkonen et al. 
1997a, Tirkkonen et al. 1997b, Patel et al. 1998, Xu et al. 1999b, Yu et al. 2000). Yeast 
studies have shown that gross chromosomal re-arrangements, such as those detected in 
BRCA1/2-deficient cells, indicate malfunctions in DNA repair or recombination (Chen and 
Kolodner 1999). Double-strand DNA breaks (DSBs) are precursor lesions for gross 
chromosomal re-arrangements (Chen et al. 1998a). DSBs are repaired in cells by error-free 
homologous recombination (HR) or by error-prone non-homologous end joining (NHEJ) or 
single-strand annealing (SSA) (reviewed in Khanna and Jackson 2001). Evidence is 
accumulating that BRCA1/2 genes take part in repair of DSBs by HR (Moynahan et al. 
1999, Snouwaert et al. 1999, Moynahan et al. 2001, Tutt et al. 2001, Xia et al. 2001). Thus, 
inactivation of the BRCA1/2 genes may lead to defective or inappropriate repair of DSBs 
and subsequently to genomic instability, a possible connection between BRCA1/2 functions 
and tumor formation. 
 
3.3.1 BRCA1  
 
BRCA1 is rapidly phosphorylated upon DNA damage and replication block in dividing 
cells (Scully et al. 1997b) by kinases ATM, CHEK2 (after ionizing radiation) and ATR 
(after UV treatment or replication arrest) (Cortez et al. 1999, Lee et al. 2000, Tibbetts et al. 
2000). Differential phosphorylation of BRCA1 in response to different DNA damaging 
agents suggests that BRCA1 may provide a connection between DNA damage-sensing and 
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response mechanisms (reviewed in Venkitaraman 2002). In fact, BRCA1 has been 
associated with S and G2 checkpoint control of cell cycle progression and in control of 
centrosome duplication (Xu et al. 2001). Studies reporting BRCA1-regulated expression of 
a downstream target of the p53 pathway, a DNA damage response gene GADD45, further 
support the role of BRCA1 in DNA damage sensing and signaling (Harkin et al. 1999). 
GADD45 expression is normally repressed by a complex in which BRCA1 associates with 
a novel transcription factor ZBRK1 (Zheng et al. 2000b). After ionizing radiation, 
phosphorylation of BRCA1 by ATM relieves GADD45 repression (Li et al. 2000). 
Moreover, a number of proteins co-localizes with BRCA1 in a complex called BASC 
(BRCA1-associated genome surveillance complex). This complex includes several DNA 
damage response proteins (e.g. MSH2, MSH6, MLH1, ATM), all reported to be involved in 
recognition of abnormal DNA structures indicating that BASC may act as a sensor of DNA 
damage (Wang et al. 2000b). 
 
In addition, BRCA1 may have a role in DSB repair that is more proximal to the site of 
DNA damage. Sites of DNA damage are marked by phosphorylation of certain histones 
(H2A-X), and BRCA1 migrates to the site of phosphorylated H2A-X (Paull et al. 2000) 
with its interaction partner MRE11/RAD50/Nbs1-complex containing mammalian 
homologs of yeast proteins known to be involved in DSB repair (Zhong et al. 1999, Wang 
et al. 2000b). Furthermore, local activities of BRCA1 at DSB sites are indicated by its 
interactions with proteins that alter chromatin or DNA structure and thus potentially 
promote the access of components of DNA repair machinery to the site of DSB (reviewed 
in Venkitaraman 2002). BRCA1 interacts with chromatin remodeling complex SWI/SNF 
(Bochar et al. 2000), with regulators of histone acetylation/deacetylation (Yarden and 
Brody 1999) and with DNA helicases including BLM and BACH1 (Wang et al. 2000b, 
Cantor et al. 2001).  
 
Many other functions besides DSB repair have also been described for BRCA1, but it is 
currently unknown how these functions contribute to tumor suppression (reviewed in 
Venkitaraman 2002). BRCA1 has been suggested to take part in transcription and RNA 
metabolism due to its interactions with RNA polymerase II holoenzyme, ER-α, AR, p53, c-
MYC and transcriptional co-activators p300/CBP and a co-repressor CtIP (Scully et al. 
1997a, Anderson et al. 1998, Wang et al. 1998, Zhang et al. 1998a, Fan et al. 1999, Li et al. 
1999, Pao et al. 2000, Park et al. 2000, Fan et al. 2001a, Zheng et al. 2001). BRCA1 
interacts also with mismatch repair proteins MSH2 and MSH6 (Wang et al. 2000b) 
involved in transcription-coupled DNA repair, which has been reported to be defective in 
cells lacking functional BRCA1 (Gowen et al. 1998). BRCA1-BARD1 complex, like other 
RING proteins, functions as a ubiquitin ligase (Hashizume et al. 2001), the specificity of 
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which is currently unknown. BARD1-BRCA1 complex also interacts with polyadenylation 
factor CstF-50 (Kleiman and Manley 1999) and with a de-ubiquitinating enzyme BAP1 
(Jensen et al. 1998) suggesting that BRCA1 acts in RNA polyadenylation and in ubiquitin-
dependent protein degradation. Thus, by regulating the degradation and activity of target 
mRNA or proteins, the BRCA1/BARD1 complex may possess important functions in 
regard to tumor suppression (reviewed in Venkitaraman 2002). Recently, BRCA1 has been 
shown to co-localize with XIST mRNA suggesting a role in female X chromosome 
inactivation (Ganesan et al. 2002). The putative roles of BRCA1 are summarized in Figure 
4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Putative roles of BRCA1 in multiple cellular pathways in response to DNA damage 
through its interactions with different proteins or protein complexes. Modified from Venkitaraman 
2002. (DSB = double strand break; BASC = BRCA1-associated genome surveillance complex; CtIP 
= C-terminal interacting protein; AR = androgen receptor; ER = estrogen receptor; CBP = CREB 
binding protein; MSH6 and MSH2 = MutS homolog 6 and 2, mismatch repair proteins; ATM = 
ataxia-telangiectasia mutated; ATR = AT mutated and Rad3 related; CHEK2 = Checkpoint 
homolog (S. pombe); BLM = Bloom helicase; BACH1 = member of the DEAH family of DNA 
helicases; ZBRK1 = Zinc finger and BRCA1-interacting protein with a KRAB domain 1, 
transcription factor: BARD1 = BRCA1-associated RING domain 1; SWI/SNF = chromatin 
remodeling complex; HDAC = histone deacetylase; MRE11/RAD50/Nbs1 = homologs of yeast 
proteins involved in homologous recombination) 

 
3.3.2. BRCA2 
 
BRCA2 binds directly RAD51, a eukaryotic homolog of bacterial RecA essential for DSB 
repair by HR (Sharan et al. 1997, Wong et al. 1997). RAD51 function is essential for the 
DNA/DNA interactions that lead to strand invasion and exchange between the sister 
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chromatids in HR (Baumann and West 1998). RAD51 interacts with BRCA2 by binding to 
BRC repeats located in exon 11 of BRCA2 (Wong et al. 1997, Chen et al. 1998c). The 
BRCA2-RAD51 interaction involves a substantial proportion of the cellular pool of both 
proteins. BRCA1 has also been reported to co-localize with RAD51 and BRCA2 but only a 
small proportion of cellular BRCA1 is found in this complex (Scully et al. 1997c, Chen et 
al. 1999, Wang et al. 2000b). This suggests distinct roles for BRCA1 and BRCA2 in DNA 
damage response. In cellular response to DNA damage, RAD51 and BRCA2 co-localize to 
damage-induced foci, which represent the sites of DSBs (Scully et al. 1997c). In vitro 
studies have shown that BRC3 and BRC4 repeats of BRCA2 block the ability of RAD51 to 
form nucleoprotein filaments prior to strand invasion (Davies et al. 2001). Thus, it has been 
suggested that BRCA2/RAD51 interaction controls the binding of RAD51 to damaged 
DNA and not to undamaged DNA and prevents the inappropriate activation of DNA 
recombination during normal DNA metabolism (reviewed in Liu and West 2002, and 
Venkitaraman 2002). 
 
BRCA2 is also suggested to take part in transcriptional regulation. The product of exon 3 of 
BRCA2, when fused to the Lex A DNA-binding domain, activates transcription in yeast 
(Milner et al. 1997). Germ-line deletion of exon 3 occurs in a Swedish family with 
predisposition to breast and ovarian cancer indicating that transcriptional activity of 
BRCA2 may be important in tumor suppression (Nordling et al. 1998). BRCA2 interacts 
with the transcriptional co-activator protein P/CAF, which has also histone acetylase 
activity (Fuks et al. 1998). Recently, transactivation domain of BRCA2 was reported to 
interact with replication protein A (RPA), which is essential for DNA repair, replication 
and recombination suggesting a possible link between BRCA2 transactivation domain and 
replication or DNA repair rather than transcription (Wong et al. 2003).  
 
BRCA2 has also been implicated in cell cycle control. BRCA2 interacts with and its C-
terminus is phosphorylated in vitro by a mitotic checkpoint protein, hBURB1 (Futamura et 
al. 2000). The transactivation domain of BRCA2 has also been reported to possess a 
binding site for a kinase (Milner et al. 2000). However, it is not known how 
phosphorylation of BRCA2 affects its function (Figure 5). BRCA2-deficient cells have 
been shown to have preserved checkpoint functions (Patel et al. 1998), and BRCA2 
probably participates in control of G2/M checkpoint by interacting with a novel protein, 
BRAF35 (Marmorstein et al. 2001) (Figure 5). BRCA2-BRAF35 complex associates with 
condensed chromatin and microinjection of antibodies against either protein results in G2 
cell cycle delay (Marmorstein et al. 2001). In addition, indirect evidence of involvement of 
BRCA2 in mitotic control is provided from studies of cells lacking functional BRCA2 and 
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showing centrosome amplification (Tutt et al. 1999). The suggested functions of BRCA2 
are shown in Figure 5. 
 
 
 
 
 
 
 
 
 
 
Figure 5. Putative roles of BRCA2 in various cellular pathways through its protein interactions. 
Modified from Venkitaraman 2002. (DBS = double strand break, hBUBR1 = mitotic checkpoint 
protein, BRAF35 = BRCA2-associated factor, a structural DNA-binding protein, P/CAF = 
transcriptional co-activator protein, RAD51 = homolog of bacterial RecA involved in homologous 
recombination, RPA = replication protein A) 
 

3.4. Tissue-specificity of cancer predisposition 
 
BRCA1/2 genes are expressed in various tissues and take part in fundamental and universal 
cellular processes such as DNA damage response. Nevertheless, germ-line mutations 
predispose to certain epithelial cancers, such as breast, ovarian or prostate cancer, and the 
underlying mechanism for this tissue-specificity remains poorly understood. A few 
hypotheses have been proposed on the tissue-restricted tumor phenotype regarding the 
BRCA1 gene emphasizing the role of estrogen (reviewed in Hilakivi-Clarke 2000). 
According to one hypothesis, the link between BRCA1 mutations and breast (and ovarian) 
cancer could be provided from the role of BRCA1 in transcription-coupled repair of 
oxidative DNA damage and estrogen having specific oxidative metabolites that have been 
reported to be genotoxic to cells (Gowen et al. 1998, Liehr 2000). Another model 
emphasizes the role of BRCA1 in the modulation of estrogen signaling pathways and thus, 
the expression of hormone-responsive genes as a possible explanation to tissue-specificity 
of BRCA1 inactivation (reviewed in Hilakivi-Clarke 2000, and Venkitaraman 2002). In 
fact, several studies have shown that BRCA1 inhibits estrogen-dependent (Fan et al. 1999, 
Fan et al. 2001a) and ligand-independent (Zheng et al. 2001) transactivation by the estrogen 
receptor through its direct interaction with ER-α. BRCA1 has also been reported to enhance 
androgen-dependent transactivation by the AR (Park et al. 2000, Yeh et al. 2000) and allelic 
variants of AR have been shown to modify cancer risk in BRCA1 mutation carriers 
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(Rebbeck et al. 1999). The role of BRCA1 in nuclear hormone signaling pathways could be 
important in the context of tissue-specificity, but does not, however, directly incorporate its 
function in DSB repair, lack of which is typical for BRCA1-deficient cells. In addition, the 
question regarding the tissue-specific tumor phenotype associated with BRCA2 mutations 
remains unanswered. 
 

3.5. Hereditary breast cancers associated with BRCA1 and BRCA2 
mutations  
 
Breast tumors in BRCA1 and BRCA2 mutation carriers manifest earlier in life than in 
unselected control patients without family history (Easton et al. 1994). Many studies have 
also shown that particularly BRCA1-associated hereditary breast cancers (BRCA1-HBCs) 
differ in relation to tumor characteristics from control tumors occurring in the absence of 
germ-line mutations.  
 
BRCA1-HBCs are more frequently of histological grade three (Marcus et al. 1996, 
Johannsson et al. 1997, Karp et al. 1997, Lakhani et al. 1998, Robson et al. 1998, Noguchi 
et al. 1999) and negative for both estrogen and progesterone receptor (ER and PgR) 
expression than control breast tumors (Johannsson et al. 1997, Karp et al. 1997, Ansquer et 
al. 1998, Loman et al. 1998, Lynch et al. 1998, Verhoog et al. 1998). BRCA1-HBCs have 
been reported to be more often aneuploid and of medullary subtype, and to show higher 
mitotic count and stronger lymphocyte infiltration compared to control tumors (Marcus et 
al. 1996, Johannsson et al. 1997, Eisinger et al. 1998). Lack of functional TP53 protein due 
to p53 gene mutations and absence of ERBB2 amplification are also specific features of 
BRCA1-HBCs (Johannsson et al. 1997, Eisinger et al. 1998, Lynch et al. 1998, Armes et al. 
1999, Noguchi et al. 1999, Grushko et al. 2002). BRCA1-HBCs show also high levels of 
MYB oncogene compared to BRCA2-HBCs or sporadic breast cancers (Kauraniemi et al. 
2000). Some phenotypic features (inactivation of p53, hormone receptor negativity, high 
grade) of BRCA1-HBCs could indicate a poor outcome but studies addressing survival of 
breast cancer patients in BRCA1 families are controversial to this. Thus, there seems to be 
an independent effect of BRCA1 mutations on disease outcome, which has remained 
somewhat unclear (Foulkes et al. 1997, Johannsson et al. 1998a, Johannsson et al. 1998b, 
Chappuis et al. 1999, Hamann and Sinn 2000, Eerola et al. 2001b).  
 
BRCA2-associated hereditary breast cancers (BRCA2-HBCs) have not consistently 
revealed a specific pattern of tumor characteristics, which may reflect the heterogeneous 
pathogenesis of BRCA2-induced breast cancer. Some reports have shown that BRCA2-
HBCs are of high histological grade (Agnarsson et al. 1998, Lakhani et al. 1998, Lynch et 
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al. 1998) while one study showed an association with lower grade (Marcus et al. 1997). The 
hormone receptor status has been reported to be similar in BRCA2-HBCs and control 
tumors (Loman et al. 1998, Lynch et al. 1998, Verhoog et al. 1999), but an excess of 
receptor-positive tumors has also been described (Agnarsson et al. 1998). Studies 
addressing the histological subtype of the BRCA2-HBCs have also been controversial 
(Marcus et al. 1997, Agnarsson et al. 1998), but less tubule formation has been reported 
(Agnarsson et al. 1998, Lakhani et al. 1998). In contrast to BRCA1-HBCs, p53 gene is not 
more frequently inactivated in BRCA2-HBCs than control tumors (Crook et al. 1998, 
Gretarsdottir et al. 1998), and reports regarding the ERBB2 gene status have shown similar 
results (Noguchi et al. 1999). The prognosis of patients with BRCA2-HBC has equally 
been disconcordant between studies reporting either worse, equal or even better outcome 
when compared to control breast cancer patients (Lee et al. 1999a, Loman et al. 2000, 
Eerola et al. 2001b). These conflicting results can be partly due to relatively small numbers 
of study subjects and their different ethnic backgrounds or different criteria for positive 
family history or for control groups. Specific characteristics of BRCA1/2-HBCs are 
presented in Table 3.  
 
Table 3. Specific features of BRCA1/2-HBCs compared to control tumors. 

BRCA1-HBCs BRCA2-HBCs 
Early-onset 
High grade 

Medullary subtype 
ER/PgR negative 

High mitotic count 
Aneuploidy 

Lymphocyte infiltration 
p53 inactivation 
ERBB2-negative 

MYB amplification 

Early-onset 
Moderate/high grade 

ER/PgR positive 
Decreased tubule formation 

 
 
Of the two CGH studies published, one revealed an excess number of overall genetic 
changes in BRCA1/2 breast tumors compared to sporadic breast tumors (Tirkkonen et al. 
1997b). In addition, some chromosome arms of BRCA1/2 breast tumors showed distinct 
genetic alteration patterns (Tirkkonen et al. 1997b). The other study showed a specific CGH 
profile for BRCA1-mutation tumors (Wessels et al. 2002). A detailed LOH analysis showed 
specific patterns of chromosomal aberrations in breast tumors associated with a specific 
BRCA2-mutation (Ingvarsson et al. 1998). Recently, gene expression profiling by cDNA 
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microarray has been used to distinguish between BRCA1/2-HBCs and sporadic breast 
cancers (Hedenfalk 2002). Different sets of genes were expressed in these three groups 
suggesting functional differences between the tumor types. The excess of overall genetic 
changes in BRCA1/2-deficient tumors versus control tumors (Tirkkonen et al. 1997b) can 
be interpreted as a reflection of the proposed caretaker role of BRCA1/2 genes in 
maintenance of genomic integrity. However, inactivation of caretaker BRCA1 gene and the 
possibly resulting genomic instability might alternatively predict highly variable tumor 
phenotypes rather than distinct tumor characteristics associated with BRCA1 breast tumors. 
 

4. BRCA1 and BRCA2 in sporadic breast cancer 
 
Somatic BRCA1 and BRCA2 mutations are practically absent in sporadic breast cancers 
(Futreal et al. 1994, Lancaster et al. 1996, Miki et al. 1996, Teng et al. 1996), a rather 
unexpected finding since some other TS genes, such as RB1 and APC, have been shown to 
be involved in both hereditary and sporadic forms of cancer (reviewed in Stahl et al. 1994, 
and Fodde 2002). However, evidence of involvement of the BRCA1/2 genes in sporadic 
cancer development has been reported.  
 

4.1. Expression of BRCA1 and BRCA2 
 
Decrease in BRCA1 mRNA has been observed in invasive tumors as compared to normal 
cells or carcinoma in situ (Thompson et al. 1995, Kainu et al. 1996, Magdinier et al. 1998, 
Ozcelik et al. 1998, Sourvinos and Spandidos 1998), and experimental antisense inhibition 
of BRCA1 accelerated growth of tumors (Thompson et al. 1995). Decreased levels of 
BRCA1 protein have also been shown in sporadic breast cancers by several 
immunohistochemical studies (Taylor et al. 1998, Wilson et al. 1999, Yoshikawa et al. 
1999, Yang et al. 2001). High-grade tumors were reported to have the lowest levels of 
BRCA1 protein but surprisingly, both normal cells and invasive lobular and low-grade 
breast tumor cells showed similar levels of BRCA1 immunostaining (Wilson et al. 1999). 
Low levels of BRCA1 protein have been associated with markers of an aggressive tumor 
phenotype, ERBB2 overexpression and poor prognosis (Lee et al. 1999b, Seery et al. 1999, 
Yoshikawa et al. 1999).  
 
Studies on BRCA2 expression in sporadic breast cancers are quite unexpected if BRCA2 is 
considered to act as a classical TS. Many studies have shown that BRCA2 mRNA levels 
are higher in breast tumor cells compared to normal cells (Egawa et al. 2001a, Egawa et al. 
2002), even if one study revealed both down- and up-regulation of BRCA2 mRNA in 
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tumors (Bieche et al. 1999). However, reconstituted expression of wild-type BRCA2 in 
pancreatic BRCA2-null cell line (Capan-1) inhibited cell proliferation in culture and 
suppressed tumor growth in animals (Wang et al. 2002) indicating that situation in vivo 
may be more complex. High BRCA2 mRNA levels have been shown to associate with 
high-grade tumors, and to predict poor prognosis, while low levels of BRCA2 mRNA 
associated with favorable response to docetaxel treatment (Bieche et al. 1999, Egawa et al. 
2001a, Egawa et al. 2001b, Egawa et al. 2002).  
 

4.2. LOH at BRCA1 and BRCA2 
  

Genetic aberrations at BRCA1/2 regions have been frequently reported and might be 
responsible for the changes in BRCA1/2 expression detected in breast tumors. LOH at 
BRCA1 has been reported to occur in 20-50% of sporadic breast cancer tumors and has 
been associated with characteristics of an aggressive tumor phenotype (Beckmann et al. 
1996, Niederacher et al. 1997, Schmutzler et al. 1997, Tseng et al. 1997, Phelan et al. 1998, 
Rio et al. 1998, Gonzalez et al. 1999, Silva et al. 1999, Hanby et al. 2000). LOH at BRCA2 
is also common, occurring in 20-40% of breast cancer tumors but is not consistently 
associated with markers of an aggressive tumor phenotype (Beckmann et al. 1996, van den 
Berg et al. 1996, Bieche et al. 1997, Schmutzler et al. 1997, Tseng et al. 1997, Rio et al. 
1998, Katsama et al. 2000). Studies associating LOH at BRCA1/2 loci and survival have 
been discrepant (van den Berg et al. 1996, Bieche et al. 1997, Gentile et al. 1999, Querzoli 
et al. 2001). Some studies have suggested that breast tumors with combined LOH at both 
BRCA1/2 loci specifically associate with markers of poor prognosis (Kelsell et al. 1996, 
Silva et al. 1999). Studies using conventional RT-PCR have shown an association between 
LOH at BRCA1 and variation in BRCA1 expression levels in breast tumors (Ozcelik et al. 
1998, Sourvinos and Spandidos 1998), but immunohistochemical studies have failed to 
show this association (Bernard-Gallon et al. 1999, Rio et al. 1999). LOH at BRCA2 has not 
been reported to associate with either BRCA2 mRNA or protein levels in breast cancer 
tumors, indicating other mechanisms of regulation (Bieche et al. 1999, Bernard-Gallon et 
al. 2000). 
 

4.3. Promoter hypermethylation 
 
Epigenetic mechanisms, such as hypermethylation of CpG islands of gene promoter 
regions, have been proposed as a mechanism of TS gene inactivation in tumor cells 
(reviewed in Esteller 2002). In fact, 10-30% of breast cancer tumors show BRCA1 
promoter hypermethylation, which associates with decreased levels of BRCA1 mRNA 
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(Catteau et al. 1999, Esteller et al. 2000, Niwa et al. 2000, Rice et al. 2000) but this clearly 
is not the sole mechanism for BRCA1 down-regulation in sporadic breast cancers. A 
significant association was not found between LOH at BRCA1 and methylation suggesting 
that in the absence of somatic mutations both methylation and LOH are considered as first 
�hits� and not complementing �hits� according to TS gene theory (Knudson 1971, Esteller et 
al. 2000). However, association between BRCA1 promoter hypermethylation, lack of 
estrogen receptor expression and medullary tumor subtype suggests a possible link between 
sporadic breast tumors with BRCA1 promoter hypermethylation and BRCA1-HBCs 
(Catteau et al. 1999, Esteller et al. 2000, Niwa et al. 2000). In fact, gene expression 
profiling of hereditary and sporadic breast cancers mis-classified a sporadic breast tumor as 
BRCA1-HBC but a detailed analysis of that sporadic tumor showed promoter 
hypermethylation of BRCA1 (Hedenfalk et al. 2001). BRCA2 promoter region does not 
seem to undergo hypermethylation in breast tumors (Collins et al. 1997). Despite the 
absence of BRCA1/2 mutations, the BRCA1/2 genes probably have a role in sporadic breast 
cancer pathology due to alterations in their expression status. Nevertheless, the mechanisms 
involved in the somatic inactivation and regulation of expression of the BRCA1/2 genes still 
remain partly unexplained. The general features of BRCA1/2 genes and their possible 
alterations in sporadic breast cancer are summarized in Table 4. 
 
Table 4. Characteristics of BRCA1 and BRCA2 in sporadic breast cancer. 
BRCA1 BRCA2 
No somatic mutations 
LOH in 20-50% of tumors associating with an aggressive 
phenotype 
Decreased levels of BRCA1 mRNA and protein 
Promoter hypermethylation in 10-30% of tumors 
 

No somatic mutations 
LOH in 20-40% of tumors 
High levels of BRCA2 mRNA 
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Aims of the study 
 
 
1. To study the somatic genetic re-arrangements of the BRCA1 and BRCA2 genes in 
hereditary and sporadic breast cancer tumors (I, II) 
 
2. To study the changes in BRCA1 gene expression and its relation to somatic genetic re-
arrangements and promoter hypermethylation in sporadic breast cancer tumors (III) 
 
3. To establish and characterize a new experimental model and cell line for future purposes 
of studying BRCA1 gene function and therapeutical aspects of BRCA1 breast cancers (IV)
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Materials and methods 
 

1. Tumor material 
 
All primary breast tumor samples were snap-frozen after surgical excision and stored at �
70°C until processed in further analyses.  
 

1.1. Hereditary breast tumors 
 
For studies I and II, seventeen primary breast cancers from germ-line BRCA1 mutation 
carriers (sixteen tumors with an identified mutation and one with strong linkage) and eight 
primary breast cancers from germ-line BRCA2 mutation carriers were derived from the 
Department of Oncology, University of Lund. BRCA1/2 mutations have been determined 
by protein truncation test and direct sequencing as previously described (Table 5) 
(Johannsson et al. 1996, Hakansson et al. 1997). Blood samples from fifteen germ-line 
BRCA1 mutation carriers and five germ-line BRCA2 mutation carriers were used as a 
source of constitutive leukocyte DNA. One BRCA2 patient had two primary tumors (two 
cases with germ-line mutation 2024del5, see Table 5), of which both were analyzed. 
Leukocyte DNA from a relative to one BRCA1 and one BRCA2 mutation carrier was used 
to distinguish mutant and wild-type alleles.  
 
For study IV, tumor tissue was derived from a patient belonging to a Swedish family 
previously described to carry a BRCA1 germ-line mutation (Johannsson et al. 1996). Both 
breast and ovarian cancers were found among the family members. At the age of 46, this 
patient was diagnosed and surgically treated for a stage I ductal invasive breast cancer 
followed by local radiotherapy but no chemo- or hormonal therapy. She developed a 
contralateral primary breast cancer with axillary lymph node metastases (T1N1M0) at the 
age of 53 and underwent two operations, a primary segmental resection and a subsequent 
axillary dissection. Tumor tissue obtained during the axillary dissection was used to 
establish primary xenograft growths in mice. 
 
The presence of patient�s BRCA1 germ-line mutation 1806C→T was known prior to her 
second operation (Johannsson et al. 1996). The mutation was discovered by the presence of 
an aberrantly short band upon protein truncation test of exon 11 of the BRCA1 gene, and 
verified by direct sequencing as described before (Johannsson et al. 1996). 
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Table 5. BRCA1 and BRCA2 germ-line mutations. 
 Result of the 

mutation 
Location of the  

mutation 
Number of  

samples 
BRCA1 
  300T→G 
  1177G→A 
  1201del11 
  1806C→T 
  2594delC   
  3172ins5 
  3829delT 
  4808C→G 
  5328insC 
BRCA2 
  2024del5 
  3058A→T 
  4486delG 
  5445del5 
  6293C→G 

 
Cys61Gly 

Trp353Stop 
Ser361Stop 
Gln563Stop 
Ile845Stop 

Thr1025Stop 
Leu1263Stop 
Glu1115Stop 
Glu1829Stop 

 
Ser599Stop 
Lys944Stop 
Val1447Stop 
Tyr1739Stop 
Ser2022Stop 

 
Exon 6, RING domain 

Exon 11 
Exon 11 
Exon 11 
Exon 11 
Exon 11 
Exon 11 
Exon 16 

Exon 20, BRCT domain 
 

Exon 10 
Exon 11 

Exon 11, BRC repeats 
Exon 11, BRC repeats 
Exon 11, BRC repeats 

 
1 
1 
1 
4 
3 
3 
1 
1 
1 
 

2 
2 
1 
1 
2 

 

 

1.2. Sporadic breast tumors 
 
For study I, twenty-one primary sporadic breast cancers, previously analyzed for AI at 
either BRCA1 or BRCA2 locus (Borg et al. 1994, van den Berg et al. 1996), were obtained 
from the Department of Oncology, University of Lund. For study II, fourteen primary 
sporadic breast cancer tumors were derived from the Tampere University Hospital. For 
study III, tumor specimens from sixty primary sporadic breast carcinomas were obtained 
from the Tampere University Hospital and Tampere City Hospital. The mean age at 
diagnosis of these breast cancer patients was 62 years and the median age was 65 years. All 
but two of the tumors were invasive ductal carcinomas. Seventeen percent of the invasive 
ductal carcinomas were grade one, 45% were grade two and 38% were grade three.  
None of the breast cancer patients in studies I, II and III had strong familial history for 
breast and ovarian cancer, and therefore they are not likely to be carriers of germ-line 
BRCA1/2 mutations.  
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1.3. Breast cancer cell line 
 
For studies III and IV, breast cancer cell line HBL-100 was obtained from the American 
Type Culture Collection (ATCC) and was cultured according to the recommended 
conditions. The HBL-100 cell line was used in the preparation of the standard curve for the 
real-time semi-quantitative RT-PCR analyses in study III, and as a control cell line in the 
analyses of BRCA1 mRNA and protein expression levels in study IV. 
 

2. Methods 

2.1. Fluorescence in situ hybridization (FISH)(I-IV) 
 
2.1.1. Probes  
 
By screening the genomic PAC library (Ioannou et al. 1994) with primers specific for the 
BRCA1 and BRCA2 genes, one clone was identified for both genes (PAC 103014 and PAC 
92M18, respectively). The specificity of these clones was confirmed by additional PCR 
analyses by amplifying various exons and using probe DNA as template. The PAC 103014 
contained the entire BRCA1 gene and the PAC 92M18 included the 3�-end of the BRCA2 
gene (exons 25-27). The PAC 103014 probe mapped to 17q21 and the PAC 92M18 probe 
to 13q12-q13 by FISH. The fractional length from p-telomere (Flpter) (Stokke et al. 1995) 
was 0.560 (±0.026, SD) for the BRCA1 probe and 0.302 (±0.049, SD) for BRCA2. 
Chromosome 17 centromere probe (p17H8) was used as a copy number reference for 
BRCA1. For BRCA2, a PAC probe specific for the ETB gene (at 13q22) was used as 
reference, because a specific centromere probe for chromosome 13 is not available. Flow-
cytometric DNA index was determined as previously described (Tanner et al. 1998) and 
used as an additional copy number reference to BRCA2 in order to detect large deletions at 
13q, which cover both BRCA2 and ETB (I, II). The hybridization efficiency of the BRCA1 
and BRCA2 probes was tested on a non-malignant breast sample. The average copy 
numbers for BRCA1, BRCA2, ETB and chromosome 17 centromere were 1.94 (±0.043, 
SEM), 1.96 (±0.048, SEM), 2.00 (±0.028, SEM), and 1.92 (±0.046, SEM), indicating high 
hybridization efficiency. 
In study III, sporadic breast tumors were also studied for the ERBB2 oncogene 
amplification using commercially available ERBB2 probe (Tanner et al. 2001), and in study 
IV, p53 gene copy number was analyzed using gene-specific probe and chromosome 17 
centromere probe as reference.  
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2.1.2. Hybridization  
 
In studies I, II and IV, imprint touch preparations were done by lightly pressing semi-
thawed frozen tumor pieces onto Superfrost Plus microscope slides (Menzel, Germany). 
Slides were fixed in 50%, 70% and twice 100% Carnoy�s solution (3:1 methanol/acetic 
acid, 10 to 15 minutes each) and air-dried. Gene-specific probes were labeled with 
digoxigenin-11-dUTP (Boehringer Mannheim, Indianapolis, IN) or biotin-14-dATP (Gibco 
BRL) and centromere probes with FITC-dUTP (DuPont, Boston, MA) using nick 
translation. Two-color FISH was performed as previously described (Tanner et al. 1998). 
Slides were denatured in 70% formamide/2× SSC at 70°C to 72°C for 2 to 3 minutes and 
dehydrated in graded ethanol series. Twenty µl of the hybridization mixture, consisting of 
50 ng of labeled appropriate gene-specific probe, 15 ng of labeled appropriate 
pericentromeric probe and 1 µg of unlabeled Cot-1 DNA (Life Technologies, Inc., 
Gaithersburg, MD) in 50% formamide/10% dextran sulfate/2× SSC, was denatured for 5 
minutes at 72°C and applied onto slides. In study III, freshly frozen tumor tissue sections 
were fixed with 6:3:1 ethanol, chloroform and acetic acid, and then air-dried. Ten µl of the 
hybridization mixture containing 50 ng of BRCA1 and 15 ng of chromosome 17 centromere 
specific probes, human placental DNA and Cot-1 DNA (Roche Biochemicals) was applied 
onto slides that were coverslipped, sealed and denatured at 94-95°C for 3 minutes on a 
thermal plate. Hybridization was performed overnight at 37°C under a coverslip in a moist 
chamber. After hybridization, the bound probes were detected immunohistochemically with 
avidin-FITC (Vector Laboratories, Burlingame, CA) and anti-digoxigenin rhodamine 
(Boehringer Mannheim). Samples were counterstained with 0,1 µM 4,6-diamino-2-
phenylindole (DAPI) in an antifade solution (Vectashield, Vector Laboratories).  
 
1.1.3. Fluorescence microscopy  
 
Hybridization signals were scored using a Zeiss Axioplan 2 epifluorescence microscope 
equipped with dual band-pass fluorescence filter (Chromatechnology, Battleboro, NV), 
which enables simultaneous detection of both fluorescein and Texas red fluorescence. 
Hybridization signals from 50-100 nuclei were scored to assess the copy number status of 
the BRCA1 and BRCA2 genes. Deletion of the BRCA1/2 genes was defined if the average 
ratio of BRCA1 or BRCA2 signals relative to chromosome 17 centromere signals or ETB 
signals, respectively, was 0.80 or less. Gain was defined if the ratio was 1.30 or more. The 
loss of entire 13q was defined if the average ratio of BRCA2 and ETB signals relative to 
tumor ploidy (= DNA index x 2) were 0.80 or less. In the definition of these limits a non-
cancerous cell contamination was taken into consideration because signals were scored 
unselectively in order to avoid any bias. Digital images were taken with a Hamamatsu 9585 
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camera (Hamamatsu, Hamamatsu City, Japan) operated via ISIS image analysis software 
(MetaSystems, Altslussheim, Germany). The ISIS imaging system allows multiple focal 
planes to be projected on the final image thereby allowing visualization of all FISH signals 
in the nucleus. 
 

2.2. Allelic imbalance by microsatellite analysis (I, II) 
 
PCR followed by capillary electrophoresis was used to detect allelic imbalance at 
polymorphic microsatellite markers by comparing the allelic pattern of tumor and blood-
derived DNA in hereditary breast tumors. DNA was extracted using the Wizard Genomic 
DNA purification kit (Promega, Madison, WI) according to the manufacturer�s 
recommendations. Two BRCA1 intragenic markers (D17S855 and D17S1322) (Albertsen et 
al. 1994) and two markers physically linked to BRCA2 (D13S260 and D13S267) (Wooster 
et al. 1994) were analyzed using primers with published sequence (Gyapay et al. 1994) 
(Research Genetics, Huntsville, AL, USA). Twenty-one sporadic breast tumors (study I) 
have been examined previously for AI either at BRCA1 (markers THRA1, D17S855, 
D17S579) (Borg et al. 1994), or at BRCA2 (markers D13S260, D13S267, D13S290, 
D13S219) (van den Berg et al. 1996).  
 
The PCR mixture (20µl) contained 10mM Tris-HCl (pH 8.3), 50mM potassium chloride, 
1.0-2,5mM magnesium chloride, 0.13µM of each primer, 20µM of dNTPs, 0.75 units of 
Dynazyme Taq polymerase (Finnzymes, Helsinki, Finland) and 80 ng of genomic DNA. 
The forward primer has been labeled fluorescently either with TET (green) or HEX 
(yellow) dye (Perkin Elmer). The PCR was carried out in an Omnigene thermocycler 
(Hybaid) and consisted of 4 min at 94°C, followed by 30-32 cycles of 30-45 sec at 93°C, 
30-45 sec at 50-60°C, 45 sec at 72°C, followed by one cycle at 72°C. All the PCR reactions 
were repeated twice. An aliquot (0.7-1.0 µl) of the PCR product was added to 12 µl 
formamide and 0.7 µl TAMRA 500 size standard (Perkin Elmer) and denatured 2 min at 
90°C. Capillary electrophoresis was performed using ABI PRISM 310 Genetic Analyzer 
according to manufacturer�s instructions (Perkin Elmer). The data were collected 
automatically and analyzed by the GeneScan 2.1 Software.  For the informative 
heterozygous markers, the allelic imbalance was determined by calculating the ratio of the 
alleles (L) as follows: L = (Peak area larger tumor allele x Peak area smaller normal allele) / (Peak area 
smaller tumor allele x Peak area larger normal allele). If L< 0.75 or L > 1.33, then one of the alleles has 
decreased more than 25% resulting in allelic imbalance (AI), as previously defined 
(Kerangueven et al. 1997). 



MATERIALS AND METHODS 

 36 

2.3. DNA methylation (III) 
 
DNA methylation in the CpG islands of the BRCA1 promoter region in sporadic breast 
tumors was determined by methylation-specific PCR (MSP) (Herman et al. 1996). In brief, 
unmethylated cytosines, but not methylated cytosines, are chemically modified to uracils 
with bisulfite treatment of DNA.  Primers specific either for unmethylated or methylated 
DNA are then used to distinguish between hypo- and hypermethylation, respectively. DNA 
was extracted from tumor samples using QIAGEN QIAamp Mini Kit (QIAGEN, Hilden, 
Germany) according to the manufacturer�s recommendations. Primer sequences have been 
described previously (Esteller et al. 2000). The primer sequences specific for unmethylated 
DNA were 5�-TTGGTTTTTGTGGTAATGGAAAAGTGT-3� (sense) and 5�-
CAAAAAATCTCAACAAACTCACACCA-3� (antisense) and for methylated DNA were 
5�-TCGTGGTAACGGAAAAGCGC-3� (sense) and 5�-AAATC 
CAACGAACTCACGCCG-3� (antisense). Primers specific for unmethylated DNA 
amplified a PCR product of 86 bp and primers specific for methylated DNA amplified a 
PCR product of 75 bp. Universally methylated human male DNA (Intergen Company, 
USA) was used as a positive control for the methylated alleles of the BRCA1 gene and 
DNA from normal lymphocytes was used as a negative control for methylation. Bisulfite 
modification of DNA was performed using CpG Genome Modification Kit (Intergen 
Company, USA) according to the manufacturer�s instructions. The PCR conditions 
consisted of 5 minutes of initial denaturation at 95°C, 35 cycles of denaturation at 95°C for 
30 sec, annealing for 30 sec at 62°C (PCR reaction with primers specific for unmethylated 
DNA), 40 sec at 65°C (PCR reaction with primers specific for methylated DNA) and 
elongation at 72°C for 30-45 sec. Ten microlitres of each PCR reaction was loaded onto 
NuSieve GTG 4% agarose gels (BMA, Rockland Maine, USA) and visualized under UV 
illumination. If primers specifically designed for methylated DNA amplified a specific PCR 
product, tumor sample was interpreted as containing hypermethylated alleles of BRCA1.  
 

2.4. Preparation of the xenograft and cell line (IV) 
 
Two tumor fragments (each measuring 2x2 mm) were obtained from the axillary node 
metastasis of a breast cancer patient carrying a germ-line BRCA1 mutation 1806C→T 
(Gln563Stop). The obtained tumor fragments were placed subcutaneously in 
immunodeficient Balb/c nude mice (nu/nu). Specimens of the axillary metastasis 
(approximately 1 mm in diameter) obtained from primary surgery were also placed in 
culture dishes, but all primary cultures failed. However, cultures using tumor tissue from 
the xenograft generation 6 were successful and gave rise to an immortal cell line. The 
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culture medium used consisted of RPMI 1640 media with 10 mM Hepes, fetal bovine 
serum (10%), glucose (4.5 gr/L), pyruvic acid (0.11 gr/L) and antibiotics (penicillin and 
streptomycin) (incubation at 37 ºC in an atmosphere of 5% CO2 in air). In order to test 
tumor formation of the cell line, approximately 2 million cells have been injected 
subcutaneously in nude mice.  
 

2.5. Cytogenetic analyses of the xenograft and cell line (IV) 
 
The xenograft-derived cultured cells were harvested (trypsinized) after exposure to 
colcemid for 4 hours, followed by a hypotonic shock in 0.05 M KCl, and fixation in 
methanol/acetic acid (3:1). G-banding of chromosomes was obtained with Wright�s stain. 
The clonality criteria and karyotype description followed the recommendations of 
International System for Human Genetic Nomenclature (ISCN). Spectral karyotyping 
(SKY) was done according to manufacturer�s instructions (SKY kit, Applied Spectral 
Imaging, Israel). Comparative genomic hybridization (CGH) was performed as previously 
described (Rennstam et al. 2001). In brief, genomic DNA was isolated from the primary 
tumor, the xenograft generation 6 and the cell line and labeled with FITC-dUTP (DuPont, 
Boston, MA). Normal control DNA was labeled with Texas Red-dUTP (DuPont) using 
nick translation. Labeled DNAs with unlabelled Cot-1 DNA (Life Technologies, Inc., 
Gaithersburg, MD) were hybridized together to normal metaphase chromosomes. The 
hybridizations were evaluated using a digital image analysis system as previously described 
(Kallioniemi et al. 1994). Green to red (tumor to normal) fluorescence ratio profiles were 
calculated for each chromosome from p-telomere to q-telomere to determine the copy 
number changes. 
 

2.6. Histopathological, tumor biological and mutation analyses (III, IV) 
 
In study III, histopathology and hormone receptor status of sporadic breast cancer tumors 
were determined using standard protocols (Helin et al. 1989).  
In study IV, the two primary tumors from both breasts of the BRCA1-patient, as well as the 
xenograft, were examined using standard histopathological techniques and the WHO 
histopathologic classification. Immunohistochemical stainings were performed using 
commercially available antibodies to the estrogen receptor (ER; clone 1D5 (Dako)), 
progesterone receptor (PgR; clone hPRa2+hPRa3 (Neomarkers)), ERBB2 oncoprotein 
(clone NCL-B11 (Novocastra)), TP53 (clone DO-7 (Novocastra)), Ki67 (clone MM-1 
(Novocastra)), epidermal growth factor receptor (EGFR; clone EGFR.113 (Novocastra)) 
and keratin 8 (5D3 (Novocastra)) (IV). DNA flow cytometry was carried out as previously 
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described (Johannsson et al. 1997) (III, IV). Direct sequencing was used to verify the 
mutation status of the BRCA1 gene in xenograft and cell line (IV). Direct sequencing was 
also used to investigate the entire coding region of the p53 gene in the primary tumor, 
xenograft and cell line (IV). 
 

2.7. Expression of BRCA1 (III, IV) 
 
2.7.1. RNA extraction and cDNA synthesis (III, IV) 
 
Total RNA from xenograft, control HBL-100 breast cancer cell line and primary sporadic 
breast cancer tumors was isolated using Sigma GenElute Mammalian Total RNA Kit 
(Sigma-Genosys, UK) according to the manufacturer�s instructions (as an exception in 
study IV, see page 42). An aliquot of 3 µg total RNA was used for the first-strand cDNA 
synthesis with Superscript II reverse transcriptase and random hexamer primer according to 
the manufacturer�s instructions (Invitrogen, Life Technologies, USA). Parallel cDNA 
synthesis reactions with no added reverse transcriptase were performed.  
 
 
2.7.2. Qualitative RT-PCR (IV) 
 
Xenograft sample was analyzed for the mRNA expression of the BRCA1 gene. BRCA1 has 
several commonly expressed splice variants (Lu et al. 1996), and the expression of all these 
variants as well as the full-length BRCA1 mRNA was studied. The following primers were 
used for the PCR amplification of BRCA1 cDNA in xenograft and HBL-100 cell line: 5�-
ACAAAGCAGCGGATACAACC-3� (Primer 1, sense primer in exon 8), 5�-
ACATGGCTCCACATGCAAG-3� (Primer 2, antisense primer in exon 11), 5�-
GCAGTCTTCAGAGACGCTTG-3� (Primer 3, antisense in exon 12) and 5�-
GGATGAAATCAGTTTGGATTCTG-3� (Primer 4, sense primer in exon 10). Primers 1 
and 2 were designed to amplify 324 and 200 bp products corresponding to the full length 
and delta9,10 BRCA1 mRNAs, respectively. Primers 1 and 3 were designed to amplify 339 
and 215 bp products corresponding to the delta11b and delta9,10,11b BRCA1 mRNAs, 
respectively. Primers 3 and 4 were designed to amplify a product of 199 bp, which 
corresponds to the delta11b BRCA1 mRNA (Figure 6). The primers used were modified 
from the previously described primers designed to amplify the full length BRCA1 and its 
common splice variants (Orban and Olah 2001).  
 
The PCR mixture (25 µl) contained 0.3 µg of cDNA template, 10 mM Tris-HCl (pH 8.8 at 
25°C), 1.5 mM MgCl2, 50 mM KCl and 0.1 % Triton® X-100, 0.2 mM of dNTPs, 0.1 µM 
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of sense and antisense primer and 2 units of Dynazyme Taq polymerase (Finnzymes, 
Helsinki, Finland). The PCR reactions were carried out in PTC-100 Programmable Thermal 
Controller (Peltier-Effect Cycling, MJ Research, Inc.). The PCR reaction consisted of 3 min 
at 95°C, followed by 29 cycles of 1 min at 94°C, 40 sec at 56°C, 1 min at 72°C and finally 
followed by one cycle for 5 min at 72°C. The PCR products were analyzed on 1.5% 
agarose gels. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Schematic presentation of the BRCA1 cDNA primers and reactions designed to amplify 
full-length BRCA1 and its common splice variants (IV).  
 

Primer 1

Primer 2

Primer 1
Primer 2

8 9 11b11a10 12 13 14 15

8 11b11a 12 13 14 15

Reaction 1:

⇒ Amplified product corresponds to the full- length
BRCA1(324bp)

⇒ Amplified product corresponds to the delta9,10 splice
variant BRCA1 (200bp)

Cryptic 
splice site

Cryptic 
splice site

Primer 1

Primer 2

Primer 1
Primer 2

8 9 11b11a10 12 13 14 15

8 11b11a 12 13 14 15

8 9 11b11a10 12 13 14 15

8 11b11a 12 13 14 15

Reaction 1:

⇒ Amplified product corresponds to the full- length
BRCA1(324bp)

⇒ Amplified product corresponds to the delta9,10 splice
variant BRCA1 (200bp)

Cryptic 
splice site

Cryptic 
splice site

8 11a 12 13 14 15

Primer 1

Primer 3

Cryptic 
splice site

8 9 11a10 12 13 14 15

Primer 1

Primer 3

Cryptic 
splice site

⇒ Amplified product corresponds to the delta11b
splice variant (339bp)

⇒ Amplified product corresponds to the delta9,10, 11b
splice variant (215bp)

Reaction 2:

8 9 11a10 12 13 14 15

Primer 
4

Primer 3

Cryptic 
splice site

Reaction 3:

⇒ This reaction was specifically designed to amplify
the delta11b splice variant (199bp)

8 11a 12 13 14 15

Primer 1

Primer 3

Cryptic 
splice site

8 9 11a10 12 13 14 15

Primer 1

Primer 3

Cryptic 
splice site

8 9 11a10 12 13 14 15

Primer 1

Primer 3

Cryptic 
splice site

⇒ Amplified product corresponds to the delta11b
splice variant (339bp)

⇒ Amplified product corresponds to the delta9,10, 11b
splice variant (215bp)

Reaction 2:

8 9 11a10 12 13 14 15

Primer 
4

Primer 3

Cryptic 
splice site

Reaction 3:

⇒ This reaction was specifically designed to amplify
the delta11b splice variant (199bp)
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2.7.3. Quantitative real-time RT-PCR (III) 
 
Expression levels of BRCA1 mRNA were studied in primary sporadic breast cancers. One 
of the common splice variants of BRCA1 is BRCA1-delta11b, which lacks most of the 
large central exon 11 and thus nuclear localization sequences and many protein-protein 
interaction sites (Lu et al. 1996, Wilson et al. 1997). The expression levels of both forms 
were studied in sporadic breast cancers and thus, primers were designed for both full-length 
BRCA1 (mRNA with intact exon 11) and BRCA1-delta11b splice variant. In order to avoid 
amplification of genomic DNA, primers were designed to amplify several exons or to cover 
exon-exon boundaries. Samples of the first strand cDNA synthesis without adding reverse 
transcriptase and samples with no template were used as negative PCR controls. In order to 
prepare the standard curve for the real-time RT-PCR analyses, RNA from the breast cancer 
cell line HBL-100 was extracted, reverse-transcribed and used in serial dilutions 
corresponding to the cDNA transcribed from 750, 150, 30, 6 and 1,2 ng of the total RNA.  
 
Since the expression of BRCA1 gene is known to be cell cycle dependent (Chen et al. 
1996), we used the similarly cell cycle dependent Cyclin B1 mRNA (Hwang et al. 1995) to 
adjust for the variation in the tumor proliferation rate. Cyclin B1 was preferred instead of 
the housekeeping gene TATA-box binding protein (TBP) as the reference, since the former 
could be used to adjust both for the differences in the sample RNA concentration and 
differences in the tumor proliferation rate. The primer and probe sequences are shown in 
Table 6. For the two different BRCA1 isoforms (full length, i.e. with intact exon 11, and 
delta11b splice variant), the exonic location of the primers is indicated in parentheses after 
the primer sequences in Table 6, and the schematic presentation of the reactions is shown in 
Figure 7.  
 
Table 6. The real-time RT-PCR primer and probe sequences for the BRCA1, BRCA1-
delta11b and Cyclin B1 genes.  The location of the BRCA1 primers within the BRCA1 gene 
sequence (the number of exon) is shown in parenthesis (III). 
 

Gene Primer sequences (5�→3�) Hybridization probe sequences  
(5�→3�) 

BRCA1  
full length 
 
 
BRCA1-
delta11b 
 
Cyclin B1 

TTGCAGTGTGGGAGATCAAG (exon 9, 10 
boundary) 
TGTTCTCATGCTGTAATGAGC (exon 11b) 
 
GGATGAAATCAGTTTGGATTCTG (exon 10) 
GCAGTCTTCAGAGACGCTTG (exon 12) 
 
AGGCCAAAATGCCTATGAAGA 
GGGCTTGGAGAGGCAGTAT 

GTTGATGATGTTCAGTATTTGTTACATCCGTC-
Fluorescein 
Red705-CAGAAAATTCACAAGCAGCCTTTTTTG 
 
CACTCTCACACCCAGATGCTGCTTC-Fluorescein 
Red640-CCCTGATACTTTTCTGGATGCCTCTCA 
 
GTGTCTGAGCCAGTGCCAGAGCC-Fluorescein 
Red640-AACCTGAGCCAGAACCTGAGCCTG 
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Figure 7. The structure of the detected BRCA1 mRNAs and the location of the cDNA primers used 
to amplify them. The primers are shown by arrows. The hybridization probes used to detect the 
variants in the real-time quantitative RT-PCR assay are shown as boxes (grey and open) (III). 
 
 
The quantitative real-time RT-PCR reactions were performed with the Light Cycler 
(Wittwer et al. 1997) using the LC-FastStart DNA Hybridization Probes Kit (Roche 
Diagnostics, Mannheim, Germany). Thermocycling for each reaction was done in a final 
volume of 20 µl containing 4 µl of cDNA sample (diluted 1:4 from the original first-strand 
synthesis reaction) or standard, 2.5 mM MgCl2, 0.5 µM of each primer, 0.2 µM of 
fluorescein probe and 0.4 µM of LC Red 640- or 705-labelled probes and finally 1X ready-
to-use reaction mix containing Taq DNA polymerase, reaction buffer, and deoxynucleotide 
triphosphate mix. After 10 minutes of initial denaturation at 95°C, the cycling conditions of 
45 cycles consisted of denaturation at 95°C for 10 sec, annealing for 5 sec at 55°C (BRCA1 
delta11b-isoform), 56°C (full-length BRCA1) and 58°C (Cyclin B1), and elongation at 72°C 
for 9 sec (Cyclin B1 and BRCA1 delta11b-isoform) and for 12 sec (full-length BRCA1).  
 
The Light Cycler measured the fluorescence of each sample in every cycle at the end of the 
annealing step. After proportional background adjustment, the fit point method was used to 
determine the cycle in which the log-linear signal was distinguished from the background, 
and that cycle number was used as the crossing point value. The software produced the 
standard curve by measuring the crossing point of each standard and plotting them against 
the logarithmic values of concentrations. 
 
 

8 9 10 12 15141311a Full length 
BRCA1

BRCA1-delta11b8 9 10 12 15141311a

Cryptic
splice site

11b8 9 10 12 15141311a Full length 
BRCA1

BRCA1-delta11b8 9 10 12 15141311a

Cryptic
splice site

11b
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2.7.4. Immunoprecipitation and western blotting (IV) 
 
The xenograft was studied for BRCA1 protein expression. In order to collect both 
cytoplasmic and nuclear protein lysates, 50-100 mg of freshly frozen xenograft tumor 
sample was treated with 250-500 µl of ice cold lysis buffer containing0.25M NaCl, 0.1% 
NP40, 50mM Hepes, and 5mM EDTA with freshly added cocktail of protease inhibitors 
(10mM dithiothreitol, 1 µg/ml aprotinin, 1 µg/ml leupeptin, 0.2 mM phenylmethylsulfonyl 
fluoride). Xenograft sample was homogenized with tissue homogeniser at maximum speed 
three times for 5 sec. HBL-100 cells were treated with identical ice-cold lysis buffer with 
protease inhibitors as described above. Both samples were then incubated on ice for 30 min, 
passed through 21G needle and cleared from insoluble cellular debris by centrifugation. 
Protein concentrations were measured using the BIO-RAD DC Protein Assay (BIO-RAD 
Laboratories, USA) and lysates were stored at -70°C. 
 
Five hundred µg of xenograft and HBL-100 protein lysates were immunoprecipitated with 
both 10 µg of Hybritech BR1S060.2 C-terminal BRCA1 antibody (Hybritech Inc., USA) 
and 6 µg of MS110 N-terminal BRCA1 antibody (Oncogene Research Products). The 
following day, 20 µl of Protein G PLUS-Agarose (Santa Cruz) was added for overnight 
incubation at 4°C. Then immunoprecipitates were collected by centrifugation and washed 
with lysis buffer, re-suspended in 30 µl of 2X SDS loading buffer, run on a 5.5-6.5% SDS-
polyacrylamide gel and transferred to nitrocellulose membrane (BIO-RAD Laboratories, 
USA). The immunoblot was blocked in 4% dry milk in Tris-buffered saline (TBS), 0.1% 
Tween (TBST). The membrane was immunoblotted with primary antibody BRCA1 MS110 
(Oncogene Research Products). The blot was washed in 4% milk in TBST and incubated 
with HRP-conjugated secondary anti-mouse antibody (Calbiochem, USA). The blot was 
developed by SuperSignal West Pico Chemiluminescent Substrate (Pierce, USA). 
 

2.8. Gene expression profiling by cDNA microarrays (IV) 
 
Total RNA was extracted from frozen primary tumor, axillary node metastasis, tissues of 
different xenograft generations and cells using Trizol (InVitrogen) followed by RNeasy 
(Qiagen). A common human RNA control (Stratagene) was used for all hybridizations. For 
each hybridization 25 µg sample RNA and 25 µg common control RNA was used to 
generate aminoallyl-modified cDNA and differentially labeled by coupling Cy3 or Cy5 
molecules to the cDNA according to the manufacturers recommendations (CyScribe Post-
Labeling Kit, Amersham Pharmacia Biotech). A hybridization solution was prepared by 
combining labeled cDNA, 20 µl Cot-1 DNA (1mg/ml), 3 µl Poly dA40-60 (4 mg/ml), 1.5 µl 
yeast tRNA (4 mg/ml), dried down in a speed-vac and resuspended in 130 µl DIG-Easy 



MATERIALS AND METHODS 
 

 43 

(Roche)/1% BSA (Sigma). The hybridization solution was added to a prehybridized (1% 
BSA), microarray slide, incubated at 42°C for 17 h and washed with wash 1 (2XSSC, 0.1% 
SDS), wash 2 (1XSSC), wash 3 (0.1XSSC) and subsequently dried by centrifugation using 
a swing-out rotor.  
 
Arrays were produced using PCR amplified DNA targets from Sequence Verified Human 
cDNA Clones (ResGen, Invitrogen Corporation). PCR products were verified by agarose 
gel electrophoresis and purified using size-exclusion filtration (Millipore). After 
purification, target was recovered in water and adjusted to 50% DMSO. Target DNA was 
printed on amino-silane coated glass slides (UltraGAPS, Corning) using a MicroGrid2 
equipped with MicroSpot10K pins (BioRobotics). After hybridization and washing, arrays 
were scanned (Agilent DNA Microarray Scanner, Agilent Technologies), images were 
analyzed (Genepix Pro 3.0, Axon Instruments) and Cy3 and Cy5 intensities corrected for 
background were calculated using median feature and median local background intensities. 
Within array normalization was done using an implementation of the intensity-dependent 
normalization based on a lowest fit as previously described (Yang et al. 2002) and provided 
in the BioArray Software Environment (BASE) (Saal et al. 2002). Subsequent filter steps 
were performed within BASE to select for probes designated to individual UniGene 
clusters (http://www.ncbi.nlm.nih.gov/UniGene/), with a minimum intensity in both 
channels and presence in all hybridizations so that data from 3295 probes remained.  
 

2.9. Statistical analyses (I-IV) 
 
In study I, the association of BRCA1 or BRCA2 deletion with AI at respective loci was 
analyzed using Fisher�s Exact Test. In study II, the association of concomitant loss of 
BRCA1 and BRCA2 with hereditary form of breast cancer was studied using Pearson χ2 test. 
In study III, the association of BRCA1 gene copy number status or promoter 
hypermethylation with BRCA1 expression was studied using t-test. Multiple linear 
regression analysis was used to study the relation of co-variates to BRCA1 mRNA 
expression levels. Expression variables with grossly asymmetric distribution were log 
transformed before statistical analyzes. The association of BRCA1 deletion with ErbB2 
gene copy number status, BRCA1 promoter hypermethylation or clinico-pathological 
characteristics was analyzed using Fisher�s Exact Test. In study IV, Pearson correlation 
coefficients were calculated for comparison of gene expression profiles in the primary 
tumor, its axillary lymph node metastasis, different xenograft generations and the cell line.
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Results 
 

1. Allelic imbalance and gene copy number changes (I, II) 
 
Allelic imbalance and actual gene copy number changes of the BRCA1/2 genes were 
studied in hereditary and sporadic breast cancers. This aimed at gaining new information on 
somatic inactivation mechanisms of BRCA1/2 in these two types of breast cancer. 
 

1.1. Hereditary breast tumors (I, II) 
 
1.1.1. BRCA1 tumors (I, II) 
 
Fifteen breast cancers from germ-line BRCA1 mutation carriers were analyzed for allelic 
imbalance at the BRCA1 locus. According to defined criteria (L< 0.75 or L >1.33), AI was 
found in 12 of the 15 tumors, whereas three tumors showed the ratio of alleles (L) between 
0.77 - 0.83. These tumors showed abundant (>50%) non-malignant lymphocyte infiltrate in 
the sample and they were classified as having possible AI.  
 
Seventeen breast cancers from germ-line BRCA1 mutation carriers were analyzed for the 
BRCA1 gene copy number by FISH. Both absolute and relative copy numbers (= copy 
number relative to chromosome 17 centromere) were determined. Eight tumors (8/17; 
47.1%) showed deletions of the BRCA1 gene with varying number of BRCA1 gene copies. 
All these tumors showed allelic imbalance at the BRCA1 locus. Two tumors showed a loss 
of an entire copy of chromosome 17, as indicated by single copies of BRCA1 and 
chromosome 17 centromere (2/17; 11.8%). Four tumors (4/17; 23.5%) did not reveal any 
change in the relative BRCA1 gene copy number, although they all showed allelic 
imbalance. Unexpectedly, three tumors (3/17; 17.6%) showed a copy number gain of the 
BRCA1 gene. Taken together, all but two tumors showing AI or tendency for AI had 
multiple (2 to 4) copies of the BRCA1 gene.  
 
Constitutive DNA was obtained from a relative (also 2594delC germ-line mutation carrier) 
to one patient. The genotype analysis revealed that the shared smaller (mutant) BRCA1 
allele was retained in excess in the tumor sample. Thus, combined data from genotyping 
and FISH showed that this tumor contained a multiplied mutant BRCA1 allele. Examples of 
both AI and FISH analyses of BRCA1 gene in BRCA1 tumors are shown in Figure 8. 
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Figure 8. Examples of BRCA1 gene copy number changes (upper panels) by FISH and concomitant 
AI at BRCA1 (bottom panels) by capillary electrophoresis in breast tumors from germ-line BRCA1 
mutation carriers. Microsatellite markers used in AI analyses are shown below the panels of 
fragment analyses. Microsatellite analysis of relative blood DNA (homozygous for the marker used) 
shows that mutant allele is duplicated in tumor tissue. The mutant BRCA1 allele is shown by an 
arrow (last panel). T = tumor, N = reference DNA (blood), R = DNA from a relative with a germ-
line mutation, red fluorescent probe = BRCA1 gene, green fluorescent probe = chromosome 17 
centromere (I).  
 
 
Thirteen BRCA1 tumors were available for the analysis of AI at BRCA2 and eleven of these 
tumors were informative. AI at BRCA2 was found in 8 of the 11 (73%) informative BRCA1 
cases. All of the BRCA1 tumors were also analyzed for BRCA2 gene copy number by 
FISH. Three tumors showed a clear physical interstitial deletion of the BRCA2 gene when 
BRCA2 signals were compared to the reference gene (ETB gene at 13q22). If the overall 
ploidy level (= DNA index by flow cytometry) was used as a BRCA2 copy number 
reference, six additional tumors showed a loss of BRCA2. This suggests a large deletion at 
13q comprising both ETB and BRCA2 genes. Thus, loss of the BRCA2 gene by FISH was 
present in 53% (9/17) of the BRCA1 tumors. All but one of the informative BRCA1 tumors 
showing change in the relative BRCA2 gene copy number showed also AI at BRCA2. Seven 
out of 17 (41%) of the BRCA1 tumors did not reveal any relative BRCA2 copy number 
change, although two of them showed AI of BRCA2. One tumor (1/17; 6%) showed a copy 
number gain of the BRCA2 gene but this tumor was not available for AI analysis. The 
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detailed AI and FISH analyses of both BRCA1/2 genes in BRCA1 tumors are summarized 
in table 7.  
 
Table 7. AI and FISH analyses in BRCA1-mutation tumors (I, II). 
Tumor BRCA1 

mutation 
AI at  

BRCA1 
Interpretation of the BRCA1 

gene copy number status 
(chr 17 cen:BRCA1 signals) 

AI at  
BRCA2 

Interpretation of the BRCA2 
gene copy number status by 

FISH (compared to both 
DNA-index and ETB)  
(ETB:BRCA2 signals) 

Ca 14510 
Ca 11394 
Ca 08822 
Ca 08571 
Ca 10581 
Ca 12 224 
Ca 13996 
Ca 09252 
Ca 12421 
Ca 14970 
Ca 10360 
Ca 14007 
Ca 14090 
Ca 11808 
Ca 13812 
Ca 13714 
Ca 10697 

300T→G 
1177G→A 
1201del11 
1806C→T 
1806C→T 
1806C→T 
1806C→T 
2594delC   
2594delC 
2594delC 
3172ins5 
3172ins5 
3172ins5 
3829delT 
4808C→G 
5328insC 
Linkage+ 

Yes 
NA 
Yes 
Yes  
Yes  
Yes 
Yes  
Yes  
NA 
Yes  
Yes 
Yes  
Yes  
Yes  
Yes  
Yes 
Yes 

No relative change (3:3 or 4:4) 
No relative change (2:2) 
No relative change (3:3 or 2:2) 
BRCA1 deletion (4:3 or 4:2) 
BRCA1 deletion (3:2) 
BRCA1 deletion (3:2) 
Monosomy of chr 17 (1:1) 
BRCA1 deletion (3:2) 
BRCA1 deletion (4:2) 
Gain of BRCA1 (1:2) 
BRCA1 deletion (3:2) 
BRCA1 deletion (4:2) 
Monosomy of chr 17 (1:1) 
Gain of BRCA1 (1:2) 
No relative change (3:3) 
BRCA1 deletion (4:3) 
Gain of BRCA1 (3:4) 

Yes  
NA 
NA 
No 
NI 
Yes 
Yes 
Yes  
NA 
Yes 
Yes 
Yes 
No 
Yes 
NI 
No 
NA  

Large 13q deletion (2:2, 3:3) 
No relative change (2:2, 3:3) 
No relative change (3:3) 
No relative change (3:3) 
BRCA2 deletion (4:2) 
Large deletion at 13q (3:3) 
No relative change (2:2) 
BRCA2 deletion (3:2) 
Gain of BRCA2 (3:4) 
No relative change (2:2) 
Large deletion at 13q (2:2) 
BRCA2 deletion (3:2) 
No relative change (2:2) 
Monosomy of 13q (1:1) 
Large deletion at 13q (2:2) 
Large deletion at 13q (3:3) 
No relative change (3:3)  

(NA = not available, NI = not informative, chr 17 cen= chromosome 17 centromere)  

 
 
1.1.2. BRCA2 tumors (I, II) 
 
Five of six BRCA2 tumors (83%) showed AI at the BRCA2 locus. Eight breast cancers 
from germ-line BRCA2 mutation carriers were analyzed by FISH. Five tumors (5/8; 62.5%) 
showed a physical deletion of the BRCA2 gene, when the copy numbers were compared to 
that of the ETB gene (located at 13q22). When the overall ploidy level (= DNA index by 
flow cytometry) was used as a copy number reference, two of the remaining three tumors 
showed a copy number imbalance suggesting that both BRCA2 and ETB had been deleted. 
One tumor did not show BRCA2 copy number change by FISH compared to ETB or tumor 
ploidy, although it showed AI. Genotype analysis of the family member showed retained 
mutated BRCA2 allele (2024del5) in this tumor. Examples of both AI and FISH analyses of 
BRCA2 gene in BRCA2 tumors are shown in Figure 9. 
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Figure 9. Examples of BRCA2 gene copy number changes (upper panels) by FISH and concomitant 
AI at BRCA2 (bottom panels) by capillary electrophoresis in breast tumors from germ-line BRCA2 
mutation carriers. Microsatellite markers used in AI analyses are shown below. Microsatellite 
analysis of relative blood DNA (homozygous for the marker used) shows that mutant allele is 
present at multiple copies in tumor tissue. The mutant BRCA2 allele is shown by an arrow (last 
panel). T = tumor, N = reference DNA (blood), R = DNA from a relative with a germ-line mutation, 
red fluorescent probe = BRCA2 gene, green fluorescent probe = ETB gene probe (I). 
 
 
 
Five of the available six BRCA2 tumors (83%) showed AI at the BRCA1 locus. All of the 
BRCA2 tumors were also analyzed for the BRCA1 gene copy number changes by FISH. 
Four BRCA2 tumors (4/8; 50%) showed physical deletion of the BRCA1 gene. All the 
informative cases with deletion of BRCA1 showed AI at BRCA1. Four of eight (50%) 
tumors revealed no relative BRCA1 copy number change, yet two of these cases showed AI 
of BRCA1. AI and FISH analyses of both BRCA1/2 genes in BRCA2 tumors are 
summarized in Table 8. 
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Table 8. AI and FISH analyses in BRCA2-mutation tumors (I, II). 

Tumor BRCA2 
 mutation 

AI at  
BRCA2 

Interpretation of the BRCA2 gene 
copy number status 
(compared to both  

DNA-index and ETB) 
(ETB:BRCA2 signals) 

AI at  
BRCA1 

Interpretation of the 
BRCA1 gene copy number  

(chr 17 cen:BRCA2 
signals) 

Ca 11900 
Ca 14486 
Ca 11787 
Ca 13816 
Ca 10588 
Ca 11721 
Ca 07936 
Ca 11506 

2024del5 
2024del5 
3058A→T 
3058A→T 
4486delG 
5445del5 
6293C→G 
6293C→G 

Yes 
Yes 
Yes  
Yes 
NA 
NA 
No 
Yes  

No relative change (4:4) 
BRCA2 deletion (2:1) 
BRCA2 deletion (3:2) 
Large deletion at 13q (1:1) 
BRCA2 deletion (2:1) 
BRCA2 deletion (2:1) 
BRCA2 deletion (2:1 or 3:2) 
Large deletion at 13q (2:2 or 3:3) 

Yes  
Yes  
Yes  
Yes  
NA 
NA 
Yes  
No 

BRCA1 deletion (5:2) 
BRCA1 deletion (4:2) 
No relative change (4:4) 
Monosomy of chr 17 (1:1) 
BRCA1 deletion (2:1) 
No relative change (3:3) 
No relative change (2:2) 
No relative change (2:2) 

(NA=not available, NI=not informative, chr 17 cen= chromosome 17 centromere)  

 
 
 

1.2. Sporadic breast tumors (I) 
 
Eleven sporadic breast cancers were analyzed for the BRCA1 gene copy number and AI at 
the BRCA1 locus (I). AI was detected in eight tumors (8/11, 73%), and a physical deletion 
of the BRCA1 gene in six of these. This means that two tumors showed AI but no change in 
the BRCA1 gene copy number by FISH.  Ten sporadic breast cancers were examined for the 
BRCA2 gene copy number and AI at the BRCA2 locus (I). AI at the BRCA2 locus was 
found in seven tumors (7/10, 70%). A physical deletion of the BRCA2 gene was identified 
in five tumors by FISH (5/10, 50%) and in one additional tumor when overall ploidy level 
was used as a reference indicating a large 13q deletion. Similar to the BRCA1 results, all the 
cases that showed deletion of the BRCA2 gene by FISH showed AI at the BRCA2 locus. 
One case with AI showed no relative change in the BRCA2 gene copy number by FISH 
(when one case with large deletion at 13q is included in the analysis). Statistically, physical 
deletion of BRCA1 or BRCA2 correlated with AI at BRCA1/2 loci, respectively (Fisher�s 
Exact Test, p=0.061 and p=0.033, respectively). The AI and FISH analyses of the BRCA1/2 
genes in sporadic breast cancers are shown in Table 9.  
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Table 9. AI and FISH analyses in sporadic breast tumors (I). 

Case 
number 

AI at 
BRCA1 

Interpretation of the BRCA1 
gene copy number  
(chr 17 cen:BRCA2 signals) 

Case 
number 

AI at 
BRCA2 

Interpretation of the BRCA2 gene 
copy number status, compared to 
both DNA-index and ETB 
(ETB:BRCA2 signals) 

6422 
6755 
6762 
6591 
6930 
6686 
6697 
6797 
6947 
6991 
7015 

No 
No 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes  

No relative change (2:2) 
No relative change (2:2) 
No relative change (2:2) 
No relative change (2:2) 
No relative change (4:4) 
BRCA1 deletion (4:2) 
BRCA1 deletion (4:2) 
BRCA1 deletion (4:2) 
BRCA1 deletion (4:2) 
BRCA1 deletion (4:2) 
BRCA1 deletion (4:3) 

7105 
7118 
7119 
7356 
8661 
7071 
7685 
8663 
9021 
11310 

No 
No 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

No relative change (2:2) 
No relative change (2:2) 
No relative change (3:3) 
No relative change (2:2) 
Large deletion at 13q (3:3) 
BRCA2 deletion (4:3) 
BRCA2 deletion (2:1) 
BRCA2 deletion (2:1 or 3:2) 
BRCA2 deletion (4:2 or 4:3) 
BRCA2 deletion (4:2) 

(chr 17 cen = chromosome 17 centromere) 
 
 

2. Concomitant loss of the BRCA1/2 genes (II) 
 
Concomitant loss of BRCA1/2 was studied in hereditary and sporadic breast cancers. 
Fourteen primary sporadic breast cancers were analyzed for both BRCA1 and BRCA2 gene 
copy number changes by FISH. Deletion of both BRCA1/2 genes was detected by FISH in 
four sporadic tumor samples (4/14, 29%). Taken together both hereditary BRCA1/2 tumors, 
combined AI at both BRCA1/2 loci was detected in twelve out of seventeen hereditary cases 
(71%). The difference in concomitant loss of the BRCA1/2 genes between hereditary and 
sporadic breast cancer tumors was statistically significant (Pearson χ2, p=0.02). 
 

3. BRCA1 deletions, promoter hypermethylation and expression in 
sporadic breast cancers (III) 
 
The possible involvement of BRCA1 in the pathogenesis of sporadic breast cancer was 
analyzed by studying the frequency of somatic re-arrangements (physical deletions) and 
promoter hypermethylation of the BRCA1 gene in a set of primary sporadic breast cancers. 
The impact of both genetic and epigenetic alterations on BRCA1 expression status was also 
evaluated.  
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3.1. BRCA1 deletions (III) 
 
Twenty-seven of sixty tumors analyzed (45%) showed physical deletion of the BRCA1 
gene. Deletion was mostly present as a copy number ratio of 4:2 (four copies of 17 
centromere: 2 copies of BRCA1; Figure 10A), but also as 2:1 (diploid tumors with one 
BRCA1 gene copy) and as 1:1 (monosomy of chromosome 17). Thirty-three tumors (55%) 
didn�t show any relative BRCA1 gene copy number change (=equal number of BRCA1 and 
chromosome 17 centromere signals; Figure 10B). There was a statistically significant 
association between BRCA1 deletion and ErbB2 oncogene amplification (Fisher�s Exact 
Test, p= 0.001) and BRCA1 deletion and tumor aneuploidy (Fisher�s Exact Test, p=0.037), 
but BRCA1 deletion did not associate with histological grade, lymph node status or 
hormone receptor staining. 
 
 
 
 
 
 
 
 
 
 
Figure 10. Two-color FISH analysis of BRCA1 (red fluorescent signals) and chromosome 17 
centromere (green fluorescent signals) in sporadic breast cancers. Tumor nuclei were counterstained 
with DAPI (blue). Physical deletions of the BRCA1 gene (=loss of BRCA1) were mostly detected by 
FISH as 4:2 BRCA1 deletions (panel A). An example of a sporadic breast cancer with no relative 
BRCA1 gene copy number change (= equal number of BRCA1 and chromosome 17 centromere 
signals) is shown in panel B (III).  
 
The relative expression levels of full-length BRCA1 mRNA were studied in 56 sporadic 
breast cancers. The median expression levels of full-length BRCA1 mRNA in tumors with 
BRCA1 deletion were one third of that in tumors with no BRCA1 deletion (4.5 vs. 13.5, 
p<0.0001). Expression levels of full-length BRCA1 mRNA were similar in tumors with 
BRCA1 deletion regardless of the absolute BRCA1 gene copy number (two alleles vs. one 
allele; p=0.994). The relative expression levels of BRCA1-delta11b splice variant mRNA 
were also analyzed. The expression levels of BRCA1-delta11b mRNA correlated strongly 
with full-length BRCA1 mRNA levels (Pearson r=0.89). BRCA1 deletions and low levels 
of BRCA1-delta11b mRNA showed also a significant association (p=0.003). 
 

A BA B
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3.2. BRCA1 promoter hypermethylation (III) 
 
Promoter hypermethylation of the BRCA1 gene was studied in 53 tumors by methylation-
specific PCR. Six out of 53 tumors (11%) showed BRCA1 promoter hypermethylation. 
BRCA1 promoter hypermethylation was not associated with BRCA1 deletion (Fisher�s 
Exact Test, p=0.668) or with other clinico-pathological variables. The median expression 
levels of full-length BRCA1 mRNA in tumors with BRCA1 promoter hypermethylation 
were six times lower than in tumors without hypermethylation (1.2 vs. 7.3, p=0.005). Low 
expression levels of BRCA1-delta11b mRNA also associated with BRCA1 promoter 
hypermethylation (p=0.017).  
 

3.3. Regression model of full-length BRCA1 mRNA expression (III) 
 
A statistical multivariate analysis was performed to study whether BRCA1 deletion status 
has an independent effect on BRCA1 mRNA expression. In a multiple regression analysis, 
decreased levels of BRCA1 expression showed strongest association with BRCA1 deletion 
(p<0.0001), followed by negative PgR status (p=0.020) and BRCA1 promoter 
hypermethylation (p=0.041). The variation in BRCA1 expression was not dependent on 
histological grade or ER status. R square value was 0.46 indicating that this regression 
model explains ca. 45% of the total variation in expression levels of BRCA1 mRNA.  
 

4. Preparation of the xenograft and cell line (IV) 
 
Experimental mouse xenograft (L56Br-X1) and cell line (L56Br-C1) models derived from 
breast cancer tumor of a patient with germ-line BRCA1 mutation were established and 
characterized. These model systems were established in order to obtain tools for future 
purposes of studying BRCA1 function and therapeutical aspects of BRCA1 tumors. 
 
A serially transplantable subcutaneous mouse xenograft, designated L56Br-X1, was 
established from a breast cancer lymph node metastasis of the patient with BRCA1 germ-
line mutation 1806C→T (Gln563Stop). After seven xenograft generations eight to nine 
tumors started to grow successfully when xenograft tumor samples were inoculated 
subcutaneously in ten mice. The mean tumor-doubling rate was 13 days in xenograft 
generation eleven. No macroscopically detectable metastases have been found in any 
xenograft mice so far. A breast cancer cell line, designated L56Br-C1, was established from 
tumor tissue derived from xenograft generation 6. The cells grow as an adherent monolayer 
to confluence, with a population doubling time of approximately 27 hours during 
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exponential growth phase. The cell line displayed a constant rate of cell death (detached 
and floating cells) with about 4% of the cells found in the pre-G1 region as determined by 
DNA flow cytometry (Hegardt et al. 2002). The L56Br-C1 cells have undergone several 
passages and show continuous growth, even after recovery from cryo-preservation. L56Br-
C1 shows a malignant-like irregular growth pattern in 3D gels, which is in line with the 
histopathology seen in L56Br-X1 xenograft. Injection of L56-BR-C1 cells subcutaneously 
in nude mice leads to formation of new xenograft tumors.  
 

4.1. Analysis of the BRCA1 gene status (IV) 
 
The presence of a germ-line mutation in exon 11 of BRCA1, 1806C→T (Gln563Stop), was 
verified in blood cells from the patient and was shown to be retained in a hemizygous state 
in the primary tumor tissue as well as in the L56Br-X1 xenograft and L56Br-C1 cell line. 
The mutation is a known Swedish founder mutation (Johannsson et al. 1996) that has also 
been found elsewhere in Europe and North America. FISH analysis with probes to BRCA1 
and chromosome 17 centromere showed a single copy of each, indicating monosomy of 
chromosome 17 in the L56Br-X1 xenograft and, thus, a loss of the wild-type BRCA1 allele. 
 

4.2. Karyotype analysis (IV) 
 
Cytogenetic analysis of the L56Br-C1 cell line revealed a complex karyotype with 
numerous marker chromosomes. The chromosome number varied between 63-66. With 
spectral karyotyping (SKY) a complete karyotype was generated leaving no marker 
chromosomes of unknown origin. The L56Br-C1 cell line and L56Br-X1 xenograft 
revealed similar patterns of aberrations by CGH analysis as the primary tumor. Thus, the 
CGH aberrations have remained stable during the establishment of the L56Br-X1 xenograft 
and L56Br-C1 cell line.  
 

4.3. Histopathology and tumor biological characteristics (IV) 
 
Histological examination of the primary cancer, the lymph node metastasis and L56Br-X1 
xenograft tumors revealed a poorly differentiated adenocarcinoma with no ductal 
differentiation. The growth pattern was characterized by pushing border type of tumor 
margins and small foci of necrosis at the tumor center. No significant change has occurred 
with regard to histopathological features during the evolution of the L56Br-X1 xenograft 
thus far. The primary cancer, L56Br-X1 xenograft and L56Br-C1 cell line contain 
multinucleated cells. The L56Br-C1 cell line has the appearance of small to medium sized 
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epitheloid cells with variations in nuclear size similar to the primary tumor. No cytoplasmic 
vacuoles, such as those described for the BRCA1 mutated cell line HCC1937 (Tomlinson et 
al. 1998) were noted. 
 
Immunostaining of the primary tumor and the L56Br-X1 xenograft revealed no differences, 
either between the primary tumor and the xenograft, or between different xenograft 
generations (generations 4, 6 and 9). The primary tumor and the different L56Br-X1 
xenograft generations were immunohistochemically negative for ER, PgR, ERBB2, and 
EGFR with 0% positive cells. The L56Br-X1 xenograft was also negative for keratin 8 
immunoreactivity. The proliferation antigen Ki67 and TP53 were strongly positive with 60-
70% and 90-100% positive cells, respectively. Sequence analysis of p53 in the primary 
tumor revealed a somatic nucleotide substitution (G →T) in exon 6 at position 644, which 
gives rise to a missense mutation, Ser215Ile. This mutation was present also in the L56Br-
X1 xenograft and L56Br-C1 cell line. DNA flow cytometry of the primary tumor and the 
lymph node metastasis revealed a hypodiploid tumor with a DNA index of 0.85. This DNA 
index remained stable throughout the establishment of the L56Br-X1 xenograft. FISH 
analyses of BRCA1 (17q21) and p53 (17p13) and chromosome 17 centromere in the L56Br-
X1 xenograft revealed the presence of a single copy of each, indicating monosomy of 
chromosome 17. No relative gene copy number change was noticed regarding BRCA2 by 
FISH. Flow cytometric analysis of the L56Br-C1 cell line revealed it to be aneuploid with a 
DNA index of 1.75, indicating that it has developed by polyploidization of L56Br-X1. 
 

4.4. Expression analyses of the xenograft and cell line (IV) 
 
4.4.1. Expression of BRCA1 mRNA and BRCA1 protein (IV) 
 
The L56Br-X1 xenograft expressed the full length mutant BRCA1 mRNA, as well as the 
variants delta9,10, delta9,10,11b and delta11b. The mRNA expression of the L56Br-X1 
xenograft was similar to HBL-100 cell line (a control with wild-type BRCA1). No PCR 
products were obtained in any of the negative PCR controls (reverse transcriptase negative 
and mouse cDNA samples). 
 
Whereas HBL-100 control cells expressed a BRCA1 protein of 220 kDa (corresponding to 
the full length BRCA1 protein (Chen et al. 1996)), detected by immunoprecipitation and 
western blotting both with antibodies to N- and C-terminal parts of the BRCA1 protein, no 
BRCA1 proteins were detected in the L56Br-X1 xenograft. No protein products at 100-110 
kDa, corresponding to the variant lacking most of exon 11 (including 1806C→T), were 
observed, either in L56Br-X1 xenograft or in control HBL-100 cells. Moreover, no 



RESULTS 

 54 

evidence of truncated protein products was detected with the N-terminal MS110 BRCA1 
antibody in the L56Br-X1 xenograft. 
 
4.4.2. Gene expression profiling (IV) 
 
Microarray analysis was performed to study gene expression profiles in the primary tumor, 
lymph node metastasis, L56Br-X1 xenograft and L56Br-C1 cell line. Similarity of gene 
expression profiles was assessed by calculating Pearson correlation coefficients between 
data sets of intensity ratios. Highest correlation was observed between the primary tumor, 
the lymph node metastasis and an early generation of the xenograft (generation 4). Slightly 
lower correlation was observed when the primary and lymph node tumors were compared 
to a later generation xenograft (generation 22). The L56Br-C1 cell line showed similar 
correlation to either L56Br-X1 xenograft generations or the lymph node metastasis but 
slightly less correlation to the primary tumor. In addition, a cluster analysis of expression 
profiles showed close relationship of the L56Br-C1 cell line and L56Br-X1 xenograft to the 
parental tumor samples. 
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Discussion 

1. Mechanisms for allelic imbalance (I, II) 
 
According to the classical two-hit paradigm (Knudson 1971), cancer predisposing gene loci 
(later named as TS gene loci) are considered to undergo genetic re-arrangements resulting 
in AI or LOH. In hereditary forms of cancer, germ-line mutations and subsequent physical 
deletions of the wild-type alleles are suggested to represent these genetic re-arrangements, 
while in sporadic cancers physical deletions are suggested to associate with somatic 
mutations. The event or series of events leading to AI or LOH can, however, result from 
several other mechanisms than physical deletion, such as mitotic recombination, non-
disjunctional chromosomal loss with or without reduplication, and gene conversion 
(reviewed in Levine 1993). While previous studies have almost invariably shown LOH at 
BRCA1/2 loci in breast tumors from germ-line mutation carriers (Smith et al. 1992, 
Neuhausen and Marshall 1994, Collins et al. 1995) and frequently in sporadic breast tumors 
(Phelan et al. 1998, Rio et al. 1998), less is known about the mechanisms behind AI or 
LOH at BRCA1/2. The relationship between AI and actual gene copy numbers of BRCA1 
and BRCA2 by FISH was studied in a set of hereditary breast cancers derived from both 
germ-line BRCA1 and BRCA2 mutation carriers. All the informative tumors with germ-line 
BRCA1 mutation and all but one tumor with BRCA2 mutation showed AI at the 
corresponding loci, which is in concordance with previous studies (Smith et al. 1992, 
Collins et al. 1995) and favors the role of BRCA1/2 as TS genes.  
 
The analysis of gene copy numbers revealed that simple physical deletions do not seem to 
be the predominant mechanisms resulting in AI at BRCA1/2. The FISH analyses indicated a 
copy number reduction to a single BRCA1/2 gene copy in 2/17 (12%) BRCA1 and 4/8 
(50%) BRCA2 tumors. Thus, copy number patterns of higher complexity seem to be a 
common phenomenon, especially in BRCA1 tumors. Reductions in relative BRCA1/2 gene 
copy number (gene copy number compared to reference; also defined as physical deletions) 
were detected in 8/17 BRCA1 tumors (47%) and 3/8 BRCA2 tumors (38%), respectively. 
In these cases, multiple (2 or 3) copies of BRCA1/2 genes were detected. It has been 
reported that breast cancer tumor aneuploidization occurs mainly via reduplication, and 
involves intact as well as partly deleted and otherwise re-arranged chromosomal regions 
(reviewed in Devilee and Cornelisse 1994, Rennstam et al. 2001). Thus, the copy number 
ratios detected (reference / BRCA1 or BRCA2 = 4:2, 3:2, 4:3) suggest that specific physical 
deletions occur first at BRCA1/2 loci, which is then followed by polyploidization (ploidy 
shift of the whole tumor genome) resulting in duplication of the remaining mutant allele. 
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Furthermore, possibly other genetic re-arrangements follow polyploidization resulting in 
4:3 or 3:2 copy number ratios.  
 
Interesting findings were made in 4/17 (24%) BRCA1 and in 1/8 (12,5%) BRCA2 tumors, 
which showed AI without relative gene copy number changes. The absolute gene copy 
number of BRCA1 and BRCA2 was 2-4 in all of these tumors. Additionally, three BRCA1 
tumors showed even a copy number gain of BRCA1 (2 and 4 copies of the gene). 
Microsatellite and segregation analyses were carried out in one BRCA1 and one BRCA2 
tumor and they confirmed that multiple BRCA1/2 alleles were mutant. One could speculate 
that late-occurring somatic aberrations, like chromosome arm duplication or gene 
amplification nearby could lead to secondary multiplication of mutant BRCA1 or BRCA2. It 
has been reported, however, that the ERBB2 oncogene, located nearby BRCA1 at 17q12-
q21, is almost never amplified in hereditary BRCA1 tumors (Johannsson et al. 1997). The 
presence of microdeletions could be involved in the inactivation of the BRCA1/2 genes in 
cases, which showed equal number of test and reference probes. This possibility could have 
been completely ruled out only by genomic sequencing, which was not performed in this 
study and can be regarded as a limitation.  
 
The results of our study suggest that wild-type BRCA1 and BRCA2 alleles can be 
inactivated not only by physical deletions, but also by alternative mechanisms, since AI can 
be detected without any reduction (absolute or relative) in the gene copy number (reviewed 
in Meuth 1990, Stanbridge 1990, and Levine 1993). These alternative mechanisms leading 
to AI seem to be common in breast tumors especially from BRCA1 mutation carriers and at 
least present in BRCA2 tumors. Studies on other tumor types and TS genes have shown 
that mitotic recombination can often be involved in TS gene inactivation. Recombinational 
events have been associated with RB1 inactivation in retinoblastoma (Cavenee et al. 1983) 
and with both p53 and RB1 in sporadic breast cancer tumors (Murthy et al. 2002). Mouse 
studies on Bloom syndrome have shown that globally increased rate of LOH resulting from 
mitotic recombination constitutes the mechanism leading to tumor susceptibility in these 
mice (Luo et al. 2000). Interestingly, BRCA1 and BLM have been reported to interact 
suggesting functions in same pathways (Wang et al. 2000b). It cannot be ruled out, 
however, whether BRCA1/2 breast tumors show signs of recombinational or non-
disjunctional events at BRCA1/2 loci simply due to global chromosomal instability, which 
has been associated with loss of BRCA1/2 function per se. However, if the chromosomal 
instability is emphasized as the primary cause of alternative mechanisms leading to AI or 
LOH detected in our study, one might not expect hereditary BRCA1 tumors to show such a 
specific tumor phenotype that has been previously reported (Johannsson et al. 1997, Loman 
et al. 1998).  



DISCUSSION 

 57 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Possible mechanisms leading to AI at BRCA1/2 loci in breast tumors from BRCA1 
mutation carriers. Two parental chromosomes are presented as white or grey boxes and germ-line 
mutation is presented by a solid black line. Next to the boxes representing chromosomes, a 
schematic presentation of the appearance of a FISH interphase nucleus is shown. The copy number 
ratios are indicated in parenthesis (reference:BRCA1 signal). Solid black dot signal corresponds to 
reference probe and open dot signal corresponds to gene-specific (target) probe (BRCA1 or 
BRCA2). ND = non-disjunction, RD = reduplication, MR = mitotic recombination, GC = gene 
conversion, PD = physical deletion. 
 
In comparison to sporadic breast tumors, the complex pattern of genetic re-arrangements 
leading to AI seem to be a specific feature of hereditary breast cancer tumors, at least in the 
case of BRCA1 mutation carriers. The comparison of BRCA2 tumors to sporadic tumors is 
in turn hampered by small sample size. However, it can be concluded from the findings 
regarding sporadic breast tumors that AI and physical deletions correlated well. BRCA1/2 
deletions were mostly of 4:2 or 3:2 copy number ratios indicating that physical deletion has 
occurred before reduplication of the tumor genome. These findings suggest that sporadic 
breast tumors are also quite instable at genomic level (frequent polyploidization) similar to 
hereditary tumors, but yet sporadic cancers show physical deletion as the predominant 
mechanism for AI at BRCA1/2 loci. Taken together, these findings suggest that at least in 
BRCA1 tumors, the mechanisms leading to AI at both BRCA1/2 loci are varied and more 
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complex (such as non-disjunction, recombination) compared to sporadic cancers (mainly 
physical deletion). Thus, these results could reflect the inactivation of different and specific 
pathways, such as recombinational DNA repair pathways, in different forms of breast 
cancer. The method used in this study, however, does not enable the distinction between 
non-disjunction and recombination events. This could have been accomplished by the use 
of more distal microsatellite markers in the analyses of BRCA1 tumors.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Predominant mechanisms leading to AI at BRCA1/2 loci in sporadic breast tumors. Two 
parental chromosomes are presented as white or grey boxes. Next to the boxes representing 
chromosomes a schematic presentation of the appearance of a FISH interphase nucleus is shown. 
The copy number ratios are also indicated in parenthesis (reference:BRCA1/2 signal). Solid black 
dot signal corresponds to reference probe and open dot signal corresponds to gene-specific (target) 
probe at either BRCA1 or BRCA2 locus. ND = non-disjunction, RD = reduplication, PD = physical 
deletion.  
 

2. Multiple mutant copies of the BRCA1/2 genes (I) 
 
Interestingly, multiple mutant BRCA1/2 copies were detected in many BRCA1 tumors and 
in some BRCA2 tumors. Based on this, it can be suggested that some mutant BRCA1 and 
BRCA2 alleles may have oncogenic potential. Dominant negative mutant TS alleles could 
promote oncogenesis by blocking the function of the remaining wild-type TS alleles, for 
example by formation of non-functional hetero-oligomers or interfering with protein-
protein interactions, which could explain the selection for mutant allele multiplication. All 
but one of the BRCA1 and BRCA2 mutants analyzed in our study give rise to a premature 
stop codon in the transcript and thus to truncated protein products that are thought to be 
non-functional due to loss of essential domains involved in transcriptional regulation, DNA 
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repair or nuclear localization (reviewed in Zheng et al. 2000a). Furthermore, it has been 
suggested that cells preferably produce only the full-length proteins and destroy mRNA 
molecules containing premature stop codons by nonsense-mediated mRNA decay 
(reviewed in Byers 2002) suggesting that multiple copies of mutant BRCA1/2 would not 
necessarily be reflected in expression levels at all. Most of the samples analyzed in our 
study contained BRCA1 mutations in the central exon 11, which is spliced out in BRCA1-
delta11b mRNA variant present in many tissues (Lu et al. 1996, Wilson et al. 1997). It 
could be hypothesized that these tumors with truncating mutation in exon 11 could undergo 
nonsense mediated mRNA exon skipping (Mazoyer et al. 1998, Liu et al. 2001) and 
multiple copy numbers could then be reflected in an increase in variant mRNA. This seems 
unlikely, since it was recently reported that lymphoblastoid cell lines derived from BRCA1 
mutation carriers showed degradation of most BRCA1 mRNAs containing premature 
termination codons (Perrin-Vidoz et al. 2002). However, in vitro studies have shown that 
ectopic expression of truncated or mutated full-length BRCA1 genes inhibited the function 
of wild-type BRCA1 (Fan et al. 2001b). Murine studies have also shown that ectopically 
expressed BRCA1-delta11b and truncated mutant BRCA1 proteins have dominant negative 
effects (Bachelier et al. 2002). These reports could indicate that if nonsense-mediated 
mRNA decay could be escaped and truncated proteins translated, they might have an active 
role in tumor progression. It should be noted that both BRCA1/2 genes encode large 
proteins with several discrete functional domains, and BRCA1/2 proteins participate in 
multi-factorial complexes and signaling pathways, and the presence of stable truncated 
forms could cause interference with complex formation or function. In fact, a BRCA1 null 
cell line, HCC1937, has been reported to express truncated BRCA1 protein (Chen et al. 
1998b), but our analyses of BRCA1 null xenograft could not reveal the presence of 
truncated proteins (IV).  
 
Gain-of-function mutations have been described for other TS genes, such as p53 (Blandino 
et al. 1999), but mutations described have been mostly of missense type (reviewed in Sigal 
and Rotter 2000). One of the analyzed tumors contained missense BRCA1 mutation 
(Cys61Gly), which gives rise to a full-length protein with a single amino acid substitution 
in the N-terminal RING domain (Wu et al. 1996). This particular tumor exhibited multiple 
copies of the mutant allele, but no relative copy number changes possibly suggesting a 
dominant negative role of this BRCA1 mutant in tumorigenesis. Two-hybrid and co-
immunoprecipitation studies have shown that Cys61Gly mutants fail to form BRCA1-
BARD1 complex (Wu et al. 1996), but in vitro characterization showed only local 
disturbances not affecting the complex formation (Brzovic et al. 2001). In conclusion, the 
presence of multiple copies of mutant BRCA1/2 alleles in hereditary tumors may indicate an 
active role for mutant BRCA1/2 in tumor development. Nevertheless, more samples and 
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BRCA1/2 expression levels should be analyzed in hereditary tumors in order to specify the 
significance of the genetic re-arrangements detected in this study.  
 

3. Concomitant loss of BRCA1 and BRCA2 (II) 
 
Only a few studies have addressed the question of combined loss of the BRCA1/2 genes in 
hereditary breast cancer tumors. It has been reported that in sporadic breast cancer tumors 
combined LOH of BRCA1 and BRCA2 occurs at lower frequency than in hereditary 
BRCA1-linked breast tumors (Kelsell et al. 1996, Silva et al. 1999). In sporadic cancers, 
LOH/AI has been reported to occur frequently at either BRCA1 or BRCA2 locus (Hamann 
et al. 1996, van den Berg et al. 1996, Niederacher et al. 1997, Phelan et al. 1998). However, 
it is not totally clear whether AI only at a single BRCA1/2 locus is prognostically 
significant in sporadic breast tumors (Beckmann et al. 1996, van den Berg et al. 1996, 
Bieche et al. 1997, Silva et al. 1999), but combined LOH at BRCA1/2 loci has been 
significantly associated with an aggressive tumor phenotype (Silva et al. 1999).  
 
The combined loss of both BRCA1/2 genes was studied in hereditary BRCA1 and BRCA2 
breast tumors and sporadic breast tumors by AI analysis and FISH. Combined AI at both 
BRCA1/2 loci was frequent in hereditary tumors (73% in BRCA1 tumors, 67% in BRCA2 
tumors). Physical deletions were detected less frequently, since AI resulted from other 
mechanisms besides deletions (I). When comparing hereditary tumors (both BRCA1 and 
BRCA2 tumors) to sporadic ones, the frequent combined loss of the BRCA1/2 genes 
seemed to be related to hereditary form of breast cancer. Loss of both BRCA1/2 genes was 
studied only by FISH in sporadic tumors, but we have shown that in these tumors AI and 
FISH results correlate well (I). However, one can speculate that the difference in methods 
could interfere with the interpretation of the results especially when the sample sizes were 
small. This fact must be taken into consideration when analyzing the results, which, 
however, were concordant with previously reported data that showed combined LOH at 
BRCA1/2 loci in 32% (Silva et al. 1999) of sporadic tumors (our FISH results showed 
combined deletions in 29%).  
 
It cannot be distinguished whether specifically BRCA1/2 loci undergo inactivation or is the 
rate of AI increased at other loci as well in hereditary tumors. AI at other loci would have to 
be analyzed in order to determine the specificity of our findings. One could speculate that 
the observed difference between sporadic and hereditary tumors is due to chromosomal 
instability of BRCA1/2-mutation tumors. Nevertheless, our results raise the hypothetical 
question of why some breast tumors are selected for loss of both BRCA1/2 genes. If both 
genes are involved in recombinational repair of DNA damage, one would expect that defect 
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in either gene would be sufficient for tumor formation. Recently, it was reported that three 
distinct breast cancer tumors derived from a double heterozygote patient (germ-line 
mutations in both BRCA1 and BRCA2 genes) showed biallelic inactivation of either BRCA1 
or BRCA2, but not both, suggesting functional equivalency of the BRCA1/2 genes (Bell et 
al. 2002). However, it has been suggested that BRCA1/2 genes function in distinct 
pathways, at least in DNA damage response (reviewed in Venkitaraman 2002). BRCA2 
may have a specific, direct role in double strand break repair by homologous recombination 
with RAD51, while BRCA1 may act more globally in sensing and signaling the DNA 
damage response. Anyway, in the light of these distinct roles of the BRCA1/2 genes, their 
concomitant loss would be expected to be even more harmful. 
 

4. Haplo-insufficiency of BRCA1 in sporadic breast cancer (III) 
  
The central concept of Knudson�s model in relation to TS gene inactivation is that loss of 
TS gene is recessive, i.e. both alleles need to be inactivated before tumor formation can 
occur. How are individuals carrying germ-line TS gene mutations, such as BRCA1 
mutations, then predisposed to cancer? Because these individuals already have one 
mutation (inherited germ-line mutation) in all their cells, predisposition is thought to result 
from the increased probability to acquire two mutations in a single cell. The intermediate 
step (from mutation of a single allele to clonal tumor expansion) could also be explained by 
selective advantage conferred by loss of one TS allele. In fact, some TS genes have been 
reported to show haplo-insufficiency for tumor suppression (Fero et al. 1998, Inoue et al. 
2001, Yan et al. 2002). Inactivation of TS genes by epigenetic silencing can also extend the 
prevailing paradigm of TS genes (reviewed in Jones and Laird 1999). However, in respect 
to BRCA1 gene in hereditary breast cancer, Knudson�s theory seems to be relevant since 
tumors from germ-line BRCA1 mutation carriers invariably exhibit loss of the wild-type 
allele. Since somatic BRCA1 mutations have not been found (Futreal et al. 1994) but 
instead somatic re-arrangements and decreased expression have been frequently reported 
(Thompson et al. 1995, Niederacher et al. 1997, Phelan et al. 1998, Rio et al. 1998, Silva et 
al. 1999, Wilson et al. 1999), the haplo-insufficiency hypothesis (reviewed in Cook and 
McCaw 2000) could be relevant for the BRCA1 gene in sporadic breast cancer. Due to the 
abundance of repetitive sequences, BRCA1 gene has been suggested to frequently undergo 
somatic re-arrangements, such as deletions, in breast epithelial cells especially during rapid 
proliferation in puberty (reviewed in Welcsh and King 2001). The haplo-insufficiency 
hypothesis suggests that inactivation of one allele (e.g. by deletion) could result in overall 
decrease in BRCA1 mRNA and function, which in turn could increase the risk of additional 
cancer promoting mutations, especially under conditions of cellular stress induced by 
estrogen-mediated stimuli (reviewed in Welcsh and King 2001). Based on the haplo-
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insufficiency hypothesis and our previous findings regarding BRCA1 deletions (I), we 
studied the relationship of BRCA1 deletions and gene expression in sporadic breast cancers 
in order to determine whether reduction in gene copy number affects mRNA levels or are 
the remaining BRCA1 allele(s) sufficient for maintaining the expression. The impact of 
promoter hypermethylation on BRCA1 expression was also studied. 
 
BRCA1 deletion was detected in almost half of the tumors studied, which is in concordance 
with previous data reporting LOH at BRCA1 in approximately 50% of breast tumors (Sorlie 
et al. 1998, Silva et al. 1999, Hanby et al. 2000). BRCA1 deletions associated with 
amplification of the ErbB2 oncogene and aneuploidy, which are markers of aggressive 
breast cancer. Previous studies have also associated loss of BRCA1 with high histological 
grade and hormone receptor negativity, both recognized as markers of aggressive tumor 
phenotype (Beckmann et al. 1996, Rio et al. 1998). An association between high ErbB2 and 
low BRCA1 expression has been previously reported (Yoshikawa et al. 1999), and, based 
on our findings, it may be due to genetic re-arrangements of both genes. A statistically 
highly significant association between BRCA1 deletion (loss of gene copies) and low levels 
of full-length BRCA1 mRNA was found. Our results are in line with studies using 
conventional RT-PCR (Ozcelik et al. 1998, Sourvinos and Spandidos 1998), which, have 
shown an association between LOH and decreased expression. However, conventional RT-
PCR strategy can be compromised by problems of quantification. We used real-time 
quantitative RT-PCR, which allows quantification of the amount of mRNA based on 
determining the PCR cycle during which the reaction enters the exponential phase.  
 
BRCA1 deletions were mostly present in gene copy ratio 4:2 (four copies of chromosome 
17 centromere and two copies of BRCA1), and less frequently of ratio 2:1 (two copies of 
chromosome 17 and one copy of BRCA1). No gene-dosage effect was seen, since tumors 
with 2:1 or 1:1 deletion of the BRCA1 gene showed similar levels of full-length BRCA1 
mRNA when compared to tumors with BRCA1 deletion of copy number ratio 4:2. Thus, the 
relative allelic loss as such seems to be more important than the absolute copy number in 
the regulation of BRCA1 expression. This may indicate that physical deletion as such 
determines the low level of expression and reduplication of the genome does not have any 
additional effect. 
 
Promoter hypermethylation was detected in only a small subset of tumors, as also reported 
by others (Catteau et al. 1999, Esteller et al. 2000). As previously shown (Magdinier et al. 
1998, Rice et al. 1998, Catteau et al. 1999, Rice et al. 2000), BRCA1 promoter 
hypermethylation was statistically significantly associated with low expression of full-
length BRCA1 mRNA. Thus, in a relatively small proportion of sporadic breast cancer 
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tumors epigenetic silencing (promoter hypermethylation) is likely to play a role in the 
regulation of BRCA1 expression. BRCA1 deletions and promoter hypermethylation were 
not related indicating these two mechanisms to be rather independent of each other. 
However, three tumors showed both BRCA1 deletion and promoter hypermethylation and 
they had significantly lower levels of full-length BRCA1 mRNA expression than tumors 
with either hypermethylation or deletion alone.  
 
In multiple regression analysis, BRCA1 deletion was the strongest determinant of low 
BRCA1 expression, followed by negative PgR status and promoter hypermethylation. 
Thus, the association of genetic and epigenetic mechanisms with down-regulation of full-
length BRCA1 expression was independent of each other. Thus, these findings support the 
haplo-insufficiency hypothesis of BRCA1 gene in sporadic breast cancer. The association of 
decreased BRCA1 expression with negative PgR status was revealed only in the regression 
model but not when individually tested, and could theoretically reflect the impact of a 
regulatory pathway.  
 
The multiple regression model including BRCA1 deletion, promoter hypermethylation and 
PgR status as significant factors explained ca. 45% of the total variation in BRCA1 mRNA 
expression. Therefore it seems likely that many other currently unknown mechanisms 
regulate the transcription of the BRCA1 gene in sporadic breast cancer. BRCA1 expression 
may be down-regulated by a loss of proteins that positively regulate its expression or by an 
increase in negative regulatory proteins (reviewed in Welcsh and King 2001). Several of 
these regulatory proteins or cellular factors have been reported, such as dominant negative 
transcriptional regulator Id4 (Beger et al. 2001), Rb-E2F pathway (Wang et al. 2000a), the 
Brn-3b POU family transcription factor (Budhram-Mahadeo et al. 1999) and the GA 
binding protein α/β (Atlas et al. 2000). Alternatively, BRCA1 expression may be 
inactivated in sporadic breast cancer by failure of post-translational phosphorylation events 
or by post-translational modifications in general (reviewed in Welcsh and King 2001). A 
detailed analysis of BRCA1 regulating proteins in sporadic breast cancer tumors could 
provide a rational line for future studies.  
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Figure 13. In the absence of somatic mutations, the suggested involvement of BRCA1 in sporadic 
breast cancer due to decrease in gene expression through various possible mechanisms. 
 
 
With quantitative real-time RT-PCR strategy, it was possible to detect BRCA1 splice 
variants. We quantified the expression of BRCA1-delta11b splice variant mRNA (in which 
almost all of large exon 11 is spliced out), which is commonly expressed in normal tissues 
(Lu et al. 1996, Wilson et al. 1997) but its significance has remained somewhat unclear. 
Interestingly, BRCA1-delta11b lacks many important functional domains of BRCA1, such 
as the interaction site for DNA repair complex MRE11/RAD50/Nbs1 (Wang et al. 2000b) 
and for Importin α, which takes part in BRCA1 nuclear transport (Chen et al. 1996). Based 
on the literature on BRCA1-delta11b and our previous study (I), which showed multiple 
copies of mutant BRCA1 alleles in tumors with germ-line BRCA1 mutation in exon 11, a 
working hypothesis was that BRCA1-delta11b expression could be up-regulated or there 
could be an inverse correlation between the expression levels of full-length and delta11b 
mRNA. However, the expression of BRCA1-delta11b was significantly lower in tumors 
with BRCA1 deletion, and the expression levels of full-length mRNA (i.e. with intact exon 
11) and delta11b variant were strongly correlated suggesting co-expression, which has been 
also previously reported (Wilson et al. 1997). It has been recently shown that BRCA1 N-
terminal RING-domain also mediates BRCA1 nuclear localization by providing the binding 
site for BARD1, which, in turn, acts as chaperone for BRCA1 nuclear entry (Fabbro et al. 
2002). In fact, BRCA1-delta11b has been reported to localize both to nucleus and 
cytoplasm (Wilson et al. 1997, Chai et al. 1999, Huber et al. 2001, Fabbro et al. 2002). 
Thus, even in the absence of NLS, BRCA1-delta11b can enter the cell nucleus and form 
DNA damage-inducible foci almost identical to full-length BRCA1 (Huber et al. 2001, 
Fabbro et al. 2002). The strong correlation between full-length and delta-11b isoforms 
suggests that both forms might be functionally important in sporadic breast cancer, and 
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haplo-insufficiency applies for them both. On the other hand, the co-expression of full-
length and delta11b mRNA may just as well suggest that alternative splicing of delta11b 
may not be under active regulation but merely reflecting the expression levels of the full-
length form or that the regulation of BRCA1-delta11b may take place at translational level.  
 

5. Characterization of BRCA1 null xenograft and cell line (IV) 
 
We have established a breast cancer xenograft and cell line derived from a breast cancer 
axillary node metastasis of a BRCA1 germ-line mutation carrier. The cells are hemizygous 
for BRCA1 having only the mutant allele present due to monosomy of chromosome 17. The 
germ-line BRCA1 mutation (1806C→T) leads to a premature stop codon and termination of 
translation at amino acid 563, prior to the nuclear localization sequences and the proposed 
interaction site for MRE11/RAD50/Nbs1 complex, as well as the BRCT and transactivation 
domains (reviewed in Venkitaraman 2002). Recently, however, it has been reported that 
BRCA1 N-terminal RING domain also mediates BRCA1 nuclear entry (Fabbro et al. 
2002). Thus, if expressed, the truncated BRCA1 protein might still be nuclear but lose 
some or most of its functions in DNA repair and transactivation. Alternatively, BRCA1 
splice variant (BRCA1-delta11b), lacking most of exon 11 including the truncating 
mutation of the xenograft and cell line (1806C→T), would theoretically, if escaped from 
nonsense-mediated mRNA decay prior to translation, allow expression of a shorter BRCA1 
protein, that retains the N- and C-terminal epitopes recognized by the antibodies used in 
this study. However, despite the expression of full-length BRCA1 and BRCA1-delta11b 
mRNAs, no BRCA1 proteins by immunoprecipitation or western blotting were detected in 
xenograft cells, although the presence of protein products at levels below detection limits 
cannot be excluded. The antibodies used in this study are well-documented and widely used 
in many studies (Wilson et al. 1999) but still they produced unspecific bands suggesting 
that BRCA1 antibodies are still hampered by specificity problems (Wilson et al. 1996). It is 
possible that, if truncated proteins were translated, they would have been too unstable and 
therefore could not have been detected even if mRNAs were discovered. The previously 
defined BRCA1 null cell line, HCC1937 (Tomlinson et al. 1998), actually expresses low 
levels of truncated BRCA1 protein (Chen et al. 1998b), which can, at least in theory, 
interfere with the interpretation of experimental studies introducing ectopic expression of 
the wild-type BRCA1 or mutant forms of BRCA1 in the cell line.  
  
The L56Br-X1 xenograft and L56Br-C1 cell line showed complex karyotypes, aneuploidy 
and many chromosomal changes detected by CGH, which all are typical for BRCA1 
mutation induced tumorigenesis (Breast Cancer Linkage Consortium 1997, Johannsson et 
al. 1997, Tirkkonen et al. 1997b). The xenograft was negative for ER, PR, HER-2, and 
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xenograft and cell line were positive for p53 mutation, all of which are hallmarks of 
BRCA1 tumors (Breast Cancer Linkage Consortium 1997). Despite the extensive genetic 
instability, the L56Br-X1 xenograft and L56Br-C1 cell line have retained resemblance to 
parental tumors with regard to the genotype and tumor biological features during their 
establishment and progression. Gene expression profiling data further supported this, since 
different xenograft generations, cell line and the parental tumors (primary and metastasis) 
resembled closest to each other having retained similar expression patterns. Thus, the 
xenograft showed the specific features that associate with BRCA1 mutation tumors. The 
expression data further indicated that the cell line had remained stable during its evolution 
by showing similar expression as parental tumor tissues. 
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Conclusions 
 
AI at BRCA1 and BRCA2 was detected in almost all breast tumors from germ-line BRCA1 
and BRCA2 mutation carriers, respectively. These results are concordant with previously 
reported data and support the role of the BRCA1/2 genes as tumor suppressors. The specific 
aim of our study was to analyze the mechanisms resulting in AI at BRCA1/2 loci both in 
hereditary and sporadic breast cancers. AI at BRCA1/2 loci in hereditary breast tumors from 
germ-line BRCA1 mutation carriers resulted not only from physical deletions but also from 
other mechanisms, such as non-disjunction and somatic recombination, whereas AI at 
BRCA1/2 loci in sporadic tumors resulted predominantly from physical deletions. These 
results suggest that specific pathways, such as recombinational repair, may be defective in 
BRCA1 breast tumors. Multiple mutant copies were detected especially in the case of 
BRCA1 gene in hereditary BRCA1 tumors, which might suggest a dominant negative 
function. Combined loss of BRCA1 and BRCA2 gene copies was more common in 
hereditary than in sporadic breast cancers.  
 
Physical deletion of the BRCA1 gene was frequently detected in sporadic breast tumors and 
it associated independently with decreased expression of both full-length BRCA1 mRNA 
and BRCA1-delta11b splice variant mRNA. This, in turn, suggests that BRCA1 may be 
involved in sporadic breast cancer due to haplo-insufficiency. BRCA1 gene was down-
regulated in sporadic breast cancers also by promoter hypermethylation in a small 
proportion of tumors. Multiple regression analysis indicated that almost half of the 
variation in BRCA1 expression levels in sporadic breast cancer tumors could be explained 
by changes in BRCA1 gene copy number and epigenetic regulation.  
 
Strong correlation between the expression levels of BRCA1 full-length and delta11b splice 
variant mRNA was detected suggesting that these two forms may be actively co-expressed. 
On the other hand this may indicate that BRCA1-delta11b levels are not under active 
regulation and may just reflect the expression levels of full-length BRCA1, or that the 
regulation of BRCA1-delta11b expression may take place at translational level. 
Alternatively, the strong correlation can suggest that both forms (full-length and delta11b) 
may have tumor suppressor functions.  
 
L56Br-X1 xenograft and L56Br-C1 cell line mimic BRCA1-associated breast cancer in 
vivo. They constitute useful experimental model systems for studies on BRCA1 function, as 
well as the pathogenesis and treatment of human breast cancer induced by loss of the 
BRCA1 gene. 
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