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Breast cancer is the most frequently diagnosed cancer and leading cause of cancer 
death among women in the Western world, accounting for 23% of cancer cases 
and 14% of cancer deaths (Jemal et al., 2011). While breast cancer incidence rates 
increased in the past 25 years – at least in part due to intensified screening programs 
- breast cancer death rates have been decreasing due to early detection and 
improved treatment (reviewed in (Jemal et al., 2011)). Breast cancer is nowadays 
seen as a collection of diseases that affect the same organ, but have significantly 
different histopathological features, risk factors, clinical outcome and response to 
systemic therapy.
 Up to 10% of all breast cancer cases may be caused by inheritance of 
mutations in breast cancer susceptibility genes. Identification of those patients 
carrying such a mutation is important for proper genetic counseling, screening 
and prevention strategies. Currently, the therapeutic strategies for women with 
hereditary breast cancer are similar to those for sporadic breast cancer patients. 
Based on hormone receptor status, lymph node involvement and tumor size, 
recommendations are made on intervention strategies. These usually consist of 
surgery in combination with chemotherapy, hormone therapy or radiation. After 
treatment, the prognosis of a breast cancer patient with certain BRCA1/2 mutations 
is identical to that of a sporadic breast cancer patient (Rennert et al., 2007). However, 
the choice of chemotherapy may be particularly important in BRCA1/2 mutation 
carriers, since BRCA-deficient tumors may respond differently to chemotherapy 
due to the roles of BRCA1 and BRCA2 in homologous recombination-mediated DNA 
repair.
 In this general discussion, I describe our current knowledge of BRCA1-
associated breast cancer, thereby highlighting how different functionalities of 
the BRCA1 protein can contribute to tumor suppression, therapy response and 
resistance. Additionally, I discuss the future perspectives for patients with BRCA1-
related breast cancer, focusing on how improved mouse models and clinical trial 
design can contribute to improved treatment strategies.

1. Current knowledge
1.1 BRCA1 in hereditary breast cancer
Almost half of the hereditary breast cancer cases can be explained by germline mutations 
in the BRCA1 and BRCA2 genes. The prevalence of pathogenic BRCA1/2 mutations in the 
general population is estimated to be 1:140 to 1:800 (Whittemore et al., 1997; Risch et al., 
2006). In certain populations, BRCA1/2 founder mutations exist. For example in people 
from Ashkenazi Jew descent, the prevalence of three mutations (185delAG and 5382insC 
in BRCA1 (Figure 1) and 6174T in BRCA2) is 1:40 (Metcalfe et al., 2010). Approximately 90% 
of all BRCA1/2 mutations found in the Ashkenazi Jewish population represents one of these 
three founder mutations (Roa et al., 1996). Individuals with a BRCA1 or BRCA2 mutation 
have a 50-80% lifetime risk of developing breast cancer and 30-50% risk of developing 
ovarian cancer. Apart from breast and ovarian cancer, BRCA1/2 mutation carriers are also 
at risk for other cancers. Especially BRCA2 mutations are associated with an increased risk 
of pancreatic cancer and melanoma (reviewed in (Clark and Domchek, 2011)).
 Over 75% of breast tumors arising in women with a BRCA1 mutation have a 
triple-negative phenotype (Rakha et al., 2008; Reis-Filho and Tutt, 2008), meaning that 
these tumors do not express estrogen receptor (ER), progesterone receptor (PR) or human 
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epidermal growth factor receptor type 2 (HER2). Patients with triple-negative breast 
cancer (TNBC) have a relatively poor outcome compared to other breast cancer subtypes 
and cannot be treated with endocrine therapy or therapies directed against HER2, like 
trastuzumab. Mutations in the TRP53 gene occur at higher frequencies in BRCA1-mutated 
breast and ovarian cancer than in sporadic cases (Crook et al., 1997; Holstege et al., 2009), 
suggesting that P53 inactivation is required for survival of BRCA1-deficient cells.
 Various kinds of BRCA1 mutations have been found throughout the BRCA1 
coding sequence, but the majority of cancer-associated mutations are frameshift or 
nonsense mutations that lead to premature chain termination (Breast Cancer Information 
Core (BIC) Database; http://research.nhgri.nih.gov/bic/). Nonetheless, also a small number 
of BRCA1 missense mutations, including C61G (Figure 1), have been linked to breast and 
ovarian cancer predisposition. While mutations that lead to premature chain termination 
are typically subject to nonsense-mediated mRNA decay (NMD), the two most common 
pathogenic BRCA1 mutations, 185delAG and 5382insC, are not affected by NMD (Perrin-
Vidoz et al., 2002). NMD of mRNA species with chain-terminating mutations in the 5’ 
region may be avoided by translation re-initiation at an alternative start site downstream 
of the premature stop codon (Buisson et al., 2006).

1.2 Other breast cancer predisposing genes
The fact that BRCA1/2 mutations account for only 40% of all familial breast cancer cases 
suggests that there should be other breast cancer susceptibility genes (Ford et al., 1998).  
Intensive genome-wide searches for other high penetrance genes that predispose for 
breast cancer has not yielded any plausible candidates that individually can account for 
the remaining hereditary breast cancer cases. Therefore it is now thought that this gap is 
explained by multiple low to moderate penetrance breast cancer genes (Pharoah et al., 
2008). The identification of BRCA1 and BRCA2 as breast cancer susceptibility genes led to 
the idea that other proteins involved in the DNA damage response could predispose for 
breast cancer. In this way, ATM, CHEK2, PALB2 and BRIP1 could be identified as moderate 
breast cancer susceptibility genes associated with a 2-3 fold increased risk for developing 
breast cancer (reviewed in (Shuen and Foulkes, 2011). In addition, eighteen small 
nucleotide polymorphisms (SNPs) have recently been associated with increased breast 
cancer risk, together accounting for 8% of familial breast cancer cases (Turnbull et al., 
2010).

1.3 BRCA1 in sporadic breast cancer
A role for BRCA1 has not been clearly demonstrated in sporadic breast and ovarian 
cancers, which account for 90% of all cases. BRCA1 mutations appeared to be relatively 
rare in non-familial breast and ovarian cancer cases, even in sporadic TNBC, despite the 
high degree of loss of heterozygosity (LOH) at the BRCA1 locus (reviewed in (Catteau 
and Morris, 2002). Despite the absence of somatic BRCA1 mutations, the BRCA1 pathway 
may still be dysfunctional in nonhereditary basal-like breast cancers (Turner et al., 2007). 
Sporadic breast and ovarian carcinomas often display decreased expression of BRCA1 
(Thompson et al., 1995; Magdinier et al., 1998; Russell et al., 2000). In these cases, BRCA1 
was found to be downregulated by for instance epigenetic silencing (Galizia et al., 2010) 
or transcriptional repression (Baldassarre et al., 2003; Turner et al., 2007). Especially BRCA1 
promoter hypermethylation has been identified as an important mechanism for BRCA1 
inactivation in sporadic breast cancer (Dobrovic and Simpfendorfer, 1997; Esteller et al., 
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2000) and appears to correlate with reduced BRCA1 mRNA and protein (Baldwin et al., 
2000; Rice et al., 2000). Depending on the study, BRCA1 promoter hypermethylation could 
be detected in sporadic breast cancer cases with proportions ranging from 11 to 31% 
(reviewed in (Catteau and Morris, 2002).

1.4 Role of BRCA1 in the DNA damage response
The BRCA1 gene is located on chromosome 17q21 and encodes a large nuclear protein 
of 1863 amino acids (aa) (Miki et al., 1994). The two most conserved regions of the BRCA1 
protein are located at both ends: an N-terminal RING domain and two BRCT repeats at its 
extreme C-terminus (reviewed in (Huen et al., 2010; Moynahan and Jasin, 2010), Figure 
1A). BRCA1 interacts with its partner BRCA1-associated RING domain protein 1 (BARD1) 
through the RING domain and the BRCA1/BARD1 heterodimer has potent E3 ubiquitin 
ligase activity (Wu et al., 1996; Hashizume et al., 2001). The BRCA1 RING domain mediates 
the interaction with the class of UbcH5 E2 ubiquitin-conjugating enzymes leading 
to formation of mono- and polyubiquitination chains (Brzovic et al., 2006; Christensen 
et al., 2007). BRCA1-mediated ubiquitination of multiple substrates is important in 
regulation of several cellular processes, such as cell cycle checkpoint activation, mitotic 
spindle assembly and control of centrosome duplication (reviewed in (Huen et al., 2010; 
Moynahan and Jasin, 2010)).
 The tandem BRCT repeats at the BRCA1 C-terminus are important for recognition 
and binding of phosphorylated proteins, which are mainly involved in the DNA damage 
response (Manke et al., 2003; Rodriguez et al., 2003; Yu et al., 2003). BRCA1 forms at least 
three different protein complexes mediated by its BRCT domains, namely with Abraxas, 
BRCA1-interacting protein C-terminal helicase 1 (BACH1) and CtBP-interacting protein 1 
(CtIP) (reviewed in (Huen et al., 2010), Figure 1A). The first indication for a role of BRCA1 
in HR-mediated repair was the observation that BRCA1 colocalized with the known DNA 
repair protein RAD51 at sites of DNA damage (Scully et al., 1997). The BRCA1-Abraxas 
complex is necessary for the recruitment of BRCA1 to sites of DNA damage (reviewed 
in (Roy et al., 2011)), the BRCA1-BACH1 complex is associated with DNA repair during 
replication (Cantor et al., 2001) and the BRCA1-CtIP complex functions in DNA double-
strand break (DSB) resection (Yu et al., 1998). BRCA1 directly binds to phosphorylated CtIP 
and localizes CtIP to DSBs, which results in resection of DSB ends and formation of single-
stranded DNA (ssDNA) overhangs that form a key trigger for activation of the HR pathway  
(Yu et al., 1998; Chen et al., 2008).
 Next to the tandem BRCT repeats, BRCA1 also contains a SQ/TQ cluster (SCD) 
domain at its C-terminus, which contains approximately ten potential ataxia-telangiectasia 
mutated (ATM) phosphorylation sites (Figure 1A). Phosphorylation of BRCA1 by ATM has 
been reported to be essential for cell cycle checkpoint activation (Cortez et al., 1999; Xu et 
al., 2002). The C-terminus of BRCA1 also contains a coil-coiled domain that associates with 
partner and localizer of BRCA2 (PALB2), which provides the physical link between BRCA1 
and BRCA2 since it also interacts with BRCA2 (Xia et al., 2006). Previously it was reported 
that BRCA1 forms a stable complex with BRCA2 (Chen et al., 1998), which is able to function 
in HR-mediated repair by directly interacting with RAD51 (reviewed in (Holloman, 2011)). 
The interaction between BRCA1 and PALB2 is required to recruit BRCA2 and RAD51 to sites 
of DNA damage (Sy et al., 2009; Zhang et al., 2009a, 2009b). BRCA2 binds directly to RAD51 
and facilitates RAD51 loading on ssDNA (Jensen et al., 2010; Liu et al., 2010; Thorslund et 
al., 2010). The ensuing RAD51-ssDNA nucleoprotein filaments promote homology search 
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Figure 1. Structural organization and interaction partners of wild type and mutant BRCA1 proteins. (A) 
BRCA1 contains two conserved domains at its termini: the RING domain at the N-terminus and tandem BRCT 
repeats at the C-terminus. The RING domain is important for the interaction with BARD1 and the BRCA1/BARD1 
heterodimer confers E3 ubiquitin ligase activity. The BRCT repeats mainly bind proteins involved in the DNA 
damage response (abraxas, BACH1, CtIP). The interaction of BRCA1 with PALB2 and BRCA2 is mediated by 
the coiled coil domain. The SQ/TQ cluster domain (SCD) contains multiple ATM phosphorylation sites. BRCA1 
contains two nuclear localization signals (NLS) in exon 11 and two nuclear export sequences (NES) in the RING 
domain. (B) While the synthetic I26A missense mutation (indicated with star) only disrupts enzymatic activity 
but leaves formation of the BRCA1/BARD1 heterodimer intact, the common C61G missense mutation (indicated 
with star) disrupts both. Although the 185delAG nonsense mutation is described to produce a highly instable 
protein (indicated with dashed lines) of only 39 amino acids (aa), internal translation reinitiation can also lead 
to production of a RING-less protein. The 5382insC nonsense mutation generates a highly instable protein 
(indicated with dashed lines) with a small C-terminal truncation.   

1.5 The potential role of BRCA1 ubiquitin ligase activity in tumor suppression
The E3 ubiquitin ligase activity of BRCA1 has been predicted to be required for its tumor 
suppression function, since certain cancer-associated mutations in the BRCA1 RING 
domain specifically ablate this activity (Hashizume et al., 2001). Ubiquitin ligase activity 
of BRCA1 has also been implicated in heterochromatin-mediated gene silencing (Zhu et 
al., 2011). BRCA1 deficiency in mice resulted in a reduction of condensed DNA regions 
leading to disruption of gene silencing of satellite DNA, possibly through loss of BRCA1-
mediated ubiquitination of histone H2A. Maintenance of heterochromatin integrity and 
gene silencing mediated by BRCA1 could thus be important for its tumor suppressive 
function. While mouse and human BRCA1-deficient tumors do show upregulation of 
satellite repeats and features of genomic instability are observed after ectopic expression 
of satellite transcripts (Zhu et al., 2011), the precise mechanism behind these observations 
is still unclear. Remarkably, there appeared to be no defect in tumor suppression in mice 
that expressed enzymatically inactive BRCA1 (Shakya et al., 2011). These mice expressed 
a mutant BRCA1 protein containing a synthetic missense mutation (I26A) in the RING 
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domain that allows formation of the BRCA1/BARD1 heterodimer, but prevents E3 ubiquitin 
ligase activity (Brzovic et al., 2003; Christensen et al., 2007).
 In contrast, mammary tumor development was accelerated in mice carrying the 
Brca1C61G mutation (Drost et al., 2011). The C61G mutation in the BRCA1 RING domain is one 
of the most frequently reported missense variants linked to the development of human 
breast and ovarian cancer ((Castilla et al., 1994; Friedman et al., 1994), Figure 1). Unlike the 
synthetic I26A mutation, the pathogenic C61G mutation impairs both E3 ubiquitin ligase 
activity and BRCA1/BARD1 heterodimerization (Hashizume et al., 2001; Ruffner et al., 2001; 
Mallery et al., 2002). This suggests that the tumor suppressive function of the BRCA1 RING 
is mediated by the BRCA1/BARD1 heterodimer without involvement of its E3 ubiquitin 
ligase activity. The formation of identical basal-like breast tumors after mammary-specific 
inactivation of Brca1 and/or Bard1 (Shakya et al., 2008) further supports the idea that the 
tumor suppression function of BRCA1 is dependent on the BRCA1/BARD1 heterodimer.

1.6 The potential role of BRCA1 cellular localization in tumor suppression
So what other function of the BRCA1/BARD1 heterodimer, independent of its E3 ubiquitin 
ligase activity, could contribute to the role of BRCA1 as a tumor suppressor? Two of the 
processes that BRCA1 is involved in, namely transcription and DNA repair, exclusively take 
place in the nucleus. However, since BRCA1 is a very large protein of 220 kDa, it can only 
enter the nucleus via active transport across the nuclear membrane. BRCA1 contains two 
nuclear localization signals (NLSs), which are both located in exon 11 ((Thakur et al., 1997), 
Figure 1A). BRCA1 can enter the nucleus both via an NLS-dependent mechanism, which 
involves the classical importin alpha/beta pathway (Chen et al., 1996), as well as via an NLS-
independent mechanism, which requires the BRCA1 RING domain and interaction with 
BARD1 (Fabbro et al., 2002). Also the BRCT domain at the C-terminus of BRCA1 appears to 
play a role in nuclear localization of BRCA1, since a BRCT mutant form of BRCA1 (5382insC) 
expressed in HCC1937 breast cancer cells was not able to form nuclear foci upon DNA 
damage (Scully et al., 1999; Zhong et al., 1999; Rodriguez et al., 2004). The N-terminal 
RING domain and C-terminal BRCT domain of BRCA1 even seem to cooperate in targeting 
BRCA1 to DNA damaged-induced nuclear foci (Au and Henderson, 2005).
 BRCA1 also undergoes receptor-mediated nuclear export accomplished by two 
distinct nuclear export sequences (NESs), which are both located in the BRCA1 RING domain 
((Rodríguez and Henderson, 2000; Thompson et al., 2005), Figure 1A). BARD1 appears to 
be able to mask the N-terminal NES of BRCA1, which retains BRCA1 in the nucleus (Fabbro 
et al., 2002) and thereby prevents induction of apoptosis by cytoplasmic BRCA1 (Fabbro 
et al., 2004). BRCA1-mediated apoptosis might involve caspase 3-dependent cleavage of 
BRCA1 into a 90 kDa fragment, which contains the BRCT domain of BRCA1 and is mainly 
localized in the cytoplasm (Zhan et al., 2002; Dizin et al., 2008). Presumably, only when the 
level of DNA damage is beyond repair, BRCA1 needs to be exported from the nucleus to 
facilitate apoptosis in the cytoplasm.
 Therefore, tight regulation of BRCA1 nuclear import and export is likely to be 
important for maintenance of genomic integrity and tumor suppression. Presumably, 
several pathogenic BRCA1 mutations can have an impact on BRCA1 cellular localization and 
thereby disturb BRCA1 normal function. For example, BRCA1 mutant proteins with a small 
C-terminal truncation, like 5382insC (Figure 1B), show mainly cytoplasmic localization of 
BRCA1, while other mutant proteins exhibit enhanced nuclear staining (Rodriguez et al., 
2004). As a consequence of altered subcellular localization, BRCA1 mutant proteins might 
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also interact with different proteins and acquire unique functions that are beneficial for 
cancer cells. This might explain why loss of the BRCA1 wild type allele in tumors often 
coincides with an increased copy number of the mutant allele (Staff et al., 2000). Possibly 
cellular localization of BRCA1 may even be used as a functional biomarker to predict 
whether a BRCA1-mutated tumor will respond to therapy. Presumably, a tumor with 
mainly cytoplasmic BRCA1 will respond better to DNA-damaging therapy than a tumor 
with BRCA1 predominantly present in the nucleus.   

1.7 Conventional chemotherapeutics in BRCA1-associated breast cancer
Platinum compounds are known to be very effective chemotherapeutic agents in ovarian 
cancer, especially in women with BRCA1/2 mutations. Patients with BRCA1/2-mutated 
ovarian carcinomas display longer recurrence-free survival than sporadic ovarian cancer 
patients, especially after treatment with platinum compounds (Boyd et al., 2000; Ben 
David et al., 2002; Cass et al., 2003; Chetrit et al., 2008). Platinum compounds, such as 
cisplatin and carboplatin, cause intrastrand and interstrand crosslinks (ICLs) which 
covalently link DNA and thereby prevent proper transcription and replication (reviewed in 
(Deans and West, 2011)). ICL repair is a multi-step process, which involves generation of a 
DSB that needs to be repaired by HR. Since BRCA1 is involved in HR-mediated DNA repair, 
BRCA1-deficient cells cannot repair the DNA DSBs, which renders them highly sensitive to 
platinum agents. Unfortunately, platinum compounds have toxic side effects in healthy 
cells, which can lead to nephro-, neuro- and ototoxicity.
 While multiple preclinical studies convincingly showed that especially BRCA1-
mutated breast cancers are highly sensitive to treatment with DNA DSB-inducing agents 
like cisplatin (Bhattacharyya et al., 2000; Rottenberg et al., 2007; Tassone et al., 2009), it 
took a long time before these findings could be confirmed in a clinical setting. The high 
efficacy of traditional drug combinations in the general breast cancer population made 
it difficult to justify novel clinical trials involving these relatively toxic platinum agents. 
Moreover, since clinical trials mainly involve heavily pretreated patients with metastatic 
breast cancer, the observed responses are often rather marginal due to acquired multidrug 
resistance. Consequently, platinum agents are not routinely used in treatment of breast 
cancer nowadays.
 Recently, the first clinical trials have been performed to evaluate the use of 
cisplatin and carboplatin to treat BRCA1-mutated breast cancer. Neoadjuvant use of 
cisplatin appears to result in high rates of complete pathological response in BRCA1 
mutation carriers with breast cancer (Byrski et al., 2009, 2010). BRCA1 mutation carriers 
even seem to respond better to cisplatin compared to triple-negative breast cancer 
patients without a BRCA1 mutation (Silver et al., 2010). Additionally, patients with BRCA1-
like tumors, based on aCGH profile, responded better to adjuvant high-dose platinum-
based versus conventional chemotherapy compared to patients with non-BRCA1-like 
tumors (Vollebergh et al., 2011).

1.8 Synthetic lethality and targeted inhibitors in BRCA1-associated breast cancer
The concept of synthetic lethality involves a functional relationship between two genes 
(reviewed in (Kaelin, 2005)). Cells remain viable when the function of one of these genes is 
compromised, but cell death occurs when both genes are inhibited or lost simultaneously. 
If synthetic lethality exists between a tumor suppressor gene and a second gene, this 
latter gene becomes a potential therapeutic target. Synthetic lethality can provide a wide 
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therapeutic window, since only mutant tumor cells are damaged by a certain treatment, 
while normal cells remain essentially unharmed. The major goal of applying synthetic 
lethality in personalized cancer treatment is to increase therapeutic efficacy, while 
reducing toxic side effects to a minimum.
 Thus far, the only clinical application of synthetic lethality has been the use of 
poly (ADP-ribose) polymerase (PARP) inhibitors in patients with BRCA1/2-mutated cancers 
(Table I). PARP enzymes are involved in base excision repair (BER), which is responsible for 
repair of single-strand DNA breaks (SSBs). PARP inhibition prevents repair of DNA SSBs, 
which can potentially be converted into more lethal DNA DSBs upon cellular replication. 
In this way PARP inhibitors force cells to correct these breaks by HR, which is dependent 
on functional BRCA1 and BRCA2. Consequently, PARP inhibition is relatively harmless 
for healthy cells but detrimental for HR-deficient cells, like BRCA1/2-mutant tumor 
cells, thereby providing a wide therapeutic window. Preclinical work demonstrated the 
profound sensitivity of BRCA-mutant cells to PARP inhibitors (Bryant et al., 2005; Farmer et 
al., 2005; Evers et al., 2008; Rottenberg et al., 2008).
 These initial observations spurred the development of several clinical PARP 
inhibitors, including olaparib (Fong et al., 2009), veliparib (Donawho et al., 2007; Penning 
et al., 2009) and rucaparib (Plummer et al., 2008). The use of PARP inhibitors in early clinical 
trials of breast cancer patients with BRCA1/2 mutations has produced encouraging results. 
The PARP inhibitor olaparib, for example, was well tolerated (Fong et al., 2009) and resulted 
in tumor regression in over 40% of patients with BRCA-mutated, and often triple-negative, 
breast cancer ((Tutt et al., 2010), Table I). Similar effects were observed in a phase II trial 
with olaparib as a single agent in BRCA mutation carriers with metastatic ovarian cancer 
(Audeh et al., 2010). While synergistic effects were observed for combinations of olaparib 
with cisplatin or carboplatin in BRCA-deficient tumor cell lines (Evers et al., 2008) and 
mouse mammary tumors (Rottenberg et al., 2008), it remains to be investigated whether 
such combinations will also have beneficial effects in patients with BRCA-associated 
breast cancer (Table I).

1.9 Therapy resistance in BRCA1-associated breast cancer
Resistance to chemotherapy is a major problem in the treatment of cancer patients. While 
primary tumors can usually be treated effectively, most patients eventually die from drug-
resistant distant metastases. As mentioned before, BRCA1/2-deficient cells are defective 
in DSB repair by HR and are therefore highly sensitive to DNA crosslinking agents or PARP 
inhibitors (Bhattacharyya et al., 2000; Bryant et al., 2005; Farmer et al., 2005). While platinum 
agents and PARP inhibitors have been shown to be effective in the treatment of BRCA1/2-
mutated cancer in the clinic, the presence of a BRCA1/2 mutation is not always a warranty 
for success: Not all patients with BRCA1/2-mutated tumors respond to these agents and 
even patients that initially respond to therapy can eventually become resistant.
 These resistance mechanisms can be specific for one drug or result in cross-
resistance to multiple agents. Resistance to platinum agents can for instance be caused 
by reduced drug uptake via altered expression of copper transporters or inactivation by 
increased glutathione expression (Rabik and Dolan, 2007). Furthermore, resistance to 
the PARP inhibitor olaparib in a mouse model for BRCA1-associated breast cancer was 
primarily driven by upregulation of P-glycoprotein efflux pumps (Rottenberg et al., 2008). 
However, a phase I clinical trial of BRCA1/2-mutated ovarian cancer patients showed a 
positive correlation between benefit from olaparib treatment and platinum sensitivity 
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(Fong et al., 2010), suggestive of shared resistance mechanisms between PARP inhibitors 
and platinum agents. Especially restoration of DNA repair appears to play an important 
role in acquired resistance to multiple DNA-damaging agents.
 One of the most intriguing mechanisms of resistance to both cisplatin and 
PARP inhibitors in BRCA1/2-deficient tumors is restoration of BRCA1/2 function due to 
secondary BRCA1/2 mutations (Edwards et al., 2008; Sakai et al., 2008, 2009; Swisher et al., 
2008; Norquist et al., 2011). Multiple factors can contribute to the appearance of secondary 
BRCA1/2 mutations; an increased mutation rate due to deficiency in HR, an increased 
mutation rate caused by treatment with DNA-damaging agents and a strong selective 
pressure for cells with functional BRCA1/2 due to DNA-damaging therapy. Secondary 
mutations may be acquired during the course of treatment or they may be pre-existing in 
a small number of tumor cells before chemotherapy. The latter has been shown before in 
lung cancer, where EGFR mutations that confer resistance to EGFR inhibitors could already 
be detected in rare circulating tumor cells prior to drug exposure (Maheswaran et al., 
2008). In addition, data from a single patient showed that secondary BRCA1 mutations can 
be present in rare cells of the primary ovarian carcinoma (Norquist et al., 2011). However, 

Table I. Current clinical trials with PARP inhibitors in BRCA-associated breast cancer

PARP 
inhibitor

Company Types of cancer Combination
Phase 

clinical 
trial

Status

Olaparib 
(KU-

0059436, 
AZD2281)

Astrazeneca

Breast no II
Completed 
(Tutt et al., 

2010)

Breast, ovarian no II
Active, not 
recruiting

Breast, ovarian, 
prostate, 

pancreatic
no II

Active, not 
recruiting

Breast, ovarian carboplatin I Recruiting

Breast, ovarian carboplatin I Recruiting

Breast, ovarian, 
cervical, 

endometrial, 
peritoneal, 

fallopian tube

carboplatin I Recruiting

Veliparib 
(ABT-888)

Abbott

Solid temozolomide I Completed

Breast temozolomide II
Active, not 
recruiting

Breast, ovarian, 
peritoneal, 

fallopian tube

cyclo 
phosphamide

II Recruiting

Rucaparib 
(CO-338, 

AG-014699, 
PF-0136738)

Clovis 
Oncology

Solid no I/II Recruiting

Breast, ovarian no II Recruiting

Breast cisplatin II Recruiting

Source: ClinicalTrials.gov (search criteria: PARP inhibitors, Breast cancer, BRCA)
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since this patient received prior chemotherapy for breast cancer, it remains unknown 
whether secondary BRCA1/2 mutations can exist in primary ovarian carcinomas without 
previous exposure to chemotherapy. Thus far, Brca1/2 secondary mutations have not been 
observed as a mechanism of therapy resistance in mouse models for BRCA1/2-associated 
breast cancer, probably because most of these mouse models contain large intragenic 
Brca1/2 deletions that do not permit restoration of protein function by secondary 
mutations. However, we also found no evidence for genetic reversion as a mechanism 
of therapy resistance in mouse mammary tumors carrying defined patient-derived Brca1 
mutations (Drost et al., 2011).
 Moreover, mutations or epigenetic alterations of genes other than BRCA1/2 
can modulate the therapy response of BRCA1/2-mutant cells. For example, loss of 53BP1 
restores HR in BRCA1-deficient cells (Bouwman et al., 2010; Bunting et al., 2010) and can 
cause resistance to the PARP inhibitor olaparib in BRCA1-deficient mouse mammary 
tumors (Jaspers et al., manuscript in preparation).
 In order to circumvent therapy resistance mechanisms described above and 
achieve full tumor eradication, mouse mammary tumors carrying a large intragenic Brca1 
deletion were treated with the non-PgP substrate cisplatin (Rottenberg et al., 2007; Pajic 
et al., 2010). However, even despite dose-dense therapy, tumors kept growing back from 
small tumor remnants and could never be completely eradicated. This lack of tumor 
eradication suggested the potential existence of cisplatin-resistant tumor initiating 
cells. Expansion of cancer stem-like cells was identified as a potential cause of cisplatin 
resistance in a different mouse model for BRCA1-associated breast cancer, which contains 
a Brca1 allele lacking exon 11 (Shafee et al., 2008). However in the mouse model carrying 
a large intragenic Brca1 deletion, tumor initiating cells were not enriched in the tumor 
remnants after cisplatin treatment (Pajic et al., 2010). An alternative explanation for the 
lack of tumor eradication could be that tumor remnants contain cells that have undergone 
cell cycle arrest in order to make them less vulnerable to cisplatin.
 A high-throughput pharmacological screen showed that the bifunctional 
alkylators chlorambucil, melphalan and nimustine display specific toxicity against BRCA2-
deficient mouse mammary tumor cells (Evers et al., 2010). The in vivo response of BRCA2-
deficient tumors to melphalan and nimustine was even better than the response to 
cisplatin and the PARP inhibitor olaparib. Especially the combination of nimustine with 
olaparib resulted in very long recurrence-free survival times, suggestive of full tumor 
eradication. It remains to be investigated whether also BRCA1-deficient tumors can be 
completely eradicated by using bifunctional alkylators alone or in combination with PARP 
inhibition.

1.10 Effects of different BRCA1 mutations on therapy response
In vivo analysis of defined BRCA1 founder mutations in a genetically engineered mouse 
model of BRCA1-associated breast cancer has shown that loss of specific BRCA1 functions 
may determine how tumors respond to DNA-damaging therapy. Mice carrying mammary 
tumors that express BRCA1-C61G mutant protein respond much poorer to treatment 
with cisplatin and olaparib than mice with Brca1 null mammary tumors (Drost et al., 
2011). Furthermore, Brca1C61G tumors very rapidly develop resistance to these DNA-
damaging agents without undergoing genetic reversion of the C61G mutation. Identical 
observations were made for mice carrying the Brca1185stop mutation, which closely 
resembles one of the most common human BRCA1 founder mutations, namely 185delAG 



General discussion

179

7

(Figure 1). While the BRCA1C61G missense mutation leads to formation of stable protein 
lacking a functional BRCA1 RING domain (Brzovic et al., 1998; Hashizume et al., 2001; 
Ruffner et al., 2001), the BRCA1185delAG nonsense mutation causes a translational frameshift 
and premature stop codon, resulting in a highly instable protein of only 39 aa (Figure 1B). 
Surprisingly, expression of a nearly full-length BRCA1 protein was detected in Brca1185stop 
mouse mammary tumors and in the SUM1515MO2 human breast cancer cell line carrying 
the BRCA1185delAG mutation. Presumably, internal translation reinitiation in BRCA1185delAG 
mutant cells leads to production of a RING-less BRCA1 protein with similar properties as 
BRCA1-C61G (Figure 1B). These findings imply that a certain basal activity of the mutant 
BRCA1-ΔRING protein is already sufficient to reduce initial drug sensitivity and promote 
rapid induction of drug resistance. Presumably, the mutant BRCA1-ΔRING protein is to a 
certain extent involved in the DNA damage response, since BRCA1-ΔRING tumors have 
an increased level of RAD51 irradiation-induced foci (IRIFs) and less pH2AX-positive cells 
compared to Brca1 null tumors.
 While the BRCA1 RING domain appears to be dispensable for therapy resistance, 
another function of BRCA1 needs to be essential for a durable chemotherapy response. 
The fact that the C-terminal BRCT domains of BRCA1 are targeted by many pathogenic 
mutations (Glover, 2006), underscores how important these domains are for the tumor 
suppressive properties of BRCA1. Through its BRCT domains, BRCA1 forms at least three 
mutually exclusive complexes by directly interacting with Abraxas, Bach1 and CtIP 
(reviewed in (Wang, 2012). These so-called A, B and C complexes of BRCA1 are involved 
in checkpoint regulation and DNA DSB repair, and thereby probably contribute to 
maintenance of genomic stability and tumor suppression. It will be interesting to evaluate 
whether alterations in these complexes are involved in therapy resistance of tumors 
expressing different BRCA1 mutant proteins.
 The finding that mouse mammary tumors carrying the C-terminal Brca15382stop 
mutation respond much better to DNA-damaging therapy than tumors with the 
N-terminal Brca1185stop mutation supports a role of the BRCA1 C-terminus in DSB repair. In 
addition, identical to Brca1 null tumors, Brca15382stop mouse mammary tumors hardly ever 
develop platinum resistance. However, in contrast to Brca1185stop tumors, only low levels of 
BRCA1 mutant protein could be observed in Brca15382stop tumors. This makes it impossible 
to determine whether the exquisite therapy sensitivity of Brca15382stop tumors is caused by 
loss of a specific function of the BRCA1 C-terminus or whether it is simply due to absence of 
the (mutant) BRCA1 protein. It has been shown that a missense mutation that specifically 
ablates phosphoprotein binding by the C-terminal BRCT domains of BRCA1 causes tumor 
formation in several independent genetically engineered mouse models (Shakya et al., 
2011). However, it is currently unknown whether this Brca1 missense mutation preserves 
stable (mutant) BRCA1 protein expression. If that is the case, this mouse model would 
be useful to decipher whether loss of phosphoprotein recognition by the BRCA1 BRCT 
repeats is essential for a durable response to DNA-damaging compounds.

2 Future perspectives
2.1 Improved preclinical mouse models for BRCA1-related breast cancer
In the past, knowledge on drug response and resistance of breast tumors has mainly 
been gained from studying human breast cancer cell lines under cell culture conditions. 
However, these in vitro findings often did not translate correctly to the therapy responses 
that were observed in the clinic. In an attempt to bridge this gap, human breast cancer 
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cell lines have been transplanted subcutaneously into immunocompromised nude mice 
to produce tumor cell line outgrowths. However, also these cell line-derived xenograft 
models are in most cases poor predictors of how drugs will behave in the clinic. In 
general, xenografts in mice tend to show a better drug response than human tumors. It is 
conceivable that xenograft models do not properly predict drug response and resistance, 
since most of the tumor cell lines used for xenografts are already heavily adapted to in 
vitro cell culture. Moreover, nude mice still have an intact innate immune system and 
might therefore develop an immune response against the xenograft following treatment.
 To avoid strong genetic drift due to in vitro selection, breast tumors were taken 
from human patients and directly transplanted into more immunodeficient NOD-Rag1-

/-;Il2rg-/- mice. These patient-derived xenograft (PDX) mouse models have the additional 
advantage that they are able to recapitulate the enormous heterogeneity in human breast 
cancer. Currently established PDX models for human breast cancer share morphological 
and genomic characteristics with the original tumor (Marangoni et al., 2007; DeRose et 
al., 2011) and also show comparable drug responses (Ter Brugge et al., manuscript in 
preparation). A large panel of individual PDX models could be used to test the efficacy of 
new (combinations of ) anticancer drugs or to discover biomarkers that can predict drug 
responses (Bertotti et al., 2011). However, these PDX mouse models for human breast 
cancer are very tedious to create, since human tumors need to be implanted freshly 
and transplantation ‘take rate’ is still low. A strong selection bias towards outgrowth of 
the most aggressive tumors is observed, while other breast cancer subtypes remain 
underrepresented (Marangoni et al., 2007).
 Both human cancer patients and PDX mouse models cannot be used easily to 
study causal relationships between genes, cancer and drug response in a controlled in 
vivo setting. Therefore, genetically engineered mouse models (GEMMs) which develop 
tumors that closely resemble human cancer remain instrumental. In these GEMMs, genetic 
modification allows expression or inhibition of specific genes in a time- and site-controlled 
manner (Politi and Pao, 2011). Moreover, evaluation of novel therapies and optimization of 
treatment schedules can be more easily performed in these mouse models than in human 
patients. While clinical trials in human patients are complicated by large heterogeneity, 
GEMMs offer a platform where therapy response and resistance can be studied in a 
relatively controlled environment. For example, GEMMs for BRCA1-associated breast 
cancer have shown to be valuable for the in vivo analysis of the effects of specific BRCA1 
founder mutations on tumor development (Shakya et al., 2011) and treatment outcome 
(Drost et al., 2011) (Chapter 6). However, since GEMMs develop mouse tumors, they do not 
exclude potential species differences in therapy response. Another drawback of GEMMs is 
that development and validation of a new model is labor-intensive and time-consuming, 
especially when a novel mutation is introduced into an existing multi-allelic GEMM via 
conventional breeding. An alternative approach is to derive embryonic stem cells from 
GEMMs (GEMM-ESCs), perform ex vivo manipulations and subsequently produce chimeric 
mice from these modified GEMM-ESCs (Huijbers et al., 2011; van Miltenburg and Jonkers, 
2012). In this way, the generation of GEMM-ESC chimeric mice is considerably faster 
than the traditional manner of producing GEMMs and allows screening and validation of 
candidate cancer genes in a high-throughput fashion.  

2.2 Improved clinical trials for BRCA1-related breast cancer
The treatment regime of breast cancer often consists of surgery followed by systemic 
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(chemo)therapy. The current choice of systemic therapy for breast cancer is based on 
the results obtained from large randomized clinical trials. Unfortunately, many breast 
cancer patients will not benefit from this kind of therapy, because these large trials ignore 
the molecular heterogeneity in breast cancer. To move towards personalized medicine, 
clinical trials should be designed in such a way that this heterogeneity is taken into 
account. Clinical trials that involve a defined group of patients require a much smaller 
cohort and a shorter follow-up. These more defined, small-scale clinical trials most likely 
need to be performed multi-centered, in order to include enough patients that fit to the 
strict selection criteria.
 Paired clinical tumor samples allow for the comparison of biological features of 
the tumor before and after therapy. Unfortunately, especially post-treatment samples 
of drug-resistant tumors are very difficult to obtain, since biopsies are rarely collected 
from patients with progressive disease. However, systematic collection of tumor samples 
before and after treatment that can be used for different molecular and genomic analyses 
is essential to study intrinsic and acquired drug resistance. Many retrospective studies 
are restricted because only paraffin-embedded material is available. Although paraffin 
material is suitable for most immunohistochemical stainings and DNA techniques, it 
is of limited use for procedures involving mRNA or protein. Therefore, newly designed 
prospective clinical trials should carefully describe procedures for tumor sampling in 
order to enable investigating drug resistance. One possibility would be to develop a rapid 
(‘warm’) autopsy or tissue procurement program that would allow patients to agree with 
immediate autopsy shortly after death. Direct autopsies of men with metastatic prostate 
cancer have already shown to provide high quality tumor material suitable for protein, 
DNA and RNA analysis (Rubin et al., 2000).
 Most clinical laboratories are currently still using a single gene approach for 
molecular diagnostics. However, there is a growing need to use broader approaches 
in order to identify more rare (somatic) mutations that could be important for clinical 
decision making. While a growing number of laboratories already make use of tests 
including larger panels of cancer genes based on mass spectroscopy (Sequenom) analysis 
or next-generation sequencing, the question rises whether one should not sequence the 
complete genome of a tumor (reviewed in (Corless, 2011)). A small pilot study in patients 
with advanced cancer showed that sequencing the whole tumor genome, exome and 
transcriptome can be accomplished in a timely and cost-effective manner (Roychowdhury 
et al., 2011). These combined datasets could provide valuable information on both germline 
and somatic mutations, potential druggable tumor markers and drug toxicity. The rapid 
progress in personalized medicines creates exiting opportunities for development of new 
anticancer agents, but also requires close collaboration between scientists, clinicians and 
pharmaceutical companies (reviewed in (Dancey et al., 2012)).

2.3 Improved therapeutic strategies for BRCA1-related breast cancer
As mentioned before, promising results were obtained by using PARP inhibitors in breast 
cancer patients with BRCA1/2 mutations (Fong et al., 2009; Tutt et al., 2010). However, 
it remains to be investigated whether combining chemo- and radiotherapy with PARP 
inhibition will have even more beneficial effects in BRCA-mutated breast cancer patients. 
PARP inhibitors have the potential to increase the therapeutic index of radiotherapy by 
increasing the damage in highly replicating tumor cells, while sparing noncycling normal 
tissues, which are often responsible for the dose-limiting damage after radiotherapy. 
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While ionizing radiation (IR) used in the clinical treatment of cancer mainly generates DNA 
SSBs, PARP inhibition prevents the repair of DNA SSBs, which increases the level of toxic 
DNA DSBs in replicating cells. Preclinical studies in xenograft models for lung, colorectal 
and breast cancer have supported the potential role of PARP inhibitors as radiosensitizers 
(reviewed in (Chalmers, 2009)). In addition, potent sensitization to the monofunctional 
DNA-alkylating agent temozolomide by PARP inhibitors has been observed in 
xenografts of human glioma, glioblastoma, melanoma and colorectal tumor cell lines 
(reviewed in (Chalmers, 2009)). Normally most methylation products of temozolomide 
(N7-methylguanine and N3-methyladenine) do not contribute to the cytotoxic effects 
because they are rapidly repaired by BER. Inactivation of BER by PARP inhibition probably 
renders these lesions cytotoxic. However, drug intervention studies in BRCA1-deficient 
mouse mammary tumor models showed that combination of PARP inhibition with 
chemotherapeutic agents like cisplatin and topotecan can also lead to increased toxicity 
(Rottenberg et al., 2008; Zander et al., 2010).
 Drugs that inhibit HR may be used as (re-)sensitizers of tumors carrying specific 
BRCA1 mutations that are intrinsically resistant to therapy or of tumors that acquired 
therapy resistance through secondary BRCA1 mutations. Formation of RAD51 IRIFs, which 
is a marker for functional HR, can be inhibited by CDK inhibitors (Deans et al., 2006), 
proteasome inhibitors (Jacquemont and Taniguchi, 2007), HSP90 inhibitors (Dungey et 
al., 2009) and mild hyperthermia (Krawczyk et al., 2011). It would be interesting to test 
the efficacy of these treatments in combination with DNA-damaging drugs like cisplatin 
or PARP inhibitors in BRCA1-mutated tumors with intrinsic or acquired drug resistance 
through restoration of HR. Depleting BRCA1 nuclear localization might be another potential 
therapeutic strategy to sensitize tumor cells to DNA-damaging agents. Ectopic expression 
of the N-terminal RING domain fragment peptide tr-BRCA1 has been demonstrated to 
effectively shift BRCA1 from the nucleus to the cytoplasm (reviewed in (Yang and Xia, 
2010)). This translocation of BRCA1 mediated by tr-BRCA1 has been shown to reduce HR 
and thereby sensitizes breast cancer cells to the EGFR inihibitor erlotinib (Li et al., 2008). 
Therefore, tr-BRCA1 might be a potential tool to deplete nuclear BRCA1 and enhance the 
therapeutic response. However, when applying all of these different strategies to inhibit 
HR, it will be of critical importance to specifically target the tumor in order to avoid normal 
tissue toxicity.
 In addition, several links have been found between BRCA1 and phopsho-
inositol-3 kinase (PI3K) signalling pathways. A constitutively active form of PI3K was able 
to induce BRCA1 phosphorylation, which in term could be blocked by PI3K inhibition or 
expression of dominant negative AKT (Altiok et al., 1999). BRCA1 phosphorylation during 
cell cycle progression and in response to DNA-damaging agents can affect its function 
(reviewed in (Ouchi, 2006)). AKT was also shown to directly phosphorylate BRCA1 at a 
position located in its NLS. Thereby, AKT-mediated phosphorylation may influence BRCA1 
nuclear localization and consequently its function. Furthermore, BRCA1 was also shown 
to negatively regulate AKT and loss of BRCA1 lead to increased AKT activity (Xiang et 
al., 2008, 2011). Moreover, gross mutations in the PTEN tumor suppressor gene, which 
functions as a negative regulator of the PI3K/AKT pathway, were specifically identified 
in BRCA1-deficient breast tumors (Saal et al., 2008). Together these findings suggest that 
BRCA1-deficient tumors may be critically dependent on altered PI3K/AKT signalling.
 Therefore, combinational treatment of DNA-damaging agents, like cisplatin and 
PARP inhibitors, with PI3K inhibitors might potentiate the efficacy of a single treatment 
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modality in BRCA1-deficient tumors. The first proof-of-concept study showed that in 
vitro combination of a PARP inhibitor with a PI3K inhibitor impaired growth specifically in 
BRCA1-mutated human breast cancer cell lines, although to a varying extent (Kimbung et 
al., 2012). Before combinational treatment of PI3K inhibitors with PARP inhibitors can be 
evaluated in clinical trials involving patients with BRCA1-mutated breast cancer, it will be 
important to confirm these findings in sophisticated GEMMs and PDX mouse models.
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