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Abstract:  The breast cancer susceptibility genes 1 (BRCA1) and 

2 (BRCA2) are cellular proteins involved in DNA repair. They are 

normally expressed in the breast, ovaries, prostate, and other tissues. 

Their germline mutation is the cause of hereditary breast-ovarian 

cancer syndromes. BRCA mutation carriers are also susceptible to 

other cancers, notably prostate cancer. In this article, we review the 

role of BRCA genes in the pathogenesis and clinical course of pros-

tate cancer. We also discuss the molecular mechanisms of action 

and the therapeutic implications of BRCA germline mutations.

Introduction

Prostate cancer is the most commonly diagnosed non-dermato-
logic malignancy and is the second leading cause of cancer death 
among men in the United States. In 2010, there were an estimated 
217,730 new cases and 32,050 deaths due to prostate cancer.1 
Although the genetics of this disease are complex, there is evidence 
that kindred may exhibit a highly penetrant, autosomal dominant 
inheritance. This is most commonly seen in men with early onset 
disease and those with multiple affected family members.2 Two 
separate meta-analyses indicate that having a first-degree relative 
diagnosed with prostate cancer is associated with a 2–2.5-fold 
elevation in relative risk.3,4 In a study of Swedish kindreds, it was 
observed that sons whose fathers survived longer than 59 months 
after diagnosis were 38% less likely to die of prostate cancer,5 
indicating that disease virulence is also inherited. Although the 
majority of prostate cancers are sporadic, a linkage between breast, 
ovarian, and prostate cancers based on analysis of multiple kin-
dreds is irrefutable.6,7 Several genome-wide association studies 
have mapped the common regions associated with prostate cancer 
risk, with 8q24 and 17q exhibiting the closest association with 
prostate cancer.8 Eeles and colleagues confirmed this association 
and identified 3 additional loci containing susceptibility genes: 
MSMB, LMTK2, and KLK3.9 Additional polymorphisms associ-
ated with prostate cancer risk have been identified in chromosome 
7(JAZF1), 10 (MSMB and CTBP2), and 11.10
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Of the known cancer susceptibility loci, heritable 
factors breast cancer susceptibility gene 1 (BRCA1) and 
breast cancer susceptibility gene 2 (BRCA2) are of partic-
ular interest in prostate cancer, as their mutation accounts 
for 2–3% of prostate cancers.11 Mutations of BRCA1 
and BRCA2 genes confer an increased risk for a variety 
of malignancies in men, including gastric cancer, breast 
cancer, and hematologic malignancies. The first evidence 
of an association between BRCA germline mutations and 
prostate cancer emerged from the Breast Cancer Linkage 
Consortium, in which the incidence of prostate cancer 
was noted to be increased in kindreds with a high inci-
dence of breast and ovarian cancers. The relative risk of 
developing prostate cancer in BRCA1 and BRCA2 muta-
tion carriers was 1.8 times and 7–23 times, respectively, 
that of the general population.12

Overview of DNA Repair Pathways

Ionizing radiation and oxidative agents and toxins may 
damage mammalian DNA. Exposure to a mutagen or a 
reactive oxidative species may cause spontaneous double-
strand DNA breaks (DSB) during the S phase of the 
cell cycle. DSB are deleterious to genome integrity and 
hence need to be repaired. This repair occurs predomi-
nantly by either non-homologous end joining (NHEJ) or 
homologous recombination (HR).13 Disruption of these 
DNA repair pathways leads to increased mutagenesis and 
genomic instability that is conducive to carcinogenesis. 

Homologous recombination has been recognized to 
be an important DSB repair pathway in mammalian cells, 
accounting for 30–40% of all DSB repair events.13,14 In 
homologous recombination, identical or similar DNA 
sequences direct the repair of damaged DNA by a gene 
conversion mechanism, restoring the original sequence 
that was present before the damage occurred.15 Homolo-
gous repair of DSB occurs preferentially between identi-
cal sister-chromatids, with chromosome homologs or, 
less commonly, heterologs.14,16 The process of NHEJ, as 
indicated by its name, does not require a homologous 
DNA sequence to act as a template, and is an inherently 
error-prone process. It can be a reliable form of repair if 
the ends are undamaged. However, if there is a base dam-
age or nucleotides are damaged or lost, the rejoining is 
imprecise and results in a mutagenic sequence.15 

BRCA Genes and DNA Repair

BRCA1 and BRCA2 genes play a critical role in DNA 
repair by maintaining the structural integrity of the 
genetic code during replication.17 The BRCA gene prod-
ucts are known to coordinate HR. BRCA1 and BRCA2 
colocalize with RAD51, a mammalian homolog of the 

bacterial protein RecA, during S phase and after DNA 
damage.17,18 RAD51 plays a vital role in DSB repair and 
HR.18 BRCA1 is responsible for transporting RAD51 
from cytoplasm to nucleus, whereas BRCA2 is directly 
involved in RAD51-mediated repair. 

While several studies strongly implicate BRCA1 and 
BRCA2 nuclear proteins in the DNA damage response, 
their mutation is characterized at the cellular level by 
defective repair of DSB by the process of HR.15,19-22 Thus, 
deficiency in this DNA repair pathway in BRCA1- and 
BRCA2-mutant cells directs the cells along more error-
prone repair pathways, resulting in the accumulation of 
spontaneous and damage-induced chromosomal aberra-
tions and contributing to tumor genesis.20,23-25 Usually, 
non-repaired cell damage triggers a cell cycle checkpoint 
or apoptosis, thereby eliminating repair-deficient cells and 
preventing mutant cells from accumulating. BRCA1- and 
BRCA2-deficient cells have a defective S phase checkpoint 
response to ionizing radiation,24,26 resulting in checkpoint 
evasion and persistence of mutant cells. Thus, DNA repair 
and checkpoint defects cooperate in BRCA-deficient cells 
to produce the observed chromosome abnormalities 
found in these cells.15

BRCA1 Structure and Its Role in Tumor 
Suppression

The BRCA1 tumor suppressor gene was localized to 17q21 
by linkage analysis of cancer families, and it was identified 
to encode a protein of 1863 amino acids.27,28 BRCA1 pro-
tein is a 220KDa nuclear protein, targeted to the nucleus 
via 2 nuclear localization signal sequences.29 Although 
the BRCA1 protein has very poor sequence conservation 
across mammalian species, there are 2 conserved domains: 
a RING finger domain at the N-terminus with structural 
characteristics of a transcriptional regulatory protein30 
and a repeated motif of approximately 100 amino acids, 
termed BRCA1 C-terminal repeats (BRCT repeats). The 
BRCT repeats can also function as transcriptional activa-
tion domains (TAD) and are found in many other pro-
teins involved in DNA repair and cell cycle regulation.31,32 
The recognition of this domain in BRCA1 quickly led to 
the identification of its widespread presence in a number 
of other nuclear proteins involved in DNA repair. 

It has been proposed that BRCA1 works as a repair 
gene by multiple mechanisms. As mentioned previously, 
BRCA1 plays a key role in regulating the maintenance 
of genome integrity through the activation of DNA 
repair genes as well as controlling repair of DSB by HR.33 

BRCA1 is more likely to participate as a sensor or trans-
ducer rather than directly as a repair factor or effector.34 
The BRCA1 protein functions as a scaffold or platform 
to coordinate different activities needed for repair.35,36 
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BRCA1 is also believed to modulate checkpoints for cell 
cycle progression.33 It can also induce arrest at different 
cell cycle check points to allow for DNA repair or apopto-
sis in response to DNA damage.33 BRCA1 is phosphory-
lated in response to DNA damage, which in turn activates 
or assembles a set of proteins involved in DNA damage 
repair, cell proliferation, or apoptosis.33 The BRCA1 gene 
product also interacts with p53, resulting in enhanced 
p53 transcriptional activity and growth suppression.37 

BRCA1 interacts with c-Myc and causes suppression of its 
transforming potential.38 Numerous additional functions 
have been ascribed to the BRCA1 product, including 
roles in chromatin remodeling,35,39 transcription-coupled 
DNA damaged repair,33 transcriptional regulation,40,41 

mRNA polyadenylation,42 and ubiquitination.43

BRCA2 Structure and its Role in Tumor 
Suppression

BRCA2 is a 13q12-linked gene encoding a 3418 amino 
acid protein that was identified in 1995 by positional clon-
ing.28 It has a conserved C-terminal region and a cluster of 
sequences (called BRC repeats) located in the central por-
tion of the protein.44,45 The BRC repeat regions mediate 
binding between BRCA2 and RAD51.46-49 BRCA2 regu-
lates both the intracellular localization and DNA binding 
ability of RAD51.50 In BRCA2-deficient cells, RAD51 
(which does not contain a consensus nuclear localiza-
tion signal) is inefficiently transported into the nucleus.51 
Thus, formation of the nuclear foci that contain RAD51 
after exposure to DNA damage is impaired in BRCA2-
defective cell lines.52,53 In a normal cell, RAD51 is held in 
an inactive state, but is readily dispatched to and activated 
at potential sites of repair (Figure 1) as part of the DNA 
damage response.50 RAD51 and BRCA2 are known to 
accumulate at these defined nuclear foci in response to 
DNA-damaging treatments. RAD51 binds DNA to form 
nucleoprotein filaments and promotes strand exchange 
between homologous DNA molecules in a BRCA2-
dependent manner, which is critical to HR. The finding 
that the BRCA2 C-terminal domain stimulates RAD51 
strand exchange could readily account for the impaired 
homologous recombination found in BRCA2 mutants.

Mice expressing a prostate-specific loss of BRCA2, 
driven by probasin-induced Cre recombinase, exhibit 
focal hyperplasia and low-grade prostatic intra-epithelial 
neoplasia (PIN).54 Concomitant Trp53 deletion results in 
high-grade PIN lesions containing increased DNA damage 
and increased nuclear androgen receptor (AR) expression, 
which causes increased proliferation following castration. 
These data indicate that disruption of BRCA-dependent 
DNA repair and persistence of AR signaling act coopera-
tively in castrate-resistant prostate cancer (CRPC).

Influence of BRCA1 on Signal Transduction in 
Prostate Cancer Cells

The BRCA gene products have a number of impor-
tant reactions specific to prostate cancer cell signaling  
(Figure 2). BRCA1 functions as an AR coregulator and 
plays a positive role in androgen-induced cell death. Yeh 
and colleagues have demonstrated that BRCA1 enhances 
transactivation of AR in prostate cancer cells and cooper-
ates with AR induced-expression of P21, a cyclin depen-
dent kinase inhibitor.55 P21 in turn couples with cyclin-
CDK2 complex, inhibiting their function and cell cycle 
progression. This mechanism accounts for the observation 
that, when expressed in high concentrations, androgen 
inhibits prostate cancer cell growth.

BRCA1 is also capable of suppressing insulin-like 
growth factors 1 (IGF-1) receptor (IGF-1R) gene tran-
scription.56 The IGF-1 and IGF-2 comprise a family of 
mitogenic polypeptides with important roles in normal cell 
proliferation, differentiation, and apoptosis in many tissues, 
including the prostate, suggesting their possible involve-
ment in carcinogenesis.57 Elevated IGF-158,59 or IGFR60 

expression is associated with elevated prostate cancer risk 
and advanced stage. Maor and colleagues observed that 
BRCA1 suppresses transactivation of the IGFR promoter, 
thereby inhibiting IGF-1-mediated cell growth.56

BRCA2 has been demonstrated to be a substrate for 
Skp2,61 an E3 ubiquitin ligase that has been proposed to 
be a driver mutation in approximately 10% of primary 
prostate cancers.62 This finding has important implica-
tions for future personalized therapeutic approaches.

BRCA Mutations and Associated Prostate 
Cancer Risk

Several kindred studies across a wide array of ethnic groups 
suggest an association between BRCA mutations and pros-
tate cancer (Table 1). Both BRCA1 and BRCA2 mutations 
have been shown to confer an increased risk for prostate 
cancer. A large collaborative study from the Breast Cancer 
Linkage Consortium, based on 173 families harboring 
BRCA2 mutations, estimated a relative risk of 4.65 (95% 
confidence interval [CI], 3.48–6.22) for prostate cancer in 
male BRCA2 gene carriers.63 A majority of the tumors have 
been traced to a single BRCA2 mutation (999del5).64 The 
cumulative risk of developing prostate cancer in BRCA2 
gene carriers before 80 years of age has also been estimated 
by the Breast Cancer Linkage Consortium to be 20% (95% 
CI, 15–24%). Additionally, the estimated relative risk rose 
to 7.33 in patients with a family history of prostate cancer 
diagnosed before the age of 65. In these families, 97 distinct 
BRCA2 mutations were observed, including 2 founder 
mutations identified in the Icelandic and Ashkenazi Jewish 
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populations (999del5 and 6174delT, respectively).65 Few 
studies have shown the evidence for the loss of heterozy-
gosity of the BRCA2 region in prostate cancer patients, 
particularly those with advanced stage disease. Willems 
and associates observed a significant loss of heterozygosity 
among BRCA2 mutation carriers (71%) and a 3.5-fold 
(95% CI, 1.8–12) increased risk of prostate cancer.66

Another study of 129 Dutch BRCA2 families also sup-
ported the observation that BRCA2 carriers are at increased 
risk for cancers of the prostate (RR, 2.5; CI, 1.6–3.8).67 
Johannesdottir and colleagues studied Icelandic kindreds 
and identified a BRCA2 mutation (999del5) in 2 of 75 
(2.7%) prostate cancer cases diagnosed before the age of 65, 
compared with 2 of 499 (0.4%) in control subjects.68 Addi-
tional studies of families segregating BRCA2 mutations, 
including families in Sweden,69,70 Finland,71 Iceland,72 and 
Chile,73 have supported the association between BRCA2 
gene mutation and increased prostate cancer risk. Edward 
and colleagues screened the complete coding sequence of 
BRCA2 for germline mutations in 263 men diagnosed with 
prostate cancer who were 55 years of age or younger. They 
observed that protein-truncating mutations were found in 
6 men (2.3%; 95% CI, 0.8–5.0%). They also reported that 
the relative risk of developing prostate cancer by age 56 
from a deleterious germline BRCA2 mutation was 23-fold 
(95% CI, 9.0–57.0) as compared to developing prostate 
cancer without a mutation.65 Interestingly, 4 of the patients 
with mutations in this study did not have a family history 
of breast or ovarian cancer, which raised the possibility of 

prostate-cancer specific mutations. Additionally, a recent 
study by Gallagher and associates showed that men who 
carried a BRCA2 mutation had a 3.18-times higher risk of 
prostate cancer than non-carriers (odds ratio [OR], 3.18; 
95% CI, 1.52–6.66).74 

Several studies have also suggested an increased risk of 
prostate cancer among male carriers of BRCA1 mutations 
in breast and ovarian cancer families. Ford and coauthors75 
reported a significant excess of prostate cancer cases (esti-
mated RR to gene carriers, 3.33; 95% CI, 1.78–6.20) in 
breast and ovarian cancer families with evidence of link-
age to BRCA1. The combined frequency of BRCA1 and 
BRCA2 mutations exceeds 2% among Ashkenazi Jews. 
Struewing and coworkers estimated the risk of prostate can-
cer for BRCA1 and BRCA2 mutation carriers based on 122 
carriers identified from a population-based study of 5,318 
Ashkenazi Jews in the Washington, DC, area to be 16% 
by 70 years (95% CI, 4–30%) as compared with 3.8% 
(95% CI, 3.3–4.4%) among non-carriers, which is roughly 
equal to the risk of ovarian cancer in the Ashkenazi Jewish 
population.76 Similarly, based on families with a history of 
breast and/or ovarian cancer and with at least 1 individual 
known to carry a pathogenic mutation in the BRCA1 gene, 
Thompson and Easton77 reported a 2-fold increased relative 
risk of prostate cancer in BRCA1 mutation carriers (RR, 
1.82, 95% CI, 1.01–3.29; P=.05) compared with non-car-
riers, although the effect was restricted to men younger than  
65 years at the time of diagnosis. The IMPACT (Immu-
notherapy for Prostate Adenocarcinoma Treatment) trial, 
which focused on the role of targeted screening of BRCA1- 
and BRCA2 mutation carrier families for prostate cancer, 
showed a higher positive predictive value for PSA screening 
among carriers. However, there was not a significant differ-
ence between the incidence of prostate cancer between the 
2 groups (carriers, 3.9% vs controls, 2.1%; P=.513).78 

Association of BRCA Mutations With Clinico-
pathologic Determinants of Prostate Cancer

Prostate cancer can be an indolent or an aggressive dis-
ease. Indolent prostate cancer may exist for many years 
without causing symptoms or shortening life expectancy. 
Aggressive prostate cancer may cause symptoms that are 
difficult to palliate with conventional treatments, which 
may cause high cancer-specific mortality. Predicting who 
is at risk for which type of disease has implications in the 
primary and secondary prevention of prostate cancer. In 
addition to demonstrating a higher risk of prostate cancer, 
multiple studies79-82 have also reported a more aggressive 
phenotype consistent with BRCA mutation–associated 
prostate cancer. In a series of BRCA1 and BRCA2 muta-
tion carriers with prostate cancer, Mitra and colleagues 
from the United Kingdom found that the incidence of 

Figure 1.  Interaction between RAD51 and BRCA in DNA repair. 
A) In response to DNA damage, BRCA1 facilitates the transport 
of RAD51 from cytoplasm into the nucleus. B) In the nucleus 
RAD51 recombinase helps Rad51 protein to colocalize with 
BRCA2 to ensure error-free DNA repair. 

HR=homologous recombination.
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prostate cancer with a Gleason score exceeding 7 was 
significantly greater in the BRCA1 and BRCA2 mutation 
carrier group than that in the control group (P=.012).81 
Another study conducted among the Ashkenazi Jewish 
population demonstrated that BRCA2 mutation carri-
ers had a high Gleason score (>7; OR, 3.18; 95% CI, 
1.37–7.34), and the specific BRCA1 185delAG mutation 
was associated with high Gleason score tumors.79 

Gallagher and associates74 also noted that poorly differ-
entiated prostate cancers (Gleason score 7–10) were found in 
57% of non-carrier cases and in 85% of BRCA2 mutation-
associated cases (P=.0002). After adjusting for age and stage, 
BRCA2 mutation carriers were more than twice as likely to 
have a Gleason score of 7–10 (HR, 2.63; 95% CI, 1.23–5.6; 

P=.01) than non-carriers.74 The investigators found that 
BRCA1 (HR, 4.32; 95% CI, 1.31–13.62; P=.016) and 
BRCA2 (HR, 2.41; 95% CI, 1.23–4.75; P=.01) mutation 
carriers had an increased risk of developing biochemical 
recurrence. The onset of castration-resistant disease following 
biochemical relapse is shorter in BRCA2 mutation carriers 
than non-carriers despite similar Gleason scores (median sur-
vival, 10.5 versus 17.2 years in carriers vs non carriers). Also, 
there was a trend towards a higher frequency of biochemi-
cal recurrence progressing to castrate metastasis in BRCA2 
mutation carriers compared to non-carriers (HR, 2.01; 95% 
CI, 0.85–4.79). Thorne and associates noted a decreased 
overall survival in BRCA2 mutation carriers of breast cancer 
kindreds, with the carriers having a 4.5-fold increase in risk of 

Figure 2.  Role of BRCA1 in prostate cancer tumor suppression. (A) BRCA1 increases gene expression of androgen receptor (AR) and 
P21, which in turn decreases DNA replication and causes cell cycle arrest. (B) BRCA1 also regulates insulin-like growth factor 1 (IGF-1)-
mediated cell differentiation and proliferation by decreasing IGF receptor (IGFR) promoter gene expression.
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Table 1.  BRCA Mutational Status as a Risk Factor for Prostate Cancer

 Study Ethnicity Mutation Domain Statistical Findings

Breast Cancer 
Linkage 
Consortium63

Multi-
ethnic

BRCA2 6174del7,
999del5,
8764delAG,
3034del4

Increased risk of PC in BRCA2 mutation 
carriers (RR, 4.65; CI, 3.48–6.22)

Van Asperen, et 
al67

Dutch BRCA2 6503delTT,
6174delT, 
S1882X

Increased risk of PC in BRCA2 mutation 
carriers (RR, 2.5; CI, 1.6–3.8)

Lorenzo Bermejo, 
et al69 

Swedish NI NI Increased cumulative risk (1.86) for PC in 
families with history of breast and ovarian cancer

Eerola H, et al71 Finnish BRCA2 NI Standardized incidence ratio of 4.9 (CI,  
1.8–11) compared to 1.1 in control group

Gallagher, et al74 Ashkenazi 
Jews

BRCA2 6174delT 3-fold risk of PC in BRCA2 mutation carriers 
(OR, 3.18; 95% CI, 1.52–6.66; P=.002)

Edwards, et al65 British BRCA2 6710delA, CAA, 
7084delA,
AAAG,
8525delC,
2558insA

RR of developing PC by age 56 was 23-fold 
in patients with deleterious BRCA2 mutation 
carriers

Struewing, et al76 Ashkenazi 
Jews

BRCA1
and
BRCA2

185delAG,
188del11,
5382insC

Estimated risk of PC among carriers of a 
BRCA1 or BRCA2 mutation was 16% (95% 
CI, 4–30%) at the age of 70

Ford, et al75 Multi-
ethnic

BRCA1 NI RR of PC of BRCA1 carriers compared to 
general population was 3.33 (CI, 1.78–6.20)

CI=confidence interval; NI=no information; OR=odds ratio; PC=prostate cancer; RR=relative risk.

prostate cancer-related death (P<.001) versus non-carriers.83

Recent data suggest that DSB, acting through the AR, 
produce the TMPRSS2-ERG gene fusion that is found in 
50% of prostate cancer cases. The TMPRSS2-ERG gene 
fusion has been associated with aggressive disease, and it is 
possible that, in the absence of BRCA, accumulating DSB 
facilitate this translocation.84,85

Fiorentini and associates86 demonstrated a direct corre-
lation between BRCA1 expression and the Ki67 proliferation 
index in prostate cancer. Ki67 is a well-known predictor of 
adverse prognosis and resistance to therapy in prostate can-
cer.87,88 The investigators found that BRCA1-positive tumors 
were marked by a substantially increased tumor proliferation 
index when compared with BRCA1-negative tumors (47.0 
Ki67-positive nuclei vs 10.3; P=.0016).86 They also found 
that cases that stained positively for BRCA1 had a signifi-
cantly higher Gleason score (35.0% vs 15.7%), higher PSA 
levels at diagnosis (27.0 [95% CI, 15.9–38.1 vs 10.2 [95% 
CI, 6.0–14.4]), a more advanced stage, and worse prognosis 
(HR, 4.6; 95% CI, 2.4–8.7) compared to those with tumors 
that did not stain for BRCA1.86 Burga and coworkers pro-
posed that even non-malignant mammary epithelial cells in 

BRCA1 mutation carriers had increased clonal and prolif-
erative properties, predisposing them to aggressive cancerous 
transformation.89 Collectively, these data imply that BRCA 
mutation–associated prostate cancer has the potential to 
behave more aggressively than its wild-type counterpart and 
emphasize the importance of genetic counseling in kindreds 
at risk (ie, those harboring multiple individuals with BRCA-
associated cancers).

Implications for Prostate Cancer Treatment

Besides influencing tumorigenesis, BRCA mutations have 
important therapeutic implications. Cancers with BRCA 
mutations are more sensitive to DNA damaging treat-
ments. Unlike their normal counterparts, cancer cells with 
BRCA1 and BRCA2 mutations have defective DNA repair. 
Researchers have made attempts to develop newer drugs 
that can exploit this defect and target these cancer cells. One 
such class of agents is poly (adenosine diphosphate [ADP]–
ribose) polymerase (PARP) inhibitors. PARPs are a family of 
enzymes involved in the repair of DNA single-strand breaks 
through the repair of base excisions. In DNA repair–defec-
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tive BRCA1- and BRCA2- mutant cells, PARP inhibi-
tors—acting as a second hit—cause accumulation of DNA 
lesions and selectively kill them.90 PARP inhibitors, by virtue 
of inhibiting DNA repair, are postulated to sensitize tumors 
to other DNA damaging therapies, thereby preventing treat-
ment resistance.91 PARP inhibitors are now being extensively 
evaluated in cancers associated with BRCA mutations. In 
a phase II study by Tutt and colleagues in advanced breast 
cancer patients, olaparib administered at either 100 mg or 
400 mg twice daily was associated with overall response rates 
of 22% and 41%, respectively, with minimal, predominantly 
low grade toxicity that was most commonly in the form of 
fatigue and nausea.92 In their phase I study of olaparib, Fong 
and associates observed a greater than 50% reduction in PSA 
and objective responses in metastatic, castration-resistant, 
prostate cancer patients.93 

Conclusion

BRCA genes are tumor suppressors in prostate cancer that 
play a pivotal role in cellular damage response. They regulate 
cell proliferation, cell cycle progression, transcription, and 
induction of apoptosis. Their mutation results in defective 
DNA repair by HR, which fosters an ideal environment 
for carcinogenesis. BRCA mutations confer an increased 
risk of multiple cancers including breast, ovary, prostate, 
and other visceral tumors. A BRCA mutation is the only 
known genetic factor to be associated with prostate cancer. 
Studies across multiple ethnicities consistently demonstrate 
that BRCA1 and BRCA2 mutations not only increase 
the risk of prostate cancer, but also predispose patients to 
early onset and aggressive, potentially lethal disease. BRCA 
mutational status may be an important consideration in 
exploring newer therapeutics such as PARP inhibitors and 
DNA-damaging agents in prostate cancer.84 

References 

1.  Jemal A, Siegel R, Xu J, Ward E. Cancer statistics, 2010. CA Cancer J Clin. 
2010;60:277-300. 
2.  Carter BS, Beaty TH, Steinberg GD, Childs B, Walsh PC. Mendelian inheri-
tance of familial prostate cancer. Proc Natl Acad Sci U S A. 1992;89:3367-3371.
3.  Bruner DW, Moore D, Parlanti A, Dorgan J, Engstrom P. Relative risk of pros-
tate cancer for men with affected relatives: systematic review and meta-analysis. Int 
J Cancer. 2003;107:797-803.
4.  Zeegers MP, Jellema A, Ostrer H. Empiric risk of prostate carcinoma for relatives of 
patients with prostate carcinoma: a meta-analysis. Cancer. 2003;97:1894-1903.
5.  Hemminki K, Ji J, Försti A, Sundquist J, Lenner P. Concordance of survival in 
family members with prostate cancer. J Clin Oncol. 2008;26:1705-1709.
6.  Jishi M, Itnyre JH, Oakley-Girvan IA, Piver MS, Whittemore AS. Risks of 
cancer among members of families in the Gilda Radner Familial Ovarian Cancer 
Registry. Cancer. 1995;76:1416-1421.
7.  Tulinius H, Egilsson V, Olafsdóttir GH, Sigvaldason H. Risk of prostate, ovar-
ian, and endometrial cancer among relatives of women with breast cancer. BMJ. 
1992;305:855-857.
8.  Freedman ML, Haiman CA, Patterson N, et al. Admixture mapping identifies 
8q24 as a prostate cancer risk locus in African-American men. Proc Natl Acad Sci 
U S A. 2006;103:14068-14073. 

9.  Eeles RA, Kote-Jarai Z, Giles GG, et al. Multiple newly identified loci associ-
ated with prostate cancer susceptibility. Nat Genet. 2008;40:316-321. 
10.  Thomas G, Jacobs KB, Yeager M, et al. Multiple loci identified in a genome-
wide association study of prostate cancer. Nat Genet. 2008;40:310-315. 
11.  Vazina A, Baniel J, Yaacobi Y, et al. The rate of the founder Jewish mutations in 
BRCA1 and BRCA2 in prostate cancer patients in Israel. Br J Cancer. 2000;83:463-466.
12.  Mitra A, Jameson C, Barbachano Y, et al. Overexpression of RAD51 occurs in 
aggressive prostatic cancer. Histopathology. 2009;55:696-704.
13.  Liang F, Han M, Romanienko PJ, Jasin M. Homology-directed repair is a 
major double-strand break repair pathway in mammalian cells. Proc Natl Acad Sci 
U S A. 1998;95:5172-5177.
14.  Johnson R Jasin M. Sister chromatid gene conversion is a prominent double-
strand break repair pathway in mammalian cells. EMBO J. 2000;19:3398-3407.
15.  Jasin M. Homologous repair of DNA damage and tumorigenesis: the BRCA 
connection. Oncogene. 2002;21:8981-8993.
16.  Johnson R, Jasin M. Double-strand-break-induced homologous recombina-
tion in mammalian cells. Biochem Soc Trans. 2001;29:196-201.
17.  Chen J, Silver DP, Walpita D, et al. Stable interaction between the products 
of the BRCA1 and BRCA2 tumor suppressor genes in mitotic and meiotic cells. 
Mol Cell. 1998;2:317-328.
18.  Scully R, Chen J, Plug A, et al. Association of BRCA1 with Rad51 in mitotic 
and meiotic cells. Cell. 1997;88:265-275.
19.  Moynahan ME, Chiu JW, Koller BH, Jasin M. Brca1 controls homology-
directed DNA repair. Mol Cell. 1999:4:511-518.
20.  Moynahan ME, Cui TY, Jasin M. Homology-directed dna repair, mitomycin-
c resistance, and chromosome stability is restored with correction of a Brca1 muta-
tion. Cancer Res. 2001;61:4842-4850.
21.  Moynahan ME, Pierce AJ, Jasin M. BRCA2 is required for homology-directed 
repair of chromosomal breaks. Mol Cell. 2001;7:263-272.
22.  Tutt A, Bertwistle D, Valentine J, et al. Mutation in Brca2 stimulates error-
prone homology-directed repair of DNA double-strand breaks occurring between 
repeated sequences. EMBO J. 2001;20:4704-4716.
23.	 Patel K, Yu VP, Lee H, et al. Involvement of Brca2 in DNA repair. Mol Cell. 
1998;1:347-357.
24.	 Kraakman-van der Zwet M, Overkamp WJ, van Lange RE, et al. Brca2 
(XRCC11) deficiency results in radioresistant DNA synthesis and a higher fre-
quency of spontaneous deletions. Mol Cell Biol. 2002;22:669-679.
25.	 Shen S, Weaver Z, Xu X, et al. A targeted disruption of the murine Brca1 gene causes 
gamma-irradiation hypersensitivity and genetic instability. Oncogene. 1998;17:3115-3124.
26.	 Xu B, Kim St, Kastan MB. Involvement of Brca1 in S-phase and G(2)-phase 
checkpoints after ionizing irradiation. Mol Cell Biol. 2001;21:3445-3450.
27.	 Easton D, Bishop DT, Ford D, Crockford GP. Genetic linkage analysis in 
familial breast and ovarian cancer: results from 214 families. The Breast Cancer 
Linkage Consortium. Am J Hum Genet. 1993;52:678-701.
28.  Miki Y, Swensen J, Shattuck-Eidens D, et al. A strong candidate for the breast 
and ovarian cancer susceptibility gene BRCA1. Science. 1994;266:66-71.
29.  Thomas JE, Smith M, Rubinfeld B, Gutowski M, Beckmann RP, Polakis P. 
Subcellular localization and analysis of apparent 180-kDa and 220-kDa proteins of 
the breast cancer susceptibility gene, BRCA1. J Biol Chem. 1996;271:28630-28635.
30.  Saurin A, Borden KL, Boddy MN, Freemont PS. Does this have a familiar 
RING? Trends Biochem Sci. 1996;21:208-214.
31.  Callebaut I, Mornon JF. From BRCA1 to RAP1: a widespread BRCT module 
closely associated with DNA repair. FEBS Lett. 1997;400:25-30.
32.  Koonin EV, Altschul SF, Bork P. BRCA1 protein products ... Functional 
motifs... Nat Genet. 1996;13:266-268.
33.  Wang Q, Zhang H, Fishel R, Greene MI. BRCA1 and cell signaling. Onco-
gene. 2000;19:6152-6158.
34.  Zhou BB, Elledge SJ. The DNA damage response: putting checkpoints in 
perspective. Nature. 2000;408:433-439.
35.  Bochar D, Wang L, Beniya H, et al. BRCA1 is associated with a human SWI/SNF-
related complex: linking chromatin remodeling to breast cancer. Cell. 2000;102:257-265.
36.  Cantor S, Bell DW, Ganesan S, et al. BACH1, a novel helicase-like protein, 
interacts directly with BRCA1 and contributes to its DNA repair function. Cell. 
2001;105:149-60.
37.  Ongusaha PP, Ouchi T, Kim KT, et al. BRCA1 shifts p53-mediated cellular 
outcomes towards irreversible growth arrest. Oncogene. 2003;22:3749-3758.
38.  Wang Q, Zhang H, Kajino K, Greene MI. BRCA1 binds c-Myc and inhibits 
its transcriptional and transforming activity in cells. Oncogene. 1998;17:1939-1948.
39.  Hu YF, Hao ZL, Li R. Chromatin remodeling and activation of chromosomal 
DNA replication by an acidic transcriptional activation domain from BRCA1. 
Genes Dev. 1999;13:637-642.



Clinical Advances in Hematology & Oncology  Volume 9, Issue 10  October 2011    755

B R C A  i  n  p ro  s t a t e  ca   n c e r

40.  Monteiro AN, August A, Hanafusa H. Evidence for a transcriptional activation 
function of BRCA1 C-terminal region. Proc Natl Acad Sci U S A. 1996;93:13595-13599.
41.  Scully R, Anderson SF, Chao DM, et al. BRCA1 is a component of the RNA 
polymerase II holoenzyme. Proc Natl Acad Sci U S A. 1997;94:5605-5610.
42.  Kleiman FE, Manley JL. Functional interaction of BRCA1-associated BARD1 
with polyadenylation factor CstF-50. Science. 1999;285:1576-1579.
43.  Baer R, Ludwig T. The BRCA1/BARD1 heterodimer, a tumor suppressor 
complex with ubiquitin E3 ligase activity. Curr Opin Genet Dev. 2002;12:86-91.
44.  Bork P, Blomberg N, Nilges M. Internal repeats in the BRCA2 protein 
sequence. Nat Genet. 1996;13:22-23.
45.  Bignell G, Micklem G, Stratton MR, Ashworth A, Wooster R. The BRC repeats 
are conserved in mammalian BRCA2 proteins. Hum Mol Genet. 1997;6:53-58.
46.  Mizuta R, LaSalle JM, Cheng HL, et al. RAB22 and RAB163/mouse BRCA2: 
proteins that specifically interact with the RAD51 protein. Proc Natl Acad Sci U S A.
1997;94:6927-6932.
47.  Wong A, Pero R, Ormonde PA, Tavtigian SV, Bartel PL. RAD51 interacts 
with the evolutionarily conserved BRC motifs in the human breast cancer suscep-
tibility gene brca2. J Biol Chem. 1997;272:31941-3194.
48.  Chen PL, Chen CF, Chen Y, Xiao J, Sharp ZD, Lee WH. The BRC repeats in 
BRCA2 are critical for RAD51 binding and resistance to methyl methanesulfonate 
treatment. Proc Natl Acad Sci U S A. 1998;95:5287-5292.
49.  Marmorstein LY, Ouchi T, Aaronson SA. The BRCA2 gene product functionally 
interacts with p53 and RAD51. Proc Natl Acad Sci U S A. 1998;95:13869-13874.
50.  Davies AA, Masson JY, McIlwraith MJ, et al. Role of BRCA2 in control of 
the RAD51 recombination and DNA repair protein. Mol Cell. 2001;7:273-282.
51.	 Baumann P, Benson FE, West SC. Human Rad51 protein promotes ATP-depen-
dent homologous pairing and strand transfer reactions in vitro. Cell. 1996;87:757-766.
52.	 Yuan SS, Lee SY, Chen G, Song M, Tomlinson GE, Lee EY. BRCA2 is 
required for ionizing radiation-induced assembly of Rad51 complex in vivo. Can-
cer Res. 1999;59:3547-3551.
53.	 Yu X, Baer R. Nuclear localization and cell cycle-specific expression of 
CtIP, a protein that associates with the BRCA1 tumor suppressor. J Biol Chem. 
2000;275:18541-18549.
54.	 Francis JC, McCarthy A, Thomsen MK, Ashworth A, Swain A. Brca2 and 
Trp53 deficiency cooperate in the progression of mouse prostate tumourigenesis. 
PLoS Genetics. 2010;6:e1000995.
55.	 Yeh S, Hu YC, Rahman M, et al. Increase of androgen-induced cell death and 
androgen receptor transactivation by BRCA1 in prostate cancer cells. Proc Natl 
Acad Sci U S A. 2000;97:11256-11261.
56.	 Maor S, Abramovitch S, Erdos MR, Brody LC, Werner H. BRCA1 suppresses 
insulin-like growth factor-I receptor promoter activity: potential interaction 
between BRCA1 and Sp1. Mol Genet Metab. 2000;69:130-136.
57.	 Chan JM, Stampfer MJ, Giovannucci E, et al. Plasma insulin-like growth 
factor-I and prostate cancer risk: a prospective study. Science. 1998;279:563-566.
58.	 Rowlands MA, Gunnell D, Harris R, Vatten LJ, Holly JM, Martin RM. Cir-
culating insulin-like growth factor peptides and prostate cancer risk: a systematic 
review and meta-analysis. Int J Cancer. 2009;124:2416-2429.
59.	 Nickerson T, Chang F, Lorimer D, Smeekens SP, Sawyers CL, Pollak M. In 
vivo progression of LAPC-9 and LNCaP prostate cancer models to androgen 
independence is associated with increased expression of insulin-like growth factor 
I (IGF-I) and IGF-I receptor (IGF-IR). Cancer Res. 2001;61:6276-6280.
60.	 Schayek H, Haugk K, Sun S, True LD, Plymate SR, Werner H. Tumor sup-
pressor BRCA1 is expressed in prostate cancer and controls insulin-like growth 
factor I receptor (IGF-IR) gene transcription in an androgen receptor-dependent 
manner. Clin Cancer Res. 2009;15:1558-1565.
61.	 Arbini AA, Greco M, Yao JL, et al. Skp2 overexpression is associated with loss 
of BRCA2 protein in human prostate cancer. Am J Pathol. 2011;178:2367-2376.
62.	 Nguyen PL, Lin DI, Lei J, et al. The impact of Skp2 overexpression on recurrence-
free survival following radical prostatectomy. Urol Oncol. 2011;29:302-308.
63.	 Cancer risks in BRCA2 mutation carriers. The Breast Cancer Linkage Consor-
tium. J Natl Cancer Inst. 1999;91:1310-1316.
64.	 Thorlacius S, Olafsdottir G, Tryggvadottir L, et al. A single BRCA2 mutation 
in male and female breast cancer families from Iceland with varied cancer pheno-
types. Nat Genet. 1996;13:117-119.
65.	 Edwards SM, Kote-Jarai Z, Meitz J, et al. Two percent of men with early-onset prostate 
cancer harbor germline mutations in the BRCA2 gene. Am J Hum Genet. 2003;72:1-12.
66.  Willems AJ, Dawson SJ, Samaratunga H, et al. Loss of heterozygosity at the 
BRCA2 locus detected by multiplex ligation-dependent probe amplification is 
common in prostate cancers from men with a germline BRCA2 mutation. Clin 
Cancer Res. 2008;14:2953-2961. 

67.	 van Asperen CJ, Brohet RM, Meijers-Heijboer EJ, et al. Cancer risks in BRCA2 
families: estimates for sites other than breast and ovary. J Med Genet. 2005;42:711-719.
68.	 Johannesdottir G, Gudmundsson J, Bergthorsson JT, et al. High prevalence of 
the 999del5 mutation in icelandic breast and ovarian cancer patients. Cancer Res. 
1996;56:3663-3665.
69.	 Lorenzo Bermejo J, Hemminki K. Risk of cancer at sites other than the breast 
in Swedish families eligible for BRCA1 or BRCA2 mutation testing. Ann Oncol. 
2004;15:1834-1841.
70.	 Johannsson O, Loman N, Möller T, Kristoffersson U, Borg A, Olsson H. Inci-
dence of malignant tumours in relatives of BRCA1 and BRCA2 germline mutation 
carriers. Eur J Cancer. 1999;35:1248-1257.
71.	 Eerola H, Pukkala E, Pyrhönen S, Blomqvist C, Sankila R, Nevanlinna H. 
Risk of cancer in BRCA1 and BRCA2 mutation-positive and -negative breast 
cancer families (Finland). Cancer Causes Control. 2001;12:739-746.
72.	 Tulinius H, Olafsdottir GH, Sigvaldason H, et al. The effect of a single 
BRCA2 mutation on cancer in Iceland. J Med Genet. 2002;39:457-462.
73.	 Gallardo M, Silva A, Rubio L, et al. Incidence of BRCA1 and BRCA2 muta-
tions in 54 Chilean families with breast/ovarian cancer, genotype-phenotype cor-
relations. Breast Cancer Res Treat. 2006;95:81-87.
74.	 Gallagher DJ, Gaudet MM, Pal P, et al. Germline BRCA mutations denote a 
clinicopathologic subset of prostate cancer. Clin Cancer Res. 2010;16:2115-2121.
75.	 Ford D, Easton DF, Bishop DT, Narod SA, Goldgar DE. Risks of cancer in BRCA1-
mutation carriers. Breast Cancer Linkage Consortium. Lancet. 1994;343:692-695.
76.	 Struewing J, Hartge P, Wacholder S, et al. The risk of cancer associated with 
specific mutations of BRCA1 and BRCA2 among Ashkenazi Jews. N Engl J Med. 
1997;336:1401-1408.
77.	 Thompson D, Easton DF; Breast Cancer Linkage Consortium. Cancer Inci-
dence in BRCA1 mutation carriers. J Natl Cancer Inst. 2002;94:1358-1365.
78.	 Mitra AV, Bancroft EK, Barbachano Y, et al. Targeted prostate cancer screening 
in men with mutations in BRCA1 and BRCA2 detects aggressive prostate cancer: 
preliminary analysis of the results of the IMPACT study. BJU Int. 2011;107:28-39.
79.	 Agalliu I, Gern R, Leanza S, Burk RD. Associations of high-grade pros-
tate cancer with BRCA1 and BRCA2 founder mutations. Clin Cancer Res. 
2009;15:1112-1120.
80.	 Tryggvadóttir L, Vidarsdóttir L, Thorgeirsson T, et al. Prostate cancer progres-
sion and survival in BRCA2 mutation carriers. J Natl Cancer Inst. 2007;99:929-935.
81.	 Mitra A, Fisher C, Foster CS, et al. Prostate cancer in male BRCA1 and BRCA2 
mutation carriers has a more aggressive phenotype. Br J Cancer. 2008;98:502-507.
82.	 Narod SA, Neuhausen S, Vichodez G, et al. Rapid progression of prostate 
cancer in men with a BRCA2 mutation. Br J Cancer. 2008;99:371-374.
83.	 Thorne H, Willems AJ, Niedermayr E, et al. Decreased prostate cancer-spe-
cific survival of men with BRCA2 mutations from multiple breast cancer families. 
Cancer Prev Res (Phila). 2011;4:1002-1010.
84.	 Mani RS, Tomlins SA, Callahan K, et al. Induced chromosomal proximity and 
gene fusions in prostate cancer. Science. 2009;326:1230.
85.	 Luedeke M, Linnert CM, Hofer MD, et al. Predisposition for TMPRSS2-
ERG fusion in prostate cancer by variants in DNA repair genes. Cancer Epidemiol 
Biomarkers Prev. 2009;18:3030-3035.
86.	 Fiorentino M, Judson G, Penney K, et al. Immunohistochemical expression of 
BRCA1 and lethal prostate cancer. Cancer Res. 2010;70:3136-3139.
87.	 Zellweger T, Günther S, Zlobec I, et al. Tumour growth fraction measured 
by immunohistochemical staining of Ki67 is an independent prognostic factor in 
preoperative prostate biopsies with small-volume or low-grade prostate cancer. Int 
J Cancer. 2009;124:2116-2123.
88.	 Pollack A, DeSilvio M, Khor LY, et al. Ki-67 staining is a strong predictor 
of distant metastasis and mortality for men with prostate cancer treated with 
radiotherapy plus androgen deprivation: Radiation Therapy Oncology Group Trial 
92-02. J Clin Oncol. 2004;22:2133-2140.
89.	 Burga L, Tung NM, Troyan SL, et al. Altered proliferation and differentiation 
properties of primary mammary epithelial cells from BRCA1 mutation carriers. 
Cancer Res. 2009;69:1273-1278.
90.	 Ashworth A. Drug resistance caused by reversion mutation. Cancer Res. 
2008;68:10021-10023.
91.	 Telli ML, Ford JM. PARP inhibitors in breast cancer. Clin Adv Hematol Oncol. 
2010;8:629-635.
92.	 Tutt A, Robson M, Garber JE, et al. Oral poly(ADP-ribose) polymerase 
inhibitor olaparib in patients with BRCA1 or BRCA2 mutations and advanced 
breast cancer: a proof-of-concept trial. Lancet. 2010;376:235-244. 
93.	 Fong PC, Boss DS, Yap TA, et al. Inhibition of poly(ADP-ribose) polymerase 
in tumors from BRCA mutation carriers. N Engl J Med. 2009;361:123-134.


