
Carriers of germ-line heterozygous mutations in
BRCA1 or BRCA2 are at highly elevated risk of develop-
ing breast, ovarian, and other cancers (Wooster and We-
ber 2003). Tumors arising as a result of a BRCA mutation
generally show loss of the wild-type allele and retention
of the mutated allele, suggesting that BRCA1 and
BRCA2 deficiency is pathogenic. BRCA1 and BRCA2
are large proteins, yet have only a few structural features
suggestive of their normal functions. Although many pro-
teins have been described that associate with the two pro-
teins, only in some cases is the functional significance of
these interactions understood (Tutt and Ashworth 2002;
Venkitaraman 2002). There are exceptions, however,
where considerable indications of importance are avail-
able. In BRCA1, the RING domain has been implicated
in ubiquitin-mediated protein degradation, and the pair of
carboxy-terminal BRCT repeats comprise phosphopep-
tide-binding domains (Kerr and Ashworth 2001; Ro-
driguez et al. 2003). For BRCA2, the BRC repeats have
been shown to bind the important DNA repair protein
RAD51. A wide variety of functions have been proposed
for the BRCA proteins in transcriptional regulation, DNA
repair/recombination, cell cycle checkpoint control, and
cytokinesis (Tutt and Ashworth 2002; Venkitaraman
2002; Daniels et al. 2004). However, it is still unclear
which, if any, of these many functions are crucial for tu-
mor suppression. The identification of the BRCA1 and
BRCA2 genes, around 10 years ago, made genetic coun-
seling of carriers possible (Wooster and Weber 2003).
However, despite this knowledge of the defects present in
BRCA-deficient cells, BRCA mutation carriers develop-
ing cancer are still treated similarly to sporadic cases
(Couzin 2003; Narod and Foulkes 2004). Here we de-
scribe approaches, harnessing our understanding of the
DNA repair defects in BRCA-deficient cells, to define
the optimal existing treatment for cancers arising in

BRCA mutation carriers and, in addition, the development
of novel therapeutic approaches. We also discuss how
these approaches might be used to treat a subset of spo-
radic cancers having similar specific defects in DNA re-
pair pathways. 

DEFICIENCY OF BRCA1 OR BRCA2

INDUCES A DEFECT IN HOMOLOGOUS

RECOMBINATION

DNA double-strand breaks (DSBs) in mammalian cells
are repaired by two principal mechanisms, non-homolo-
gous end joining (NHEJ) and homologous recombination
(HR) (Hoejimakers 2001). NHEJ is the major route for
DSB repair in the G0/1 phases of the cell cycle and in-
volves the alignment and ligation of DSB termini. Se-
quence changes that occur at the site of the DSB are gen-
erally not restored, and consequently, NHEJ can be
mutagenic. Conversely, HR, which acts predominantly
during S and G2 phases, can be conservative (in the form
of gene conversion) or nonconservative (in the form of
single strand annealing). Gene conversion (GC) uses an
identical sequence to copy and replace damaged DNA,
namely the sister chromatid, whereas in single-stranded
annealing (SSA), homologous sequences on either side of
the DSB are aligned, followed by the deletion of the inter-
mediate noncomplementary sequence (Fig. 1). HR is rela-
tively suppressed in G0/1, presumably to avoid potentially
nonconservative recombination between autosomes, and
mismatches in sequence are closely monitored by the mis-
match repair surveillance complex to prevent erroneous
selection of the target sequence (Elliott and Jasin 2001).
Cells that lack BRCA1 or BRCA2 have a defect in the re-
pair of DSBs by the conservative, potentially error-free,
mechanism of HR by GC (Fig. 1) (Moynahan et al. 1999,
2001a,b; Tutt et al. 2001). This deficiency results in the re-
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Individuals harboring germ-line mutations in the BRCA1 or BRCA2 genes are at highly elevated risk of a variety of cancers.

Ten years of research has revealed roles for BRCA1 and BRCA2 in a wide variety of cellular processes. However, it seems

likely that the function of these proteins in DNA repair is critically important in maintaining genome stability. Despite this

increasing knowledge of the defects present in BRCA-deficient cells, BRCA mutation carriers developing cancer are still

treated similarly to sporadic cases. Here we describe our efforts, based on understanding the DNA repair defects in BRCA-

deficient cells, to define the optimal existing treatment for cancers arising in BRCA mutation carriers and, additionally, the

development of novel therapeutic approaches. Finally, we discuss how therapies developed to treat BRCA mutant tumors

might be applied to some sporadic cancers sharing similar specific defects in DNA repair.



pair of these DNA lesions by the nonconservative, error-
prone, and potentially mutagenic, mechanisms of NHEJ
and SSA. This genomic instability probably underlies the
cancer predisposition caused by loss-of-function muta-
tions in BRCA1 or BRCA2 (Tutt et al. 2002).

BRCA1 appears to have a relatively early role in the
regulation and promotion of HR. BRCA1 is phosphory-
lated in response to DNA DSBs by several kinases and
likely acts in DNA damage signal transduction (Cortez et
al. 1999; Lee et al. 2000; Tibbetts et al. 2000). Further-
more, BRCA1 is a component of large multiprotein com-
plexes such as BASC (BRCA1-associated genome-
surveillance complex) (Wang et al. 2000), where it may
influence the choice of which repair pathway is utilized,
depending on the type of DNA lesion. Moreover, BRCA1
has been shown to colocalize at sites of DNA damage
with BASC-containing DNA repair signaling and repair
factors in response to ionizing radiation. A specific role
for BRCA1 in these complexes could be the regulation of
initial DNA DSB processing by the MRE11/RAD50/
NBS1 (MRN) complex (Zhong et al. 1999), allowing fur-
ther progression down the HR pathway (Fig. 1). As a re-
sult, both HR-based gene conversion and deletional SSA
are reduced in BRCA1-deficient cells (Stark et al. 2004).
BRCA1 seems also to have an indirect role in marshaling
a response to DNA damage by regulating the expression

of repair and cell cycle checkpoint proteins (Harkin et al.
1999). BRCA1, in complex with a heterodimeric partner
BARD1, possesses E3 ubiquitin ligase activity (Kerr and
Ashworth 2001). This activity may be involved in the
regulation of the stability, activity, or stoichiometry of
BRCA1-associated multiprotein complexes. 

Compared to the more peripheral roles of BRCA1 in
regulation of the core HR machinery, BRCA2 plays a
more direct role via control of the RAD51 recombinase.
BRCA2 binds to RAD51 through eight evolutionarily
conserved RAD51-binding domains, the BRC repeats
(Pellegrini et al. 2002). BRCA2 can also bind to single-
stranded DNA via a domain toward the carboxyl terminus
of the protein, the integrity of which is crucial to the abil-
ity of BRCA2 to promote recombination (Yang et al.
2002). Following DNA damage and initial DSB process-
ing, BRCA2 relocalizes to the site of DNA damage (Yu
et al. 2003). BRCA2 acts preferentially at the interface
between double-stranded DNA and single-stranded 3´
overhangs that are generated by mechanisms that involve
the MRN complex (Fig. 1), to displace RPA from the
overhang and assist the loading of RAD51 (Yang et al.
2005). This process is dependent on the BRCA2-associ-
ated protein DSS1 (Gudmundsdottir et al. 2004). The
RAD51 nucleoprotein filament then catalyzes the search
for identical target sequences and strand invasion. 

140 TUTT ET AL.

Figure 1. Role of BRCA1 and BRCA2 in DNA double-strand break repair. DSBs in DNA can arise spontaneously, frequently dur-
ing replication, or be induced by exogenous or endogenous agents. DSBs are processed using two broad mechanisms of repair. The
first mechanism, NHEJ, has no requirement for homologous sequences for repair, hence sequence changes at the site of DSBs are not
restored. Homology-directed mechanisms use the presence of sequence homologous to that surrounding the DSB to act as a template
for repair. In gene conversion, RAD51 forms a nucleoprotein filament, which searches for homologous sequences. An alternative, ho-
mology-directed, mechanism, SSA, involves alignment of the long 3´ single-stranded DNA tails at regions of complementary se-
quence on either side of the DSB followed by trimming of the intermediate noncomplementary sequence causing deletion. Hence, this
SSA mechanism of repair, although homology-directed, is not conservative and may induce genome instability.
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sues in mutation carriers could also show elevated sensi-
tivity to such agents because of loss of one copy of the
relevant BRCA gene. However, there are currently few
convincing data to support the existence of a haploinsuf-
ficiency phenomenon for BRCA1 and BRCA2 in humans
(Santarosa and Ashworth 2004). The limited clinical data
available from treatment of BRCA carriers for ovarian
cancer with platinum-based chemotherapy support the
notion of a widened therapeutic window in BRCA-associ-
ated cancers (Cass et al. 2003). 

We have designed a mechanism-based randomized
Phase II trial to prospectively test the hypothesis that the
use of carboplatin chemotherapy is associated with a
wider therapeutic ratio (greater tumor cell kill with no in-
crease in normal tissue damage) in BRCA1 or BRCA2 car-
riers than previously noted in sporadic breast cancer (for
further details, see www.Breakthroughcentre.org.uk).
This is a multicenter international trial in confirmed
BRCA1 or BRCA2 carriers with metastatic breast cancer.
Patients will be randomly allocated to receive carboplatin
chemotherapy followed by docetaxel at the time of pro-
gression or, alternatively, to docetaxel with carboplatin at
progression. The trial will recruit 74 BRCA1 and 74
BRCA2 carriers. Given the challenge in recruiting this
highly defined population, this randomized cross-over

OPTIMIZING TREATMENTS FOR CANCER IN

BRCA MUTATION CARRIERS 

Despite the demonstrated role of BRCA2 in DSB re-
pair by gene conversion, no defect in overall DSB rejoin-
ing was noted in cells lacking wild-type BRCA2 (Xia et
al. 2001; A.N. Tutt, unpubl.). This implies that DNA DSB
repair by gene conversion-independent mechanisms is
proficient in BRCA2 mutant cells. Indeed, experiments
using repair constructs that can report repair by RAD51-
independent forms of homology-directed repair have
shown that, whereas BRCA2 deficiency affects the repair
of chromosomal DSBs by GC, it also increases the use of
the alternative nonconservative homology-directed DNA
repair mechanism SSA (Tutt et al. 2001). This process is
also up-regulated in yeast and mouse cells deficient in
Rad51 function (Ivanov et al. 1996; Lambert and Lopez
2000) and in mouse ES cells lacking the Rad54 gene
(Dronkert et al. 2000). The increase in use of SSA (Tutt
et al. 2001) and the demonstrated proficiency of the
NHEJ mechanism in the absence of wild-type BRCA2
(Yu et al. 2000) indicate that the genomic instability ap-
parent in otherwise isogenic BRCA2-mutant cell culture
systems (Connor et al. 1997; Patel et al. 1998), and con-
firmed by in vivo mouse mutation reporter experiments
(Tutt et al. 2002), is likely due to the alternative use of
these error-prone mechanisms. The situation is slightly
different in BRCA1 mutant cells in that both SSA and GC
are decreased, suggesting that increased use of NHEJ is
the source of the genomic instability (Fig. 2) (Snouwaert
et al. 1999; Stark et al. 2004). 

Cells deficient for BRCA2 have elevated sensitivity to
mitomycin C, a phenotype known to be associated with
abnormal HR (Yu et al. 2000; Tutt et al. 2001). Mito-
mycin C induces DNA interstrand cross-links that are re-
paired by a HR-dependent mechanism involving GC be-
tween sister chromatids and sister chromatid exchange
(Sonoda et al. 1999). Furthermore, both BRCA1 and
BRCA2 mutant cells show sensitivity to the commonly
used chemotherapeutic agents cisplatin and carboplatin
that also cross-link DNA (Fig. 3) (Overkamp et al. 1993;
Bhattacharyya et al. 2000; Fedier et al. 2003). In princi-
ple, therefore, tumors arising in BRCA1 or 2 mutation car-
riers that have lost the wild-type BRCA allele should be
hypersensitive to this type of agent based on an inability
to repair a specific class of DNA lesion. The normal tis-

Figure 2. Alternative utilization of DSB
DNA pathways in BRCA-deficient cells.
DNA DSBs are repaired in normal cells, in
part, by HR-based mechanisms. Functional
BRCA1 and BRCA2 proteins are required
for efficient repair by HR and genomic
stability. In the absence of BRCA1 or
BRCA2, alternative repair pathways, such
as NHEJ and SSA, are utilized leading to
cell death or survival with genomic
damage. 

Figure 3. BRCA2 mutant cells are hypersensitive to carboplatin.
Clonogenic survival curves of VC-8 cells and VC-8 cells com-
plemented with mouse BRCA2 BAC (VC-8-BAC) (Kraakman-
van der Zwet et al. 2002) after one hour exposure to a range of
concentrations of carboplatin. The cells were washed twice and
after normal growth media was added were allowed to grow for
10 days. 



design gives the opportunity to study carboplatin re-
sponse and toxicity in all participants, while maintaining
a standard therapy comparator arm. Tumor responses,
normal tissue toxicity, and time to tumor progression will
be the study end points. Results will be analyzed sepa-
rately for each gene carrier group. The chief investigators
for this study are James Mackay, Max Parmar, and An-
drew Tutt, who may be contacted at brca@ctc.ucl.ac.uk. 

COMBINATORIAL INHIBITION OF DNA

REPAIR PATHWAYS 

DNA is constantly damaged by exogenous agents (UV,
IR, etc.) and endogenous activities (replication, free rad-
ical generation) that create different DNA lesions and
forms of damage such as DSBs, single-strand breaks
(SSBs), and intrastrand and interstrand cross links. These
different forms of damage are repaired by different DNA
repair pathways that are coordinated and act in concert to
maintain the stability and integrity of the genome (Hoeij-
makers 2001). We hypothesized, therefore, that cells har-
boring existing defects in DNA damage repair (such as
those present in BRCA1- or BRCA2-deficient cells)
would be more sensitive to the induced loss of other DNA
damage repair mechanisms. Specifically, we hypothe-
sized that inhibiting the base excision repair (BER) path-
way would be selectively lethal in cells lacking wild-type
BRCA1 or BRCA2 alleles, compared to their normal
counterparts. The BER pathway is important for the re-
pair of certain kinds of DNA base damage, DNA SSBs,
and gaps (Dantzer et al. 2000; Hoeijmakers 2001).

To inhibit the BER pathway and test this concept of
“synthetic lethality,” we targeted the enzyme poly (ADP-
ribose) polymerase-1 (PARP-1). PARP-1 plays a role in
the BER pathway by rapidly binding to and “protecting”
SSBs that are produced either directly by damage or indi-
rectly by endonuclease action during the BER process
(Dantzer et al. 2000; Hoeijmakers 2001). By rapidly
binding to DNA breaks and covalently modifying itself
and proteins, such as histones, in the proximity with poly
(ADP-ribose) (PAR) polymers, PARP-1 instigates the
BER process. The highly negatively charged PAR that is
produced around the site of damage may also serve as an
anti-recombinogenic factor preventing unwanted recom-
bination. Deficiency of PARP-1 causes failure to repair
such SSB lesions effectively but does not impede DSB re-
pair (Noel et al. 2003). However, a persistent DNA SSB
encountered by a DNA replication fork leads to the
stalling of the fork and the potential formation of a DSB
(Haber 1999; Arnaudeau et al. 2001; Symington 2005).
Both of these outcomes can be resolved by GC. Interest-
ingly, loss of PARP-1 function induces the formation of
sister chromatid exchanges (SCEs) (Wang et al. 1997;
Shall and de Murcia 2000), a product of Rad51-depen-
dent GC. Loss of PARP-1 has also recently been shown
to induce the formation of nuclear Rad51 foci as well as
the formation of SCEs, but without increasing the activ-
ity of sister chromatid recombination as measured using a
site-specific DNA DSB assay (Schultz et al. 2003). This
suggested that loss of PARP-1 increases the formation of

DNA lesions that are repaired by GC without directly reg-
ulating GC itself. As loss of function of either BRCA1 or
BRCA2 impairs GC (Moynahan et al. 1999, 2001a,b;
Tutt et al. 2001), we hypothesized that loss of PARP-1
function in a BRCA1 or BRCA2 defective background
might result in the generation of replication-associated
DNA lesions normally repaired by SCE. If so, this in-
crease in un-repaired or mis-repaired DNA damage might
lead to cell cycle arrest and/or cell death. Therefore, in-
hibitors of PARP-1 might be selectively lethal to cells
lacking wild-type BRCA1 or BRCA2 with minimal toxi-
city to normal cells.

BRCA1 AND BRCA2 MUTANT CELLS ARE

VERY SENSITIVE TO INHIBITION OF PARP

To examine whether BRCA-deficient cells are selec-
tively sensitive to loss of PARP function, we decreased
Parp-1 expression levels using plasmid-based RNA inter-
ference. The depletion of Parp-1 caused a clear reduction
in clonogenic survival of BRCA1- and BRCA2-deficient
cells compared to wild-type cells (Farmer et al. 2005).
This result suggested that chemical inhibitors of PARP
activity might have similar effects. We used two novel
and very potent small-molecule PARP inhibitors:
KU0058684 (PARP-1 IC50 = 3.2 nM) and KU0058948
(PARP-1 IC50 = 3.4 nM) and a much less active but chem-
ically related compound KU0051529 (PARP-1 IC50 =
730 nM) (Loh et al. 2005). These PARP inhibitors are
based around a phthalazin-1-one core and are competitive
inhibitors with respect to the PARP substrate NAD+.
KU0058684 and KU0058948 are potent and specific in-
hibitors of the poly (ADP-ribose) polymerase activity of
the proteins PARP-1 and PARP-2, and exhibit between 1
and 3 orders of magnitude selectivity in comparison to
other enzymes able to catalyze poly (ADP-ribose) poly-
merization such as PARP-3, vault PARP, and tankyrase
(Farmer et al. 2005). Conversely, the chemically related
compound KU0051529 is less effective by a factor of ap-
proximately 250 in the inhibition of these enzymes. To
monitor inhibition of cellular poly(ADP-ribose) (PAR)
formation by KU0058684 and KU0058948, a “whole-
cell extract” assay for PAR was performed on HeLa cells
that had been treated with the PARP inhibitors. Monitor-
ing PAR formation, via an antibody specific for PAR
demonstrated cellular IC50s of 1 nM and 6 nM for
KU0058684 and KU0058948, respectively (Farmer et al.
2005).

We used KU0058684, KU0058948, and KU0051529
to test the sensitivity of cells deficient in either Brca1 or
Brca2 to the chemical inhibition of Parp activity. Clono-
genic cell survival assays showed that ES cell lines lack-
ing wild-type Brca1 or Brca2 were extremely sensitive to
KU0058684 and KU0058948 compared to heterozygous
mutant or wild-type cells (Fig. 4) (Farmer et al. 2005).
Similar results were obtained with non-embryonic cells
such as Chinese hamster ovary cells deficient in Brca2
(Kraakman-van der Zwet et al. 2002), which showed a
greater than 1000-fold enhanced sensitivity compared to
a Brca2-complemented derivative (Farmer et al. 2005).
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Likewise, depletion of BRCA1 mRNA in MCF7 human
breast cancer cells or of BRCA2 mRNA in MCF7 or
MDA-MB-231 cells induced hypersensitivity to PARP
inhibition (Bryant et al. 2005; Farmer et al. 2005). In con-
trast, KU0051529, which does not effectively inhibit
PARP-1 or PARP-2, had no selective effect on cells lack-
ing wild-type Brca1 or Brca2. These results, in conjunc-
tion with our RNA interference data, demonstrate that the
mechanism of sensitivity is specifically through inhibi-
tion of Parp (Farmer et al. 2005). Notably, none of the in-
hibitors had any selective effect on cells heterozygous for
Brca1 or Brca2 mutations, which is important because
non-tumor tissue in BRCA patients has only one copy of
the relevant BRCA gene. As discussed above, Brca1- and
Brca2-deficient cells are also selectively sensitive to the
chemotherapeutic agents mitomycin C, cisplatin, and car-
boplatin, but this is to a much lesser degree than the ef-
fects of PARP inhibition (Farmer et al. 2005). 

The mechanism of cell death in Brca1- or Brca2-defi-
cient cells exposed to PARP inhibitors was characterized
by cell cycle arrest in the G2 phase 24 hours after the ini-
tial inhibitor treatment followed by apoptosis at 48 hours.
Examination of those few Brca1- or Brca2-deficient cells
that did pass through the G2/M checkpoint showed in-

creased levels of chromosomal instability, illustrated by
the presence of complex chromosome rearrangements
(Fig. 5). These included chromatid breaks and more com-
plex chromatid aberrations such as tri-radial and quadri-
radial chromosomes. Such aberrations were not increased
in wild-type cells treated with the same doses of PARP
inhibitor. These phenotypes are suggestive of a failure to
repair DSBs by the conservative RAD51-dependent GC
recombination pathway and the consequent use of alter-
native error-prone pathways such as SSA or NHEJ.

The in vivo efficacy of these PARP inhibitors in pre-
venting the formation of BRCA2-deficient tumors was
also tested. Existing tumor cell models of BRCA1 and
BRCA2 deficiency are not very suitable for the rapid test-
ing of the in vivo efficacy of small-molecule therapeutics.
Therefore, the ability of ES cells to form teratocarcino-
mas after transplantation into athymic mice was ex-
ploited. This showed that small-molecule inhibitors of
PARP can indeed selectively inhibit the formation of tu-
mors derived from Brca2-deficient cells. In comparison,
the growth of tumors derived from wild-type cells was
completely unimpaired by these inhibitors (Farmer et al.
2005). However, these initial experiments only demon-
strated that PARP inhibitors have the ability to prevent
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Figure 4. Inhibition of PARP activity selectively inhibits the survival of cells lacking wild-type Brca2. (A) Clonogenic survival curves
of Brca2 wild-type, heterozygous, and deficient mouse ES cells after 10–12 days continuous exposure to a range of concentrations of
chemical inhibitors (KU0058948 and KU0051529). (B) The PARP inhibitors are based around a phthalazin-1-one core and are com-
petitive inhibitors with respect to the PARP substrate NAD+ (Loh et al. 2005). KU0058948 is a potent and specific inhibitor of the
poly (ADP-ribose) polymerase activity of the proteins PARP-1 and PARP-2, whereas KU0051529 is less effective by a factor of ap-
proximately 250 in the inhibition of these enzymes.



the formation of Brca2-deficient tumors and not to reduce
the growth of existing tumors. We have now shown that
this is also the case and that PARP inhibitors can signifi-
cantly reduce the growth of established Brca2-deficient
tumors in vivo while having no effect on wild-type tu-
mors (C.J. Lord, unpubl.). Now that the in vivo efficacy
of these small molecules is established in a relatively
rapid xenograft model, it is important that these experi-
ments are also corroborated by their use in more sophis-
ticated animal models of BRCA tumorigenesis (Jonkers
et al. 2001). 

RATIONALE FOR THE SENSITIVITY OF BRCA

MUTANT CELLS TO PARP INHIBITION

Why might BRCA1- and BRCA2-deficient cells ex-
hibit extreme sensitivity to PARP inhibition? We suggest
a model (Fig. 6) that arises from the observations that
PARP is required for the efficient repair of DNA SSBs
during BER (Dantzer et al. 2000; Hoeijmakers 2001) and
that PARP inhibition leads to persistent single-strand
gaps in DNA (Boulton et al. 1999). If these gaps are en-
countered by a replication fork, arrest would occur and
the single-strand gaps may degenerate into DSBs (Haber
1999). Normally these DSBs can be repaired by RAD51-
dependent GC (Arnaudeau et al. 2001), which, as detailed
above, is a process in which both BRCA1 and BRCA2 are
involved. In the absence of BRCA1 or BRCA2, the repli-

cation fork cannot be restarted and collapses (Lomonosov
et al. 2003), causing persistent chromatid breaks. Repair
of these by the alternative error-prone DSB repair mech-
anisms of SSA or NHEJ would induce large numbers of
chromatid aberrations, leading to loss of cell viability
(Fig. 6). This model suggests that it is the defect in GC
that is being targeted in BRCA-deficient cells. This con-
jecture is supported by our demonstration that Rad54-
deficient cells are also sensitive to PARP inhibition (N.
McCabe, unpubl.). Rad54 is involved in HR and nor-
mally acts to stimulate the strand exchange activity of
Rad51 (Hoeijmakers 2001). Therefore, this approach
may be more widely applicable in the treatment of spo-
radic cancers with impairments of the HR pathway or
“BRCA-ness” (Turner et al. 2004; and see below). 

The results presented here suggest a potential new
mechanism-based approach for the treatment of patients
with BRCA1- and BRCA2-associated cancers. Tumors in
carriers of BRCA1 or BRCA2 mutations lack wild-type
BRCA1 or BRCA2, but normal tissues retain a single
wild-type copy of the relevant gene. This difference pro-
vides the rationale for the inhibition of PARP to generate
specific DNA lesions that require functional BRCA1 and
BRCA2 for their repair. This approach is likely to be less
toxic and more specific than standard cytotoxic
chemotherapy, as PARP inhibitors are relatively nontoxic
and do not directly damage DNA, and Parp-1 knockout
mice are viable (Wang et al. 1997). 

DO A SUBSET OF SPORADIC CANCERS

PHENOCOPY BRCA MUTATION AND SHOW

“BRCA-NESS?”

Although germ-line mutations in BRCA1 or BRCA2

contribute to a substantial proportion of hereditary breast
and ovarian cancer, inactivation of these genes by muta-
tion occurs only rarely in sporadic cancers (Futreal et al.
1994; Merajver et al. 1995; Lancaster et al. 1996). This is,
perhaps, surprising but an increasing amount of evidence
suggests that these genes, or other components of the same
biochemical pathways in which BRCA1 or BRCA2 act,
may be inactivated by other means in sporadic tumors. If
these cancers display “BRCA-ness” (Turner et al. 2004),
that is, they share a DNA repair defect similar to BRCA1-
and BRCA2-deficient cells, they may also be candidates
for the treatment strategies outlined in this review.

BRCA1 hereditary tumors share many phenotypes
with a subset of sporadic breast cancers called basal-like
breast cancers (Fig. 7) (Foulkes et al. 2003). The similar-
ity between basal-like breast cancers and BRCA1 hered-
itary tumors may suggest a common etiology, raising the
possibility that basal-like cancers harbor an underlying
defect in the BRCA1 pathway. Following anecdotal evi-
dence of good responses of basal-like breast cancer to
platinum chemotherapy-based regimens, a number of
clinical trials have been designed to examine this issue.
More direct evidence for inactivation of BRCA1 in spo-
radic cancers comes from the finding that 10–15% of spo-
radic breast and ovarian cancers have BRCA1 promoter
methylation (Catteau et al. 1999; Baldwin et al. 2000; Es-
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Figure 5. Inhibition of PARP results in chromatid breaks and
complex rearrangements. (A) Chromosome analysis of ES cells
lacking wild-type Brca2 exposed to KU0058948 or vehicle for
24 hours. The small arrows indicate complex chromatid rear-
rangements and the large arrow indicates a chromatid break. (B)
Quantification of chromatid breaks and complex chromatid
aberrations in Brca2 wild-type or deficient ES cells after PARP
inhibition. Fifty metaphase spreads were quantified for three in-
dependent experiments. Error bars represent standard errors of
the mean.



teller et al. 2000; Rice et al. 2000). In the majority of these
tumors, BRCA1 expression is undetectable, suggesting
complete gene silencing and loss of BRCA1 function. 

Whether BRCA2 function can be disrupted in sporadic
cancers is currently unclear. A gene for the novel BRCA2
interacting protein EMSY is found in a common breast
cancer amplicon on chromosome 11q (Hughes-Davies et
al. 2003). The resulting overexpression of EMSY may
lead to inactivation of some of the functions of BRCA2,
although further research is needed to clarify whether this
includes the DNA repair function of BRCA2. Further
possible mechanisms of inducing “BRCA-ness” include
methylation of the promoter of FANCF, a Fanconi ane-
mia gene, which has been reported in a number of spo-
radic cancers (Taniguchi et al. 2003), and ATM defi-
ciency in approximately 30% of chronic lymphocytic
leukemias (Boultwood 2001).

CONCLUSIONS

Although differences in the age of onset and pathology
have been described for tumors in carriers of BRCA mu-
tations (Lakhani et al. 2002; Couzin 2003), at the present
time, treatment is the same as that for patients with spo-
radic disease (Couzin 2003). However, the specific geno-
type of a tumor is increasingly being targeted with mech-
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Figure 6. A model for the selective effects of PARP inhibition on cells lacking wild-type BRCA1 and BRCA2. (A) PARP is impor-
tant for the repair of DNA lesions, including DNA SSBs, by BER. When PARP activity is impaired, DNA SSBs persist. When these
are encountered by a DNA replication fork, fork arrest occurs, which may result in fork collapse or a DSB. (B) BRCA1 and BRCA2
are involved in the repair of such lesions by HR in association with RAD51. This allows restart of a collapsed replication fork. (C)
The excess number of replication fork arrests associated with loss of PARP function leads to an increase in sister chromatid recom-
bination events and sister chromatid exchanges. (D) In the absence of functional BRCA1 or BRCA2, sister chromatid recombination
and the formation of RAD51 foci are severely impaired. This leads to the utilization of error-prone RAD51-independent mechanisms
such as NHEJ or SSA, and complex chromatid rearrangements result. Cells harboring these rearrangements may permanently arrest
or undergo apoptosis.

Figure 7. Phenotypes of BRCA1-related tumors. Breast cancers
may arise in a common breast stem or progenitor cell. Loss of
BRCA1 function leads to a phenotype that reflects development
from this cell of origin down a basal-like pathway as well as re-
sulting in phenotypes mandated directly by BRCA1 deficiency
(Turner et al. 2004). Basal-like cancers resemble, in part, the
basal/myoepithelial cells that line the normal breast duct and
may harbor deficiencies in BRCA pathway(s) and display 
“BRCA-ness.”



anism-based therapeutics such as Herceptin (Slamon et
al. 2001). Tumors in carriers of BRCA1 or BRCA2 muta-
tions lack wild-type BRCA1 or BRCA2, but normal tis-
sues retain a single wild-type copy of the relevant gene.
BRCA deficiency causes a specific defect in the repair of
damaged DNA by GC. This provides the rationale for two
new mechanism-based approaches to the treatment of pa-
tients with BRCA1- and BRCA2-associated cancers. 

In the first approach, we are attempting to define the
optimal treatment of these cancers with the existing
chemotherapy drugs available. Laboratory results indi-
cate that BRCA cancers will not be more sensitive than
usual to the standard chemotherapies given for breast
cancer. Rather, BRCA-deficient cells are much more sen-
sitive to agents, such as carboplatin, which cross-link
DNA. Therefore, we have established an international
clinical trial, the BRCA Trial, to test this hypothesis.
Clinical trials in genetically subdivided groups present
significant problems in trial organization and manage-
ment. However, given the heterogeneous and genetically
determined response to several of the newer targeted can-
cer treatments, these problems will need to be addressed
by the wider oncology community (Lynch et al. 2004). A
critical point is that, if targeted treatments are to succeed
in improving the therapeutic ratio, no common cancer can
be regarded as one homogeneous disease.

The biochemical difference in capacity between the tu-
mor and normal tissues, in a BRCA1 or BRCA2 carrier,
to carry out specialized DNA repair also provides the ra-
tionale for our second approach. This involves using in-
hibitors of the DNA repair protein PARP to generate spe-
cific DNA lesions that require BRCA1 and BRCA2
specialized repair function(s) for their removal. Our pre-
clinical data lead us to anticipate that tumors defective in
wild-type BRCA1 or BRCA2 will be much more sensi-
tive to PARP inhibition than unaffected heterozygous tis-
sues, providing a potentially large therapeutic window.
The safety and preliminary efficacy of this approach will
shortly be tested in clinical trials.

Synthetic tumor lethality caused by combinatorial tar-
geting of DNA repair pathways may have usefulness be-
yond that of familial breast cancer. The majority of solid
tumors also exhibit genomic instability and aneuploidy.
This suggests that pathways involved in the maintenance
of genomic stability are dysfunctional in a significant
proportion of neoplastic disorders (Vogelstein and Kin-
zler 2004). Understanding which specialized DNA dam-
age response and repair pathways are abrogated in spo-
radic tumor subtypes may allow the development of
therapies that target the residual repair pathways on
which the cancer, but not normal tissue, is now com-
pletely dependent. This avenue may lead to that elusive
goal in clinical oncology, therapies that significantly im-
prove treatment response while causing fewer treatment-
related toxicities.
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