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Despite significant advances in surgical and medical management,
epithelial ovarian cancer (EOC) remains the fifth most common cause of
cancer death and the most lethal of all gynecologic malignancies in the USA.
Given that EOC is a genetically and biologically heterogeneous disease, a
personalized approach to management based on recognition of different
EOC subtypes with distinct genotypic and phenotypic characteristics
may be an effective strategy to improve outcomes in this disease. EOC
is characterized by frequent genetic and epigenetic alterations in gene
members of the homologous recombination DNA-repair pathway, most
commonly in the BRCA1 and BRCAZ genes. Germline BRCA1 and BRCAZ2
mutations have been identified in approximately 15% of all EOCs while an
additional 30-35% of tumors harbor other genetic or epigenetic alterations
in the homologous recombination pathway. In this review, we summarize
the phenotypic characteristics of BRCA1/2-associated tumors and their
clinical implications, both in terms of routine patient management as well
as clinical trial design.

Epithelial ovarian cancer (EOC) remains the fifth commonest cause of cancer death
in women and the most lethal gynecologic malignancy in the USA [1). Although
important advances in surgical and chemotherapeutic strategies over the last three
decades have significantly improved the median survival of EOC patients, the pla-
teau of the survival curve has not changed appreciably [1-5]. Given that EOC is a
genetically and biologically heterogeneous disease, identification of specific molecu-
lar abnormalities that can be targeted in each individual ovarian cancer on the
basis of predictive biomarkers may be an effective strategy to improve outcome in
this disease [6-8]. In this regard, a plethora of molecular studies, and most recently
The Cancer Genome Atlas (TCGA) project, have evaluated mRNA and miRNA
expression, promoter methylation, DNA copy number and whole exome DNA
sequence information on clinically annotated EOC samples in an effort to identify
novel genomic and epigenomic aberrations that may affect outcome or constitute
therapeutic targets in this disease [9.10]. These studies have consistently shown that
EOC is characterized by frequent genetic and epigenetic alterations in gene members
of the homologous recombination (HR) DNA-repair pathway, most commonly in
the BRCAI and BRCA2 genes. Specifically, germline BRCAI and BRCA2 muta-
tions have been identified in approximately 15% of all EOCs [11.12] and as many
as 22.6% of high-grade serous EOCs [9.11,12], while somatic BRCAI and BRCA2
mutations have been identified in as many as 6-7% of EOCs [9.13]. Overall, approxi-
mately 50% of high-grade EOCs have been shown to harbor genetic or epigenetic
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alterations in the HR pathway (including the altera-
tions in BRCAI and BRCA2 genes) [9]. Identification
of EOCs with BRCA1/2 mutations or other molecular
alterations of the HR pathway is of increased clinical
importance because of the advent of poly-ADP ribose
polymerase inhibitors (PARPi), a novel class of anti-
cancer agents that exhibit synthetic lethal effects when
applied to cells with defective HR [14-17]. However, it
is currently unclear whether these tumors should be
treated differently compared with the remaining EOCs,
and BRCA status is not currently used in the ongoing
management of EOC patients and not routinely incor-
porated as a stratification factor in Phase III clinical
trials of this disease. In this review we will summarize
the clinical relevance and implications of BRCA status
in EOC, both in terms of routine patient management
as well as clinical trial design.

Phenotype of BRCA1/2 mutated EOCs: clinical
implications

The clinical characteristics of patients with BRCAI/2-
mutated tumors are summarized in Table 1 and presented
in detail below.

m Association with hereditary breast/ovarian
cancer syndrome

Hereditary breast/ovarian cancer (HBOC) syndrome is
associated with germline mutations in BRCA1/2 genes
and is characterized by a familial clustering of breast and
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ovarian cancers [18]. It accounts for 10—15% of all EOCs
(19.20], although its frequency is much higher among
Ashkenazi Jewish women with EOC (29-41%) [21]. The
National Comprehensive Cancer Network guidelines
for breast and ovarian genetic risk assessment currently
recommend referral for genetic testing for HBOC syn-
drome for every woman diagnosed with EOC, fallo-
pian tube or primary peritoneal serous cancer [22.23].
However, although both BRCAI and BRCA2 germline
mutations cause HBOC syndrome, there are important
differences between BRCAI- and BRCAZ2-associated
hereditary cancer syndromes. BRCAI-mutation car-
riers are associated with higher lifetime risk of ovar-
ian cancer compared with BRCA2 carriers (36—60%
vs 16-27%, respectively) and tend to develop ovarian
cancer approximately 8 years earlier on average than
BRCAZ2 carriers (54 vs 62 years) [11.24-26]. Similarly,
BRCAI-mutation carriers are associated with slightly
higher lifetime risk of breast cancer compared with
BRCA2 carriers (57 vs 49%, respectively) and tend to
develop breast cancer approximately 4 years earlier on
average than BRCA2 carriers (43 vs 47 years) [24]. Fur-
thermore, risk-reducing salpingo-oophorectomy appears
to confer different degrees of protection against gyne-
cologic and breast cancers between BRCAI and BRCA2
carriers, suggesting that future studies evaluating the
efficacy of risk-reduction strategies in BRCA mutation
carriers may need to stratify by the specific gene (BRCA!
vs BRCA2) mutated [27]. Finally, BRCAI and BRCA2

Table 1. Clinical characteristics of BRCA1/2-associated tumors.

Characteristic
syndrome
Pathology

Stage
Debulking status

Overall survival

Hereditary breast-ovarian

Patterns of recurrence

Response to chemotherapy

BRCA1/2-associated EOCs

Association with serous tumors

Association with high-grade/undifferentiated tumors
Association with higher stage (stage IIl or IV) at presentation

No difference in the rates of optimal tumor debulking at primary surgery as compared with

sporadic tumors

Debulking status is independently associated with survival among patients with BRCA1/2-associated

tumors

metastases)

This effect seems more prominent for BRCAI tumors

Improved survival for BRCAI vs sporadic (hazard ratio = 0.73)
Improved survival for BRCAZ vs sporadic (hazard ratio = 0.49)
Improved survival for BRCAZ2 vs BRCA1 (hazard ratio = 0.64)

Improved response to platinum and PARPi

Improved response to other double strand DNA break-inducing agents, such as PLD
BRCAZ2 are more responsive to platinum and have greater genomic instability than BRCAI-tumors
BRCAI loss may be associated with taxane resistance

BRCAI1 carriers have higher lifetime frequency of EOC
BRCAI carriers develop EOC at an earlier age
Risk of different cancers in BRCA-1 vs -2 carriers

More likely to develop visceral metastases (parenchymal lung, liver, spleen, adrenal and brain

EOC: Epithelial ovarian cancer; PARPi: PARP inhibitors; PLD: Pegylated liposomal doxorubicin.
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mutation carriers have been reported to be associated
with elevated risks for other tumors besides breast and
ovarian cancer; that is, BRCAI carriers with gastric,
pancreatic, prostate and uterine cancers and BRCA2
with melanoma, gastric, pancreatic, prostate and bili-
ary duct cancers [28-31]. The role of cancer screening for
tumors other than breast or ovarian cancers in BRCAI
and BRCA?2 carriers is currently unclear.

m Pathology of BRCA1/2-mutated tumors

A higher proportion (as high as 22.6%) of high-grade
(grade 2 or 3) papillary serous EOCs are associated
with BRCAI or BRCA2 mutations compared with
endometrioid or clear cell histologies, while no or only
exceedingly rare mutations have been identified in
women with invasive mucinous ovarian tumors [11,12,32].
Furthermore, tumors in BRCAI and BRCAZ2 carriers
are more likely to be poorly differentiated or undif-
ferentiated compared with non-carriers 33]. No differ-
ences in histology or grade have been identified between
BRCAI- and BRCAZ2-associated tumors [32-34]. In one
study, BRCA1/2 mutations were identified in ten out of
119 endometrioid and four out of 63 clear-cell EOCs,
but most of these cases (11 out of 14) were subsequently
reclassified as high-grade serous or unclassified adenocar-
cinomas, suggesting that BRCA1/2 mutations are almost
exclusively associated with high-grade serous cancers
(11]. Despite these findings, according to the National
Comprehensive Cancer Network guidelines for breast
and ovarian cancer genetic-risk assessment, BRCA1/2
genetic testing should still be offered to all women with
newly diagnosed EOC, regardless of histology [23].

In breast cancer, BRCAI-mutated tumors frequently
exhibit a characteristic pathological phenotype (i.e.,
they commonly express basal, myoepithelial cell-type
cytokeratins [CK5/6, CK14 and CK17], are commonly
estrogen/progesterone receptor-/ HER2-negative, are of
higher mitotic count and show lymphocytic infiltra-
tion) [35], while BRCA2-mutated tumors lack a clear
pathologic phenotype (although BRCA2-mutated
tumors are more frequently estrogen receptor-/pro-
gesterone receptor-positive compared with BRCAI-
mutated tumors) [32]. Conversely, in ovarian cancer,
neither BRCAI- nor BRCA2-mutated tumors are asso-
ciated with a distinct histopathological or immuno-
histochemical phenotype that readily distinguishes
them from sporadic cancers. However, in one small
study from Memorial Sloan-Kettering Cancer Center
(NY, USA) that included 43 high-grade serous EOCs
from the TCGA project, BRCAI-mutated tumors were
frequently associated with solid, pseudoendometrioid
and transitional cell carcinoma-like morphology, higher
mitotic indexes, more tumor-infiltrating lymphocytes
and either geographic or comedonecrosis [36]. In the
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same study, BRCAZ2-associated tumors tended to show
solid, pseudoendometrioid and transitional cell carci-
noma-like morphology, but were relatively deficient in
tumor-infiltrating lymphocytes and necrosis. Although
larger studies are necessary to confirm these findings,
these pathologic characteristics may raise the possibility
of presence of a BRCA mutation in a patient who has
otherwise not been offered genetic testing.

m Association with overall survival

Four large studies have demonstrated that BRCA1/2-
mutated ovarian cancers are associated with improved
overall survival compared with their sporadic counter-
parts [9.26,33,37]. In three of these studies, BRCAI and
BRCA2 carriers were combined and compared together
versus their sporadic counterparts 9.26,37]. The fourth
and largest study included 1213 EOC patients with
pathogenic germline mutations in BRCAI (n = 909)
or BRCA2 (n = 304) and 2666 non-carriers pooled
from 26 international observational studies. The pri-
mary end point was 5-year overall mortality 33]. In
that study, BRCAI- and BRCA2-mutation carriers sep-
arately exhibited a statistically significantly improved
survival compared with non-carriers (adjusted hazard
ratio of 0.73 for BRCAI and 0.49 for BRCA2 carri-
ers vs non-carriers) and BRCAZ2 carriers exhibited
statistically significantly improved survival compared
with BRCAI carriers (hazard ratio: 0.64). Interest-
ingly, the survival advantage of BRCAI carriers over
non-carriers differed depending on the location of the
mutation; worse survival was observed as the mutation
site moved from 5" to 3" end [33.38]. Two other studies
also demonstrated a significant survival advantage for
BRCA2-associated EOCs over BRCAI-associated and
BRCA-negative EOCs, but a smaller not statistically
significant advantage of BRCAI-associated EOCs over
BRCA-negative tumors probably due to lack of power
to detect such difference [34.39]. The survival advantage
of BRCAI- and BRCAZ2-associated tumors relative to
BRCA-negative tumors and the advantage of BRCA2-
over BRCAI-associated tumors could be related to a
more indolent natural history due to intrinsic biologic
differences, or to differential response to therapy (as
in the following section), or both. Finally, it is impor-
tant to underscore that the duration of the survival
advantage for the BRCAI/2-associated tumors over
BRCA-negative tumors is unknown. In this regard, a
recently published study that included 218 mutation
carriers with EOC demonstrated a short-term survival
advantage associated with the presence of BRCA1/2
mutations, but that these patients did not have long-
term survival benefit (40]. Longer follow up of the other
studies discussed above is necessary to evaluate this
possibility.

Clin. Invest. (2013) 3(8)
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m Association with response to chemotherapy

The standard-of-care first-line systemic therapy of
EOC includes a combination of platinum and taxane
chemotherapy [2.41]. Platinum analogs (carboplatin
and cisplatin) induce intra- and inter-strand crosslinks
and double strand breaks (DSB) in the DNA double
helix backbone, which are normally repaired by the
HR DNA-repair pathway [42]. Cells that are deficient
in BRCAI or BRCA2 function exhibit defective DNA
repair via HR and are therefore particularly sensitive to
platinum agents [43]. Furthermore, cells with defective
HR use alternative mechanisms for the repair of DSB.
such as the error-prone and mutagenic non-homologous
end-joining (NHE]) pathway that directly ligates the
end of a DSB together and frequently causes deletions
or mutations of DNA sequences around the DSB site
[44]. For this reason, cells deficient in BRCAI or BRCA2
function also show a high degree of genomic instability.

Patients with BRCAI/2-associated tumors exhibit
higher response rates and prolonged disease-free sur-
vival after first-line platinum-based chemotherapy and
increased response rates to subsequent lines of platinum-
based chemotherapy compared with nonhereditary
tumors [11,26,45-47]. Of note, enhanced responsiveness
to platinum chemotherapy seems to be more prominent
in BRCA2-associated tumors compared with BRCAI-
and BRCA-negative tumors [34.46]. Specifically, in one
study based on EOCs included in the TCGA project,
BRCA2-associated tumors were associated with higher
primary chemotherapy sensitivity rate, longer platinum-
free duration and greater genomic instability compared
with BRCAI- and BRCA wild-type tumors (34]. This is
probably because, although both BRCAI and BRCA2
genes are involved in DNA repair via HR, several stud-
ies suggest that they have distinct functions [48.49]. In
this regard, the nature of the defect in DNA repair due
to BRCAI mutation may be different than that due to
a BRCAZ2 mutation.

Importantly, the enhanced platinum sensitivity
associated with BRCA-associated EOC tumors may
challenge the traditional clinical definition of plati-
num resistance as relapse within 6 months after the
last platinum dose in these patients. Specifically, in one
study, patients with BRCA-associated tumors who were
retreated with platinum within 6 months of the end of
primary platinum therapy (i.e., classified as platinum
resistant using the conventional clinical definition of
platinum resistance) still exhibited high response rates
to platinum therapy (i.e., eight out of ten patients [80%]
showed a CA125 response defined as at least 50% reduc-
tion in CA125 maintained for at least 1 month) [11].
Although this phenomenon needs to be studied pro-
spectively and in a randomized fashion in a larger num-
ber of patients, this study advocates for continuation
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of platinum therapy in patients with BRCA-associated
tumors even if they are defined as platinum resistant
using traditional criteria until clear tumor progression
on platinum is observed.

The association between presence of BRCAI/2
mutations that cause defective DNA repair via HR
and platinum sensitivity is further strengthened by the
fact that development of platinum resistance in BRCA-
associated tumors is frequently related to emergence of
secondary BRCAI/2 mutations that restore BRCA1/2
function. Several studies have shown that in BRCA-
associated tumors, restoration of BRCA1/2 function due
to secondary BRCA1/2 mutations leads to restoration of
DNA repair via HR and acquired platinum resistance
[50-54]. In this case, the genetic reversion of the inherited
BRCAI or BRCA2 mutations provides a survival advan-
tage to the cancer cells by protecting them from plati-
num chemotherapy. In one study, secondary BRCA1/2
mutations that restore BRCA function occurred in
12 out of 26 (46.2%) of platinum resistant relapsed
BRCA-associated EOCs and cumulative exposure to
chemotherapy may contribute to the development of
these secondary genetic events [54].

BRCA-associated tumors have also been shown to
exhibit enhanced sensitivity to non-platinum cytotoxic
agents that induce double strand DNA breaks. For
example, pegylated liposomal doxorubicin (PLD) is a
topoisomerase II inhibitor that induces DNA double
breaks and is US FDA-approved for the treatment of
relapsed ovarian cancer [55:56]. Treatment of BRCA-asso-
ciated EOC patients with PLD has been shown to result
in longer time to treatment failure and improved overall
survival compared with sporadic patients, independent
of platinum sensitivity (57]. Similarly, other DSB-induc-
ing agents such as PARPi (discussed below) exhibit high
response rates in patients with BRCA-associated EOCs.

Unlike DSB-inducing agents such as platinum and
PARPI, taxanes are mitotic spindle poisons that act
by inhibiting microtubule depolymerization. Given
that BRCAI is also a regulator of the G2-M check-
point and of the mitotic spindle assembly [58,59], several
studies in breast and ovarian cancer have evaluated
the association of BRCAI status and taxane sensitiv-
ity [60-64]. Most of these studies suggest that intact
BRCALI is crucial for taxane cytotoxicity by directing
cells towards apoptotic death after taxane treatment
(i.e., exactly opposite from the association of BRCAI
with platinum response whereby intact BRCA1 is asso-
ciated with platinum resistance) (60-63]. In this regard,
inhibition of endogenous BRCAI expression decreases
sensitivity to taxanes in ovarian cancer cell lines and
high BRCAI levels in patients with sporadic ovarian
cancer exhibit a nonsignificant trend towards improved
survival after taxane-based chemotherapy [64]. Larger
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prospective studies are necessary to confirm whether
BRCAI deficiency is indeed associated with taxane
resistance and whether this is clinically significant for
the medical treatment of EOC.

m Association with other clinical characteristics
(stage, debulking & patterns of recurrence)

Several studies have reported that BRCAI/2-associated
tumors are associated with higher stage (stage III or IV)
at presentation compared with their sporadic counter-
parts [11,33,65]. Conversely, no difference in the rates of
optimal tumor debulking at primary surgery have been
observed between BRCAI1/2-associated and sporadic
tumors after adjusting for differences in patient age [¢6].
However, debulking status is independently associated
with survival among patients with BRCA1/2-associated
tumors, and was the sole factor associated with survival
in these patients in one study [11]. Of note, survival of
BRCA1/2-associated tumors and suboptimally debulked
disease is similar to survival of patients with BRCA-
negative tumors and optimally debulked disease sug-
gesting that the survival benefit of BRCA-associated
tumors over their sporadic counterparts may be elimi-
nated if these tumors are suboptimally debulked [11].
These data argue that presence of BRCAI/2 mutations
does not obviate the need for optimal surgical debulking
in these patients.

In terms of patterns of recurrence, two studies have
demonstrated that BRCA1/2-associated tumors are
more likely to develop visceral metastases (parenchy-
mal lung, liver, spleen, adrenal and brain metastases)
compared with the BRCA-negative tumors [11.67]. In
the first study, the frequency of all visceral metasta-
ses was 58% among BRCA-associated tumors and 5%
in matched sporadic controls, while the percentage of
patients with visceral metastases as their first site of pro-
gression was 47% in BRCA-associated tumors and 5%
in the sporadic controls (67]. This difference was par-
ticularly prominent in BRCAI-associated tumors, which
also seemed to be associated with higher incidence of
visceral metastases compared with BRCA2-associated
tumors. Similarly, another larger study reported that
patients with BRCAI/2 mutations were more likely to
have developed visceral metastases within 2 months
of first progression, but this difference decreased over
time and the presence of visceral metastases did not
affect survival among BRCA1/2-associated tumors [11].
However, although BRCAI/2 tumors are more likely
to develop visceral metastases upon recurrence, there is
no evidence that visceral metastases are more common
in BRCAI/2-associated tumors at initial presentation.
Specifically, while BRCA1/2-associated tumors pres-
ent more commonly with advanced disease (stage 111
or IV) compared with their sporadic counterparts, no

study has shown a prevalence of stage IV disease among
BRCA1I/2-associated tumors.

BRCAness phenotype in sporadic EOC
Patients with BRCAI/2-associated EOCs exhibit
improved overall survival and high sensitivity to double
strand DNA break-inducing agents due to an under-
lying defect in DNA repair via HR [68.69]. However,
it is increasingly recognized that a subset of patients
with sporadic EOCs also exhibit defective HR caused
by mechanisms that are unrelated to germline BRCAI
or BRCA2 mutations [70]. These tumors may behave
similarly to BRCA1/2-mutated EOCs and are com-
monly referred to as having a ‘BRCAness’ phenotype
(70]. Identifying tumors with a BRCAness phenotype
is of increased clinical importance not only due to the
advent of PARP; (as discussed in the following section)
but also because patients with this phenotype may need
to be managed differently than the remaining patients.
Several molecular mechanisms may underlie defective
HR in EOCs in the absence of germline BRCA1/2 muta-
tions and are summarized in Table 2. These include genetic
and epigenetic alterations involving members of the HR
DNA-repair pathway, that is, somatic BRCAI/2 muta-
tions, hypermethylation of BRCAI or RAD5IC, amplifi-
cation or mutation of EMSY;, focal deletion or mutation
of PTEN, mutation of ATM or ATR, and mutation of

Table 2. Molecular alterations of homologous recombination

pathway in epithelial ovarian cancer (based on The Cancer Genome
Atlas dataset).

Molecular alteration High-grade serous EOC (%)’

Germline BRCA1/2 mutations BRCAI:8.5
BRCAZ2: 6.3
Total: 14.7

Somatic BRCA1/2 mutations BRCAI:3.2
BRCA2:2.9
Total: 6.1

Epigenetic silencing of BRCA1 10.8

Amplification or mutation of EMSY 7.9

Homozygous deletion of PTEN 6.7

Mutations in Fanconi anemia genes 5.1

(FANCA, FANCC, FANCD2, FANCE,

FANCG, FANCI, FANCL, PALB2)

Mutations in core HR RAD genes 1.6

(RAD50, RAD51, RAD54L)

Mutations in DNA damage response 2.2

genes (ATM, ATR, CHEK?2)

Epigenetic silencing of RAD51C 2.5

'n =316

EOC: Epithelial ovarian cancer; HR: Homologous recombination.

Data taken from [9].
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Fanconi anemia genes [71-74]. In this regard, in the TCGA
dataset, approximately 30% of high-grade serous EOCs
harbored the aforementioned genetic or epigenetic alter-
ations involving the HR pathway while approximately
20% harbored germline BRCAI or BRCA2 mutations [9].
Interestingly, among the remaining 50% of high-grade
serous EOCs in the TCGA dataset that did not harbor
these alterations or germline BRCAI/2 mutations, sev-
eral tumors were associated with enhanced sensitivity to
platinum, suggesting that alternative mechanisms, that
are yet to be identified, may underlie BRCAness in EOC.

It is important to underscore that although the afore-
mentioned molecular mechanisms of BRCAness may
cause defective HR and, thus, enhanced sensitivity to
double strand DNA break-inducing agents, not all of
them are necessarily associated with improved overall
survival. For example, while sporadic EOCs with somatic
BRCA1/2 mutations are associated with improved over-
all survival compared with BRCA-negative tumors [9,13],
tumors with epigenetic silencing of BRCAI through
promoter methylation are not associated with improved
survival (despite the fact that they are associated with
platinum sensitivity) [9].

Given the heterogeneous molecular mechanisms that
may underlie BRCAness, it is challenging to prospectively
identify sporadic patients with a BRCAness phenotype.
One approach would be to comprehensively profile each
tumor for molecular abnormalities in HR pathway genes
using next-generation sequencing [75]. Limitations of this
approach include high cost and the fact that it is not cer-
tain that every molecular alteration in gene members of
the HR pathway identified via this approach can result in
sufficiently defective HR to induce sensitivity to platinum
and PARPI. Alternative approaches include gene expres-
sion profiles of BRCAness [76] or DNA repair [77], assess-
ing loss of heterozygosity and copy number changes as a
surrogate of genomic instability using single nucleotide
polymorphism array data [78], assessing BRCAI protein
expression using immunohistochemistry [79], and assess-
ing the wider tumor genome nucleotide sequences and
mutational spectrums or ‘sequence scars’ that may be
characteristic of defective DNA repair via HR [80]. These
are promising assays but need to be independently and
prospectively validated before they can be incorporated
into routine clinical practice. Finally, functional biomark-
ers of BRCAness have also been proposed whereby HR
pathway is mechanistically evaluated by assessing RAD51
foci formation by immunofluorescence or by assessing
other DNA repair complexes by immunohistochemis-
try [81.82]. The challenge with functional biomarkers of
defective HR is that they require the tissue or the speci-
men to be exposed to some form of DNA damage (i.c.,
radiation or chemotherapy) before the molecular marker
is assessed. Despite these challenges, identification of a
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reliable biomarker of BRCAness that accurately predicts
defective HR and responsiveness to platinum and PARP
inhibitors is a high priority for ovarian cancer research.

Therapeutic opportunities for BRCA1/2-
associated tumors

m Concept of synthetic lethality

Two genes are synthetically lethal when loss-of-function
in either of these two genes permits cell survival, while
loss-of-function of both genes is incompatible with sur-
vival [83]. Synthetic lethality is an exciting anticancer
strategy because targeted inhibition of one gene in the
synthetic lethal pair leads to selective killing of cancer
cells (cancer cells exhibit defects in the other gene of the
synthetic lethal pair) while sparing normal cells (normal
cells do not exhibit defects in the other gene of the syn-
thetic lethal pair), thereby enabling wider therapeutic
windows that can be achieved by conventional chemo-
therapy drugs. This strategy was applied to BRCA1/2-
associated tumors and led to the development of a novel
class of anticancer drugs — the PARPI. Specifically, it
was shown that cells that exhibit defective HR due to
BRCA1/2 mutations are exquisitely sensitive to inhibition
of the PARP1 enzyme, which is a key component of the
base excision DNA repair pathway that is responsible for
repair of single-strand DNA breaks (SSB) [14,34]. Inhibi-
tion of PARPI enzyme leads to persistence of spontane-
ously occurring SSBs and subsequent formation of DSB
(SSB stall and collapse replication forks and lead to DSB),
which cannot be repaired by the defective HR pathway
in BRCA1/2-mutated cells thereby resulting in cell death.
Cells that exhibit normal DNA repair via the HR path-
way are 1000-times less sensitive to PARPi compared
with BRCA1/2-mutated cells, thus potentially providing
awide therapeutic window for these drugs. Importantly,
PARPI have also been shown to stimulate the error-
prone NHE] DNA repair pathway (via phosphorylation
of DNA-dependent protein kinase substrates) which
leads to cytotoxicity in HR-deficient cells treated with
PARP:. So, stimulation of the error-prone NHE] pathway
seems to play an important role in the synthetic lethality
induced by PARPi in BRCA1/2-deficient tumors [8s].

Clinical development of PARPi in
BRCA1/2-associated EOC

Several PARPI including olaparib (AZD2281), rucaparib
(AG014699), veliparib (ABT888), niraparib (MK4827)
and iniparib (BSI201) have been evaluated in BRCA-
associated EOC [86]. Iniparib is not considered a PARPi
as it exhibits very low PARP inhibition in vitro, and its
mechanism of action iz vive remains unclear [87]. Of
these drugs, olaparib has been the most widely studied
so far in BRCA-associated EOC (Table 3). In the initial
proof-of-concept Phase I study of olaparib monotherapy in
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Table 3. Clinical Trials of PARP inhibitors as single agents in BRCA1/2-associated in epithelial ovarian cancer.

Agent Design Patients/dose Results Ref.
Olaparib  Initial proof-of-concept 15 BRCA-associated EOCs Eight out of 15 (53%) had objective response per (15]
Phase I (oral dose escalation) RECIST criteria and one had stable disease for
6 months
Olaparib  Expanded cohort of 50 BRCA-associated EOCs 40% ORR and/or CA125 (>50% decline) (88]

above Phase I (200 mg p.o. b.i.d.) Clinical benefit in platinum-sensitive, -resistant and

-refractory subgroups (69, 46 and 23%, respectively)

Olaparib  Phasell 33 BRCA-EOCs (400 mg p.o. ORR: 33% in 400 mg b.i.d. and 13% in 100 mg b.i.d. (89]
b.i.d.) Median PFS 5.8 (400 mg) versus 1.9 months (100 mg)
24 BRCA-EOCs (100 mg p.o.
b.i.d)
Olaparib Randomized Phase II 97 BRCA-associated EOCs ORR: 25 (200 mg), 31 (400 mg) and 18% (Doxil) [90]
versus 32: Olaparib 400 mg p.o. b.i.d.  PFS: 6.5 (200 mg), 8.8 (400 mg) and 7.1 months
Doxil 32: Olaparib 200 mg p.o. b.i.d.  (Doxil)
33: Doxil 50 mg iv. every 28 GCIG CA125 response: 34 (200 mg), 56 (400 mg) and
days 33% (Doxil)
Rucaparib  Phasel 41 BRCA-associated breast and RECIST clinical benefit rate [102]

ovarian tumors
(iv. on days 1-5 of a 21-day
cycle; dose escalation)

11 BRCA-associated tumors
(p.o. dose escalation)

(CR + PR + SD 24 months) = 32%
A more frequent dosing schedule of oral AG-014699
is planned in this patient population

RECIST PR in two patients with BRCA-associated EOCs  [103]
SD =4 months in two patients with BRCA-associated

Niraparib  Phasel

EOCs

Veliparib Phase | 38 BRCA-associated tumors Two RECIST PR (one breast and one EOC) [104]
(20 BRCA-associated EOCs) SD = 4 months in ten patients
(p.o. dose escalation)

b.i.d.: Twice-daily; CR: Complete response; EOC: Epithelial ovarian cancer; iv.: Intravenously; ORR: Overall response rate; p.o.: By mouth; PFS: Progression-free survival;

PR: Partial response; RECIST: Response Evaluation Criteria in Solid Tumors; SD: Stable disease.
BRCA-associated refractory solid tumors, the maximum — BRCA1/2-associated EOC patients. Specifically, patients
tolerated dose was established at 400 mg orally twice- randomized to olaparib 400 mg by mouth (p.o.) twice-
daily using capsule formation and an impressive response  daily exhibited higher response rate and median progres-
rate was observed: nine of 19 BRCA-associated patients  sion-free survival (PFS) compared with patients random-
with breast, ovarian or prostate cancers exhibited a par-  ized to olaparib 100 mg p.o. twice-daily (33 vs 12.5% and
tial response according to Response Evaluation Criteria 5.8 vs 1.9 months, respectively) [89]. Given that patients
in Solid Tumors (RECIST; eight out of nine patients randomized in the lower dose cohort had poorer prog-
had EOC) and 63% of patients (12 out of 19) derived  nostic features it is still unclear whether there is a clini-
clinical benefit (tumor marker or radiologic response or  cally meaningful dose—response relationship of olaparib
stable disease of 4 or more months) from olaparib 15]. The  in BRCA-associated EOC.
expanded cohort of this study included 50 patients with Subsequently, olaparib was compared with PLD
BRCA1/2-associated EOC who received olaparib mono-  in a Phase II, open-label study in patients with recur-
therapy at 200 mg twice-daily and showed radiological ~rent BRCA-associated EOC who progressed within
or CA125 response in 40% of patients with a median 12 months of their most recent platinum regimen [90].
duration of response of 28 weeks [88]. This study indicated A total of 97 patients were randomized 1:1:1 between
an association between olaparib and platinum sensitivity,  two olaparib doses (200 and 400 mg twice-daily) and
that is, the olaparib clinical benefit rate correlated with PLD at its FDA-approved dose (50 mg/m? intrave-
platinum sensitivity (23% in platinum refractory, 46% nously every 28 days). The side-effect profile of olapa-
in platinum resistant and 69% in platinum-sensitive  rib reported in this and the aforementioned studies was
patients) probably due to the common mechanism of generally mild and included nausea, vomiting, fatigue
defective HR that confers sensitivity to both drugs. (which can sometimes be severe) and anemia. There

Another Phase II international, multicenter study were no statistically significant differences in median

suggested a dose—response relationship of olaparib in  PES, RECIST-assessed response rate and overall
future science group Clin. Invest. (2013) 3(8) 783
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survival, although the olaparib 400-mg arm exhibited
a better CA125 response compared with the PLD arm,
again suggesting a potential dose—response relationship
of olaparib in BRCA-associated EOC. One explanation
for the similar response between olaparib and PLD may
be that patients with BRCA-associated EOC may also
be more sensitive to PLD (as discussed above), which
may have affected the power of the study to detect a
smaller difference in PES between olaparib and PLD
(9091]. In this regard, the PFS of 7.1 months observed
in the PLD arm appears higher than the median PES
of PLD (4 months) observed in patients with unknown
BRCA status. Finally, imbalances in platinum sensitiv-
ity and number of prior lines of therapy in favor of PLD
may have underestimated an olaparib effect.

The clinical evaluation of other PARPI as single
agents in BRCA-associated EOC is in a more prelimi-
nary stage (Table 3). Veliparib and niraparib (both oral
agents) have been evaluated in Phase I studies as single
agents while an oral formulation of rucaparib is cur-
rently in Phase II trials and the drug is administered
every day in an effort to achieve a more prolonged PARP
inhibition and possibly higher efficacy.

Finally, combinations of PARPi with conventional
chemotherapy agents that induce DNA strand breaks
such as temozolomide, platinum compounds and topo-
isomerase I or II inhibitors are also being evaluated in
BRCA-associated EOCs [86]. The rationale behind these
PARPi/chemotherapy combinations is that PARPi inhibit
base excision repair, which is partly responsible for repair
of the damage caused by these chemotherapy agents thus
potentiating their action. Combinations of PARPi with
antiangiogenic agents such as cediranib based on preclini-
cal data of interaction between the VEGF pathway and
PARP inhibition [92,93] and with PI3K inhibitors based on
evidence of synergism between PI3K and PARP inhibition
are also being evaluated [94].

m PARPi in non-BRCA1-/2-associated tumors

As discussed above, a subset of patients with sporadic
EOC:s also exhibit defective HR caused by mechanisms
that are unrelated to germline BRCAI or BRCA2 muta-
tions [70]. These tumors, which are referred to as having a
‘BRCAness’ phenotype [70], may also be sensitive to PARPi
because of their defective HR pathway, similar to their
BRCA-associated counterparts. Two studies of single-
agent olaparib have demonstrated significant activity of
this PARPI in sporadic EOCs (Table 4) [95.9¢]. In a land-
mark Phase IT study of 47 patients with high-grade serous/
undifferentiated EOC and unknown or negative BRCA
status, olaparib administered at 400 mg twice-daily was
associated with a 24% objective response rate by RECIST,
a 30% combined RECIST or CA125 response rate and
a median PES of 27 weeks [95]. This study included also
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17 patients with BRCA-positive EOCs and the objective
response rate to olaparib was 41%. As in the Fong ez al.
study (88], olaparib sensitivity was higher in platinum-sen-
sitive compared with platinum-resistant tumors in both
BRCA-positive and -negative cohorts. However, while
responses were seen in a significant percentage of plati-
num-sensitive patients in both BRCA-positive and -nega-
tive tumors (60 and 50%, respectively) and in patients
with platinum-resistant BRCA-positive tumors (33%),
the response rate was very low in platinum-resistant
BRCA-negative patients (one [4%)] out of 26 patients).

Furthermore, a randomized, double-blind, placebo-
controlled, Phase II study evaluated the role of main-
tenance olaparib treatment in 265 EOC patients, includ-
ing those with non-BRCA-associated disease (96]. In an
attempt to enrich for patients with tumors that may har-
bor defective HR (in the absence of any good biomark-
ers of BRCAness), only patients with platinum-sensitive,
high-grade serous EOC who had received two or more
platinum-based regimens and had had a partial or com-
plete response to their most recent platinum-based regi-
men were eligible. PES, the primary end point of the study,
was significantly longer in the olaparib versus placebo
cohorts (8.4 vs 4.8 months, hazard ratio of progression
or death was 0.35) but interim analysis showed no dif-
ference in overall survival. These two studies provide a
strong rationale for use of PARPI in non-BRCA1/2 asso-
ciated EOCs and studies of other PARPI in this patient
population are currently underway.

m Challenges for PARPi in EOC

Although PARPI have shown striking responses in BRCA-
associated tumors, a substantial fraction of patients do not
respond or develop resistance to these agents suggesting
that de novo and acquired resistance to PARPi may be a sig-
nificant clinical problem. Increased expression of p-glyco-
protein efflux transporter mediating multidrug resistance
has been shown to lead to acquired resistance to olaparib
[97]. Furthermore, in BRCA-associated tumors, secondary
BRCA1/2 mutations that restore BRCA1/2 function and
lead to development of platinum resistance may also lead
to PARPI resistance [50-54]. However, although restoration
of defective HR is a common mechanism of resistance to
both platinum and PARP, it is important to underscore
that the mechanisms of platinum and PARPi resistance are
not completely overlapping. In this regard, patients who
have developed resistance to PARPi may respond well to
subsequent platinum therapy. One proposed mechanism
for that is loss of 53BP1 in BRCAI-associated tumors,
which has been shown to lead to PARPI resistance while
preserving sensitivity to platinum and other interstrand
crosslinking agents [98-100]. 53BP1 is involved in regulat-
ing the choice between NHE] and HR-mediated repair of
DNA DSB in favor of NHE], so loss of 53BP1 suppresses
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Table 4. Clinical trials of PARP inhibitors as single agents in epithelial ovarian cancer patients with sporadic or unknown

BRCA1/2 status.
Agent Design

Patients/dose Results Ref.

Olaparib Phase II, open-label, 17 BRCA-associated EOCs BRCA-associated EOCs ORR: 41% (platinum sensitive:  [95]
multicenter, non- 46 sporadic EOCs (400 mg b.i.d.) 60%; platinum resistant: 33%)
randomized study Sporadic-EOC ORR: 24% (platinum sensitive: 50%,
platinum resistant: 4%)
Olaparib Randomized, 265 high-grade EOC patients PFS significantly longer in olaparib (8.4 vs 4.8 months;  [96]

maintenance double-blind, with unknown BRCA-status p < 0.001; hazard ratio for progression or death: 0.35)

versus placebo-controlled, who had received two or more  Adverse events with an incidence that was at least

placebo Phase II platinum-based regimens and 10% higher in the olaparib group than in the placebo
experienced a PR or CR to their  group, were nausea, fatigue, vomiting and anemia
most recent platinum-based A CR (vs PR) to the final platinum-based therapy was

regimen

129: Placebo

136: Olaparib 400 mg b.i.d.

associated with longer PFS, regardless
of study group

Interim OS analysis no difference between two arms

response.

b.i.d.: Twice-daily; CR: Complete response; EOC: Epithelial ovarian cancer; ORR: Overall response rate; OS: Overall survival; PFS: Progression-free survival; PR: Partial

NHE] and may rescue BRCAI defective cells from PARPi
cytotoxicity [98]. Similarly, as discussed above, patients
who have developed platinum resistance may respond well
to subsequent PARPI therapy, particularly if they have
BRCA-associated tumors. Elucidation of the mechanisms
of PARPI resistance and how these relate to resistance to
platinum and other chemotherapeutics, may aid the devel-
opment of novel therapies to overcome PARP; resistance
and also optimization of the sequence that PARPI are
incorporated in the clinical management of both BRCA-
associated and sporadic EOC tumors (i.e., before or after
platinum, first-line or advanced setting, maintenance or
not). Finally, as discussed in detail previously, apart from
BRCA-associated patients who respond well to PARPj,
identification of sporadic patients with a BRCAness phe-
notype that are more likely to respond to PARPI is a major
challenge for the clinical development of these agents.

Implications of BRCA-status for clinical trial
design

BRCAI/2-associated EOCs exhibit improved survival and
enhanced sensitivity to DSB-inducing agents compared
with their sporadic counterparts. These phenotypic char-
acteristics have important implications for clinical trial
design in EOC. If BRCA-status is not incorporated in
clinical trials as a stratification factor or is not accounted
for by preplanned statistical analysis then there is a sig-
nificant risk for bias that may be introduced by unequal
numbers of BRCAI/2-associated patients included in
different study cohorts [38,101]. BRCA-status should be
considered not only for clinical trials of PARPI or other
drugs, but also in any clinical trial with a survival (PES or
overall survival) or chemosensitivity end point. Further-
more, given that several studies suggest that BRCA2-asso-
ciated tumors exhibit distinct phenotypic characteristics

compared with BRCA I-associated tumors (better survival
and chemosensitivity), an argument can also be made for
stratification based on the specific mutation (i.e., BRCAI
vs BRCA?2) in future clinical trial design. This is particu-
latly relevant for trials of DSB-inducing agents such as
PARPI or platinum because of the possible differential
chemosensitivity of BRCAI- versus BRCA2-associated
tumors and the different mechanisms of acquired resis-
tance to chemotherapy that may develop in BRCAI ver-
sus BRCA2 tumors. Furthermore, studies evaluating the
efficacy of risk-reduction strategies in BRCA mutation
carriers may need to stratify by the specific gene (BRCAI
vs BRCA2) mutated given that there may be different
degrees of protection, as has been the case with risk reduc-
ing salpingo-oophorectomy [27].

It is important to underscore that for clinical trials
of EOC in the relapsed/recurrent setting, stratification
based on BRCA-status at the time of diagnosis may not
be enough because of the potential bias that may arise
due to the presence of secondary BRCA1/2 mutations that
restore BRCA function at the time of relapse. Such muta-
tions are quite prevalent and may occur in as many as
46.2% of recurrent platinum-resistant tumors [54]. In this
regard, platinum-resistant BRCA1/2-associated tumors
that harbor secondary BRCA1/2 mutations may have dif-
ferent chemosensitivity (i.e., be more resistant to PARPi
and other DSB-inducing agents) than platinum-resistant
BRCAI/2-associated tumors without secondary BRCA1/2
mutations. Therefore, it would be ideal if sequencing of
patient tumors for the presence of secondary BRCA1/2
mutations is performed prior to their enrollment in clini-
cal trials of PARPI or other DSB-inducing agents in the
recurrent setting.

Another consideration, perhaps equally important for
clinical trials in patients with BRCA1/2-associated EOC,
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is the potential of higher sensitivity of these tumors to con-
ventional chemotherapy drugs. As discussed previously,
one explanation for the similar response between olapa-
rib and PLD in the aforementioned randomized Phase II
study may have been that patients with BRCA-associated
EOC are more sensitive to PLD [90,91]. This may have
affected the power of the study to detect a smaller dif-
ference in PES between olaparib and PLD. Therefore,
future clinical trials that evaluate conventional chemo-
therapy agents in BRCAI/2-associated tumors should take
into consideration the potential enhanced sensitivity of
these tumors to conventional chemotherapy for power
calculations and selection of appropriate end points.

Finally, given that 30-35% of EOCs exhibita BRCAn-
ess phenotype associated with defective HR in the absence
of germline BRCA1/2 mutations, it would be important to
incorporate assays or biomarkers of BRCAness (discussed
above) into clinical trials of PARPi or other DSB-induc-
ing agents. Although these assays may not be ready at this
point for use as a stratification factor in clinical trials of
PARP;, they can still be incorporated as translational end
points to aid the identification of a reliable biomarker of
BRCAness, which is a high priority for ovarian cancer
research.

Future perspective

EOC remains the most lethal gynecologic malignancy
in the USA despite significant advances in its surgical
and medical treatment. A personalized approach in

Konstantinopoulos & Matulonis

management based on recognition of different EOC
subtypes with distinct genotypic and phenotypic char-
acteristics may be an effective strategy to improve out-
comes in this disease. BRCA1/2-associated tumors exhibit
defective DNA repair via HR and represent a distinct
EOC subtype with unique clinical characteristics that
have important implications for clinical management and
clinical trial design. Importantly, certain sporadic EOCs
exhibit defective HR due to mechanisms unrelated to
BRCA1/2 germline mutations and possess similar char-
acteristics with BRCA-associated tumors, a phenotype
referred to as ‘BRCAness’. The striking activity of PARPi
in BRCA-associated tumors and tumors associated with
a BRCAness phenotype highlights the potential of syn-
thetic lethality as anticancer strategy and exemplifies the
paradigm of personalized medicine in EOC. However,
several challenges remain, such as de novo or acquired
PARPi resistance, identification of sporadic patients with
a BRCAness phenotype and optimal incorporation of
PARPI in our current armamentarium of drugs against
this devastating disease.
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Executive summary

Background

serous EOCs.

mutated EOCs.

m Approximately 50% of high-grade epithelial ovarian cancers (EOC) harbor genetic or epigenetic alterations in the homologous
recombination pathway.

Phenotype of BRCA1/2-mutated EOCs: clinical implications
m Germline BRCAZ and BRCA2 mutations have been identified in approximately 15% of all EOCs and as high as 22.6% of high-grade

m BRCA1/2-associated tumors are frequently associated with serous histology, are of high grade and higher stage, and are
associated with improved responsiveness to platinum and overall survival compared with their sporadic counterparts.

‘BRCAness’ phenotype in sporadic EOC
m The concept of 'BRCAness’ refers to the phenomenon whereby a subset of sporadic EOCs may behave similarly to BRCA1/2-

Therapeutic opportunities for BRCA1/2-associated tumors
m PARP inhibitors (PARPi) exhibit synthetic lethal effects in tumors with a defective homologous recombination DNA repair
pathway such as BRCA1/2-associated EOCs.
m Clinical trials have demonstrated significant activity of PARPis in BRCA1/2-associated tumors and certain BRCA1/2 negative
tumors, which correlates with platinum sensitivity.

Implications of BRCA status for clinical trial design
m The unique phenotypic and genomic characteristics of BRCA1/2-associated tumors have important implications for their
management as well as future clinical trial design in EOC.

Future perspective
m Overcoming de novo as well as acquired PARPi resistance, identification of sporadic patients with a BRCAness phenotype and
optimal incorporation of PARPis in the current armamentarium of drugs are important priorities for ovarian cancer research.

786

www.future-science.com

future science group



BRCA status in epithelial ovarian cancer Review: Clinical Trial Methodology

References
Papers of special note have been highlighted as:

1

10

11

12

13

of interest

Siegel R, Naishadham D, Jemal A. Cancer
statistics, 2013. CA Cancer J. Clin. 63(1),
11-30 (2013).

Armstrong DK, Bundy B, Wenzel L ¢z al.
Intraperitoneal cisplatin and paclitaxel in
ovarian cancer. V. Engl. J. Med. 354(1),
34-43 (20006).

Mcguire WP, Hoskins W], Brady MF ez al.
Cyclophosphamide and cisplatin compared
with paclitaxel and cisplatin in patients with

stage 11l and stage I'V ovarian cancer. V. Engl.
J. Med. 334(1), 1-6 (1996).

Winter WE, 3rd, Maxwell GL, Tian C et al.
Prognostic factors for stage 111 epithelial
ovarian cancer: a Gynecologic Oncology
Group Study. /. Clin. Oncol. 25(24),
3621-3627 (2007).

Konstantinopoulos PA, Awtrey CS.
Management of ovarian cancer: a 75-year-old
woman who has completed treatment. JAMA
307(13), 1420-1429 (2012).

Bast RC Jr., Mills GB. Personalizing therapy
for ovarian cancer: BRCAness and beyond.

J. Clin. Oncol. 28(22), 3545-3548 (2010).
Bast RC Jr, Mills GB. Dissecting ‘PI3Kness’:

the complexity of personalized therapy for
ovarian cancer. Cancer Discov. 2(1), 16—18

(2012).

Liu J, Matulonis UA. New advances in
ovarian cancer. Oncology 24(8), 721-728
(2010).

Cancer Genome Atlas Research Network.
Integrated genomic analyses of ovarian

carcinoma. Nature 474(7353), 609-615 (2011).
Hallmark study showing the results of The

Cancer Genome Atlas project for ovarian

cancer.

Bast RC Jr, Hennessy B, Mills GB. The
biology of ovarian cancer: new opportunities
for translation. Nat. Rev. Cancer 9(6),
415-428 (2009).

Alsop K, Fereday S, Meldrum C ez al. BRCA
mutation frequency and patterns of treatment
response in BRCA mutation-positive women
with ovarian cancer: a report from the
Australian Ovarian Cancer Study Group.

J. Clin. Oncol. 30(21), 2654-2663 (2012).
Pal T, Permuth-Wey ], Betts JA et al. BRCALI
and BRCA2 mutations account for a large
proportion of ovarian carcinoma cases. Cancer
104(12), 2807-2816 (2005).

Hennessy BT, Timms KM, Carey MS e al.
Somatic mutations in BRCA1 and BRCA2
could expand the number of patients that

20

21

22

23

24

benefit from poly (ADP ribose) polymerase 25
inhibitors in ovarian cancer. /. Clin. Oncol.

28(22), 3570-3576 (2010).

Farmer H, McCabe N, Lord CJ et al.

Targeting the DNA repair defect in BRCA

mutant cells as a therapeutic strategy. Nature
434(7035), 917-921 (2005). 26
First evidence of synthetic lethality between
PARP inhibition and homologous
recombination deficiency.

Fong PC, Boss DS, Yap TA ¢t al. Inhibition of
poly(ADP-ribose) polymerase in tumors from
BRCA mutation carriers. N. Engl. J. Med.
361(2), 123-134 (2009).

Proof-of-concept Phase I study of PARP
inhibitors in BRCA-associated tumors.
Jagtap P, Szabo C. Poly(ADP-ribose)
polymerase and the therapeutic effects of its
inhibitors. Nat. Rev. Drug Discov. 4(5),
421-440 (2005).

27

28

29

Ratnam K, Low JA. Current development of
clinical inhibitors of poly(ADP-ribose)
polymerase in oncology. Clin. Cancer Res.

13(5), 1383-1388 (2007).
King MC, Marks JH, Mandell JB. Breast and

ovarian cancer risks due to inherited
mutations in BRCA1 and BRCAZ2. Science
302(5645), 643-646 (2003).

Frank TS, Deffenbaugh AM, Reid JE ez al.
Clinical characteristics of individuals with
germline mutations in BRCA1 and BRCA2:
analysis of 10,000 individuals. /. Clin. Oncol.
20(6), 1480-1490 (2002).

30

32

Zhang S, Royer R, LI S ez al. Frequencies of
BRCAI and BRCA2 mutations among 1,342
unselected patients with invasive ovarian
cancer. Gynecol. Oncol. 121(2), 353-357
(2011).

Moslehi R, Chu W, Karlan B ez z/. BRCA1 33
and BRCA2 mutation analysis of 208

Ashkenazi Jewish women with ovarian cancer.
Am. J. Hum. Genet. 66(4), 12591272

(2000).

Morgan R] Jr., Alvarez RD, Armstrong DK .
et al. Ovarian cancer, version 3.2012. /. Nat/
Compr. Canc. Netw. 10(11), 1339-1349

(2012).

National Comprehensive Cancer Network. 34
Genetic/Familial high-risk assessment: breast

and ovarian. version 2.2013. In: NCCN

Clinical Practice Guidelines in Oncology.

National Comprehensive Cancer Network,

Rockledge, PA, USA (2013).

Chen S, Parmigiani G. Meta-analysis of
BRCAL1 and BRCA2 penetrance. /. Clin.
Oncol. 25(11), 1329-1333 (2007).

Ford D, Easton DF, Stratton M et al. Genetic
heterogeneity and penetrance analysis of the
BRCA1 and BRCAZ2 genes in breast cancer
families. The Breast Cancer Linkage
Consortium. Am. J. Hum. Genet. 62(3),
676-689 (1998).

Boyd ], Sonoda Y, Federici MG ez al.
Clinicopathologic features of BRCA-linked
and sporadic ovarian cancer. JAMA 283(17),
2260-2265 (2000).

Kauff ND, Domchek SM, Friebel TM ez al.
Risk-reducing salpingo-oophorectomy for the
prevention of BRCA1- and BRCA2-associated
breast and gynecologic cancer: a multicenter,
prospective study. /. Clin. Oncol. 26(8),
1331-1337 (2008).

Cancer risks in BRCA2 mutation carriers.
The Breast Cancer Linkage Consortium.
J. Natl Cancer Inst. 91(15), 1310-1316 (1999).

Struewing JP, Hartge P, Wacholder S ez al.
The risk of cancer associated with specific
mutations of BRCA1 and BRCA2 among
Ashkenazi Jews. N. Engl. . Med. 336(20),
1401-1408 (1997).

Thompson D, Easton DF. Cancer incidence
in BRCA1 mutation carriers. /. Nat! Cancer
Inst. 94(18), 1358-1365 (2002).

Brose MS, Rebbeck TR, Calzone KA, Stopfer
JE, Nathanson KL, Weber BL. Cancer risk
estimates for BRCA1 mutation carriers
identified in a risk evaluation program. /. Nat/
Cancer Inst. 94(18), 1365-1372 (2002).

Mavaddat N, Barrowdale D, Andrulis IL ez a/.
Pathology of breast and ovarian cancers
among BRCA1 and BRCA2 mutation
carriers: results from the Consortium of
Investigators of Modifiers of BRCA1/2
(CIMBA). Cancer Epidemiol. Biomarkers Prev.
21(1), 134-147 (2011).

Bolton KL, Chenevix-Trench G, Goh C et al.
Association between BRCA1 and BRCA2
mutations and survival in women with

invasive epithelial ovarian cancer. JAMA

307(4), 382-390 (2012).

Largest study showing that BRCAI- and
BRCA2-associated epithelial ovarian
cancer (EOC) have improved survival
compared with their sporadic counterparts.
Yang D, Khan S, Sun Y ez al. Association of
BRCA1 and BRCA2 mutations with
survival, chemotherapy sensitivity, and gene

mutator phenotype in patients with ovarian

cancer. JAMA 306(14), 1557-1565 (2011).
BRCA2-associated EOCs may be more

chemosensitive and have better survival

than BRCAI and sporadic EOCs.

future science group

Clin. Invest. (2013) 3(8)

787



Review: Clinical Trial Methodology

Konstantinopoulos & Matulonis

35 Foulkes WD, Stefansson IM, Chappuis PO BRCALI and BRCA2 mutations. /. Clin. outcome in women with recurrent epithelial
et al. Germline BRCA1 mutations and a Oncol. 26(34), 55305536 (2008). ovarian cancer treated with pegylated
basal epithelial phenotype in breast cancer. 46 Vencken PM, Kriege M, Hoogwerf D e al. liposomal doxorubicin. Mol. Cancer Ther.

J. Natl Cancer Inst. 95(19), 1482-1485 Chemosensitivity and outcome of BRCAI- and 10(10), 2000-2007 (2011).
(2003). BRCA2-associated ovarian cancer patients after 58  Lotti LV, Ottini L, D’Amico C ez al.

36 Soslow RA, Han G, Park KJ et al. first-line chemotherapy compared with sporadic Subcellular localization of the BRCA1 gene
Morphologic patterns associated with ovarian cancer patients. Ann. Oncol. 22(6), product in mitotic cells. Genes Chromosomes
BRCAI and BRCA2 genotype in ovarian 1346-1352 (2011). Cancer 35(3), 193-203 (2002).
carcinoma. Mod. Pathol. 25(4), 625-636 47 Cass I, Baldwin RL, Varkey T, Moslehi R, 59 Hsu LC, Doan TP, White RL. Identification
(2011). Narod SA, Karlan BY. Improved survival in of a gamma-tubulin-binding domain in

37 Chetrit A, Hirsh-Yechezkel G, Ben-David Y, women with BRCA-associated ovarian BRCAI1. Cancer Res. 61(21), 7713-7718
Lubin F, Friedman E, Sadetzki S. Effect of carcinoma. Cancer 97(9), 2187-2195 (2003). (2001).

BRCA1/2 mutations on long-term survival 48 Tutt A, Ashworth A. The relationship between 60 Lafarge S, Sylvain V, Ferrara M, Bignon Y]J.
of patients with invasive ovarian cancer: the the roles of BRCA genes in DNA repair and Inhibition of BRCALI leads to increased
national Israeli study of ovarian cancer. cancer predisposition. Trends Mol. Med. 8(12), chemoresistance to microtubule-interfering
J. Clin. Oneol. 26(1), 20-25 (2008). 571-576 (2002). agents, an effect that involves the JNK

38 Hyman DM, Spriggs DR. Unwrapping the 49 Venkitaraman AR. Cancer susceptibility and pathway. Oncogene 20(45), 6597—-6606
implications of BRCAI and BRCA2 the functions of BRCAI and BRCA2. Cell (2001).
mutations in ovarian cancer. JAMA 307(4), 108(2), 171-182 (2002). 61 Sylvain V, Lafarge S, Bignon YJ. Dominant-
408-410 (2012). 50  Edwards SL, Brough R, Lord CJ e al. negative activity of a Brcal truncation

39 Hyman DM, Zhou Q, lasonos A ez al. Resistance to therapy caused by intragenic mutant: effects on proliferation,

Improved survival for BRCA2-associated deletion in BRCA2. Nature 451(7182), tumorigenicity in vivo, and chemosensitivity

serous ovarian canz{er compared with th 1111-1115 (2008). ina moluse ovarian cancer cell line. /nt.

BRCA-negative and BRCAl-associate . Oncol. 20(4), 845-853 (2002).

serous ovagrian cancer. Cancer 118(15), 51 Sakai W, Swisher EM, Karlan BY eral 62 {\j hi S ; )d‘ ive £ ( f )

37033709 (2011). Secondary mutations as a mechanism of oguchi o e letive factors for response to
cisplatin resistance in BRCA2-mutated cancers. docetaxel in human breast cancers. Cancer

40  Mclaughlin JR, Rosen B, Moody J ez al. Nature 451(7182), 1116-1120 (2008). Sci. 97(9), 813—-820 (2006).
isoszgzé?\:ivt;rlrzz;i?:sri;ul;\}:glllﬂ1 or 52 Swisher EM, Sakai W, Karlan BY, Wurz K, 63 g;sgzlle b, Tagl%aferri I;’ Iier ricelli A ez al.
BRCAZ2. /. Natl Cancer Inst. 105(2), Urban N, Taniguchi T. Secondary BRCA1 N exg)ljes.smnfrgtf){gAalte; i
141-148 (2013). mutations in BRCAl-mutated ovarian chemosensitivity o -defective

carcinomas with platinum resistance. Cancer HCC1937 human breast cancer cells. Br.

41 Ozols RF, Bundy BN, Greer BE ¢t al. Phase Res. 68(8), 2581-2586 (2008). J. Cancer 88(8), 1285-1291 (2003).
ilolr:plziezfvi?iOcli)sl;;rtliinaiga;i:ﬁ::)l(el in = Secondary BRCA mutations are common and 64 Quinn JE, James CR, S'tewart GE er ﬂ.l‘

. . . may underlie platinum resistance in ovarian BRCA1 mRNA expression levels predict for
patients with optimally resected stage I11 Y P overall survival in ovarian cancer after
ovarian cancer: a Gynecologic Oncology cancer. chemotherapy. Clin. Cancer Res. 13(24),
Group study. /. Clin. Oncol. 21(17), 53 Sakai W, Swisher EM, Jacquemont C ¢t al. 7413-7420 (2007).

3194-3200 (2003). Functional restoration of.BRC.AZ protein by 65 Soegaard M, Kjaer SK, Cox M ¢t al. BRCAI

42 Lord CJ, Ashworth A. The DNA damage secondary BR.CAZ m.utatlons in BREAZ and BRCA2 mutation prevalence and
ZCSP(ODSC ?;“d cancer4t(herap)y. Nature ;r;g;ttézzagg;;rcmom& Cancer Res. 69(16), clinical characteristics of a population-based

81(7381), 287-294 (2012). B ’ series of ovarian cancer cases from Denmark.

43 Bhattacharyya A, Ear US, Koller BH, 54 Norquist B, Wur? KA, Pé?nnil CcC e't al. Clin. Cancer Res. 14(12), 3761-3767 (2008).
Weichselbaum RR, Bishop DK. The breast Secondary somatic mutations restoring 66 Hyman DM, Long KC, Tanner EJ et .
cancer susceptibility gene BRCAL is BRCAI/Z pred%ct cherr.lotherapy resistance in Outcomes of primary surgical cytoreduction
required for subnuclear assembly of Rad51 hereditary ovarian carcinomas. /. Clin. Oncol. in patients with BRCA-associated high-grade
and survival following treatment wich che 29(22). 3008-3015 (2011). serous ovarian carcinoma. Gynecol. Oncol.
DNA cross-linking agent cisplatin. /. Biol. 55 Capolongo L, Belvedere G, D’incalci M. DNA 126(2), 224-228 (2012).

Chem. 275(31), 23899-23903 (2000). damage and cytotoxicity of mitoxantrone and Lo
S - - 67  Gourley C, Michie CO, Roxburgh P ¢t al.

44 Tute A, Bertwistle D, Valentine J et al. dox.orublcm " doxombwmisensmve and Increased incidence of visceral metastases in
Mutation in Brca2 stimulates error-prone -resistant human colon carcinoma cells. Cancer scottish patients with BRCA1/2-defective
homology-directed repair of DNA double- Chemother. Pharmacol. 25(6), 430-434 (1990). ovarian cancer: an extension of the ovarian
strand breaks occurring between repeated 56 Gordon AN, Fleagle JT, Guthrie D, Parkin DE, BRCAness phenotype. /. Clin. Oncol. 28(15),
sequences. EMBO J. 20(17), 4704-4716 Gore ME, Lacave AJ. Recurrent epithelial 25052511 (2010).

(2001). ovarian carcinoma: a randomized Phase III .
. .. 68 D’andrea AD, Grompe M. The Fanconi

45 Tan DS, Rothermundt C, Thomas K ez 4/, study ofpegylat'ed liposomal doxorubicin versus anaemia/BRCA pathway. Nat. Rev. Cancer
“BRCAness” syndrome in ovarian cancer: a topotecan. /. Clin. Oncol. 19(14), 3312-3322 3(1), 23-34 (2003)
case-control study describing the clinical (2001). ' . ) . X
features and outcome of patients with 57 Safra T, Borgato L, Nicoletto MO ef al. = Very good review of Fanconi anaemia/BRCA
epithelial ovarian cancer associated with BRCA mutation status and determinant of pathway.

788 www.future-science.com future science group



69

70

71

72

73

74

75

76

77

78

79

80

81

BRCA status in epithelial ovarian cancer Review: Clinical Trial Methodology

Venkitaraman AR. Targeting the molecular
defect in BRCA-deficient tumors for cancer

therapy. Cancer Cell 16(2), 89-90 (2009).

Turner N, Tutt A, Ashworth A. Hallmarks of
‘BRCAness’ in sporadic cancers. Nat. Rev.
Cancer 4(10), 814—819 (2004).

Esteller M, Silva JM, Dominguez G ez al.
Promoter hypermethylation and BRCA1
inactivation in sporadic breast and ovarian
tumors. /. Natl Cancer Inst. 92(7), 564-569
(2000).

Hilton JL, Geisler JP, Rathe JA, Hattermann-
Zogg MA, Deyoung B, Buller RE.
Inactivation of BRCA1 and BRCA2 in
ovarian cancer. J. Natl Cancer Inst. 94(18),
13961406 (2002).

Hughes-Davies L, Huntsman D, Ruas M
et al. EMSY links the BRCA2 pathway to
sporadic breast and ovarian cancer. Cell

115(5), 523-535 (2003).

McCabe N, Turner NC, Lord CJ et al.
Deficiency in the repair of DNA damage by
homologous recombination and sensitivity to
poly(ADP-ribose) polymerase inhibition.
Cancer Res. 66(16), 8109—-8115 (2006).

Walsh T, Casadei S, Lee MK et 2/. Mutations
in 12 genes for inherited ovarian, fallopian
tube, and peritoneal carcinoma identified by
massively parallel sequencing. Proc. Natl
Acad. Sci. USA 108(44), 18032-18037
(2011).

Konstantinopoulos PA, Spentzos D, Karlan
BY et al. Gene expression profile of BRCAness
that correlates with responsiveness to
chemotherapy and with outcome in patients
with epithelial ovarian cancer. J. Clin. Oncol.

28(22), 3555-3561 (2010).
Kang J, D’Andrea AD, Kozono D. A DNA

repair pathway-focused score for prediction of
outcomes in ovarian cancer treated with
platinum-based chemotherapy. J. Natl Cancer
Inst. 104(9), 670-681 (2012).

Wang ZC, Birkbak NJ, Culhane AC ez al.
Profiles of genomic instability in high-grade
serous ovarian cancer predict treatment
outcome. Clin. Cancer Res. 18(20),
5806-5815 (2012).

Weberpals JI, Tu D, Squire JA ¢t al. Breast
cancer 1 (BRCALI) protein expression as a
prognostic marker in sporadic epithelial
ovarian carcinoma: an NCIC CTG OV.16
correlative study. Ann. Oncol. 22(11), 2403~
2410 (2011).

Stratton MR. Exploring the genomes of
cancer cells: progress and promise. Science
331(6024), 1553-1558 (2011).

Graeser M, McCarthy A, Lord CJ ez al. A
marker of homologous recombination

82

83

84

85

86

87

88

89

90

91

92

predicts pathologic complete response to
neoadjuvant chemotherapy in primary breast
cancer. Clin. Cancer Res. 16(24), 6159-6168
(2010).

Polo SE, Jackson SP. Dynamics of DNA
damage response proteins at DNA breaks: a
focus on protein modifications. Genes Dev.

25(5), 409-433 (2011).

Kaelin WG Jr. The concept of synthetic
lethality in the context of anticancer therapy.

Nat. Rev. Cancer 5(9), 689-698 (2005).

Bryant HE, Schultz N, Thomas HD et al.
Specific killing of BRCA2-deficient tumours
with inhibitors of poly(ADP-ribose)
polymerase. Nature 434(7035), 913-917
(2005).

Patel AG, Sarkaria JN, Kaufmann SH.
Nonhomologous end joining drives
poly(ADP-ribose) polymerase (PARP)
inhibitor lethality in homologous
recombination-deficient cells. Proc. Natl Acad.

Sei. USA 108(8), 34063411 (2011).

Banerjee S, Kaye S. PARP inhibitors in
BRCA gene-mutated ovarian cancer and
beyond. Curr. Oncol. Rep. 13(6), 442—449
(2011).

Liu X, Shi Y, Maag DX ¢ a/. Iniparib
nonselectively modifies cysteine-containing
proteins in tumor cells and is not a bona fide
PARP inhibitor. Clin. Cancer Res. 18(2),
510-523 (2011).

Fong PC, Yap TA, Boss DS ez al. Poly(ADP)-
ribose polymerase inhibition: frequent durable
responses in BRCA carrier ovarian cancer

correlating with platinum-free interval.

J. Clin. Oncol. 28(15), 2512-2519 (2010).

Audeh MW, Carmichael J, Penson RT ez al.
Oral poly(ADP-ribose) polymerase inhibitor
olaparib in patients with BRCA1 or BRCA2
mutations and recurrent ovarian cancer:

a proof-of-concept trial. Lancer 376(9737),
245-251 (2010).

Kaye SB, Lubinski J, Matulonis U ez al.

Phase II, open-label, randomized, multicenter
study comparing the efficacy and safety of
olaparib, a poly (ADP-ribose) polymerase
inhibitor, and pegylated liposomal
doxorubicin in patients with BRCAL1 or
BRCA2 mutations and recurrent ovarian
cancer. /. Clin. Oncol. 30(4), 372379 (2011).

Konstantinopoulos PA, Cannistra SA.
Comparing poly (ADP-ribose) polymerase
inhibitors with standard chemotherapy in
BRCA-mutated, recurrent ovarian cancer:
lessons learned from a negative trial. /. Clin.

Oncol. 30(4), 347-350 (2011).

Tentori L, Lacal PM, Muzi A et al.
Poly(ADP-ribose) polymerase (PARP)

93

94

95

96

97

98

99

100

10

=t

102

inhibition or PARP-1 gene deletion reduces
angiogenesis. Eur. J. Cancer 43(14),
2124-2133 (2007).

Liu J, Fleming GF, Tolaney SM ez al. A
Phase I trial of the PARP inhibitor olaparib
(AZD2281) in combination with the
antiangiogenic cediranib (AZD2171) in
recurrent ovarian or triple-negative breast
cancer. 2011 ASCO Annual Meeting J. Clin.
Oncol. 29(Suppl.), Abstract 5028 (2011).

Juvekar A, Burga LN, Hu H ¢z 2/. Combining
a PI3K inhibitor with a PARP inhibitor
provides an effective therapy for BRCA1-
related breast cancer. Cancer Discov. 2(11),

1048-1063 (2012).

Gelmon KA, Tischkowitz M, Mackay H

et al. Olaparib in patients with recurrent
high-grade serous or poorly differentiated
ovarian carcinoma or triple-negative breast
cancer: a Phase II, multicentre, open-label,
non-randomised study. Lancet Oncol. 12(9),
852-861 (2011).

Olaparib maintenance has significant
activity in platinum sensitive patients with
unknown BRCA status.

Ledermann J, Harter P, Gourley C ez al.
Olaparib maintenance therapy in platinum-
sensitive relapsed ovarian cancer. V. Engl.

J. Med. 366(15), 1382-1392 (2012).

Rottenberg S, Jaspers JE, Kersbergen A et al.
High sensitivity of BRCA1-deficient
mammary tumors to the PARP inhibitor
AZD2281 alone and in combination with
platinum drugs. Proc. Natl Acad. Sci. USA
105(44), 17079-17084 (2008).

Aly A, Ganesan S. BRCAI, PARP, and
53BP1: conditional synthetic lethality and
synthetic viability. /. Mol. Cell Biol. 3(1),
66-74 (2011).

Bunting SF, Callen E, Kozak ML ez al.
BRCALI functions independently of
homologous recombination in DNA
interstrand crosslink repair. Mol. Cell 46(2),
125-135 (2012).

Bunting SF, Callen E, Wong N ez a/. 53BP1
inhibits homologous recombination in
Brcal-deficient cells by blocking resection of
DNA breaks. Cell 141(2), 243-254 (2010).

Grann VR, Parsons RE. Defining variations
in survival of BRCA1 and BRCA2 mutation
carriers. JAMA 306(14), 1597-1598 (2011).

Drew Y, Ledermann JA, Jones A et al. Phase
II trial of the poly(ADP-ribose) polymerase
(PARP) inhibitor AG-014699 in BRCA 1 and
2—-mutated, advanced ovarian and/or locally
advanced or metastatic breast cancer.

2011 ASCO Annual Meeting J. Clin. Oncol.
29(Suppl.), Abstract 3104 (2011).

future science group

Clin. Invest. (2013) 3(8)

789



Review: Clinical Trial Methodology  Konstantinopoulos & Matulonis

103 Sandhu SK, Wenham RM, Wilding G ez 4l. J. Clin. Oncol. 28(Suppl. 15s), Abstract 3001 (pts) with either BRCA 1/2-mutated cancer
First-in-human trial of a poly(ADP-ribose) (2010). (BRCA+), platinum-refractory ovarian
polymerase (PARP) inhibitor MK-4827 in 104 Huggins-Puhalla SL, Beumer JH, Appleman cancer, or basal-like breast cancer (BRCA-
advanced cancer patients (pts) with antitumor LJ et al. A phase I study of chronically dosed, wt). 2012 ASCO Annual Meeting J. Clin.

activity in BRCA-deficient and sporadic single-agent veliparib (ABT-888) in patients Oncol. 30(Suppl.), Abstract 3054 (2012).

ovarian cancers. 2010 ASCO Annual Meeting

790 www.future-science.com future science group



