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Abstract

Recently, the development of poly(adenosine diphosphate [ADP]-ribose) polymerase (PARP)
inhibitors has brought a major breakthrough in the treatment of germline breast cancer
susceptibility gene (BRCA)-mutant cancers.14 These agents target a DNA repair pathway via a
novel mechanism of action. A better understanding of DNA damage repair mechanisms can
extend the therapeutic application of this novel drug class to a wide range of sporadic cancers.
Early clinical success has accelerated the development of various PARP inhibitors that are being
explored in many cancers with single agents or in combination with chemotherapy or
radiotherapy. In this article, the authors review DNA repair mechanisms and the role of PARP as a
therapeutic target and summarize available PARP inhibitors, their clinical trials, biomarkers of
PARP inhibitor sensitivity, and resistance mechanisms.
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DNA DAMAGE AND REPAIR MECHANISMS

DNA damage is generated by a variety of factors, not only from external factors such as
chemical agents, UV light, or ionizing radiation but also from internal factors such as
reactive oxygen species or intrinsic DNA replication errors during cell division. DNA
damages, if let unrepaired, can cause errors of DNA synthesis during replication, leading to
cell death or irreversible mutations resulting in long-term oncogenesis. Thus, individuals
with an inherited defect in the DNA repair system are often at an increased risk of cancer.
Common errors include (1) base modifications by frequently reactive oxygen species or
chemical agents, such as loss of an amino group (deam-ination) or alkylation; (2) mismatch
of nucleotide pairs by replication errors; (3) single-strand break (SSB) or double-strand
break (DSB) by ionizing radiation; (4) failures in normal DNA metabolism by
topoisomerases and nuclease; or (5) cross-links, covalent linkages between bases on
intrastrand or interstrand. DSBs are the most critical form of DNA damage and can result in
problems for transcription, replication, and chromosome segregation, eventually leading to
apoptosis or carcinogenesis.®
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To maintain genetic stability against constantly occurring DNA lesions, several strategies of
DNA damage detection and repair have evolved. The principal and partly overlapping DNA
repair pathways in humans can be largely divided into 2 groups: one is the repair pathway
for DNA SSB and the other is for DNA DSB. The former can be subdivided into 3 different
repair processes: (1) repair of base damage and SSBs by base excision repair (BER), (2)
repair of bulky DNA adducts by nucleotide excision repair (NER), and (3) repair of
mismatches and insertion/deletion loops by DNA mismatch repair (MMR). The DSB is
repaired through (1) homologous recombination (HR) and (2) nonhomologous end joining
(NHEJ).

Base Excision Repair

The BER pathway repairs damage to a single or a few bases caused by reactive oxygen
species, alkylating agents, or ionizing radiation, such as oxidation, alkylation, hydrolysis, or
deamination, that could cause mutations by incorrect base pairing or lead to breaks in DNA
during replication if uncorrected (Fig. 1A).>% PARP1 and PARP2 are recruited to the site of
the SSB in this pathway.

Nucleotide Excision Repair

NER is used for the removal of large patches around DNA lesions that are bulky and/or alter
the helical structure of the DNA molecule, including those caused by UV radiation,
carcinogenic compounds, and cross-linking chemotherapeutic agents (see Fig. 1B).”

Mismatch Repair

MMR removes base mismatches by DNA polymerases and small insertion-deletion loops
introduced during DNA replication and recombination (see Fig. 1C).5 A variety of base pair
abnormalities resulting from DNA damage are also subject to processing by MMR, which
include base pairs containing O6-methylguanine, carcinogen adducts, UV photo products,
and cisplatin adducts.8 Defects in the MMR system dramatically increase mutation rates
resulting in hereditary nonpolyposis colorectal cancer and some types of sporadic tumor.®

Nonhomologous End Joining

NHEJ can occur throughout the cell cycle, predominantly in the G1 phases. DNA break ends
are directly ligated without the use of a homologous template, so NHEJ is prone to
introducing errors ranging from small insertions and deletions at the break site to the joining
of previously unlinked DNA ends (see Fig. 1D).10

Homologous Recombination

HR repairs DSB by using the undamaged sister chromatid or homologous chromosome,
resulting in error-free repair, and occurs primarily during the S and G2 phases of the cell
cycle. BRCA proteins are involved in this pathway (see Fig. 1E).

DNA REPAIR SYNTHETIC LETHALITY AS A THERAPEUTIC TARGET
PARP in DNA Repair

PARP is an abundant nuclear enzyme involved in several cellular processes involving
mainly DNA repair and programmed cell death. PARP1 and PARP2 are the only members
of the PARP family that are known to be involved in the DNA SSB repair via the BER
pathway.1112 Once PARP detects an SSB, it binds to the sites of DNA damage through its
DNA-binding domain and begins the synthesis of a poly(ADP-ribose) (PAR) chain from the
substrate nicotinamide adenine dinucleotide (NAD?) at sites of breakage. PARP induces
poly(ADP-ribosyl)ation in PARP itself at the automodification domain and other proteins
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such as histone (H1 and H2B), which leads to chromatin decondensation to accommodate
various DNA repair enzymes.13 The auto-poly(ADP-ribosyl)ation of PARP1 mediates the
recruitment of BER proteins such as DNA polymerase B, DNA ligase 111, and scaffolding
proteins such as x-ray repair cross-complementing 1 (XRCC1) heterodimer.14 PARP1 then
dissociates from the DNA because of its negative charge resulting from poly(ADP-
ribosyl)ation, and the PAR chains are degraded by PAR glycohydrolase and possibly the
ADP-ribose hydrolase ARH3 after repair of the DNA break.1° Besides its firmly established
role in BER and DNA SSB repair, PARP1 is involved in multiple types of other DNA
damage repair processes, including the repair of DNA DSBs, DNA cross-links, and stalled
replication forks. PARP1 promotes restart of stalled replication forks and HR by recruiting
HR factors including ATM, MRE11, and NBS1.16 Furthermore, PARP1 is recruited for
DSB repair in the absence of essential components of the classical pathway of NHEJ such as
Ku70.17 Although PARP1 is the predominant enzyme that synthesizes PAR in response to
DNA damage, PARP2 has been shown to interact with PARP1 and is also implicated in
BER.12 PARP2 is, however, unable to fully compensate for the loss of PARP1, accounting
for approximately 10% of the total PARP activity of human cells.11:18

BRCA1 and BRCAZ2 in DNA Repair

BRCA1 plays a key role in the regulation of the cell cycle checkpoints and the HR-mediated
DNA repair pathway. On DNA damage, BRCA1 is rapidly phosphorylated and redistributes
to sites of DNA breaks, where it interacts with RAD51 and other proteins involved in DNA
DSB repair, such as MRN and CtIP.12 Although BRCAI appears to function upstream of
RAD51 filament polymerization, BRCAZ directly binds to and translocates RAD51 to areas
of DNA damage and stabilizes RAD51 filaments on DSB.20 Absence of either factor causes
DNA repair defect, primarily in HR, which contributes to tumorigenesis. Heterozygous
germline mutations in BRCA1 or BRCAZ predispose to various type of cancers, especially
breast and ovarian cancers. This HR deficiency also has a critical impact on
chemosensitivity. BRCAI-mutated breast cancer cells are highly sensitive to DNA
interstrand cross-linking—inducing agents such as cisplatin and mitomycin C because they
disrupt replication forks during S phase, which requires HR-mediated DSB repair for S
phase progression and cell survival.21:22 Because of their heightened cytotoxicity in HR-
defective cells, platinum agents have been extensively applied as chemotherapeutic drugs in
BRCA1I- or BRCAZ-associated cancers with outcomes better than those of non-BRCA-
associated cancers.23:24

Synthetic Lethality

The term synthetic lethality was coined in 1946. It describes a phenomenon in which 2
nonlethal mutations have no effect on cell viability in the presence of either mutation alone
but lead to cell death in combination.2® This concept is now being exploited in cancer
treatment. Because many cancer cells have cancer-relevant genetic lesions that are not
present in normal cells, mimicking the effect of a second genetic mutation with a targeted
agent should selectively kill only cancer cells with a large therapeutic window. To date, the
most successful synthetic lethality relationship in DNA repair pathways for cancer treatment
comes from PARP inhibition in BRCA-null tumors. Although PARP1 plays a critical role in
DNA SSB repair, loss of PARP1 activity is not lethal in normal cells. When unrepaired
DNA SSBs caused by the absence of PARP1 activity encounter DNA replication forks, they
result in stalled replication forks that are subsequently converted to DNA DSBs. Although
these DNA DSBs are effectively repaired by the HR pathway in normal cells,>28 cells that
are defective in HR, such as BRCAI- or BRCAZ-deficient cells, cannot repair them,
resulting in cell death. Therefore, PARP inhibitors could be selectively lethal to cells lacking
functional BRCA1 or BRCAZ with minimal toxicity to normal cells.
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Synthetic lethality in BRCAI- and BRCAZ2-deficient cells when exposed to PARP inhibitors
was confirmed in in vitro and in vivo mouse models.2”-28 Farmer and colleagues?’ showed
that PARP1 depletion with RNA interference decreased clonogenic survival of BRCAI- and
BRCAZ2-deficient embryonic stem cells compared with wild-type cells. Furthermore,
clonogenic cell survival assays showed that BRCA1- or BRCAZ2-deficient cells were much
more sensitive to the potent PARP inhibitors, KU0058684 and KU0058948, than
heterozygous mutant or wild-type cells.2” KU0058684 also blocked tumor growth in vivo in
BRCAZ2-deficient cells. Similarly, Bryant and colleagues?® demonstrated that BRCAZ-
deficient VV-C8 cells were profoundly sensitive to the PARP inhibitors NU1025 and
AG014361, as compared with the wild-type V79 cells. Human breast cancer cell lines
MCF-7 and MDA-MB-231 also displayed a similar sensitivity to NU1025 on depletion of
BRCAZ2with RNA interference.?8

The primary challenge to the promise of PARP inhibitors in the treatment of BRCA-mutant
cancers is the low frequency of germline mutations in BRCAI or BRCAZ, only 10% to 15%
of unselected ovarian cancers2%-31 and 5% to 10% of breast cancers.32-34 In addition,
BRCA1and BRCAZ genes are infrequently mutated somatically in sporadic cancers, with
4% to 9% of unselected or sporadic ovarian cancers.3>-37 However, some sporadic cancers
phenotypically behave like BRCA1/2-mutant cancers even though they do not have known
BRCA mutations. These tumors may carry abnormalities in the expression or function of
BRCAI or BRCAZor in other critical components of the HR DNA repair pathway. This
phenomenon is called BRCAness and is characterized by defective HR.38 One of the
mechanisms of BRCAness is the silencing of BRCAI or BRCAZthrough the aberrant
methylation of the promoter and has been reported in 11% to 14% of sporadic breast
cancers39-41 and 5% to 18% of ovarian cancers.36:39.40.42 preclinical studies have shown that
tumor cell lines with decreased BRCA expression by mutation or epigenetic silencing
responded equally well to the PARP inhibitor AG014699 that additionally inhibited the
growth of epigenetically silenced BRCA1 xenograft tumors.*3 These suggest that PARP
inhibitors may have a potential role in sporadic cancers as well as hereditary cancers. The
amplification of the EMSY gene that encodes for EMSY protein that can interact with and
silence the activation domain of BRCAZ has also been described as a potential mechanism
of BRCA inactivation. The amplification of the EMSY gene was reported in 13% of
sporadic breast cancers and 17% of high-grade serous ovarian cancers (HGSOCs).44
Because Fanconi anemia proteins are involved in the HR pathway, the epigenetic silencing
of Fanconi anemia complementation group F (FANCF) gene through promoter methylation
is another potential mechanism of BRCAness.*® The inhibition of the FANCF gene in
ovarian cancer cell lines through promoter methylation was associated with enhanced
sensitivity to DNA-damaging agents such as cisplatin; in reverse, demethylation of the
FANCFpromoter resulted in cisplatin resistance.*® In addition to potential transcriptional
and posttranslational abnormalities occurring in BRCA1 and BRCAZ pathways, deficiency
of proteins involved in the HR pathway, such as RAD51, RAD54, DSS1, RPAL, NBS1,
ATR, ATM, CHK1, or CHK2, can also induce sensitivity to PARP inhibitors,46:47

PARP INHIBITORS

The profound sensitivity of BRCA-mutant cells to PARP inhibition prompted the
development of PARP inhibitors for cancer therapy (Table 1). At present, most PARP
inhibitors in preclinical and clinical studies are third-generation PARP inhibitors and
compete with the substrate NAD™ for the catalytic domain of the PARP enzyme, leading to
reversible inhibition of the enzyme. AZD2281/KU-0059436 (olaparib) and ABT-888
(veliparib) are the most common inhibitors assessed to date in clinical trials. Both drugs are
administered orally and are potent inhibitors of PARP1 and PARP2, with a half maximal
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inhibitory concentration (ICsg or Kj) in the nanomolar range for 2 enzymes.#849 Preclinical
activity of AG014361 has also been translated into the clinic as its clinical analogue CO338
(rucaparib, AG014699, PF-01367338) administered intravenously. It was initially tested in
combination with temozolomide in melanoma.>® Other PARP inhibitors under active
clinical investigation include MK4827, BMN 673, CEP-9722, and E7016/GPI 21016 (see
Table 1). Of note, BSI-201 (iniparib) was initially described as having PARP inhibitory
activity, which proceeded into a phase 3 trial in triple-negative breast cancer (TNBC) in
combination with carboplatin and paclitaxel,>1-53 but recent evidence suggests that iniparib
does not seem to inhibit PARP1 and PARP2 at the clinical dose.>4°

MONOTHERAPY WITH PARP INHIBITORS IN BRCA-MUTANT CANCERS

On the basis of preclinical data showing hypersensitivity to PARP inhibitors in tumor cells
lacking BRCA1 or BRCAZ, PARP inhibitor was used as a single agent in patients with
BRCA mutation. The first landmark trial of PARP inhibitor as monotherapy was performed
with olaparib enriched with BRCA1/2 mutation carriers and limited to patients with BRCA
mutation ovarian cancer in the expansion phase. Olaparib was safe and well tolerated with
no obvious differences in toxicities observed between BRCAI or BRCA2 mutation carriers
and noncarriers. The maximum tolerated dose (MTD) was 400 mg twice a day, and the
dose-limiting toxicities (DLTs) included grade 3 mood alteration, fatigue, somnolence, and
grade 4 thrombocytopenia. As expected, there was significant antitumor activity only in
patients with BRCAI- or BRCAZ-mutated cancers, including ovarian, breast, and prostate
cancers, among whom 12 of 17 (63%) patients had clinical benefit and 9 of 19 (47%)
patients achieved responses according to the Response Evaluation Criteria in Solid Tumors
(RECIST). In the expansion cohort of 50 BRCA mutation carriers with ovarian, primary
peritoneal, and fallopian tube cancers, 20 patients (40%) had a RECIST response, cancer
antigen 125 responses, or both; 14 patients (28%) had RECIST responses.2
Pharmacodynamic assay demonstrated that a dose of 60 mg or more twice daily reduced
PARP activity in peripheral blood mononuclear cells (PBMCs) by more than 90% as
compared with the value at baseline. Plucked eyebrow hair follicles were collected before
treatment and again 6 hours after treatment, showing induction of -y-H2AX, which did not
seem to increase further at doses greater than 100 mg twice daily, the lowest dose of this
analysis. Based on these results, a dose of 100 mg twice daily may be adequate for PARP
inhibitory effect; this dose was further studied in phase 2 studies along with a twice-daily
dose of 400 mg, the MTD.

Subsequently, 2 proof-of-concept phase 2 studies with olaparib in patients with advanced or
recurrent breast (International Collaborative Expertise for BRCA Education and Research
through Genetics [ICEBERG]1) or ovarian cancer (ICEBERGZ2) who had BRCA1 or
BRCAZ mutations have provided further support for synthetic lethal approach to cancer
therapy.3# Both studies recruited sequentially 2 dose cohorts treated with twice-daily doses
of olaparib 400 mg (the established MTD) and then 100 mg (the lowest PARP inhibitory
dose with clinical activity).1:2 In ICEBERGT1 trial, the objective response rate in breast
cancer seemed to be higher in the 400-mg cohort (41%, 11/27) than in the 100-mg cohort
(22%, 6/27), and median progression-free survival (PFS) also seemed to be longer in the
400-mg cohort (5.7 vs 3.8 months).3 Similarly, ICEBERG?2 trial in ovarian cancer showed
that the high-dose cohort seemed to have better response rate (33% vs 13%) and median PFS
(5.8 vs 1.9 months) than the low-dose cohort.# Overall, both trials confirmed the tolerability
of olaparib in BRCA 1/2 mutation carriers, with mainly grade 1 or 2 adverse events.

A subsequent randomized phase 2 study comparing the safety and efficacy of 2 doses of
olaparib (200 or 400 mg twice daily continuously in 28-day cycles) with that of pegylated
liposomal doxorubicin (PLD) (50 mg/m? every 4 weeks) was done in patients with BRCA
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mutation—associated ovarian cancer who had failed previous platinum-based
chemotherapy.>8 A total of 97 patients were randomized into 3 groups. Although the 400-
mg group had a numerically longer median PFS (8.8 vs 6.5 vs 7.1 months, respectively) and
a higher response rate (25% vs 18% vs 31%, respectively) than the 200-mg or PLD groups,
neither outcome reached statistical significance. These negative outcomes might be partially
attributed to better PFS in the PLD group compared with historical cohorts. Regarding
safety, both doses of olaparib were well tolerated with less toxicity compared with PLD. The
PLD group had more grade 3 or 4 toxicities. Although the primary end point was not
fulfilled, this study demonstrated the consistent efficacy with favorable safety of olaparib as
monotherapy in BRCA-mutant ovarian cancer.

Another promising PARP inhibitor that has been studied in BRCA1/2 mutation carriers is
MK4827, a potent oral PARP1/2 inhibitor with an 1C5q of 3.8 and 2.1 nM for PARP1 and
PARP2, respectively.>’ A phase 1 study of MK4827 enriched with BRCA1/2 mutation
carriers had established MTD at a dose of 300 mg once daily.>® DLTs included grade 3
fatigue and pneumonitis and grade 4 thrombocytopenia. Inhibition of PARP activity in
PBMCs was demonstrated at doses of 80 mg or greater. The response rate was 37% (7/19) in
patients with BRCA-mutated ovarian cancer and 20% (3/15) in patients with sporadic
ovarian cancer. MK4827 was well tolerated with the most common toxicities of fatigue
(52.5%), nausea (52.5%), vomiting (38.8%), diarrhea (21.3%), thrombo-cytopenia (33.8%),
and neutropenia (21.3%), which were mostly graded 1 to 2 except for thrombocytopenia
(grade 3/4, 15%).

Rucaparib was evaluated in a phase 2 study for BRCA1/2-mutated advanced ovarian and/or
breast cancer in which 18 mg/m? of rucaparib was given on days 1 to 5 of a 21-day cycle.>®
PARP activity assessed in PBMC demonstrated a mean inhibition of 84% over baseline
levels at 24 hours after a single dose of 18 mg/m? of AG014699. Although the overall
response rate was 5% (2/38), 26% (10/38) achieved stable disease for 4 or more months.
Rucaparib had an acceptable safety profile with drug-related toxicity, mainly grade 1 and 2;
the most common toxicities were fatigue (39%), nausea (26.8%), diarrhea (19.5%), and
dizziness (17.1%).

Overall, these data clearly provide clinical validation for single-agent PARP inhibitor
activity in patients with BRCA1/2 mutations.

MONOTHERAPY WITH PARP INHIBITORS IN SPORADIC CANCERS

The evidence of BRCAness has been shown particularly in a substantial proportion of
sporadic ovarian cancer and TNBC or basal-like breast cancer. Overall, BRCA1/2
deficiency as a result of germline or somatic BRCA1/2 mutations, epigenetic loss of
BRCAI, or expression loss by other mechanisms has been reported in 30% to 53% of
ovarian cancers, which was associated with high-grade serous/undifferentiated tumor
histology and improved PFS with chemotherapy.36:37 TNBC overlaps substantially with
basal-like breast cancer. BRCAI-associated cancers generally cluster with the basal-like
subtype in gene expression profiling studies.89 Most BRCA-associated breast cancers share
many phenotypic features with TNBC and basal-like breast cancer.81 This notion of shared
BRCAness is the rationale for testing PARP inhibition in sporadic TNBC or HGSOC
because even without germline BRCA1/2 mutations, these tumors may harbor other lesions
that impair HR.

To address whether sporadic cancers with BRCAness would also be responsive to PARP
inhibitors as are BRCA-mutant cancers, a phase 2 study of single-agent olaparib (400 mg
twice daily continuously) in patients with HGSOC or undifferentiated ovarian cancer or
TNBC was conducted in which patients were stratified according to whether they had a
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germline BRCA1/2 mutation or not (or unknown BRCA mutation status).62 Ninety patients
(64 with ovarian cancer and 26 with breast cancer) received treatment with a median of 3
prior chemotherapy regimens. Although the breast cancer cohorts did not have any
confirmed objective response, the ovarian cancer cohorts showed a response rate of 41% in
patients with BRCA mutations and 24% in patients without mutations. The median PFSs
were 221 days and 192 days, respectively. The most common adverse events were grade 1
or 2 fatigue, nausea, and vomiting. These results demonstrate the activity of a PARP
inhibitor in patients with HGSOC without germline BRCA1/2 mutations.

In addition, promising results of a randomized, double-blind, placebo-controlled phase 2
study of maintenance olaparib in patients with platinum-sensitive relapsed HGSOC
independent of germline BRCA status were also recently reported.53 Patients who had
maintained an objective response following the last platinum-containing regimen were
randomized to a twice-daily dose of 400 mg of olaparib (n = 136) or placebo (n = 129). The
olaparib group had a significantly longer PFS, median 8.4 versus 4.8 months.
Approximately 20% of patients in both groups had BRCA1/2 mutations, and a preplanned
subgroup analysis showed that the PFS benefit from olaparib was not restricted to patients
with BRCA mutation—associated ovarian cancer. No unexpected toxicities were seen.

Overall, these data provide clinical evidence for single-agent PARP inhibitor activity in
cancers with BRCAness phenotype even without BRCA mutations.

COMBINATION OF PARP INHIBITORS WITH CHEMOTHERAPY

Radiotherapy and chemotherapeutic agents such as platinum compounds confer their
antitumor effects by inducing DNA damage, which, if not repaired, triggers cell death. As
PARP inhibitors could impair DNA repair mechanisms, the potential of PARP inhibitors as
a chemosensitizer or radiosensitizer has been raised. Consequently, preclinical studies have
shown activity of a PARP inhibitor in combination with DNA-damaging agents such as
alkylating agents (such as cyclophosphamide and temozolomide), type | topoisomerase
inhibitors (such as irinotecan and topotecan), platinum agents (such as cisplatin and
carboplatin), and anthracyclines. These combinations are being tested clinically with various
PARP inhibitors as discussed later.

Rucaparib (CO338, AG014699, PF-01367338)

Rucaparib was the first PARP inhibitor to undergo a phase 1 trial as an enhancing agent for
chemotherapy. A phase 1 study of the combination of AG014699 with temozolomide in
unselected advanced solid tumors determined that the recommended phase 2 dose was
intravenous rucaparib, 12 mg/m?/d, and oral temozolomide, 200 mg/m?2/d, for 5 days every
28 days. At this dose, PARP was inhibited by more than 70% in PBMC. DLTs included
myelosuppression at the dose level of 18 mg/m2/d and temozolomide 200 mg/m2/d.30 A
phase 2 study was conducted with rucaparib and temozolomide in untreated metastatic
melanoma.®* However, significantly more myelosuppression was observed than was
predicted from the phase 1 study. Of 46 patients treated, grade 4 thrombocytopenia and
neutropenia were seen in 30% and 41% of patients in cycle 1, respectively, resulting in 39%
dose reduction and/or dose delay. Given that severe myelosuppression is uncommon with
temozolomide monotherapy, it has been suggested that PARP inhibitors may inhibit the
repair of DNA damage from temozolomide in bone marrow stem cells. Partial response was
seen in 18% of the 40 evaluable patients.

Olaparib (AZD2281, KU-0059436)

Several phase 1 trials of olaparib combined with chemotherapy have been reported in
BRCA-mutant cancer or sporadic cancer. A phase 1 study of olaparib combined with
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carboplatin in BRCA1/2-mutated ovarian or breast cancer initially evaluated the continuous
schedule of olaparib, 100 or 200 mg twice daily, on days 1 to 21 plus carboplatin AUC 3 on
days 1 or 2 every 3 weeks.55 However, the schedule was changed to intermittent
administration of olaparib (olaparib, 200 or 400 mg twice daily, on days 1 to 7 plus
carboplatin AUC 3, 4, or 5 on days 1 or 2 every 3 weeks) because of thrombocytopenia and
delayed recovery of neutropenia. The recommended dose was olaparib, 400 mg twice daily,
on days 1 to 7 with carboplatin AUC 5 on days 1 or 2 every 3 weeks. Main toxicity was
grade 3/4 marrow suppression. Of 27 evaluable patients, the response rate was 39% in
ovarian cancer and 74% in breast cancer, and the clinical benefit rate was 83% and 100%,
respectively. A phase 1 study of olaparib with topotecan in advanced solid tumors reported
prolonged thrombocytopenia and neutropenia. Although the MTD was established as
topotecan, 1.0 mg/m?2/d, on days 1 to 3 plus olaparib, 100 mg twice daily, on days 1 to 21
every 3 weeks, no responses were seen. The investigators did not recommend further
development of this combination. When olaparib was combined with weekly paclitaxel in
patients with metastatic TNBC, significant myelosuppression required granulocyte colony—
stimulating factor as secondary prophylaxis. The confirmed partial response rate was 37%.
A phase 1 trial of the combination of olaparib and dacarbazine also showed higher incidence
of neutropenia and delayed recovery than observed with single-agent dacarbazine.56 The
optimal tolerated dose was defined as olaparib, 100 mg twice daily, on days 1 to 7 and
dacarbazine, 600 mg/m2, on day 1 every 3 weeks. Although 2 patients with melanoma had
partial responses in the initial dose escalation phase, there was no response in the dose
confirmation cohort enrolling chemonaive patients with melanoma (overall response rate,
5%). In a phase 1 study of olaparib combined with gemcitabine/cisplatin, the MTD was
olaparib, 100 mg once a day, on days 1 to 4; cisplatin, 50 mg/m2, on day 3; and gemcitabine,
400 mg/m?, on days 3 and 10 every 3 weeks or olaparib 100 mg twice daily on day 1,
cisplatin 60 mg/m?2 on day 1, and gemcitabine 500 mg/m?2 on days 1 and 8 every 3 weeks.5”
However, these MTDs were still associated with the high incidence of grade 3/4 neutropenia
(50%) and thrombocytopenia (17%-50%). Of 21 evaluable patients, 2 (9.5%) had partial
responses. Ongoing clinical trials of olaparib in combination with chemotherapy are
summarized in Table 2.

Veliparib (ABT-888)

Veliparib was initially evaluated in the first nontherapeutic phase O clinical trial in oncology
that guided the design of subsequent phase 1 trials of veliparib in combination with
chemotherapeutic agents.58 This study suggested that an appropriate phase 1 starting dose of
veliparib in combination with DNA-damaging agents is 10 mg twice daily, based on the
measured levels of PARP inhibition between paired blood and tumor specimens. In a
subsequent phase 1 study of veliparib combined with topotecan for refractory solid tumors
and lymphomas, there were 3 DLTSs in the 6 patients on dose level 1 (veliparib, 10 mg twice
daily, on days 1-7; topotecan, 1.2 mg/m?/d, on days 1-5 in a 3-week cycle).8® Further dose
reduction of topotecan to 0.6 mg/m2/d showed no DLT in 6 patients that was defined as the
MTD combined with veliparib, 10 mg twice daily, on days 1 to 5. There was no tumor
response. A phase 1 study of the combination of veliparib and weekly irinotecan determined
that the MTD was veliparib, 40 mg twice daily, on days 1 to 14 and irinotecan, 100 mg/m2,
on days 1 and 8 every 3 weeks with DLTSs including grade 3/4 fatigue, leukopenia/
neutropenia, and diarrhea.”® Of 30 evaluable patients, 6 (20%) had partial responses and the
clinical benefit rate was 63%. A phase 1 study of veliparib in combination with a fixed
dosing of doxorubicin (60 mg/m?) and cyclophosphamide (600 mg/m2) for breast cancer and
other solid tumors showed that the MTD was veliparib, 100 mg, twice daily on days 1 to 4
in a 3-week cycle.”! The most common toxicities were fatigue and myelosuppression. There
were 3 partial responses in 5 BRCA mutation carriers (60%), and 79% of the patients with
breast cancer had clinical benefit.
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In contrast, when veliparib was combined with metronomic oral cyclophosphamide in a
phase 1 study for refractory solid tumor and lymphoma, myelosuppression was not
prominent.”2 The MTD was veliparib, 60 mg, and cyclophosphamide, 50 mg, both given
once a day. Confirmed partial responses were observed in 3 among 18 patients (17%); 2
BRCA-mutant ovarian cancers and 1 TNBC. At present, a phase 2 study of this regimen is
ongoing in patients with BRCA-mutant ovarian cancer, HGSOC/TNBC, or low-grade non-
Hodgkin lymphoma. A phase 1 study of veliparib combined with intravenous
cyclophosphamide for advanced solid tumor also showed a favorable toxicity profile.”3
DLTs included myelosuppression. The highest dose evaluated so far is 200 mg twice daily
on days 1 to 4 with cyclophosphamide, 750 mg/m2, on day 3 in a 3-week cycle. The most
common toxicities were fatigue, anemia, and neutropenia. There was one partial response
among 30 patients.

Two phase 2 trials of veliparib with temozolomide have been reported in metastatic breast
cancer and colorectal cancer, respectively.”47® In both trials, treatment consisted of
veliparib, 40 mg, twice daily on days 1 to 7 and temozolomide 150 mg/m?2/d on days 1 to 5
every 4 weeks.” The objective response rate was 4.1% and the disease control rate was 22%
in these heavily treated patients with a median number of prior chemotherapeutic regimen of
3.5. The median duration of disease control was 22 weeks (range, 15-40 weeks). In the
breast cancer study, frequent grade 4 thrombocytopenia led to general decrease of veliparib
to 30 mg twice daily with better tolerability.”> The objective response rate and clinical
benefit rate was 37.5% and 62.5%, respectively, in BRCA mutation carriers (n = 8). The
median PFS was 5.5 months (BRCA carriers) and 1.8 months (noncarriers) (P=.0042).
Recently, a randomized phase 2 placebo-controlled study compared temozolomide (150 mg/
m2/d for 5 days) plus veliparib (20 or 40 mg twice daily on days 1-7) every 4 weeks versus
temozolomide plus placebo in patients with advanced melanoma.’® The primary end point
of PFS showed 113 days in the 20-mg group versus 110 days in the 40-mg group versus 60
days in the placebo group; these trends were not significant. Grade 3/4 adverse events,
mainly of hematological toxicities, were seen in 38% (placebo), 54% (veliparib 20 mg), and
57% (veliparib 40 mg) of patients. Ongoing clinical trials of veliparib in combination with
chemotherapy or chemoradiotherapy are summarized in Tables 3 and 4.

MK4827 had been combined with carboplatin with/without paclitaxel or PLD and
temozolomide (Table 4).

Two single agent phase | trial in solid tumor and hematologic malignancies are ongoing at
this time (see Table 4).

Two phase 1 studies of CEP-9722 in combination with temozolomide and gemcitabine/
cisplatin, respectively, in patients with advanced solid tumors are ongoing (see Table 4).

E7016/GPI 21016

A phase 1 study of E7016 combined with temozolomide in patients with advanced solid
tumors is ongoing (see Table 4).
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BIOMARKERS FOR EFFICACY OF PARP INHIBITORS

Biomarkers for PARP Inhibitor Sensitivity

Potential biomarkers of PARP inhibitor sensitivity in sporadic cancer include BRCA1/2
somatic mutation, BRCA1 promoter methylation, BRCAI suppression in the absence of
methylation, phosphatase and tensin homolog (P7EN) deficiency, ATM mutation, MRE11-
dominant negative mutations in MMR-deficient cancers, and FANCF promoter methylation.
PTEN is a tumor suppressor gene that inactivates the PI3BK/AKT survival pathway, and its
loss of function is a frequent event in a variety of human cancers, occurring through
mutations, deletions, or promoter hypermethylation.””:"8 Preclinical data have demonstrated
that PTEN has a role in maintaining chromosomal stability and controlling DNA DSB repair
by regulating the transcription of RAD51, and PTEN-deficient tumor cells are defective in
HR repair and sensitive to PARP inhibitors such as olaparib and veliparib.”9-83 Of note, it
was reported that a patient with PTEN-deficient endometrial adenocarcinoma without
BRCA1 or BRCA2 mutations had a clear response to olaparib.84 Future clinical trials are
needed to confirm this promising finding.

In addition to these specific molecular defects, there has been an approach to identify
unifying biomarkers of HR deficiency that all these diverse mechanisms share. One example
is the potential signature of BRCAness that has been reported based on the differences in
gene expression between hereditary BRCA1/2-related cancers and sporadic cancers,85:86
These gene expression signatures were associated with responsiveness to DNA-damaging
chemotherapy that provides interesting proofs of principle. The other example is to assess
the HR pathway competency using surrogate markers, such as RADS51 foci formation on
DNA damage.8” Although these approaches are promising, further assessment and
validation is needed for use in the clinical setting.

Biomarkers for PAPR Inhibitor Resistance

Recently, genetic reversion of BRCA1 or BRCAZ mutations, which causes restoration of
normal BRCAI or BRCAZ protein function, was recognized as a mechanism of acquired
resistance to both platinum and PARP inhibitors in BRCA1- or BRCAZ-mutated tumor
cells.88-90 A recent study in 110 patients with ovarian cancer with a BRCA1/2 mutation has
shown that a secondary somatic BRCA1/2 mutation was found more frequently in recurrent
cancer than in primary cancer (28.3% vs 3.1%, £=.0003) and in platinum-resistant
recurrences than in platinum-sensitive recurrences (46.2% vs 5.3%, £ =.003).%1 In addition,
12 (92%) of 13 recurrent cancers with secondary mutations were platinum resistant, and 2 of
3 patients with platinum-resistant recurrent cancer with secondary mutations were also
refractory to olaparib, although 1 patient responded to veliparib combined with carboplatin/
gemcitabine. By contrast, all 3 patients with platinum-resistant recurrent cancer without
secondary mutations achieved responses (2 complete responses, 1 partial response) to
olaparib + carboplatin. Larger studies are needed to reveal to what extent this mechanism
will drive clinical resistance to PARP inhibitors in patients with BRCA1/2-related cancers.
In addition to genetic reversion, recent evidence also suggested a role for P-glycoprotein
efflux pump in the development of resistance to olaparib.®2 Other potential resistance
mechanisms include the p53 binding protein (53BP1) loss that partially rescues the HR
defect in BRCAI-deficient cells and reverts their hypersensitivity to DNA-damaging
agents.%3:94 Furthermore, 53BP1-deficient BRCA1412/A11 ce|ls were no longer sensitive to
PARP inhibition.?3 The expression of 53BP1 was lost or reduced in subsets of BRCA1/2-
associated and sporadic TNBC/basal-like breast cancers.%
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SUMMARY

The use of PARP inhibitors to create synthetic lethality or modulate cytotoxicity may be one
of the most exciting developments in cancer research in this decade. This new class of drugs
shows promise as a treatment of a wide range of cancers, not just those associated with
BRCA1/2 genetic mutations. The evaluation of PARP inhibitors is being expanded to
combined therapy with chemotherapy, radiotherapy, or other molecularly targeted agents
and to a variety of treatment settings, including neoadjuvant, adjuvant, or prophylaxis
setting. At the same time, many unanswered questions remain about the optimal use of
PARP inhibitors. Could a single-agent PARP inhibitor be a possible alternative front-line
treatment of BRCA-associated cancer or other HR-defective cancer? If PARP inhibitors are
to be combined with chemotherapy or radiotherapy, what is the best administration
schedule, dose, or chemotherapeutic partner to maximize efficacy while minimizing
toxicity? What are robust predictive biomarkers of sensitivity and resistance to PARP
inhibitors alone or combined with chemotherapy or radiotherapy? To what extent the PARP
enzyme needs to be inhibited for the best efficacy? What creates the differences between the
individual agents in the PAPR inhibitor class resulting in distinct toxicity and efficacy
profiles? What are the consequences of long-term administration of PARP inhibitor? This
question may be especially important because this class moves into the adjuvant setting or
for long-term administration in prevention studies in BRCA mutation carriers. Carefully
designed clinical trials incorporating translational end points are required to get answers
about these important challenges.
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Fig. 1.

Major DNA damage repair mechanisms. (A) BER: a specific DNA glycosylase removes a
damaged base, for example, uracil DNA glycosylase (UNG) for uracil. Subsequently, an
apyrimidinic/apurinic (AP) site incision by an AP endonuclease 1 (APEX1) and the removal
of 5’-deoxyribose-phosphate (dRP) residue by a dRP lyase occur followed by nucleotide gap
filling by DNA polymerase B. (B) NER: after a DNA-distorting lesion is recognized with or
without the xeroderma pigmentosum complementation group C (XPC)/Rad23 homolog B
(RAD23B) protein complex, dual incisions on both sides of the lesion and excision of the
damaged site occur by the general transcription factor TFIIH, XPG, and excision repair
cross-complementation group 1 (ERCC1)/XPF complex. DNA polymerase fills the resulting
nucleotide gap. (C) MMR: the mismatched bases are recognized by a heterodimer of MSH2/
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MSHG6 and excised by exonuclease 1 (EXO1), which is recruited by a heterodimer of
MLH1/PMS2. The resulting gap is filled by DNA polymerase 6 along with proliferating cell
nuclear antigen (PCNA) and replication protein A (RPA). (D) NHEJ: the 2 broken ends are
processed and ligated directly by Ku70/Ku80 complex and the DNA-dependent protein
kinase (DNA-PK) followed by DNA ligase 1V (LIG4)/XRCCA4. (E) HR: repair is initiated by
resection of a DSB resulting in 3’ single-stranded DNA overhangs, which invade into a
homologous sequence followed by DNA synthesis at the invading end. Subsequently, the
second 3’ end is captured to form a Holliday junction. After gap-filling DNA synthesis and
ligation, the structure is resolved at the Holliday junction in a crossover or noncrossover
mode. (Adapted from Lange SS, Takata K, Wood RD. DNA polymerases and cancer. Nat
Rev Cancer 2011;11:96-110; with permission. Copyright © 2011 Macmillan Publishers
Ltd.)
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Table 2
Ongoing clinical trials of olaparib

Phase Regimen Disease Study Designation
2 Olaparib Advanced solid tumor with BRCA1/2 mutation NCT01078662
1 Olaparib + cisplatin Advanced solid tumor NCT00782574
1 Olaparib + gemcitabine Advanced pancreatic cancer NCT00515866
1 Olaparib + liposomal doxorubicin Advanced solid tumor NCT00819221
1 Olaparib + irinotecan Advanced colorectal cancer NCT00535353
1 Olaparib + paclitaxel vs olaparib + carboplatin vs olaparib ~ Advanced TNBC or ovarian cancer NCT00516724

+ paclitaxel/carboplatin
1 Olaparib + temozolomide Advanced glioblastoma NCT01390571
1 Group 1: olaparib on days 1-7 + carboplatin on day 1 Refractory gynecologic cancers such as breast, NCT01237067

every 3 wk ovarian, fallopian, primary peritoneal, uterine,

. i i cervical cancer, or malignant mixed mllerian

Group 2A: olaparib on days 1-7 + carboplatinonday 8 in  tymors

cycle 1 followed by carboplatin on day 1 + olaparib on

days 2-8 in cycle 2

Group 2B: reverse sequence
1/2 Phase 1: irinotecan/cisplatin/mitomycin (ICM) Advanced pancreatic cancer NCT01296763

Phase 2: IC/ICM + olaparib
2 Olaparib + paclitaxel vs placebo + paclitaxel Advanced gastric cancer NCT01063517
2 Paclitaxel/carboplatin + olaparib Advanced ovarian cancer NCT01081951

Abbreviations: BRCA, breast cancer susceptible gene; TNBC, triple-negative breast cancer.

Data from ClinicalTrials.gov, National Library of Medicine, Bethesda, MD.
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Table 4

Ongoing clinical trials of MK4827, BMN 673, CEP-9722, or E7016
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Phase Regimen Disease Study Designation
1 MK4827 Advanced solid tumor NCT01226901
1 MK4827 Dose escalation phase: advanced solid tumor (part A). Expansion phase: ~ NCT00749502
prostate, recurrent platinum-resistant HGSOC (part B); T-cell
prolymphocytic leukemia or chronic lymphocytic leukemia (part C);
advanced colorectal, endometrial, triple- negative or estrogen receptor—
positive breast cancer, or partially platinum-sensitive epithelial ovarian
cancer (part D)
1 MK4827 + PLD Advanced solid tumor (part A) and platinum-resistant/refractory NCT01227941
HGSOC (part B)
1 MK4827 + temozolomide Advanced solid tumor (part A); advanced glioblastoma multiforme or NCT01294735
melanoma (part B)
1 BMN 673 Hematologic malignancies NCT 01399840
1 BMN 673 Advanced solid tumor NCT 01286987
1/2 CEP-9722 Advanced solid tumor NCT01311713
1 CEP-9722 + temozolomide Advanced solid tumor NCT00920595
1 CEP-9722 + gemcitabine + Advanced solid tumor NCT01345357
cisplatin
1 E7016 + temozolomide Advanced solid tumor (escalation phase) and glioma (expansion phase) NCT01127178

Abbreviations: HGSOC, high-grade serous ovarian cancer; PLD, pegylated liposomal doxorubicin.

Data from ClinicalTrials.gov, National Library of Medicine, Bethesda, MD.
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