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Poly-ADP ribose polymerase (PARP)
proteins are critical mediators of DNA
repair. Many traditional anti-cancer
chemotherapy agents overwhelm a
cell’s ability to repair DNA damage in
order to kill proliferating malignant
cells. Recent evidence suggests that
cancers within and across tissue
types have specific defects in DNA
repair pathways, and that these
defects may predispose for sensitivity
and resistance to various classes of
cytotoxic agents. Breast, ovarian and
other cancers develop in the setting of
inherited DNA repair deficiency, and
these cancers may be more sensitive

to cytotoxic agents that induce DNA strand breaks, as well as to inhibitors of PARP activity.
A series of recent clinical trials has tested whether PARP inhibitors can achieve synthetic lethality
in hereditary DNA repair-deficient tumors. At the current time, mutation of BRCA serves as
a potential, but not comprehensive, biomarker to predict response to PARP inhibitor therapy.
Mechanisms of resistance to PARP inhibitors are only recently being uncovered. Future studies
seek to identify sporadic cancers that harbor genomic instability rendering susceptibility to

PARP inhibitors that compound lethal DNA damage.
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The Editorial on the Research Topic

Inhibiting PARP as a Strategic Target in Cancer

When Christina Annunziata and I embarked on guest editing an e-journal about poly(ADP-ribose)
polymerase (PARP) inhibitors for cancer therapy, our goal was to capture how one of the most
promising, rationally developed therapies had become increasingly complex in clinical use. We
recruited an outstanding group of researchers to help in this effort. We organize their contributions
into two broad categories, those with a more basic science approach and those with a more clinical
approach, although these are not without overlap.

Beginning with the more mechanistic contributions, “The Elephant and the Blind Men: Making
Sense of PARP Inhibitors in Homologous Recombination Deficient Tumor Cells” by De Lorenzo
et al. provides an excellent review of the main models proposed to explain the synthetic lethality
seen with PARP inhibition and deficiency in homologous recombination. Limitations of the models
are highlighted, along with the potential impact that our knowledge gaps might have on clinical
application of PARP inhibition. This article provides the groundwork for critical consideration of
the other papers in this compilation.

In “Strategic Combination of DNA Damaging Agent and PARP Inhibitor Results in Enhanced
Cytotoxicity, Horton and Wilson describe using a mouse embryonic fibroblast cell culture model to
better understand how PARP-1 inhibition impacts cell killing in combination with various chemo-
therapeutic agents. They report that the chemistry of the DNA repair intermediate that is formed is
critical to PARP inhibitor-induced sensitization. This level of detail complements that presented by
Steffen et al. who contributed “Structural Implications for Selective Targeting of PARPs” The authors
delve into the question of whether PARP inhibition should be targeted to all PARPs through binding
to conserved regions or more selective in targeting specific PARPs. The answer has the potential to
impact both PARP inhibitor effectiveness and toxicity.

Poly(ADP-ribose) polymerase enzymes are most widely recognized for their roles in single-strand
DNA repair, especially when complementing the double-strand repair that is dependent on BRCA
proteins. It is important to realize, however, that the PARP enzymes have other functions in the cell.
In “Beyond DNA Repair: Additional Functions of PARP-1 in Cancer,” Weaver and Yang broaden our
focus on PARP inhibition from the typically discussed DNA damage response to other processes,
such as inflammation, angiogenesis, cellular metabolism, and cell death, that are critical to cancer
biology. This information helps interpret some side effects of the PARP inhibitors in the clinic and
hints at pathways to co-target in the future. In the group of more clinical contributions, Shah et al.
build on this theme by discussing the clinical impact of our lack of complete understanding of the
mechanism of action of PARP inhibitors in their contribution, “PARP Inhibitors in Cancer Therapy:
Magic Bullets but Moving Targets”
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Key perspectives on the clinical development process of PARP
inhibitor development unfold in additional articles included in
the compilation. Ricks et al. discuss the development of PARP
inhibitors from the perspective of the US Food and Drug
Administration. In “Successes and Challenges of PARP Inhibitors
in Cancer Therapy, they provide insight into the regulatory
aspects of the development process from the phase 0 veliparib
trial to the current approval of olaparib for limited clinical use.
Adding to this series, Burgess and Puhalla discuss clinical tri-
als from their perspective as academic physicians. They have
contributed an in-depth review of the use of PARP inhibitors in
clinical trials to date in breast and ovarian cancer. Their review in
“BRCA 1/2-Mutation Related and Sporadic Breast and Ovarian
Cancers: More Alike than Different” provides a window into the
biologic factors that might influence response to PARP inhibi-
tion. Additional detail is teased out, with relevance to women’s
malignancies, in “The Role of PARP Inhibitors in the Treatment
of Gynecologic Malignancies.” Here, Reinbolt and Hays review
the data on the use of PARP inhibitors in ovarian, endometrial,
and cervical cancer, and discuss their vision regarding future
directions for their development. O’Sullivan et al. provide a com-
plementary direction in “Beyond Breast and Ovarian Cancers:
PARP Inhibitors for BRCA Mutation-Associated and BRCA-Like
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Solid Tumors” Importantly, they broaden potential application
with respect to tumor type, but focus on the molecular aspects
that may help optimize PARP inhibitor use in a defined patient
population. Specifically, these authors review the data for PARP
inhibitor use in solid tumors other than breast and ovarian can-
cer, helping to frame the potential for expanded use in the future.

This collection of articles addresses the role of PARP inhibition
in cancer therapy, from both basic science and clinical research
perspectives. The integration of bench and bedside aspects is vital
for moving the field forward to the most efficacious use of these
agents. While our knowledge of PARP inhibitors has grown sub-
stantially in a relatively short amount of time, critical issues, such
as mechanisms of action, appropriate therapeutic combinations,
limiting short- and long-term toxicity, and defining the ideal
patient population, remain to be resolved. We have compiled
these articles to stimulate thoughts and discussion regarding this
promising line of therapy, and expedite the successful application
to patients.

AUTHOR CONTRIBUTIONS

All authors listed have made substantial, direct, and intellectual
contribution to the work, and approved it for publication.

distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

April 2016 | Volume 6 | Article 91


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.3389/fonc.2015.00222
http://dx.doi.org/10.3389/fonc.2014.00019
http://dx.doi.org/10.3389/fonc.2013.00237
http://dx.doi.org/10.3389/fonc.2014.00042
http://creativecommons.org/licenses/by/4.0/

frontiers in
ONCOLOGY

.

=
=,

REVIEW ARTICLE
published: 11 September 2013
doi: 10.3389/fonc.2013.00228

The elephant and the blind men: making sense of PARP
inhibitors in homologous recombination deficient

tumor cells

Silvana B. De Lorenzo'?, Anand G. Patel 2", Rachel M. Hurley? and Scott H. Kaufmann'?*

" Division of Oncology Research, Mayo Clinic, Rochester, MIN, USA
2 Department of Molecular Pharmacology and Experimental Therapeutics, Mayo Clinic, Rochester, MN, USA

Edited by:
Christina Annunziata, National Cancer
Institute, USA

Reviewed by:

Marco Barchi, University of Rome Tor
Vergata, Italy

Michael J. Metzger, Columbia
University, USA

*Correspondence:

Scott H. Kaufmann, Division of
Oncology Research, Mayo Clinic,
Gonda 19-212, 200 First Street, SW,
Rochester, MIN 55905, USA

e-mail: kaufmann.scott@mayo.edu

"Silvana B. De Lorenzo and Anand G.
Patel have contributed equally to this
work.

Poly(ADP-ribose) polymerase 1 (PARP1) is an important component of the base excision
repair (BER) pathway as well as a regulator of homologous recombination (HR) and non-
homologous end-joining (NHEJ). Previous studies have demonstrated that treatment of
HR-deficient cells with PARP inhibitors results in stalled and collapsed replication forks.
Consequently, HR-deficient cells are extremely sensitive to PARP inhibitors. Several expla-
nations have been advanced to explain this so-called synthetic lethality between HR
deficiency and PARP inhibition: (i) reduction of BER activity leading to enhanced DNA
double-strand breaks, which accumulate in the absence of HR; (i) trapping of inhibited
PARP1 at sites of DNA damage, which prevents access of other repair proteins; (iii) failure
to initiate HR by poly(ADP-ribose) polymerdependent BRCA1 recruitment; and (iv) acti-
vation of the NHEJ pathway, which selectively induces errorprone repair in HR-deficient
cells. Here we review evidence regarding these various explanations for the ability of PARP
inhibitors to selectively kill HR-deficient cancer cells and discuss their potential implications.

Keywords: PARP inhibitor, synthetic lethality, non-homologous end joining, homologous recombination, BRCA1,
BRCA2, ovarian cancer, breast cancer

INTRODUCTION

Poly(ADP-ribose) polymerase (PARP) inhibitors are currently
undergoing extensive testing as potential anticancer agents (1—
13). These drugs were initially developed as modulating agents
that could enhance the cytotoxicity of DNA damaging treatments
such as ionizing radiation and temozolomide (1, 12, 14). Interest
in these agents was heightened by the demonstration that BRCAI-
and BRCA2- (BRCA1/2-) mutant cancer cells are selectively killed
by single-agent PARP inhibitor treatment (15, 16). Consistent
with these preclinical observations, the PARP inhibitor olaparib
has exhibited substantial single-agent activity in BRCA1/2-mutant
breast and ovarian cancer (17-21). Nonetheless, fewer than 50%
of patients with BRCA1/2-mutant cancers respond to these drugs,
raising important questions about identifying patients most likely
to derive benefit from PARP inhibition (22, 23). With this in
mind, extensive efforts have been directed at further refining the
mechanism of cytotoxicity of PARP inhibitors and elucidating
mechanisms of resistance.

To provide a context for discussing the selective killing of
BRCA1/2-deficient cells by PARP inhibitors, we first briefly out-
line what is known about the PARP family of enzymes and the
repair of DNA double-strand breaks. We then describe and discuss
four models that have been proposed to account for the selec-
tive killing of homologous recombination (HR)-deficient cells by
PARP inhibitors.

PARPs: A FAMILY OF ADP-RIBOSYLTRANSFERASES
The molecular biology and biochemistry of the PARP family of
ADP-ribosyltransferases have been extensively reviewed elsewhere

(24-33) and will only briefly be summarized here. Originally
described in the 1960s (34-36), PARP1 is the founding member
of a family of enzymes (37, 38) that transfer ADP-ribose moieties
from the dinucleotide NAD™ to polypeptide acceptors, thereby
catalyzing either mono- or poly(ADP-ribosyl)ation of polypep-
tide substrates (24, 39, 40). Although 18 members of the PARP
family have been identified in mammalian cells (24, 25), only 6 are
known to synthesize poly(ADP-ribose) polymers (1,25,41). Three
of these family members, PARP1, PARP2, and PARP3, have been
implicated in DNA repair (31). Of these, PARP1 is the most abun-
dant (up to 10° copies/nucleus) and has been shown to play critical
roles in DNA repair, epigenetic modification of chromatin, regu-
lation of genomic stability, modulation of cellular energy pools,
the regulation of transcription, and a distinct form of cell death
termed parthanatos (25-32, 42).

Although other PARPs might play an important role in the
response to PARP inhibitors (43), existing models of PARP
inhibitor-induced cytotoxicity emphasize the role of PARPI.
Moreover, despite the well-established effects of PARP1 modu-
lation on transcription (28), chromatin structure (26, 28, 44), and
energy metabolism (1, 30, 33), current explanations for the lethal-
ity of PARP inhibition in HR-deficient cells focus solely on the role
of PARP1 in DNA repair.

In response to certain types of DNA damage — particularly
DNA nicks and double-strand breaks — PARP1 catalytic activity
increases as much as 500-fold (41, 45, 46). This activation reflects a
recently described conformational change that is transmitted from
the DNA binding domains at the N-terminus of the PARP1 mol-
ecule through intervening domains to the catalytic domain at the
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C-terminus, resulting in altered alignment of critical residues in
the active site (41,47, 48). Once activated, PARP1 adds poly(ADP-
ribose) moieties to a wide range of nuclear proteins, including
histones, topoisomerases, and other non-histone chromatin pro-
teins, although PARP1 itself is the major protein that is covalently
modified (41, 49). The resulting poly(ADP-ribose) polymers not
only alter the function of the covalently modified proteins (49—
52), but also serve as a new binding site for other nuclear proteins
(32, 41, 53-55).

Through this ability to synthesize poly(ADP-ribose) polymer,
which covalently or non-covalently interacts with a variety of
nuclear proteins, PARP1 contributes to a number of different steps
in DNA damage response pathways. In its most extensively studied
role, PARP1 is essential for base excision repair (BER) (56-58), a
process involving the removal of a single damaged base and sub-
sequent restoration of DNA integrity (59, 60). After recruitment
to the damaged DNA, PARP1 recruits the scaffolding protein X-
ray cross complementing protein 1 (XRCC1) (57, 61), which in
turn binds to various BER proteins, bringing together a vari-
ety of components required for efficient repair of different base
lesions (59, 62).

The involvement of PARP1 in DNA repair is not limited to
XRCCI1 recruitment during BER. PARP1 has also been reported to
play a critical role in HR (63-65), including recruitment of MRE11
and NBS1 to DNA double-strand breaks (66), and to competitively
inhibit the classical non-homologous end-joining (NHE]) path-
way by preventing Ku binding to free DNA ends (67). In addition,
PARPI plays a critical role in restarting replication forks that stall
as a consequence of nucleotide depletion or collisions with bulky
lesions (68—71). Any or all of these roles of PARP1 in DNA repair
might be important in understanding the cellular effects of PARP
inhibitors.

HOMOLOGOUS RECOMBINATION

In order to understand the models that currently describe the
action of PARP inhibitors in HR-deficient cells, we also briefly
review the process of HR itself. When DNA double-strand breaks
form, two pathways compete to repair them (Figure 1): HR, which
is a high fidelity pathway, and NHE], which is error-prone. Accord-
ing to current understanding (60, 72, 73), the HR pathway is
activated when components of the MRN (MRE11/Rad50/Nbs1)
complex bind to DNA double-strand breaks. In brief, Nbs1 brings
its binding partners MRE11 and Rad50 to the nucleus, where the
complex binds to double strand breaks (74). This MRN complex
then recruits phosphorylated CtIP, which activates the exonucle-
ase activity of MRE11 (75-78). After activated MRE11 resects
one strand of the DNA to generate relatively short 3’ single-
stranded DNA (ssDNA) tails, two different exonucleases, Exol
and DNA2, extend the single-stranded tails to a length of sev-
eral thousand basepairs by continuing the resection (79, 80).
The resulting ssDNA is rapidly bound by the ssDNA binding
protein replication protein A (RPA), which is then replaced by
Rad51 to form a nucleofilament as described in greater detail
below. This Rad51-ssDNA complex facilitates homology search-
ing and invasion of the ssDNA into homologous duplex DNA
sequences of its sister chromatid. Once the resected ends are
annealed to complementary strands, intervening sequence is

synthesized using the intact strand as a template and ligated into
place (81).

A critical step in the HR pathway is the loading of Rad51 onto
ssDNA. This step is the culmination of a long series of reactions
(Figure 1) that are triggered in response to DNA damage (72,
82). Once the MRN complex binds to DNA double-strand breaks,
it also recruits and activates the DNA damage-activated kinase
ATM, resulting in ATM autophosphorylation followed by sequen-
tial phosphorylation and recruitment of the histone variant H2AX,
the “mediator” (scaffold) protein MDC-1, and several other pro-
teins, including the tumor suppressor protein BRCA1, to sites of
DNA damage (73, 82). Partner and localizer of BRCA2 (PALB2)
binds to the C-terminus of BRCA1 and N-terminus of BRCA2, cre-
ating a bridge to recruit BRCA2 to sites of DNA damage. BRCA2
then binds phosphorylated Rad51, targeting active Rad51 to the
ssDNA (83).

This entire HR process is tightly linked to cell cycle progression
in multiple ways (84). First, BRCA2 and Rad51 are only expressed
in S and G2 phases of the cell cycle, making HR impossible in G1
(76). Second, the cyclin-dependent kinase CDK2, which is active
primarily at the G1/S transition and in S phase, catalyzes a priming
phosphorylation of CtIP that is required before DNA damage can
induce CtIP binding to MRN and subsequent MRE11-initiated
end resection (85, 86). Finally, GO and GI cells have not repli-
cated their DNA and, therefore, lack sister chromatids that provide
homologous sequences for HR.

HR DEFICIENCY DEFINES CERTAIN MALIGNANCIES

The complex HR process can be interrupted at any of a number of
steps. In particular, HR fails to occur efficiently if genes encoding
components of the MRN complex, CtIP, ATM, MDC-1, H2AX,
PALB2, BRCA1, BRCA2, or Rad51 are silenced or mutated at criti-
cal residues. Mutations that disable these proteins, as well as other
participants in the HR process, are often found in cancers (73). In
high-grade serous ovarian cancer, for example, BRCAI and BRCA2
mutations are found in roughly 15% of cases, with mutations in
another dozen or more HR genes found in an additional 10-15%
of cases (87—-89). While some of these mutations are familial, as
many as half appear to be sporadic (89, 90). These mutations
and the resulting genomic instability are a hallmark of high-grade
serous ovarian cancer (90). Likewise, mutations in BRCAI, BRCA2,
PALB2, and other components with the HR pathway are common
in familial and certain subtypes of sporadic breast cancer, par-
ticularly triple negative breast cancer (91-93). PTEN is deleted
or silenced in over 50% of endometrial cancers and a substantial
fraction of glioblastomas and prostate cancers (94-97).

Early studies found that BRCAI- or BRCA2-deficient cells
are hypersensitive to PARP inhibitors (15, 16). In particular,
cells lacking BRCA1 or BRCA2 were more susceptible to PARP
inhibitor-induced apoptosis and showed more profound growth
inhibition when treated as xenografts in nude mice (15, 16). Sub-
sequent investigation demonstrated that cells deficient in other
HR components, including NBS1, ATM, ATR, Chkl, Chk2, Rad51,
Rad54, FANCD2, FANCA, PALB2, or FANCC, are also hypersen-
sitive to PARP inhibitors (98—100). Moreover, cells lacking the
lipid phosphatase PTEN were shown to be deficient in Rad51
expression (101, 102), also leading to PARP inhibitor sensitivity
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DSB

FIGURE 1 | A simplified model for NHEJ and HR. WWhen a DNA
double-strand break (DSB) occurs during G1, it is repaired via NHEJ (right).
This process involves the following steps: (1) the Ku70/80 heterodimer detects
and binds to the DSB; (2) Ku70/80 bound to the DSB recruits DNA-PKcs; (3)
DNA-PKcs undergoes autophosphorylation, favoring the processing of DNA
ends by Artemis; and (4) the XRCC4/DNA ligase IV complex ligates the
processed DNA ends. Additional details regarding NHEJ can be found in refs
(109-111). In contrast, when a DSB occurs during the S and G2 phases of the
cell cycle, repair occurs preferentially via the HR pathway (left), which involves
the following steps: (1) PARP1 binds to the DSB (48) and competes with Ku
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binding to DNA ends (67); (2) the MRN complex is recruited (66) to the DSB
(together with CtIP and BRCA1/BARD1) and mediates the initial stages of
DSB resection; (3) extensive end resection is catalyzed by EXO1 and
DNA2/BLM (79, 80), resulting in long stretches of ssDNA,; (4) this ssDNA is
coated by RPA,; (5) the BRCA2/PALB2/BRCAT complex facilitates replacement
of RPA with Rad51 (73, 81); (6) RAD51 filaments induce strand invasion into
homologous DNA sequences; (7) DNA polymerization occurs using the sister
chromatid as a template; and (8) resolution of the resulting complexes
produces an exact copy of the template where the DSB was generated.
Additional details of the HR process can be found in Refs. (60, 72, 73).

(102). Accordingly, the demonstration that PARP inhibitors are
active, relatively non-toxic anticancer agents (17-21) led to sub-
stantial enthusiasm for developing these agents to treat a variety
of neoplasms that exhibit HR deficiency.

Given the tantalizing preclinical and early clinical activity of
PARP inhibitors in HR-deficient tumors, there has also been sub-
stantial interest in inducing a state of temporary HR deficiency

in hopes of sensitizing cancers that lack inactivating mutations
in the Fanconi anemia (FA)/HR pathway. Previous studies have
demonstrated that this can be accomplished by treating cells
with epidermal growth factor receptor inhibitors (103) or cyclin-
dependent kinase inhibitors (104), which promote BRCA1 traf-
ficking from the nucleus to the cytoplasm; phosphatidylinositol-3
kinase inhibitors, which downregulate Rad51 (105) or BRCAI and
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BRCA2 (106); ATR inhibitors, which diminish replication stress-
induced activation of cell cycle checkpoints and repair (107), or
even possibly PARP inhibitors themselves (108). Whether this
pharmacological inhibition of HR will sensitize cancer cells in the
clinical setting as effectively as inactivating mutations in FA/HR
pathway genes remains to be determined.

NHEJ AS AN ALTERNATIVE MECHANISM OF DNA REPAIR

In addition to HR, which is a high fidelity repair process, cells
also can employ the more error-prone NHE] pathway to repair
double-strand breaks. In essence, NHE] is a process that detects
free DNA ends, trims incompatible DNA, and directly ligates the
double helix to restore DNA integrity (Figure 1). As reviewed
elsewhere (109-111), this process involves initial binding of the
Ku70/Ku80 heterodimer to free DNA ends, resulting in recruit-
ment of the large serine/threonine kinase DNA-PKcs. Once bound
to the DNA terminus, DNA-PKcs phosphorylates itself as well as
a number of enzymes that can process DNA ends, including the
nuclease Artemis, polynucleotide kinase phosphorylase, and DNA
polymerases. Finally, the DNA ends are ligated by the DNA ligase
IV/XRCC4 complex. Because cells in G1 lack both the DNA sub-
strate and much of the protein machinery required for HR, NHE]
is the major pathway used for DNA double-strand break repair
during GO and G1. Moreover, this pathway is thought to play a
major role in DNA repair when HR is impaired.

Previous studies have demonstrated that the NHE] pathway
is regulated in a number of ways. First, a complex containing
the large scaffolding protein 53BP1 and its binding partner Rifl
inhibits accumulation of BRCAI and the HR regulator CtIP at
sites of DNA damage, thereby facilitating NHE] in preference to
HR (112-115). Second, ATM-mediated phosphorylation modu-
lates the activity of the NHE] nuclease Artemis (111). Third, Ku70,
Ku80, and DNA-PKcs have all been previously identified as bind-
ing partners of poly(ADP-ribose) polymer (pADPr) (54, 57); and
more recent studies suggest that other NHE] components such as
XRCC4 and Artemis also interact with pADPr (55). Additional
studies have indicated that pADPr inhibits the NHE] pathway,
providing a starting point for one of the models describing the
cytotoxicity of PARP inhibitors (15, 116).

CHOICE BETWEEN HR AND NHEJ

Several factors determine whether a DNA double-strand break is
repaired by HR or NHE] (117, 118). The lack of BRCA2, Rad51,
and a suitable sister chromatid as a template prevent HR during
the GO and G1 phases of the cell cycle. During S and G2 phases, on
the other hand, there is a competition between HR and NHE]. For
example, Ku70 and Ku80 binding impairs double-strand break end
resection, whereas resection prevents binding of the Ku70/Ku80
complex (119, 120). Additional studies have shown that MRN
plays a primary role in removing or displacing Ku from DNA
ends to allow resection to take place. When damage occurs during
the GI phase of the cell cycle, the 53BP1/Rifl complex restricts
CtIP recruitment and stimulation of MRE11-mediated resection
as described above, thereby facilitating NHE]J (112-115). During
the S and G2 phases of the cell cycle, on the other hand, Rifl is
inhibited by a BRCA1-CtIP complex, allowing HR to occur. These
competing interactions illustrate the complexity of processes that

regulate DNA repair and provide an explanation for the observa-
tion that mechanisms involved in DNA double-strand break repair
shift from NHE] to HR during S phase (121).

CURRENT EXPLANATIONS FOR THE SELECTIVE
CYTOTOXICITY OF PARP INHIBITORS IN HR-DEFICIENT CELLS
The seminal observation that PARP inhibitors selectively kill
BRCA1/2-deficient cells in preclinical models (15, 16) was rapidly
followed by the demonstration that PARP inhibitors exhibit clini-
cal activity against BRCA1/2-mutant tumors (17-20). At least four
different explanations have been advanced to explain this so-called
synthetic lethality.

BER INHIBITION

Because PARPI plays a critical role in BER (122, 123), initial
explanations for the ability of PARP inhibitors to selectively kill
HR-deficient cells focused on the interplay between BER and HR.
According to this classical view [Figure 2A, see also Ref. (124,
125)], DNA damage induced by reactive oxygen species or replica-
tion errors results in DNA single-strand breaks, which ordinarily
would be repaired by the BER pathway. Inhibition of PARP is pos-
tulated to cause persistence of these single-strand breaks, which are
then converted to DNA double-strand breast as a consequence of
interactions with transcription complexes and advancing replica-
tion forks. In HR proficient cells these DNA double-strand breaks
would be repaired by HR. In the absence of BRCA1, BRCA2, or
other HR components, however, impaired repair would result in
persistence of these breaks and lethality. Accordingly, cells with
fully active PARP1 or an intact HR pathway (BRCA1/2 wild type
cells) would be expected to survive these endogenous DNA insults,
whereas cells with an HR defect treated with a PARP inhibitor
would not (124, 125).

TRAPPING OF PARP1 AT SITES OF DNA DAMAGE
An alternative model suggests that PARP1 becomes trapped on
DNA in the presence of PARP inhibitors, thereby diminishing
access of other repair proteins to damaged DNA. This model
(Figure 2B) is based on some of the well-established character-
istics of PARPI reviewed above. In particular, PARP1 contains
N-terminal zinc fingers that recognize damaged DNA, permitting
PARP1 binding to various lesions (126), and increased pADPr syn-
thesis (48,127, 128). While PARP covalently modifies a wide range
of substrates, most of the resulting pADPr is covalently bound to
PARP1 itself (129), increasing the negative charge of the enzyme
and eventually causing its dissociation from the DNA (51).
Studies performed over 20 years ago demonstrated that cat-
alytically inactive PARPI, e.g., PARP1 lacking its substrate NAD ™,
inhibits DNA repair under cell-free conditions (51). Additional
experiments showed that the DNA binding domain of PARP1,
which is able to recognize damaged DNA but not catalyze pADPr
formation, also acts as a dominant negative to enhance the cytotox-
icity of certain DNA damaging treatments in intact cells (130, 131).
PARP1 that has been catalytically inactivated by treatment with an
effective small molecule inhibitor would likewise be expected to
inhibit repair. This mechanism has recently been found to account
for the ability of PARP inhibitors to enhance the cytotoxicity of the
topoisomerase I poison topotecan (132) and the DNA methylating
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C

FIGURE 2 | Four current models of PARP inhibitor-induced cancer cell
killing. (A), classical explanation of PARP inhibitor cytotoxicity in HR-deficient
cells (124, 125). As described in the text, endogenous DNA damage is thought
to result in DNA single-strand breaks, which ordinarily would be repaired by
base excision repair (BER). If PARP inhibitors prevent BER, then persistent
single-strand breaks are thought to be converted to DNA double-strand
breaks, which would be repaired by HR in HR-proficient cells but remain
unrepaired in HR-deficient cells. (B) Model emphasizing trapping of inhibited
PARP1 at sites of DNA damage. According to this model, PARP1 binds to
damaged DNA, synthesizes polymer, and then is released from the DNA so
that repair enzymes can bind (51). Building on these observations, this model
postulates that PARP inhibition results in failure of PARP1 to dissociate from
sites of damage, leading to diminished access of other repair proteins,
inhibited repair, and cell death. (C) Model emphasizing impaired recruitment
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of mutated BRCA1 in the presence of PARP inhibitors. As described by Li and
Yu (134), recruitment of BRCA1 to DNA double-strand breaks requires both
rapid binding of the BRCA1 binding partner BARD1 to pADPr and subsequent
binding of a BRCA1-containing complex to phosphorylated H2AX at the break.
Mutations that impair recruitment of the BRCA1-containing complex to
phosphorylated H2AX render BRCA1 localization to sites of damage more
dependent on the BARD1-pADPr interaction and, therefore, more sensitive to
PARP inhibitors. (D), model emphasizing the role of activated NHEJ in PARP
inhibitor killing. When DNA double-strand breaks occur, HR preferentially
repairs them. In HR-deficient cells, however, double-strand breaks are more
frequently repaired by the errorprone NHEJ pathway, resulting in mutations,
chromosomal rearrangements, and NHEJ-mediated cell death. PARP
inhibitors accelerate this process by removing a brake on NHEJ (116). (A,D)
are modified from Patel et al. (116).

agent methylmethane sulfonate (MMS) (133). Extrapolating from
these observations, it has been suggested that trapping of PARP1
at sites of endogenous DNA damage might account for the ability
of PARP inhibitors to kill HR-deficient cells (Figure 2B).

DEFECTS IN RECRUITMENT OF BRCA1 TO SITES OF DNA DAMAGE

Li and Yu recently reported that recruitment and retention of
BRCAL at sites of DNA damage reflects two different processes,
(i) an initial interaction between poly(ADP-ribose) polymer at the
damage site and the BRCT domain of the BRCA1 binding partner
BARD1 and (ii) subsequent slower binding of a BRCA1-containing

protein complex to phosphorylated histone H2AX at the dam-
age site (134). Mutations that impair BARD1 interactions with
poly(ADP-ribose) polymer, BARD1-BRCA1 complex formation,
or binding of the BRCA1-containing protein complex to phospho-
rylated H2AX all reduce survival after DNA damage. Moreover, in
the presence of PARP inhibitors, the initial rapid recruitment of
the BARD1-BRCA1 complex to sites of DNA damage is impaired,
making the cells more dependent on phospho-H2AX-mediated
BRCA1 recruitment. Conversely, when mutations in the BRCT
domain of BRCA1 impair participation of BRCAL1 in the complex
that interacts with phospho-H2AX, recruitment of BRCA1 to
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sites of DNA damage becomes dependent on poly(ADP-ribose)-
mediated recruitment of BARD1 (134), providing another model
to explain synthetic lethality between BRCA1 mutations and PARP
inhibitor treatment (Figure 2C).

NHEJ ACTIVATION

Although PARP1 clearly plays an important role in BER (14, 122),
it is important to emphasize that PARP also regulates other repair
processes (1,30, 123, 135) as described above. Earlier observations
suggested that a variety of DNA repair proteins, including Ku70,
Ku80,and DNA-PKcs, can be regulated by ADP-ribosylation (135).
In particular, Ku70, Ku80, DNA-PKcs, and more recently Artemis
were identified as pADPr binding proteins (53-55). Moreover,
the interactions of Ku70 and Ku80 with pADPr inhibit classi-
cal NHEJ (67, 136—138). These observations prompted several
groups to examine the potential contribution of NHE] path-
way activation to PARP inhibitor-induced killing of HR-deficient
cells.

Collectively, these studies have provided several pieces of evi-
dence suggesting an important role for NHE] activation in PARP
inhibitor-induced killing. PARP inhibitor treatment results in
DNA-PKcs activation in HR-deficient cells, as manifested by DNA-
PKcs autophosphorylation and phosphorylation of the down-
stream substrate H2AX in a DNA-PK-dependent fashion (116).
This PARP inhibitor-induced DNA-PKcs activation is accompa-
nied by increased NHE] activity as indicated by assays for repair of
a plasmid that has a DNA double-strand break (116). Moreover,
PARP inhibitors selectively induce chromosomal rearrangements
and mutations in HR-deficient cells (15, 116). Importantly, this
PARP inhibitor-induced increase in chromosomal rearrangements
and mutations is diminished by simultaneous treatment of HR-
deficient cells with a selective DNA-PK inhibitor (116). Likewise,
the cytotoxicity of PARP inhibitors is diminished by manipula-
tions that diminish NHE] activation, including Ku80 siRNA (116),
DNA-PKGcs inhibition (116), or DNA-PKcs deficiency (116, 139,
140). Based on these results, a model for PARP inhibitor-induced
cytotoxicity that emphasizes activation of the NHE] pathway has
been proposed (Figure 2D). In this model, some endogenous
source of DNA damage results in DNA double-strand breaks. If
cells are HR proficient, the HR pathway repairs this damage with
high fidelity. If cells are HR deficient, however, then end resection-
dependent NHE] is activated (116) and contributes to error-prone
repair that results in mutations and chromosomal rearrangements
(Figure 2D).

Consistent with this model, deletion of 53BP1, which is
required for NHE] pathway activation, leads to PARP inhibitor
resistance (141). Likewise, 53BP1 loss was shown to rescue the
lethality of deleterious BRCAI mutation in mouse models (142,
143), suggesting that BRCAI deficiency kills mouse cells by
activating NHE]J.

THE ELEPHANT AND THE BLIND MEN

Like the blind men examining the elephant, each of these models
emphasizes a different aspect of PARP1 biology. Just as none of
the blind men in the parable could provide a complete descrip-
tion of the elephant, we believe that the present models explain

certain facets of PARP inhibitor-induced lethality but also leave
some questions unanswered.

The role of poly(ADP-ribose) polymers in recruitment of BRCA1 to
sites of DNA damage

The observations summarized in Figure 2C provide substantial
new insight into the recruitment of BRCA1 to sites of DNA
damage. Nonetheless, this model fails to explain PARP inhibitor
sensitivity of HR-deficient cells in general. As the authors them-
selves point out, this model cannot explain the enhanced PARP
inhibitor sensitivity of cells that totally lack BRCA1 (as opposed to
expressing a BRCT domain mutant). Moreover, it is unclear how
this model accounts for the synthetic lethality observed when cells
lacking BRCA2, Rad51, or other downstream components of the
FA/HR pathway are treated with PARP inhibitors (15, 98).

Trapping of PARP1 at sites of DNA damage

We are concerned that the model shown in Figure 2B also fails
to account for critical observations regarding PARP inhibitor-
induced killing. In particular, this model is a classical enzyme
poisoning model, where the inhibited enzyme becomes an agent
that contributes to cellular demise. This type of model, for exam-
ple, accounts for the cytotoxicity of topoisomerase I poisons such
as camptothecin (144). For this class of drugs, the poisoning model
accounts for a number of critical observations: (i) loss of the tar-
get enzyme is not lethal (145, 146); and (ii) because the lethality
results from the cytotoxic action of the inhibited enzyme rather
than the inhibition of product production, the killing effect is
observed at concentrations far below those that inhibit all activity
of the enzyme (144). Importantly, this type of model accurately
predicts that elevated expression of the target enzyme will increase
the lethality of drugs that poison the enzyme and diminished
expression of the target enzyme will decrease the lethality of the
poisons (144).

Recent reports suggest that PARP inhibitors sensitize to cer-
tain DNA damaging agents by poisoning PARP1 (Figure 2B) as
proposed by Lindahl and coworkers two decades ago (51). In par-
ticular, it has been reported that cells selected for resistance to
the DNA methylating agent temozolomide in combination with
the PARP inhibitor veliparib express markedly diminished lev-
els of PARP1 (147). As the authors point out, this is difficult to
explain if PARP inhibitors are sensitizing cells by diminishing
total cellular levels of poly(ADP-ribose) polymer below a criti-
cal threshold (catalytic inhibition) but are readily understood by
the poisoning model put forward in Figure 2B. Likewise, recent
studies of topoisomerase I poison/PARP inhibitor combinations
are also compatible with this type of PARP1 poisoning model
(132). In particular, PARP1 downregulation or knockout abol-
ishes the ability of the PARP1 inhibitor veliparib to sensitize cells
to topotecan or camptothecin, establishing PARP1 as the critical
target for this sensitization. Importantly, however, PARP1 knock-
down or knockout does not result in cells that are hypersensitive
to camptothecin or topotecan (132). Instead, Parpl~'~ cells and
ParpIt/* cells exhibit identical camptothecin sensitivity in the
absence of PARP inhibitors (132), suggesting that PARP1 catalytic
activity is not essential for camptothecin resistance. Parpl gene
deletion likewise protects chicken DT40 cells from the methylating
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agent MMS in combination with PARP inhibitors without render-
ing the cells hypersensitive to MMS alone (133), suggesting that
PARPI catalytic activity is also not required for MMS resistance.
Consistent with a poisoning model, further experiments examin-
ing the topoisomerase I poison/PARP inhibitor combination have
shown that transfection of Parpl~'~ cells with catalytically inac-
tive PARP1 or the isolated PARP1 DNA binding domain sensitizes
to camptothecin just like treating Parpl™/* cells with a PARP
inhibitor (132). Collectively, these observations suggest that trap-
ping of inhibited PARP1 on damaged DNA, which has previously
been reported to prevent access of repair complexes (51), con-
tributes to the cytotoxicity of certain types of drug-induced DNA
lesions (133, 147, 148) as illustrated in Figure 2B.

On the other hand, it is difficult to see how the poison-
ing model in Figure 2B can account for the synthetic lethality
between HR deficiency and PARP inhibition. As described above,
this type of model in which the inhibited enzyme is the lethal
agent predicts that cells lacking PARP1 will be resistant to PARP
inhibitors and cells containing elevated PARP1 levels will be
hypersensitive. Contrary to this prediction, a number of groups
have demonstrated that PARP1 downregulation kills BRCA1/2-
deficient cells (15, 16, 116), suggesting that PARP inhibitors are
killing BRCA1/2-deficient cells by diminishing the production of
poly(ADP-ribose) polymer rather than trapping PARP1 at sites of
DNA damage.

BER inhibition

In contrast to the preceding model, the classical model that focuses
on the role of PARP1 in BER (Figure 2A) is consistent with
the observation that PARP knockdown kills HR-deficient cells.
It should also be acknowledged that this model provided part
of the rationale for testing PARP inhibitors in BRCA2-deficient
cells in the first place (16). Nonetheless, this model makes several
predictions that have been difficult to verify experimentally.

First, the model predicts that DNA ss breaks will accumu-
late after PARP inhibition. Work by Helleday and coworkers,
however, has demonstrated no induction of ss breaks by PARP
inhibitors (149, 150). It is, of course, possible that the putative
PARP inhibitor-induced ss breaks are converted to DNA double-
strand breaks so rapidly that they are not detected. Further study
of this issue, perhaps with more sensitive assays for DNA ss breaks,
appears to be warranted.

A second issue relates to the reported effects of XRCC1 knock-
down. If ss break repair is playing a critical role in the cytotoxicity
of PARP inhibitors, then the effect of downregulating other ss
break repair components such as the scaffolding protein XRCC1
immediately downstream of PARP1 (151) should recapitulate the
effect of PARP1 downregulation. However, XRCC1 downregula-
tion has no impact on survival of BRCA2-mutant PEO1 ovarian
cancer cells, whereas PARP1 downregulation is cytotoxic (116).
Importantly, the XRCC1 knockdown was sufficient to sensitize
the cells to MMS, suggesting that BER had been inhibited. These
results imply that PARP1 exerts a role outside of ss break repair in
HR-deficient cells (116).

Collectively, these observations call into question the suggestion
that PARP inhibitors are inducing so-called synthetic lethality in
the setting of HR by inhibiting ss break repair. Further testing of

additional predictions of the model shown in Figure 2A is clearly
needed.

NHEJ activation

As indicated above, a number of observations suggest that NHE]
plays a critical role in PARP inhibitor-induced killing (15, 116,
139-141). The model shown in Figure 2D, which emphasizes the
role of PARP in regulating NHE], is consistent with these observa-
tions. Nonetheless, a number of questions about this model also
remain unanswered.

First, it is unclear whether all components of the NHE] pathway
contribute equally to PARP inhibitor sensitivity. Available studies
only show what happens if 53BP1, Ku80, or DNA-PKcs is dis-
abled. In view of observations that “atypical” NHE]J can occur in
the absence of certain components (110), it remains to be deter-
mined whether loss of Artemis, XRCC4, ligase 4, or other NHE]
components has the same impact on PARP inhibitor sensitivity.

Second, the available data suggest that inhibiting the NHE]
pathway diminishes cytotoxicity of PARP inhibitors in HR-
deficient cells. However, additional research is needed to determine
how these cells survive and repair DNA double-strand breaks if HR
and NHE] are both disabled.

Third, preclinical and clinical studies have suggested that PARP
inhibitors are particularly effective in tumors that have deleterious
mutations in HR pathway genes such as BRCAI and BRCA2. In
contrast, tumors such as triple negative breast cancer that have
BRCA1/2 gene methylation appear to be less sensitive. It is unclear
whether this reflects incomplete inhibition of the HR pathway
by methylation, or whether NHE] pathway genes might also be
methylated in these tumors, leading to a repair status similar
to BRCA2-mutant cells in which NHE]J components have been
downregulated.

Finally, the model summarized in Figure 2D fails to specify the
source of DNA damage that activates the NHE] pathway. Given the
importance of this putative damage to PARP inhibitor-induced
killing, this question clearly warrants further study.

Should the models be combined?

Like the blind men in the parable, perhaps we can better under-
stand the true nature of the elephant by merging several incom-
plete pictures. For example, it has been suggested (150) that
inhibition of ss break repair (Figure 2A) might generate the DNA
double-strand breaks (Figure 2D) that activate NHE] and con-
tribute to the cytotoxicity of PARP inhibitors. This would certainly
be consistent with some of the known roles of PARP1 in DNA
repair described above. On the other hand, the failure of PARP
inhibitors to increase DNA ss breaks (149), like the failure of
XRCC1 downregulation to reproduce the effects of PARP1 down-
regulation in BRCA2-deficient cells (116), raises concern that the
hybrid model might not adequately account for the DNA damage
that contributes to NHE]J-mediated killing. Given the other roles
of PARP]I, e.g., in restarting stalled replication forks (68—71), it is
equally plausible that PARP inhibitor-induced collapse of stalled
replication forks or disruption of some other PARP1-mediated
process provides the DNA double-strand breaks that trigger NHE].
Clearly, like the blind men, we require additional information to
generate a coherent picture.
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TRANSLATION TO THE CLINIC: WHY THE CORRECT
MECHANISM MATTERS

In contrast to chronic myelogenous leukemia, where the vast
majority of patients respond to a Bcr/Abl kinase inhibitor (152),
or BRAF V600E-mutant melanoma, where the response to vemu-
rafenib is also above 50% (153, 154), early studies have sug-
gested that PARP inhibitors have only a 30—40% response rate
in BRCAI/2-mutant ovarian and breast cancers (19-21). In an
era of increasingly personalized cancer treatment, a less than 50%
chance of responding to a supposedly tailored therapy is somewhat
disconcerting (22). By understanding the mechanistic basis for the
synthetic lethality between HR deficiency and PARP inhibition, it
might be possible to better understand why some HR-deficient
cancers respond and others do not.

The models described above make different predictions about
the cancers most likely to benefit from PARP inhibitor therapy.
For example, the poisoning model shown in Figure 2C predicts
that HR-deficient tumors with elevated PARP1 levels should be
hypersensitive to PARP inhibitors. In contrast, the models shown
in Figures 2A,D, which emphasize catalytic inhibition of PARP1 as
the triggering event, predict that HR-deficient tumors with lower
PARPI levels will, if all other factors are equal, be more sensitive
to PARP1 inhibitors because they will require less drug to decrease
poly(ADP-ribose) polymer levels below a critical threshold. The
model shown in Figure 2D further predicts that HR-deficient can-
cers with diminished levels of NHE] proteins will be relatively
resistant to PARP inhibitors, whereas the model in Figure 2A pre-
dicts that HR-deficient cancers with diminished levels of NHE]
proteins will be more sensitive to PARP inhibitors because they
are dependent on NHE] for repair of DNA double-strand breaks
in the absence of HR.

In order to understand why some HR-deficient cancers respond
to PARP inhibitors and others do not, these predictions need to be
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the relationship between response and more classical determinants
of drug sensitivity such as levels of the target enzyme PARPI or
drug uptake and efflux.

In order for these correlative studies to proceed, it will be impor-
tant for patients enrolling in PARP inhibitor trials to undergo
biopsies prior to drug treatment to determine the status of DNA
repair pathway genes. Whenever possible, investigators are also
encouraged to obtain additional biopsies at the time of progres-
sion in order to determine the properties of cells that have resisted
PARP inhibitor treatment. In this way, future studies can poten-
tially allow identification of patients most likely to benefit from
PARP inhibitor treatment.

In summary, current models describing the mechanistic basis
for selective killing of HR-deficient cells by PARP inhibitors
emphasize different aspects of PARP1 biology. Just as the blind
men needed more information to make sense of the elephant, we
need additional information in order to understand the action of
these promising new agents. Given the need to improve the ther-
apeutic outcomes for patients with HR-deficient tumors such as
high-grade serous ovarian cancer, as well as the tantalizing activity
of PARP inhibitors in this setting, further preclinical and clini-
cal efforts to understand this new class of agents appear to be
warranted.
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PARP inhibitors (PARPI) are under clinical trial for combination cancer chemotherapy. In the
presence of a PARPi, PARP-1 binds DNA strand breaks but cannot produce poly(ADP-ribose)
polymers or undergo auto-poly(ADP-ribosyl)ation. DNA binding is persistent, hindering DNA
repair. Methylated bases formed as a result of cellular exposure to DNA-methylating agents
are repaired by DNA polymerase B (pol B)-dependent base excision repair (BER) producing a
5’-deoxyribose phosphate (5’-dRP) repair intermediate. PARP-1 binds and is activated by the
5’-dRP and PARPi-mediated sensitization to methylating agents is considerable, especially
in pol p-deficient cells. Cells deficient in the BER factor XRCC1 are less sensitized by PARPI
than are wild-type cells. PARPI sensitization is reduced in cells expressing forms of XRCC1
deficient in interaction with either pol g or PARP-1. In contrast, agents producing oxidative
DNA damage and 3'- rather than 5'-repair intermediates are modestly PARPi sensitized.
We summarize PARPI experiments in mouse fibroblasts and confirm the importance of the
5-dRP repair intermediate and functional pol B and XRCC1 proteins. Understanding the
chemistry of repair is key to enhancing the clinical success of PARPI.

Keywords: DNA polymerase 8, XRCC1, PARP-1, PARP inhibitors, base excision repair

BACKGROUND

Clinical trials suggest that PARP inhibitors (PARPi) may repre-
sent an opportunity to gain selective killing of cancer cells, since
the cytotoxic effects make use of deficiencies in cellular DNA
repair systems that are distinctive for individual tumor cells ver-
sus normal tissues (1, 2). But it has proved difficult to design
chemotherapy regimes because of toxic side effects such as myelo-
suppression. Information enabling prediction of PARPI effects is
not easy to gain from the literature and may not be well recognized
in the community. We suggest that understanding PARPi effects in
model systems, such as mouse embryonic fibroblast (MEF) cells
in culture, will be informative for considering strategies in cancer
chemotherapy. We have discussed this viewpoint in a recent arti-
cle (3). Here, we summarize current experiments with the aim of
understanding the roles of PARP in mammalian cell DNA repair
and how the presence of the inhibited PARP-1 protein during base
excision repair (BER) may promote cell killing. The level of cell
killing observed with DNA-damaging agents is modulated by co-
treatment with a PARPi and by expression of other BER proteins
such as XRCC1 and pol B, and we will outline a model to explain
these effects. Selection of specific chemotherapeutic agents com-
bined with specific repair deficiencies in patients may prove to be
extremely beneficial.

BER OF BASE DAMAGE AND BINDING OF PARP-1TO
INTERMEDIATES OF BER

The mammalian BER pathway is important for the removal of
single base lesions in double-stranded genomic DNA. Base dam-
age can arise through spontaneous base loss from DNA or from
base alkylation and oxidation from both endogenous and exoge-
nous sources. Methyl methanesulfonate (MMS) is a directly acting

DNA-methylating agent causing alkylation of base nitrogens (e.g.,
7-methylguanine), whereas the oxidizing agent peroxynitrite pro-
duces reactive oxygen species (ROS) that oxidize DNA bases result-
ing in the promutagenic DNA lesion 8-oxoguanine and other base
lesions. During single-nucleotide BER of a methylated base, repair
is initiated by a lesion-specific monofunctional glycosylase (i.e.,
N-methylpurine DNA glycosylase; MPG), that removes the dam-
aged base leaving an abasic (AP) site in double-stranded DNA. The
DNA backbone is then incised 5 of the AP site by AP endonucle-
ase 1 (APE1) resulting in a 1-nucleotide (nt) gap with margins of
3’-OH and 5'-deoxyribose phosphate (dRP) groups. DNA poly-
merase B (pol ) binds to this repair intermediate, removes the
5'-dRP group and performs single-nucleotide gap filling DNA
synthesis. Many of the glycosylases specific for oxidative DNA
damage (e.g., 8-oxoguanine DNA glycosylase; OGG1) are bifunc-
tional enzymes that have an associated AP lyase activity in addition
to their glycosylase activity. After base removal, this activity cleaves
the DNA backbone 3’ to the abasic site leaving 3’-dRP and 5'-POy4
margins in a single-nucleotide gap. APEL1 is able to remove the 3’-
blocking group leaving a 3'-OH-containing substrate suitable for
DNA synthesis and ligation. In this BER sub-pathway there will
be no formation of a 5'-deoxyribose-containing blocking group
or requirement for pol B-dependent dRP lyase tailoring activity to
enable DNA ligation (4).

PARP-1 is an abundant nuclear protein involved in DNA dam-
age recognition. It can bind to AP sites and single-strand breaks
in DNA, including the 5'-dRP-containing intermediate of BER of
MMS-induced damage. Once bound to DNA, PARP-1 becomes
catalytically activated synthesizing poly(ADP-ribose) (PAR) poly-
mers from NADT, and resulting in poly(ADP-ribosyl)ation of
itself, as well as other proteins involved in DNA repair and
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chromatin remodeling (5, 6). PARP-1, the first discovered member
of a family of proteins, is responsible for the majority of cellular
PARP activity after DNA damage. Following auto-modification,
PARP-1 can interact with other BER proteins such as XRCC1 and
pol B enabling their recruitment to the damage site (7, 8). A recent
publication has suggested that PARP-1 recruits XRCCI to single-
strand break repair, but not to sites of oxidative damage BER (9).
This may be due the absence of 5'-dRP intermediate formation
during oxidative damage (8-oxoguanine) repair (4).

In the case of methylation damage, after removal of the aba-
sic site sugar by pol B lyase activity and completion of repair
by pol B gap filling and DNA ligation, PARP-1 dissociates from
DNA, and the PAR glycosidic bonds are rapidly cleaved, primar-
ily by poly(ADP-ribose) glycohydrolase (PARG) (10). In earlier
photoaffinity labeling studies, PARP-1 was identified as the pre-
dominant BER intermediate-binding factor in the MEF cell extract
(11). Use of other binding ligands revealed PARP-1 binding speci-
ficity for the 5'-dRP-containing BER intermediate with much less
binding when an alternate BER intermediate without the 5'-dRP
group was used (12). The results are consistent with a biological
role for an interaction between PARP-1 and the 5'-dRP-containing
BER intermediate. Additionally, as discussed below and elsewhere
(3), and in agreement with the in vitro studies, we find that the
cytotoxic effects of cellular PARP inhibition correlate very well
with the presence of the 5'-dRP group in the BER intermediate.

PARP INHIBITION AND HYPERSENSITIVITY TO DNA
DAMAGE

In the presence of a catalytic inhibitor, PARP-1 can still bind to
DNA damage sites, but auto-ribosylation is prevented (1). In its
inhibited and inactivated state, PARP-1 binding to DNA is sta-
bilized, hindering the BER process (13). We have proposed that
the DNA-bound and inhibited PARP-1 molecule results in cyto-
toxicity due to formation of replication-dependent double-strand
breaks (DSBs) (14).

Experiments in MMS-treated MEFs demonstrated that PAR
synthesis was completely inhibited by the PARPi 4-amino-1,8-
naphthalimide (4-AN) (15, 16). Wild-type (WT) MEFs are highly
(40-fold) sensitized to MMS and to the methylating chemothera-
peutic agent temozolomide (TMZ) by 4-AN co-treatment (17).
Positive TMZ/PARPi potentiation data have been reported in
a number of other systems, e.g., human tumor cell lines and
xenografts (18, 19), and this combination has been successful
in phase I clinical trials in patients with solid tumors (20) or
melanoma (21). Additionally, a recently reported phase II study of
an inhibitory dose of a PARPi with TMZ in metastatic melanoma
provided evidence for chemopotentiation and increased disease-
free survival (22). The authors suggest the need for a phase III trial
comparing TMZ with TMZ + PARP;, also for evaluation of DNA
repair capacity in patients to identify those most likely to benefit
from this combination.

In contrast to the results with TMZ and MMS, co-treatment
with 4-AN has minimal effect (1.1-fold sensitization) on cellular
sensitivity to the reactive oxidant peroxynitrite (17). This agent
results in oxidative DNA modifications including 8-oxoguanine,
8-nitroguanine and single-strand breaks (23). Repair of 8-
oxoguanine initiated by the bifunctional OGG1 is not expected to

produce the 5'-dRP blocked repair intermediate. Thus, a key differ-
ence in BER following treatment with these two agents (MMS and
peroxynitrite) is initiation by a monofunctional versus a bifunc-
tional glycosylase. Only in the former case (repair of MMS damage
by a monofunctional glycosylase) will there be formation of a
repair intermediate with a 5'-sugar phosphate blocking group. The
results emphasize that the presence of the 5'-dRP blocking group
is critical for binding PARP-1 and for observing PARPi-mediated
sensitization to DNA damage.

PARP INHIBITOR EFFECTS IN BER PROTEIN-DEFICIENT AND
DEFECTIVE CELLS

The most notable phenotype of pol § null MEFs is hypersensitiv-
ity to SN2 alkylating agents such as MMS, and to Sy1 alkylating
agents such as the chemotherapeutic methylating agent TMZ (24,
25). Hypersensitivity to these agents in pol B-deficient mouse
fibroblasts can be reversed by expression of either the full-length
protein or the 8 kDa dRP lyase domain with 5'-dRP gap-tailoring
activity (26). XRCC1-deficient cells are extremely hypersensitive
to monofunctional methylating agents including MMS and TMZ
(4). XRCCl interacts with a number of repair proteins and binding
to PARP-1 is critical for recruitment of XRCCI to damaged sites
in DNA. Thus, in PARP-1-deficient cells, recruitment of XRCC1 is
hindered (7). The interaction between the amino-terminal domain
(NTD) of XRCC1 and the polymerase domain of pol f is essential
for recruitment of pol B to sites of damaged DNA (27). Hypersen-
sitivity to MMS can be reversed by transfection of full-length WT
XRCC1 protein into Xrccl™/~ cells (28), but as observed previ-
ously in CHO cells (29), only partial reversal is observed following
expression of a mutant protein (V88R) that does not interact with
pol B. Likewise, there is no rescue of hypersensitivity following
expression of the L360R mutant XRCCI protein that has disrupted
folding of the BRCT I domain and interrupted interaction with
PARP-1 (30, 31). The results suggest that interactions between
PARP-1, XRCC1, and pol f are required for the protective effects
of XRCCI and pol § against MMS and TMZ exposures.

A high level of sensitization to MMS and TMZ is observed in
both pol BT/ and pol B~/ MEFs following combination treat-
ment with 4-AN. Interestingly, the level of sensitization of pol~/~
cells is at least double that observed in pol p*/* cells (Figure 1A).
Thus, when utilizing the TMZ 4 PARPi combination, pol § null
cells become considerably more TMZ-sensitive than WT cells.
Similar pol B-dependent results were obtained with other agents
(MMS, MNU) that result in DNA damage repaired by mono-
functional glycosylase-initiated BER. We propose that through
its role in removing the 5-dRP intermediate, pol p is able to
regulate the PARPi-mediated sensitization in TMZ cytotoxicity.
There have been numerous reports of cancer related pol § single-
nucleotide polymorphisms (32, 33). Expression of a dRP lyase
inactivating mutation would be a critical biomarker for enhance-
ment of TMZ + PARPi cytotoxicity. Additionally, current assays
for dRP repair intermediates are used with cell culture models in
laboratory research, but have not yet been adapted for clinical use.
Such adaptation of these techniques represents an opportunity for
translational research. Ongoing studies will address this question.

In contrast Xrccl™/* WT cells are more highly sensitized
(two to threefold) to MMS and TMZ than are Xrccl ™/~ cells
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FIGURE 1 | PARPi-mediated sensitization to MMS and TMZ and
ability of XRCC1 to interact with pol B. (A) Relative sensitization in
wild-type and repair protein-deficient MEFs (as indicated) by a 24 h
exposure to the PARPi 4-AN. Pol B-deficient cells are more highly
sensitized than the wild-type line (green), while XRCC1-deficient cells are
less sensitized (purple). (B) Level of PARPi-mediated sensitization to
MMS in XrceT++ (WT) and Xrcc1-~ (null) MEFs, and in XRCC1 null cells
expressing mutated XRCC1 proteins (L360R, V88R and C12A) as
indicated. (C) The XRCC1 NTD has been crystallized in two forms:
oxidized and reduced (34). An overlay of the oxidized (colored, PDB ID
3LQC) and reduced (light gray, PDB ID 3K75) forms indicates that the

25
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amino-termini are on opposite sides of this domain (N, and N,
respectively). Accordingly, the interactions around the amino-termini are
very different for these two forms. The cysteine residues (C12 and C20,
respectively) that participate in disulfide bond formation in the oxidized
form are indicated. (D) 'V88' (green) of mouse NTD forms a hydrophobic
interaction with V306 (gray) of pol B. This portion of the pol B-binding
interface is similar for both the oxidized and reduced forms of the NTD,
and includes the hydrophobic interaction of XRCC1 V88" with V306 of pol
B. V88 corresponds to V86 of the structurally characterized human NTD of
XRCC1. Replacing this valine with arginine (V88R) significantly reduces
the interaction between these proteins (28).

(Figures 1A,B). Thus, the interaction between XRCC1 and
PARP-1 proteins appears to be required for the strongest PARP-
inhibitor-mediated sensitization. Expression of WT XRCC1 will
stabilize the protein complex through its accessory protein
functions, and this will allow for more efficient PARP bind-
ing to the 5'-dRP-containing BER intermediate. Another pos-
sibility, that XRCCl may modulate the dRP lyase activity of
pol B, is being tested in the laboratory. Sensitization in cells
expressing the L360R mutated XRCC1 protein without inter-
action with PARP-1 (30, 31) was similar to that in Xrccl™/~
cells (Figure 1B), consistent with the proposal that the inter-
action between XRCC1 and PARP-1 enables the sensitization.
In Xrccl™/~ cells expressing an XRCC1 mutant (V88R) that
is compromised in its ability to bind pol f, sensitization to
MMS was also about half of the level observed in WT cells
(Figure 1B).

Pol B and XRCC1 interact through a redox-sensitive binding
interface in the N-terminal domain (NTD) of XRCC1 (34), and
equal levels of both oxidized and reduced forms of the full-length
protein are found in untreated WT MEFs (28). Structural char-
acterization of both oxidized and reduced forms of the XRCC1
NTD reveal that they have distinct conformations (Figure 1C)
and a different pol B functional interaction, with the oxidized
form binding tighter to pol f (34). The disulfide bond between
C12 and C20 required for stabilizing the oxidized form is evi-
dent in the structure shown, whereas C12 and C20 are far apart
in the reduced form (Figure 1C). Nevertheless, some portions
of the pol B-binding interface are similar for both the oxidized
and reduced forms of the NTD, and this includes the hydropho-
bic interaction between V306 (Figure 1D) of pol f and V88 of
mouse XRCC1 NTD (“V88”). Cells expressing C12A XRCC1 pro-
tein locked in the reduced state are equally as MMS resistant as
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WT cells (28). However, cells expressing reduced C12A XRCC1
have a considerably lower level of PARPi-mediated sensitization
than WT cells (5- and 23-fold, respectively) (Figure 1B). These
results are consistent with the requirement for tight XRCC1-pol
B interaction for strong PARPi-mediated sensitization (V88R in
Figure 1B). However, the extremely low PARPi-mediated sensiti-
zation in the cells expressing the reduced XRCCI1 protein suggests
there may be additional XRCCI1 effects linked to its ability to take
the oxidized form.

Pol B null cells are minimally hypersensitive to DNA oxidants
such as peroxynitrite, IR, and bleomycin where repair of oxida-
tive DNA damage does not involve significant formation of an
intermediate with a 5’-sugar phosphate. The low PARPi sensiti-
zation observed in WT cells for peroxynitrite co-treatment was
also seen in pol B-deficient cells (17), and similar data (<3-
fold sensitization) were obtained for clinically utilized IR and
the radiomimetic agent bleomycin. Bleomycin results in forma-
tion of ROS, oxidized sugars and abasic sites with 3’-blocking
groups such as 3’-phosphoglycolate (35), and repair may involve
pol B and BER, but the 5'-sugar phosphate blocking group is
not abundantly formed. Again the results suggest a requirement
for a 5'-sugar phosphate-containing repair intermediate for sig-
nificant cellular hypersensitivity in pol B-deficient cells. Simi-
larly, despite the hypersensitivity of Xrccl™/~ cells to methylating
agents, only low-level hypersensitivity is observed to oxidative
DNA damage (4).

Taken together, these results are consistent with a correlation
between formation of the 5'-dRP blocking group and the degree
of PARPi-mediated sensitization. In the absence of pol B, cells
will be deficient in the 5’-dRP gap-tailoring activity, allowing for
enhanced binding of PARP-1 to DNA damage and for more PARPi-
mediated sensitization. These cells therefore demonstrate the con-
cept of synthetic lethality occurring under conditions of PARP
inhibition in the presence of pol B-deficiency. The notion of syn-
thetic lethality explains the vulnerability of cells that are deficient
in one pathway in repair (here pol B-mediated BER) and then have

repair additionally blocked by a chemical agent (e.g., a PARPi). A
similar well-appreciated situation occurs when PARPi are used
in BRCA- and other homologous recombination-deficient cells
and tumors (36-38). The expression level of specific repair pro-
teins is expected to modulate the degree of PARPi-mediated
sensitization. The chemistry of DNA damage and repair also
regulates PARPI effects, since in the absence of the 5'-dRP group-
containing repair intermediate, there is minimal PARPi-mediated
sensitization.

MODEL FOR PARP INHIBITOR-MEDIATED CELL KILLING

PARP inhibitors have become valuable in chemotherapy as part of
a combination regime or as monotherapy. In MEF model systems,
the magnitude of the cell killing effect of a PARPi in combina-
tion with a genotoxic agent is dependent on the chemistry of the
DNA repair intermediate. Inhibition of PARP when it is bound to
a 5'-dRP group-containing intermediate results in a dramatic cell
sensitization. In contrast, if the repair intermediate does not have
the 5'-dRP group, both PARP-1 binding and inhibitor-mediated
sensitization are minimal.

A schematic model consistent with these results is shown in
Figure 2. It is important to note that the current results do not
prove this model, but instead the model is useful as a framework
for designing future experiments. The model illustrates a replica-
tion fork colliding with the BER repair protein complex bound at
the 5’-dRP-containing site in double-stranded genomic DNA. The
replication fork moves in the direction of the arrow and becomes
stalled at the protein complex, consisting of PARP-1, pol §, and
XRCC1,among other proteins not shown in the image. Replication
fork stalling is proposed to lead to fork collapse, DSB formation,
and eventually to cell death. Thus, fork stalling is proportional to
cell killing, at least in the context of this model. The model predicts
that in the absence of inhibited PARP-1 or the 5'-dRP group, the
protein complex will not form.

Pol B is able to remove the 5'-dRP group from repair inter-
mediates. In pol B null BER-deficient MEFs, excess 5'-dRP

PARPI

5-dRP
(BER Intermediate)

FIGURE 2 | Schematic model illustrating PARPi-mediated cell killing.
Shown is a replication fork colliding with the BER repair complex bound at the
5-dRP of the BER intermediate. The replication fork moves in the direction

indicated by the arrow and becomes stalled at the protein complex. We
propose that stalling leads to replication fork collapse, DSB formation, and cell
death.

Frontiers in Oncology | Cancer Molecular Targets and Therapeutics

September 2013 | Volume 3 | Article 257 | 21


http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/archive

Horton and Wilson

Strategic combination with PARP inhibitor

group-containing intermediates may accumulate, and PARP-1
binding and PARPi-mediated sensitization will be considerable.
The model illustrates that the dRP group is key for PARP-1 bind-
ing, such that in the absence of pol p dRP lyase activity, there is
more PARP-1 binding and more PARPi-induced cell killing. In the
absence of XRCC1, pol p binding at damaged DNA is decreased
and this is expected to lead to diminished dRP group removal
and more cell killing. Further, the model predicts that in the
absence of XRCCI1 the stability of the complex will be reduced,
and consequently the replication fork may be able to bypass the
complex without stalling. The weaker affinity of the reduced form
of XRCCI1 for pol B is consistent with a less stable overall com-
plex, more replication fork bypass, and less PARPi-mediated cell
killing as observed experimentally. The results are consistent with
this prediction in that the absence of XRCC1 expression, or less
binding of XRCC1 to PARP-1 or pol B, is associated with lower
PARPi-mediated sensitization.
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INTRODUCTION

Gynecologic malignancies annually account for over 91,000 new cancer cases and approx-
imately 28,000 deaths in the United States. Although there have been advancements in
cytotoxic chemotherapies, there has not been significant improvement in overall survival in
these patients. While targeted therapies have shown some benefit in many solid tumors,
further development of these agents is needed for the treatment of gynecologic malignan-
cies. Poly(ADP-ribose) polymerase (PARP) catalyzes the polyADP-ribosylation of proteins
involved in DNA repair. Inhibitors of PARP were originally developed for cancers with homol-
ogous recombination deficiencies, such as those harboring mutations in BRCAT or BRCA2
genes. However, pre-clinical research and clinical trials have suggested that the activity of
PARP inhibitors is not limited to those with BRCA mutations. PARP inhibitors may have
activity in cancers deficient in other DNA repair genes, signaling pathways that mitigate
DNA repair, or in combination with DNA-damaging agents independent of DNA repair dys-
function. Currently there are seven different PARP inhibitors in clinical development for
cancer. While there has been promising clinical activity for some of these agents, there are
still significant unanswered questions regarding their use. Going forward, specific ques-
tions that must be answered include timing of therapy, use in combination with cytotoxic
agents or as single-agent maintenance therapy, and whether there is a predictive biomarker
that can be used with PARP inhibition. Even with large strides in the treatment of many
gynecologic malignancies in recent years, it is imperative that we develop newer agents
and methods to identify patients that may benefit from these compounds. The focus of this
review will be on pre-clinical data, current clinical trials, and the future of PARP inhibitors
in the treatment of ovarian, endometrial, and cervical cancer.

Keywords: ovarian cancer, cervical cancer, endometrial cancer, PARP inhibitor, olaparib, veliparib, rucaparib,
niraparib

While there have been advancements in the development and

Gynecologic malignancies annually account for over 91,000 new
cancer cases and approximately 28,000 deaths in the United States
(1). Effective screening for cervical cancer is available in many
parts of the world, but there is no effective screening for endome-
trial or ovarian cancer. Many women with ovarian cancer, there-
fore, present with advanced stage disease for which cure is rare.
Endometrial cancer is more commonly diagnosed early on, as
patients are often symptomatic with postmenopausal bleeding.

Abbreviations: ATP, adenosine triphosphate; ATM, ataxia telangiectasia-mutated;
BER, base excision repair; DL, dose level; DSB, double strand breaks; EEC,
endometrioid endometrial carcinoma; FANC, Fanconi anemia complementation
group; HBOC, hereditary breast and ovarian cancer; HR, homologous recombina-
tion; MRE11, mitotic recombination 11; MSI, microsatellite instability; MTD, max-
imum tolerated dose; NADY, nicotinamide adenine dinucleotide; NSB1, Nijmegen
breakage syndrome; ORR, objective response rate; PAR, poly(ADP) ribose; PARP,
poly(ADP-ribose) polymerase; PFS, progression free survival; PI3K, phosphatidyli-
nositide 3-kinase; PHTS, PTEN hamartoma tumor syndromes; PMBCs, peripheral
blood mononuclear cells; RECIST, response evaluation criteria in solid tumors;
SSBs, single strand breaks; TNBC, triple negative breast cancer; VEGFR, vascular
endothelial growth factor receptor.

administration of cytotoxic chemotherapies, there has not been
significant improvement in overall survival in these patients. It is
imperative that novel and effective treatment strategies are devel-
oped. Although targeted therapies have shown occasional benefit
in some solid tumors, these agents have been largely ineffective for
the treatment of gynecologic malignancies.

One area of recent interest in targeted therapies for many can-
cers has been the development of poly(ADP-ribose) polymerase
(PARP) inhibitors. PARP catalyzes the polyADP-ribosylation of
proteins involved in DNA repair. Inhibitors of PARP were shown
to be highly selective for cancer cells that harbor homologous
recombination (HR) deficiencies, such as those harboring muta-
tions in BRCAI or BRCA2 genes (2). PARP inhibitors cause an
increase in single strand breaks (SSBs) in DNA that, if left unre-
paired, will lead to double strand breaks (DSBs) when encountered
by replication forks (3, 4). In the laboratory, HR-deficient cells are
unable to maintain genomic integrity in the presence of a large
number of DNA DSBs and are, therefore, exquisitely sensitive to
PARP inhibition. This synthetic lethal interaction between PARP
and BRCA has been proposed as a potential explanation for the
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sensitivity of BRCA mutation cell lines to PARP inhibition. Pre-
clinical research and clinical trials, however, have suggested that
the activity of PARP inhibitors is not limited to those with BRCA
mutations. PARP inhibitors may demonstrate synthetic lethality
in cancers deficient in other proteins that mitigate DNA repair
(5). McCabe et al. examined the effects of PARP inhibition on
various cell lines deficient in RAD51, Fanconi anemia complemen-
tation group (FANC), and Nijmegen breakage syndrome 1 (NBS1),
amongst other proteins involved in HR, and found that mutations
of these individual proteins induced sensitivity to PARP (6). These
findings suggest that the notion of synthetic lethality may be more
broadly applied to cancers with an impaired HR pathway, not just
those with BRCA mutations. This concept is frequently referred to
as “BRCAness” or “BRCA-like” (7). The inhibition of SSB repair by
PARP inhibition may also be sufficient to enhance the anti-cancer
activity in combination with DNA-damaging agents independent
of dysfunction in DNA repair pathways (8).

The combination of phosphatase and tensin homolog (PTEN)-
deficient cells and PARP inhibition is another area of potential syn-
ergistic activity. PTEN encodes for a phosphatase that negatively
regulates the phosphatidylinositide 3-kinase (PI3K)/AKT/mTOR
pathway, which is important for cell proliferation and survival (9,
10) and also plays a poorly understood role in the expression of
the DNA repair protein RAD51 and in the functionality of HR.
Both in vitro and in vivo studies have demonstrated sensitivity
of PTEN-deficient cells to PARP inhibitors (11-13). Thus, PARP
inhibition may benefit patients with malignancies in which there is
decreased PTEN expression, such as endometrial cancer, glioblas-
toma, malignant melanoma, prostate, breast, lung, and colorectal
cancers (11).

Currently, there are multiple PARP inhibitors in clinical devel-
opment for cancer. While there has been promising clinical activity
for some of these agents, there are still significant unanswered
questions regarding their use. Going forward, specific questions
that must be answered include: timing of therapy, use in com-
bination with cytotoxic agents or as a single-agent, maintenance
therapy, and the existence of predictive biomarker(s) that can be
used with PARP inhibition. Even with large strides in the treatment
of many gynecologic malignancies in recent years, it is imperative
that we develop newer agents and methods to identify patients that
may benefit from these compounds.

POLY(ADP-RIBOSE) POLYMERASE

Base excision repair (BER) is one of multiple critical pathways that
maintain genome integrity in all cells, specifically in the recogni-
tion and repair of SSBs (14, 15). PARP is a family of 17 proteins
that play an important role in DNA repair pathways. The most well
studied member of the family, PARP1, is critical in the BER path-
way for DNA SSBs. It detects and binds single strand DNA damage
sites through its zinc finger domains, next attaching poly(ADP)
ribose (PAR) moieties on itself and other proteins that have been
recruited to the damage site (Figure 1). If there is excessive DNA
damage, such as is seen with ischemia, PARP1 becomes hyper-
activated. This heightened activity results in high levels of PAR
and the depletion of nicotinamide adenine dinucleotide (NAD™)
and adenosine triphosphate (ATP) (16), and ultimately, cell death
termed parthanatos (17). PARP is also involved in the repair of
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FIGURE 1 | Inhibition of PARP function. PARP1 recognizes and binds to
sites of DNA damage through its Zn-finger domains (Zf). PARP inhibitors can
trap PARP1 on damaged DNA in a complex that is possibly more toxic than
unrepaired single strand DNA breaks (28). PARP inhibitors also block the
enzymatic activity of the enzyme thereby inhibiting poly(ADP-ribosyl)ation,
which in turn blocks recruitment of downstream repair proteins (114).

DSBs (18) and the recruitment of additional repair proteins like
ataxia telangiectasia-mutated (ATM) and mitotic recombination
11 (MRE11), both of which are integral to the HR process (19, 20).

PARP1 was first reported in 1963 (21), but its anti-cancer util-
ity was not fully realized until 1980. At that time, Durkacz et
al. demonstrated that early-generation PARP inhibitors not only
hindered DNA repair, but also enhanced the cytotoxic effects of
DNA methylating agents in murine leukemia (22). Kupper et al.
demonstrated the enhancement of the cytotoxic effects of gamma-
irradiation after reduction of active PARP through overexpression
of a dominant negative mutant of PARP that recognizes and
binds damaged DNA, but does not possess the catalytic activity
of the enzyme (23). More recently, PARP moved into the spot-
light with the discovery that PARP inhibition in both cancer cell
lines (2, 24) and human tumors (25) lacking BRCA1 or BRCA2
is selectively cytotoxic compared to non-mutation containing
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tumors. One rationale for this efficacy is a principle termed syn-
thetic lethality, a condition by which deletion or inactivation of
only one of two genes (either BRCA or PARP) would not cause
cell death, but deletion or inactivation of two genes in combina-
tion (both BRCA and PARP) is lethal. If PARP1 and PARP2 are
inhibited, SSBs typically repaired by BER remain unresolved and
when encountered by a replication fork, lead to the accumulation
of DSBs (26). BRCAI- or BRCA2-deficient cells lack the ability to
effectively complete HR and repair DNA DSBs. This double hit
by impairment of both BRCA and PARP functionality ultimately
results in genomic instability and cell death. Conferring a potential
therapeutic benefit, cell death appears to be limited to homozy-
gous target tissues (i.e., tumor), since most BRCA patients carry
only one copy of the wild-type BRCA gene and there is no appar-
ent effect on cells heterozygous for BRCA mutations (2). These
observations have been exploited in the treatment of cancers asso-
ciated with BRCA mutations, such as hereditary breast and ovarian
cancer (HBOC), and even endometrial cancers (27).

Recently, Murai et al. suggest that the action of PARP inhibi-
tion is not only a function of how well the inhibitors disrupt the
enzymatic activity, but that certain inhibitors also trap PARP1
on damaged DNA, thereby blocking repair (28). Interestingly,
these studies showed that the potency in trapping PARP1 varied
among agents, independent of their catalytic inhibitory properties.
Clearly, additional investigation is warranted to better understand
the intricacies inherent to PARP inhibition pathway and ultimately,
advance drug development.

HEREDITARY BREAST AND OVARIAN CANCER AND BRCA
Hereditary breast and ovarian cancer is typically characterized by
the onset of breast cancer at a young age, a strong family history of
both breast and ovarian cancer, as well as an autosomal dominant
inheritance pattern. Fallopian tube and primary peritoneal can-
cers also fall into this hereditary spectrum and are included under
the ovarian cancer designation. An increased chance of bilateral
cancers (e.g., both breasts), the development of both breast and
ovarian cancer, and/or an increased incidence of other cancers
(pancreas, prostate, etc.) may also be seen in this syndrome. In
ovarian cancer, 10% of patients have a genetic predisposition.
However, in those patients with a family history of ovarian cancer,
the rate of BRCAI mutations is 80 and 15% for BRCA2 mutations
(29). More recently with the use of a massively parallel sequencing
approach, Walsh et al. identified that closer to 24% of serous ovar-
ian cancer patients have a germline DNA repair defect, over 30% of
these were in patients without a family history of breast or ovarian
cancer (30). The use of this broader assay is a promising method
for detecting germline mutations with greater sensitivity and at
decreased cost. Approximately 5-10% of all breast cancers and up
to 25-40% of breast cancers in young patients (<35 years old) are
hereditary. An estimated 3—8% of all breast cases and 30-40% of
familial cases are likely caused by BRCAI and BRCA2 mutations.
Individuals with a BRCA mutation have an increased risk of
developing ovarian cancer up to 63% by some estimates, and breast
cancer by up to 87% (31). Patients with BRCA1 breast tumors tend
to have a higher histologic grade, medullary histopathology, and
are more likely than sporadic (non-BRCA mutant) tumors to be
estrogen receptor negative, progesterone-receptor negative, and

HER2/neu overexpression negative or “triple negative” (TNBC)
(32). Ovarian cancers associated with BRCA1 mutation are more
often serous adenocarcinomas (90%) compared to women with-
out this mutation (50%) (33-36). Although largely derived from
retrospective or indirect data, most studies have not identified
a significant survival difference between individuals with BRCA
mutation-associated breast cancer versus controls (37-44). How-
ever, patients with high-grade serous ovarian carcinoma associated
with a BRCA mutation tend to have a better prognosis than spo-
radic cases (45, 46). This improved prognosis may be related to
BRCA-mutated cells’ impaired DNA repair mechanism, lending
these lesions greater sensitivity to cytotoxic chemotherapy, espe-
cially with platinum-based agents (47, 48). Based on the high selec-
tive lethality of BRCA-mutated cancer cells to PARP inhibitors,
multiple studies have been undertaken to establish efficacy in
gynecologic malignancies.

THE ROLE OF PARP INHIBITORS IN OVARIAN CANCER
Although it ranks as the ninth most common cancer among
women, excluding non-melanoma skin cancers, ovarian cancer
is the fifth most deadly cancer in females and accounts for more
deaths than any other cancer of the female reproductive tract in
the United States (1). Since the symptoms of disease are typically
non-specific, ovarian cancer is often detected in advanced stages
when the chance of cure is low. Given its insidious nature and
the lethality of the disease, novel therapies are needed to improve
overall survival in ovarian cancer patients.

In BRCA mutation-associated ovarian cancers, multiple inves-
tigations have been completed or are presently underway to
establish the clinical activity of PARP inhibition in these muta-
tional carriers. Sixty patients with refractory solid tumors were
enrolled in a phase I trial of the PARP inhibitor olaparib (KU-
0059436/AZD2281); the study was enriched for patients with
BRCA mutations (25). In addition to establishing the maximum
tolerated dose (MTD) of olaparib at 400 mgbid and observing only
minimal adverse effects (primarily fatigue and gastrointestinal), it
was noted that only BRCA mutation carriers had a significant
objective tumor response. Out of 19 patients, 9 had a partial
response (PR) (47%) and remarkably, 8 of which were ovarian can-
cer patients. Twelve of these patients (63%) had either radiological
or tumor-marker responses or stable disease for >4 months. In
an expanded cohort of the same trial, 50 patients with BRCA1/2
mutation-associated ovarian, primary peritoneal, and fallopian
tube cancers were found to have a clinical benefit rate of 46%,
including 40% that experienced a Response Evaluation Criteria in
Solid Tumors (RECIST) radiologic or CA125 response (49). The
median duration of response was 28 weeks. Another key finding
was the overall clinical benefit rate was correlated with platinum
sensitivity. Platinum-resistant and refractory patients had a 46 and
23% respective benefit rate versus 69% in the platinum-sensitive
population (P = 0.038). The study also reported statistically signif-
icant associations between the overall platinum-free interval and
antitumor response, as well as between platinum sensitivity and
the maximum percentage change from radiologic baseline tumor
size and from baseline CA125 after olaparib treatment.

In a phase 2 international, multicenter fashion, two sequential
cohorts of women with confirmed BRCAI or 2 mutations and
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recurrent disease were given either olaparib at 400 mg twice daily
(n=33) or 100 mg twice daily (n = 24) (50). The primary efficacy
endpoint was objective response rate (ORR). In the 400 mg twice-
daily cohort, ORR was 11 of 33 patients (33%; 95% CI 20-51); in
the 100 mg twice daily cohort, ORR was 3 of 24 patients (13%; 95%
CI 4-31). The most common toxicities experienced included nau-
sea, anemia, and fatigue and were mild in the majority of cases.
This phase 2 study provided positive proof of concept for the
efficacy and tolerability of olaparib in advanced BRCA-mutated
ovarian cancer.

Stemming from these initial reports, Kaye et al. designed a
phase I, open-label, randomized, international study to assess the
safety and efficacy of different doses (200 or 400 mg) of olaparib
given twice daily versus intravenous liposomal doxorubicin given
monthly in patients with BRCA-related ovarian cancer who had
failed prior platinum-based chemotherapy (51). A statistically sig-
nificant higher combined RECIST and CA125 rate of response for
olaparib 400 mg twice daily compared to liposomal doxorubicin
was noted. It did not find a significant difference in progression free
survival (PFS) between the groups, with a reported median PFS of
7.1 months for liposomal doxorubicin, 6.5 months for the 200 mg
olaparib cohort, and 8.8 months for the 400 mg olaparib cohort.
There were roughly twice as many >grade 3 toxicities seen with
liposomal doxorubicin compared to the PARP inhibitor. While
this study did not show a statistically significant improvement
in PFS between olaparib and liposomal doxorubicin, there was a
much greater PFS with liposomal doxorubicin (7.1 months) than
had been reported in historical data. Gordon et al. demonstrated
PES was only 4 months for liposomal doxorubicin compared to
topotecan in a phase III randomized study of recurrent ovarian
cancer (52). A recently reported phase III trial by Colombo et al.
also demonstrated a similar PFS (3.7 months) for liposomal dox-
orubicin (53). Although the ability to draw comparisons between
studies is limited, Kaye et al. reported PFS with liposomal dox-
orubicin is still within the 95% CI of historical controls, which
suggests that this difference may simply reflect random variation
within the population (54).

In addition to their use in BRCA mutation-associated ovar-
ian cancer, PARP inhibitors are also being investigated in non-
mutation carrier (or BRCA wild-type) ovarian cancers. Using
PARP inhibitors in such a scenario is based on the idea that there
is a HR DNA repair defect, but no germline BRCA1/2 mutation
in up to 50% of ovarian cancers (7, 11, 46, 55). Several studies
have exploited this concept. Gelmon et al. conducted a phase II
trial with high-grade serous/undifferentiated ovarian cancer with
unknown BRCA status or BRCA-negative disease (56) and an addi-
tional reference group with known germline BRCA mutations.
Patients were treated with olaparib 400 mg twice daily. The ORR
in BRCA-mutants (n=17) was 41% (95% CI 22—-64) with median
PES of 221 days (95% CI 106-383), while BRCA mutation nega-
tive patients had an ORR of 24% (n=46; 95% CI 14-38) and
PES of 192 days (95% CI 109-267). In a post hoc exploratory
analysis, the ORR in patients with platinum-sensitive ovarian
cancer was 50% (10 of 20) in the BRCA-negative cohort and
60% (3 of 5) in the BRCA-mutant cohort. In platinum-resistant
ovarian cancers, 33 and 4% of patients with BRCA mutation posi-
tive and BRCA-mutant negative status respectively had responses.

Observed toxicities were similar to those described in previous
studies. This trial’s findings were noteworthy, as they solidified the
clinical utility of PARP inhibition in sporadic ovarian cancer. Fur-
ther, these results suggest that platinum sensitivity may be used as
a surrogate marker for HR deficiency. Results of a phase I study
of niraparib (MK4827), an oral PARP inhibitor shown to induce
selective lethality in HR repair deficient tumors with BRCA loss
or non-BRCA HR defects (57), was given to a small cohort of
patients enriched for BRCA-deficient and sporadic cancers associ-
ated with HR repair defects (58). Thirty-nine patients were treated
at 7 successive dose levels; 11 of these patients were BRCA muta-
tion carriers. Although results are only available in abstract form,
the study reported that three patients with serous ovarian can-
cer had prolonged RECIST PR (one sporadic platinum-sensitive,
two BRCA-deficient ovarian cancers). Disease stabilization was
observed for >44weeks in the sporadic serous ovarian cancer
patient and for > 16 weeks in the two patients with BRCA-deficient
disease. In another phase II study with the PARP inhibitor ruca-
parib (AG-014699/PF-0136738), 41 patients with either breast (17)
or ovarian (24) cancer and known BRCA deficiencies were given
rucaparib as monotherapy and followed for ORR (59). Prelimi-
nary findings included a clinical benefit rate of 32%, but an ORR
of 5% (2/38). However, 26% (10/38) achieved stable disease for
>4 months and three patients remained on study for >54 weeks.
The final results from these two ongoing studies are anxiously
awaited.

Another larger, randomized, double-blind, placebo-controlled,
phase 1II trial evaluated maintenance treatment with olaparib
in patients with platinum-sensitive, relapsed, high-grade serous
ovarian cancer (60). Included patients had received >2 platinum-
based regimens and were required to have had a partial or
complete response to their most recent platinum-based therapy.
Two-hundred and sixty five patients were randomized to receive
olaparib at 400 mg twice daily or placebo (136 olaparib arm, 129
placebo). BRCA mutational status was similar between the two
groups. PES was significantly longer in the olaparib arm than
placebo (8.4 versus 4.8 months); however, there was no difference
in overall survival at the first interim analysis. Interestingly, sub-
group analysis revealed that regardless of BRCA mutational status,
the olaparib cohort had a decreased risk for progression. Toxici-
ties were overall mild in the olaparib group; most adverse events
were grade 1 or 2 and typically included nausea, fatigue, vomit-
ing, and anemia. These findings again support the argument that
platinum sensitivity is a useful clinical marker for olaparib sen-
sitivity. Further, this investigation recapitulates the role of PARP
inhibitors in the ovarian cancer population, regardless of BRCA
mutational status, and underscores the need for development of
relevant biomarkers that predict HR deficiency in the setting of
BRCA mutations or no known genetic abnormalities. Fortunately,
there are multiple ongoing trials investigating the relationship
between PARP inhibition and ovarian cancer that will hopefully
clarify some of these uncertainties (Table 1).

PARP INHIBITORS IN ENDOMETRIAL CANCER

Endometrial cancer is the fourth most common cancer in women
and the most commonly diagnosed gynecologic malignancy. An
estimated 90% of the cases are sporadic and 10% have a genetic
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Table 1 | Active clinical trials investigating PARP inhibitors in gynecologic malignancies.

Agent Clinical trial Trial description Phase Combination or
identifierE monotherapy
Olaparib® NCT01237067  Olaparib in combination with carboplatin for refractory/recurrent women's cancers 1 Combination
NCT01116648 Olaparib in combination with cediranib for recurrent ovarian or TNBC 1/2 Combination
NCT01445418  Olaparib with carboplatin to treat breast and ovarian cancer 1 Combination
NCT01623349 Olaparib with BKM120 in recurrent TNBC or high-grade serous ovarian cancer 1 Combination
NCT01650376 Olaparib with carboplatin and paclitaxel in relapsed ovarian cancer 1b Combination
NCT00782574  Olaparib with cisplatin in advanced solid tumors 1 Combination
NCT00628251  Olaparib versus doxorubicin in advanced BRCA1/2 ovarian cancer patients who have failed 2 Monotherapy
previous platinum-therapy
NCT01844986  Olaparib in BRCA-mutated ovarian cancer patients following first line platinum-based 3 Monotherapy
chemotherapy
NCTO01078662  Olaparib in advanced cancers with a confirmed BRCA1/2 mutation 2 Monotherapy
NCT01874353 Olaparib in BCRA mutated ovarian cancer patients after complete or partial response to 3 Monotherapy
platinum chemotherapy
NCT00516373  Olaparib in ovarian cancer 1 Monotherapy
VeliparibB NCT00989651; Veliparib in combination with carboplatin, paclitaxel, bevacizumab for newly diagnosed 1 Combination
G0OG-9923 ovarian, fallopian tube, or primary peritoneal cancer
NCT01306032  Veliparib with cyclophosphamide in refractory BRCA-positive ovarian, primary peritoneal, 2 Combination

ovarian high-grade serous carcinoma, fallopian tube cancer, TNBC, low-grade
non-Hodgkin's lymphoma

NCT01459380; Veliparib in combination with doxorubicin, carboplatin, and bevacizumab 1 Combination

GOG 9927

NCT01281852;  Veliparib with cisplatin and paclitaxel in patients with advanced, persistent, or recurrent 1/2 Combination

GOG-0076HH cervical cancer

NCTO01145430  Veliparib and doxorubicin for recurrent ovarian, fallopian tube, and primary peritoneal 1 Combination
cancers or metastatic breast cancer

NCT01266447; Veliparib, topotecan, and filgrastim or pegfilgrastim in patients with persistent/recurrent 2 Combination

GOG 127-W cervical cancer

NCT01690598  Veliparib with topotecan in patients with platinum-resistant or partially platinum-sensitive 1/2 Combination
relapse of epithelial ovarian cancer with negative or unknown BRCA status

NCT01012817 Veliparib with topotecan in relapsed/refractory or primary peritoneal cancer after prior first 2 Combination
line platinum-therapy

NCTO01113957 Veliparib with temozolomide versus doxorubicin alone in ovarian cancer 2 Combination

NCTO01749397  Veliparib and floxuridine in metastatic epithelial ovarian, primary peritoneal, or fallopian 1 Combination
tube cancer

NCT01540565; Veliparib in persistent or recurrent epithelial ovarian, fallopian tube, or primary peritoneal 2 Monotherapy

GOG-0280 cancer patients with a BRCA2 mutation

NCT00892736  Veliparib monotherapy for patients with BRCA1/2 -mutated cancer, including 1 Monotherapy
platinum-refractory ovarian, fallopian tube, or primary peritoneal cancer; or basal-like breast
cancer

NCT01472783  Veliparib for patients with BRCA mutation and platinum-resistant or partially sensitive 1/2 Monotherapy

relapse of epithelial ovarian cancer

BMN 673 NCT01286987 BMN 673 in advanced or recurrent solid tumors, including epithelial and ovarian cancers 1 Monotherapy
Niraparib® NCT01847274 Niraparib versus placebo in platinum-sensitive ovarian cancer 3 Monotherapy
Rucaparib®  NCT01009190 Rucaparib with carboplatin in advanced solid tumors 1 Combination
NCT01482715 Rucaparib in patients with BRCA mutation breast or ovarian cancer, or other solid tumor 1/2 Monotherapy
NCT00664781 Rucaparib in metastatic breast cancer or ovarian cancer 2 Monotherapy

AOlaparib, also known as AZD2281.

8Veliparib, also known as ABT-888.

CNiraparib, also known as MK-4827

PRucaparib, also known as AG-014699; PF01367338.

EAll clinical trials are found at www.clinicaltrials.gov and listed according to their NCT identifier. Last accessed 2013 June 19.
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origin. Endometrioid adenocarcinoma and serous carcinoma are
the most prevalent histological types, while endometrial clear cell
and mucinous carcinomas only account for approximately 5%
of all cases (61). Since many patients are symptomatic early in
their disease course, the majority of endometrial cancers (approx-
imately 75%) are detected in the initial stages when the disease
remains confined to the uterus (61). However, a significant amount
of women still experience advanced disease, for which systemic
treatment options are limited, toxicities high, and responses often
short-lived (62, 63). There is a pressing need for targeted therapies
that will yield a greater efficacy and be better tolerated.

A variety of different molecular defects linked to the devel-
opment of endometrial cancer are described. In endometrioid
endometrial carcinoma (EEC), also known as type I endometrial
cancer, microsatellite instability (MSI) and mutations in the PTEN,
K-ras, PIK3CA, and B-catenin genes are reported (64). As previ-
ously discussed, PTEN is a tumor suppressor gene that is involved
in DNA repair mechanisms, as well as in the inhibition of the
PI3K/AKT/mTOR pathway; PTEN -deficient cells are sensitive to
PARP inhibitors (11-13). Rare syndromes collectively known as
the PTEN hamartoma tumor syndromes (PHTS) are linked to
germline mutations in PTEN (65, 66). Outside of PHTS, PTEN
is altered in up to 83% of endometrioid carcinomas versus only
10% in serous and clear cell cancers (67-71). Dedes et al. demon-
strated that PTEN -deficient EEC cells had a greater sensitivity to
PARP inhibition than wild-type EEC PTEN cell lines (12). Given
the heightened prevalence of PTEN deficiency in EEC superim-
posed on these laboratory studies demonstrating sensitivity to
PARP inhibition, clinical studies are now in progress. A case report
describing a 58-year-old female with metastatic endometrioid
endometrial adenocarcinoma who had previously demonstrated
exquisite sensitivity to platinum-containing regimens, was given
olaparib as part of a phase I trial (72, 73). Prior to trial partici-
pation, brain metastases were found. However, after 10 weeks on
trial, the patient had a significant reduction in the size of the brain
metastases without other intervention and also reported improve-
ment in tumor-related symptoms. Unfortunately, the patient had
objective disease progression after 8 months on olaparib therapy.
Her tumor was biopsied and verified to be negative for BRCA
mutation, but positive for loss of PTEN. Although only an isolated
report, this case study coupled with compelling pre-clinical data,
provides a strong rationale for larger clinical trials. A phase 2, ran-
domized, placebo-controlled trial comparing olaparib versus best
supportive care or progesterone in advanced endometrial cancer
was planned, but unfortunately, was unable to be opened. In addi-
tion to EEC, serous endometrial cancers appear to have a similar
genetic background to serous ovarian carcinoma, including hall-
marks of deficiency in DNA repair as well as frequent mutations in
TP53, PIK3CA, K-RAS, and ERBB2 (74). These tumors may prove
to be another rational target for PARP inhibition.

PARP INHIBITORS IN CERVICAL CANCER

As the third most common cancer worldwide, cervical cancer has
an annual incidence of 530,000 cases, with 250,000 deaths expected
(75). It is the second leading cause of death in women from the
ages of 20-39 (76). Fortunately, the incidence of this cancer in most
developed countries has decreased by 70% over the past 50 years

due to improved screening methods with cervical cytology (77).
More recently, HPV vaccination has aided in the detection and
subsequent prevention of high-risk HPV subtypes, which are the
culprit for most cervical cancers (78-82). For advanced disease,
chemotherapy remains the standard of care. Similar to the experi-
ence in endometrial cancer, such therapy typically does not yield
durable responses or cure (83).

The use of PARP inhibitors in cervical cancer has only recently
been explored in the pre-clinical arena. Along with non-small cell
lung cancer, mesothelioma, and ovarian cancer cell lines, Michels
et al. created cervical cancer (HeLa) cell lines resistant to cisplatin
(84). Upon further study, these lines were found to have high lev-
els of PAR and PARP1, with PARP1 constitutively hyperactivated.
Exposure of the cells to pharmacologic PARP inhibition resulted
in cell death. Hence, this work hints at another role for PARP
inhibition, in the treatment of cisplatin-resistant cervical cancers.
Interestingly, this group also observed that elevated levels of PAR
identified in PARP1-overexpressing tumor cells and xenografts
predicted response to PARP inhibition in vitro and in vivo more
accurately than PARP1 expression itself, suggesting PAR may be
a reasonable biomarker of response to PARP inhibitor therapy
in cervical cancer. A phase I trial is presently enrolling patients
with cervical cancer along with other gynecological malignan-
cies to investigate the combination of olaparib with carboplatin
in refractory or recurrent disease (NCT01237067; see Table 1).
Another phase 1/2 trial is investigating the use of veliparib with
cisplatin and paclitaxel in advanced, persistent, or recurrent cer-
vical cancer (NCT01281852; Table 1). Additional pre-clinical and
clinical investigation will hopefully reveal even more promising
applications for PARP inhibition in cervical cancer.

FUTURE DIRECTIONS

Poly(ADP-ribose) polymerase inhibitors are an exciting new class
of agents that have already demonstrated promising pre-clinical
and clinical activity in a variety of malignancies. Nevertheless, the
full potential of PARP inhibition in cancer has not yet been real-
ized. In addition to single-agent use, PARP inhibitors have been
studied in combination with a number of different chemother-
apies, anti-angiogenic agents, as well as with ionizing radiation.
Other areas of active investigation include the development of
markers that will predict clinical benefit from PARP inhibition,
as well as the identification of resistance mechanisms to PARP
inhibitor therapy.

Chemotherapies known to induce DNA strand breaks, espe-
cially SSBs, are of particular interest for combination studies. In
the case of methylating agents, activation of BER elicits ther-
apy resistance (85). A large body of pre-clinical in vivo and
in vitro studies demonstrates the addition of a PARP inhibitor
may sensitize cells to DNA-damaging agents and further delay
the development of treatment resistance (8, 85-93). These stud-
ies were conducted with a wide variety of chemotherapeutic
agents, including topoisomerase I inhibitors, platinum agents, as
well as DNA alkylating agents. Human trials combining PARP
inhibitors and chemotherapy agents for sporadic and BRCA-
associated gynecologic malignancies are underway, but few have
reached maturity (NCT01445418, NCT01237067; see Table 1).
Promising data has come from Oza et al., who conducted a
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multicenter phase II study that compared the efficacy of olaparib
plus paclitaxel/carboplatin followed by olaparib maintenance ther-
apy versus paclitaxel/carboplatin alone with no further therapy in
patients with platinum-sensitive recurrent serous ovarian cancer
(94). Importantly, the BRCA status was unknown for the majority
of the patients. In arm A, patients received six, 21-day cycles of
olaparib (200 mg twice daily) with paclitaxel (175 mg/m? IV, day
1) and carboplatin (AUC 4 1V, day 1), followed by olaparib main-
tenance therapy at a dose of 400 mg twice daily in a continuous
fashion versus in arm B, the standard dose of carboplatin (AUC 6
1V, day 1) and paclitaxel (175 mg/m? IV, day 1) without the PARP
inhibitor. Patients receiving olaparib had a significant improve-
ment in PFS versus chemotherapy alone. OS data was felt to be
immature, but preliminarily showed similar results between the
two arms (64 versus 58%). In the combination phase, both arms
had generally similar toxicity profiles, with nausea, fatigue, and
alopecia the most common adverse events experienced. During
the maintenance phase (olaparib monotherapy versus no further
therapy), side effects were consistent with the known monother-
apy side effect profile of PARP inhibitors. In a smaller phase I dose
escalation trial, olaparib was added to carboplatin in BRCAI/2
mutational carriers with breast or ovarian cancer (95). Therapy
was administered in a 3 x 3 dose escalation fashion: oral olaparib
at 100 or 200 mg every 12h [dose level (DL) 1/2] with IV car-
boplatin AUC 3 on day 8 then every 21 days; DL6-9 gave olaparib
days 1-7 at 200 then 400 mg every 12 h, with carboplatin AUC 3 on
day 2 then escalation to AUC 5 (no DL3-5). From the preliminary
results, bone marrow suppression was the observed dose limiting
toxicity. Of the 23 evaluable ovarian cancer patients, PR was seen in
8/23, disease stabilization occurred in 11/23. Overall, the ovarian
cancer cohort had a clinical benefit of 83%. Clearly, the results of
these studies are intriguing; data from similar combination trials
is eagerly anticipated.

In addition to chemotherapeutic agents, PARP inhibitors are
also being combined with anti-angiogenic agents. The rationale
behind this combination is based on the observation that vascu-
lar endothelial growth factor receptor (VEGFR) inhibition may
lead to increased DNA damage through downregulation of DNA
repair proteins, including ERCC1 and XRCC1 (96, 97). Stem-
ming from pre-clinical data supporting the relationship between
PARP inhibition and the VEGF pathway (98-100), several phase
I studies are presently underway. The phase 1 study of ABT-
888 (veliparib) in combination with carboplatin, paclitaxel, and
bevacizumab as first-line treatment for stage II-IV ovarian cancer
is actively enrolling patients (NCT00989651; Table 1). Another
phase I trial of olaparib in combination with cediranib, a VEGFR
inhibitor, is also open to recurrent ovarian or TNBC patients
(NCT01116648; Table 1). Trial investigators are exploring the tox-
icities and recommended phase 2 dosing of the dual therapy. From
a preliminary report, myelosuppression was dose limiting at the
highest dose level (cediranib 30 mg daily/olaparib 400 mg twice
daily) (101). Although unconfirmed, the study also notes a 56%
response rate in enrolled ovarian cancer patients. These results
are encouraging; additional efficacy data will be forthcoming
(Table 1).

Due to PARP’s ability to inhibit multiple processes related to
DNA repair, combining PARP inhibition with ionizing radiation

is a logical combination. Pre-clinical studies confirm that PARP
inhibition acts to sensitize malignant cells to radiation (88, 102).
Several laboratories have also shown that PARP 1 knockout mice
have an enhanced sensitivity to gamma-radiation (103, 104). In
mouse colon cancer xenografts, veliparib coupled with irradia-
tion resulted in prolonged survival from 23 to 36 days, and in
one mouse, a complete response (8). At the present time, there
are no active clinical trials investigating the combination of radi-
ation therapy with PARP inhibition in gynecologic malignancies.
However, there are active trials investigating this dual therapy
in other diseases like breast cancer (NCT01477489) (105) and
glioblastoma multiforme (NCT00687765) (106). Enrollment of
gynecologic malignancy patients into similar trials is important
since radiation plays a significant role in the treatment of cervical
and endometrial cancer.

As evidenced by the discussed clinical data, many patients ben-
efit from PARP inhibitor therapy, though the degree of response
varies and sometimes there is no observed clinical benefit. A
predictive marker that not only evaluates the drug’s pharmacody-
namic effects, but can also identify who might benefit from therapy
may help guide treatment decisions. Several attempts have been
made to meet this objective. Duan et al. described a triple stain
immunofluorescence assay looking at FANCD2, DAPI, and Ki67
as a means for measuring the functional competency of the Fan-
coni anemia pathway in proliferating cells in formalin fixed tumor
tissue from patient biopsies across multiple tumor types (5). This
stain is now being tested in a prospective fashion to select patients
for a phase 1 clinical trial using veliparib alone or in combination
with mitomycin-C (NCT01017640). The use of massively paral-
lel sequencing analysis (e.g., BROCA) in a prospectively designed
trial should also be investigated as this may capture a larger
percentage of patients likely to be sensitive to PARP inhibition
compared to relying on BRCA1/2 mutational analysis alone (30).
Mukhopadhyay et al. developed a method of measuring HR func-
tion by quantifying RAD51 foci via immunofluorescence-based
assays of ascitic fluid (107). They subsequently correlated in vitro
cytotoxicity of the PARP inhibitor rucaparib with the HR status
from these culture results. They correlated their in vitro results to
patients whom were treated with platinum-based chemotherapy;
tumor progression and OS were prospectively compared between
HR-competent versus HR-deficient patients (108). Interestingly,
patients who were HR-deficient, as established by assay analysis,
had lower rates of tumor progression at 6 months and a higher
median survival. From these results, the authors suggest that the
RAD51 assay successfully identified those patients with HR defi-
ciency and hence, may better predict which patients will have the
best response to PARP inhibition. In addition to ascitic fluid,
collection of peripheral blood mononuclear cells (PBMCs) as a
surrogate tissue to monitor drug actions may be preferable to
tumor biopsy collection, as it is less invasive and multiple samples
may be longitudinally obtained. In order to better characterize the
pharmacodynamic profile of the PARP inhibitor ABT-888, Ji et
al. developed an immunoassay for measuring PAR incorporation
in both tumor biopsies and PBMCs (109). In this study, con-
siderable inter-individual and inter-sample heterogeneity in PAR
levels was observed. Given these findings, it is not surprising that
the trial comparing cyclophosphamide with veliparib presented
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a 50% reduction in PAR levels in 90% of patient PBMCs and
80% reduction in tumor biopsies across all dose levels (110). A
larger phase II follow up study with this combination is ongo-
ing (NCT01306032; Table 1). Though limited conclusions may
be drawn from this experience, one must consider the possibility
that PAR levels did not correlate well with actual PARP inhibitor
activity (111). Ongoing genomic microarray analysis of patients
involved in trials using olaparib may give useful insight into genetic
signatures that may predict response. Regardless, these results
underscore the need to identify a validated method of quanti-
fying PARP inhibitor activity that corresponds to actual clinical
outcome.

As with the majority of anti-cancer agents, tumors may develop
acquired resistance to PARP inhibitor therapy. There are several
proposed mechanisms of resistance, and likely many more that
have not yet been described. One potential means is the restora-
tion of HR secondary to a gain of function mutation in the BRCA2
allele via elimination of the c.6174delT mutation (112). Resistance
secondary to up regulation of the ABCB1a/b gene that encodes for
a P-glycoprotein efflux pump is also described with long-term use
of the PARP inhibitor olaparib. Reversal of resistance occurred
with co-administration of a P-glycoprotein inhibitor (113). These

REFERENCES
1. Siegel R, Naishadham D, Jemal A.
Cancer statistics, 2013. CA Cancer
J Clin (2013) 63(1):11-30. doi:10.
3322/caac.21166
2. Farmer H, McCabe N, Lord CJ,
Tutt AN, Johnson DA, Richard-

6. McCabe N, Turner NC, Lord CJ,
Kluzek K, Bialkowska A, Swift S,
et al. Deficiency in the repair
of DNA damage by homolo-
gous recombination and sensi-
tivity to poly(ADP-ribose) poly-
merase inhibition. Cancer Res
son TB, et al. Targeting the DNA (2006) 66(16):8109-15. doi:10.
repair defect in BRCA mutant cells 1158/0008-5472.CAN-06-0140
as a therapeutic strategy. Nature 7. Turner N, Tutt A, Ashworth A.
(2005) 434(7035):917-21. doi:10. Hallmarks of ‘BRCAness’ in spo-
1038/nature03445 radic cancers. Nat Rev Cancer

3. Boulton S, Kyle S, Durkacz BW. (2004) 4(10):814-9. doi:10.1038/
Interactive effects of inhibitors nrcl457
of poly(ADP-ribose) polymerase 8. Donawho CK, Luo Y, Luo Y,

and DNA-dependent protein Penning TD, Bauch JL, Bouska
kinase on cellular responses JJ, et al. ABT-888, an orally active
to DNA damage. Carcino- poly(ADP-ribose) polymerase
genesis  (1999)  20(2):199-203. inhibitor that potentiates DNA-

doi:10.1093/carcin/20.2.199
4. Safthill R, Ockey CH. Strand
breaks arising from the repair

damaging agents in preclinical
tumor models. Clin Cancer Res
(2007) 13(9):2728-37. doi:10.

of the 5-bromodeoxyuridine- 1158/1078-0432.CCR-06-3039

substituted template and 9. Stambolic V, Suzuki A, dela Pompa
methyl methanesulphonate- JL, Brothers GM, Mirtsos C,
induced lesions can explain Sasaki T, et al. Negative regu-
the formation of sister chro- lation of PKB/Akt-dependent
matid  exchanges. Chromo- cell survival by the tumor sup-
soma (1985) 92(3):218-24. pressor  PTEN. Cell (1998)

doi:10.1007/BF00348697 95(1):29-39. doi:10.1016/S0092-
5. Duan W, Gao L, Zhao W, Leon M, 8674(00)81780-8
Sadee W, Webb A, et al. Assess- 10. Wu X, Senechal K, Neshat MS,
ment of FANCD2 nuclear foci Whang YE, Sawyers CL. The
formation in paraffin-embedded PTEN/MMACI tumor suppres-
tumors: a potential patient- sor phosphatase functions as a
enrichment strategy for treatment negative regulator of the phos-
with DNA interstrand crosslink- phoinositide 3-kinase/Akt path-

ing agents. Transl Res (2013) way. Proc Natl Acad Sci U S A
161(3):156—64. doi:10.1016/j.trsl. (1998) 95(26):15587-91. doi:10.
2012.09.003 1073/pnas.95.26.15587

are just two examples of methods of resistance and certainly
the success of PARP inhibitor therapy in the future will rely on
further analysis of resistance patterns and subsequent therapy
modifications.

CONCLUSION

Gynecologic malignancies represent a significant challenge in
women’s health. When discovered in advanced stages, few success-
ful therapeutic interventions are available to patients. Therefore,
the development of novel agents like PARP inhibitors is essen-
tial. Already recognized as a promising agent in the treatment of
BRCA-related malignancy, initial phase I and II studies confirm
the activity of PARP inhibitors in ovarian, endometrial, and cervi-
cal cancers. As we learn more about these targeted agents through
ongoing trials, it will be important to identify which population
of patients may benefit the most from PARP inhibitor therapy and
in what manner, as monotherapy or in combination. Whether it
is in the neoadjuvant, adjuvant, or maintenance setting, the tim-
ing of therapy that will procure the greatest clinical benefit is also
unknown. Clearly, PARP inhibitors are an exciting new class of
targeted agents for the treatment of ovarian, endometrial, and
cervical cancers.

11. Mendes-Pereira AM, Martin SA,
Brough R, McCarthy A, Taylor (1988) 27:395-404. doi:10.1016/
JR, Kim JS, et al. Synthetic lethal 0065-2571(88)90028-3
targeting of PTEN mutant cells 17. David KK, Andrabi SA, Dawson
with PARP inhibitors. EMBO Mol TM, Dawson VL. Parthanatos, a
Med (2009) 1(6-7):315-22. doi:10. messenger of death. Front Biosci
1002/emmm.200900041 (2009) 14:1116-28. doi:10.2741/

12. Dedes KJ, Wetterskog D, Mendes- 3297
Pereira AM, Natrajan R, Lambros 18. Wang M, Wu W, Wu W, Rosidi B,
MB, Geyer FC, et al. PTEN defi- Zhang L, Wang H, et al. PARP-
ciency in endometrioid endome- 1 and Ku compete for repair of
trial adenocarcinomas predicts DNA double strand breaks by dis-
sensitivity to PARP inhibitors. Sci tinct NHE] pathways. Nucleic Acids
Transl Med (2010) 2(53):53ra75. Res (2006) 34(21):6170-82. doi:
doi:10.1126/scitranslmed.3001538 10.1093/nar/gkl840

13. McEllin B, Camacho CV, Mukher- 19. Haince JE, McDonald D, Rodrigue
jee B, Hahm B, Tomimatsu A, Dery U, Masson JY, Hendzel
N, Bachoo RM, et al. PTEN MyJ, et al. PARP1-dependent kinet-
loss compromises homologous ics of recruitment of MRE11 and
recombination repair in astro- NBS1 proteins to multiple DNA
cytes: implications for glioblas- damage sites. | Biol Chem (2008)
toma therapy with temozolo- 283(2):1197-208. doi:10.1074/jbc.
mide or poly(ADP-ribose) poly- M706734200
merase inhibitors. Cancer Res 20. Hirschhorn R. In vivo reversion
(2010) 70(13):5457-64. doi:10.
1158/0008-5472.CAN-09-4295

14. Dianov GL, Hubscher U. Mam-

lymphocytes. Adv Enzyme Regul

to normal of inherited mutations
in humans. | Med Genet (2003)
40(10):721-8. doi:10.1136/jmg.40.

malian base excision repair: the 10.721

forgotten archangel. Nucleic Acids 21. Chambon P, Weill JD, Mandel P.

Res (2013) 41(6):3483-90. doi:10. Nicotinamide = mononucleotide

1093/nar/gkt076 activation of new DNA-dependent
15. Odell ID, Wallace SS, Pederson DS. polyadenylic acid synthesizing

Rules of engagement for base exci-
sion repair in chromatin. J Cell Res Commun (1963) 11:39-43. doi:
Physiol (2013) 228(2):258-66. doi: 10.1016/0006-291X(63)90024-X
10.1002/jcp.24134 22. Durkacz BW, Omidiji O, Gray

16. Carson DA, Carrera CJ, Wasson DA, Shall S. (ADP-ribose)n par-
DB, Yamanaka H. Programmed ticipates in DNA excision repair.
cell death and adenine deoxynu- Nature (1980) 283(5747):593-6.
cleotide metabolism in human doi:10.1038/283593a0

nuclear enzyme. Biochem Biophys

Frontiers in Oncology | Cancer Molecular Targets and Therapeutics

October 2013 | Volume 3 | Article 237 | 31


http://dx.doi.org/10.3322/caac.21166
http://dx.doi.org/10.3322/caac.21166
http://dx.doi.org/10.1038/nature03445
http://dx.doi.org/10.1038/nature03445
http://dx.doi.org/10.1093/carcin/20.2.199
http://dx.doi.org/10.1007/BF00348697
http://dx.doi.org/10.1016/j.trsl.2012.09.003
http://dx.doi.org/10.1016/j.trsl.2012.09.003
http://dx.doi.org/10.1158/0008-5472.CAN-06-0140
http://dx.doi.org/10.1158/0008-5472.CAN-06-0140
http://dx.doi.org/10.1038/nrc1457
http://dx.doi.org/10.1038/nrc1457
http://dx.doi.org/10.1158/1078-0432.CCR-06-3039
http://dx.doi.org/10.1158/1078-0432.CCR-06-3039
http://dx.doi.org/10.1016/S0092-8674(00)81780-8
http://dx.doi.org/10.1016/S0092-8674(00)81780-8
http://dx.doi.org/10.1073/pnas.95.26.15587
http://dx.doi.org/10.1073/pnas.95.26.15587
http://dx.doi.org/10.1002/emmm.200900041
http://dx.doi.org/10.1002/emmm.200900041
http://dx.doi.org/10.1126/scitranslmed.3001538
http://dx.doi.org/10.1158/0008-5472.CAN-09-4295
http://dx.doi.org/10.1158/0008-5472.CAN-09-4295
http://dx.doi.org/10.1093/nar/gkt076
http://dx.doi.org/10.1093/nar/gkt076
http://dx.doi.org/10.1002/jcp.24134
http://dx.doi.org/10.1016/0065-2571(88)90028-3
http://dx.doi.org/10.1016/0065-2571(88)90028-3
http://dx.doi.org/10.2741/3297
http://dx.doi.org/10.2741/3297
http://dx.doi.org/10.1093/nar/gkl840
http://dx.doi.org/10.1074/jbc.M706734200
http://dx.doi.org/10.1074/jbc.M706734200
http://dx.doi.org/10.1136/jmg.40.10.721
http://dx.doi.org/10.1136/jmg.40.10.721
http://dx.doi.org/10.1016/0006-291X(63)90024-X
http://dx.doi.org/10.1038/283593a0
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/archive

Reinbolt and Hays

PARP inhibitors in gynecologic malignancies

23. Kupper JH, Muller M, Jacob-

24.

25.

26.

27.

28.

29.

30.

3

—

son MK, Tatsumi-Miyajima J,
Coyle DL, Jacobson EL, et al
trans-dominant  inhibition of
poly(ADP-ribosyl)ation sensitizes
cells against gamma-irradiation
N-methyl-N’-nitro-N-
nitrosoguanidine but does not
limit DNA replication of a poly-
omavirus replicon. Mol Cell Biol
(1995) 15(6):3154—63.

Bryant HE, Schultz N, Thomas
HD, Parker KM, Flower D, Lopez
E, et al. Specific killing of BRCA2-
deficient tumours with inhibitors
of poly(ADP-ribose) polymerase.
Nature (2005) 434(7035):913—7.
doi:10.1038/nature03443

Fong PC, Boss DS, Yap TA, Tutt
A, Wu P, Mergui-Roelvink M,
et al. Inhibition of poly(ADP-
ribose) polymerase in tumors from
BRCA mutation carriers. N Engl |
Med (2009) 361(2):123-34. doi: 10.
1056/NEJM0a0900212
Saleh-Gohari N, Bryant HE,
Schultz N, Parker KM, Cassel TN,
Helleday T. Spontaneous homol-
ogous recombination is induced
by collapsed replication forks that
are caused by endogenous DNA
single-strand breaks. Mol Cell Biol
(2005) 25(16):7158-69. doi:10.
1128/MCB.25.16.7158-7169.2005
Pennington KP, Walsh T, Lee M,
Pennil C, Novetsky AP, Agnew
KJ, BRCA1, TP53, and
CHEK2 germline mutations in
uterine serous carcinoma. Cancer
(2013) 119(2):332-8. doi:10.1002/
cncr.27720

Murai J, Huang SY, Das BB,
Renaud A, Zhang Y, Doroshow
JH, et al. Trapping of PARP1
and PARP2 by Clinical PARP
Inhibitors. Cancer Res (2012)
72(21):5588-99. doi:10.1158/
0008-5472.CAN-12-2753

Lux MP, Fasching PA, Beckmann
MW. Hereditary breast and ovar-
ian cancer: review and future per-
spectives. ] Mol Med (Berl) (2006)
84(1):16-28. doi:10.1007/s00109-
005-0696-7

Walsh T, Casadei S, Lee MK, Pen-
nil CC, Nord AS, Thornton AM,
et al. Mutations in 12 genes for
inherited ovarian, fallopian tube,
and peritoneal carcinoma identi-
fied by massively parallel sequenc-
ing. Proc Natl Acad Sci U S A
(2011) 108(44):18032-7. doi:10.
1073/pnas.1115052108

and

et al

. Wooster R, Neuhausen SL, Man-

gion J, Quirk Y, Ford D, Collins
N, et al. Localization of a breast
cancer susceptibility gene, BRCA2,
to chromosome 13q12-13. Science

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

—

(1994) 265(5181):2088-90. doi:10.
1126/science.8091231

Rakha EA, Reis-Filho JS, Ellis I0.
Basal-like breast cancer: a criti-
cal review. J Clin Oncol (2008)
26(15):2568-81. doi:10.1200/JCO.
2007.13.1748

Berchuck A, Heron KA, Car-
ney ME, Lancaster JM, Fraser
EG, Vinson VL, et al. Frequency
of germline and somatic BRCA1
mutations in ovarian cancer. Clin
Cancer Res (1998) 4(10):2433-7.
Aida H, Takakuwa K, Nagata H,
Tsuneki I, Takano M, Tsuji S, et al.
Clinical features of ovarian cancer
in Japanese women with germ-line
mutations of BRCA1. Clin Cancer
Res (1998) 4(1):235-40.

Lu KH, Cramer DW, Muto MG, Li
EY, Niloff J, Mok SC. A population-
based study of BRCA1 and BRCA2
mutations in Jewish women with
epithelial ovarian cancer. Obstet
Gynecol (1999) 93(1):34-7. doi:10.
1016/S0029-7844(98)00362-7
Rubin SC, Benjamin I, Behbakht
K, Takahashi H, Morgan MA,
LiVolsi VA, et al. Clinical and
pathological features of ovarian
cancer in women with germ-line
mutations of BRCAL. N Engl |
Med (1996) 335(19):1413—6. doi:
10.1056/NEJM199611073351901
Gaffney DK, Brohet RM, Lewis
CM, Holden JA, Buys SS,
Neuhausen SL, et al. Response to
radiation therapy and prognosis in
breast cancer patients with BRCA1
and BRCA2 mutations. Radiother
Oncol (1998) 47(2):129-36. doi:
10.1016/S0167-8140(98)00023-1
Johannsson OT, Ranstam J, Borg
A, Olsson H. Survival of BRCA1
breast and ovarian cancer patients:
a population-based study from
southern Sweden. J Clin Oncol
(1998) 16(2):397-404.

Verhoog LC, Brekelmans CT, Sey-
naeve C, Dahmen G, van Geel
AN, Bartels CC, et al. Survival
in hereditary breast cancer asso-
ciated with germline mutations
of BRCA2. J Clin Oncol (1999)
17(11):3396-402.

Verhoog LC, Brekelmans CT,
Seynaeve C, van den Bosch LM,
Dahmen G, van Geel AN, et al.
Survival and tumour characteris-
tics of breast-cancer patients with
germline mutations of BRCAL.
Lancet (1998) 351(9099):316-21.
doi:10.1016/50140-6736(97)
07065-7

. Brekelmans CT, Tilanus-Linthorst

MM, Seynaeve C, vd Ouweland
A, Menke-Pluymers MB, Bartels
CC, et al. Tumour characteristics,

42.

43,

44,

45,

46.

47.

48.

49.

survival and prognostic factors
of hereditary breast cancer from
BRCA2-, BRCAl- and non-
BRCA1/2 families as compared
to sporadic breast cancer cases.
Eur J Cancer (2007) 43(5):867-76.
doi:10.1016/j.ejca.2006.12.009
Rennert G, Bisland-Naggan S,
Barnett-Griness O, Bar-Joseph N,
Zhang S, Rennert HS, et al
Clinical outcomes of breast can-
cer in carriers of BRCAl and
BRCA2 mutations. N Engl ]
Med (2007) 357(2):115-23.doi:10.
1056/NEJMo0a070608
Kriege M, Seynaeve C, Meijers-
Heijboer H, Collee JM, Menke-
Pluymers MB, Bartels CC, et al.
Sensitivity to first-line chemother-
apy for metastatic breast can-
cer in BRCAI and BRCA2 muta-
tion carriers. J Clin Oncol (2009)
27(23):3764-71. d0i:10.1200/JCO.
2008.19.9067
Budroni M, Cesaraccio R, Coviello
V, Sechi O, Pirino D, Cossu A, et al.
Role of BRCA2 mutation status on
overall survival among breast can-
cer patients from Sardinia. BMC
Cancer (2009) 9:62. doi:10.1186/
1471-2407-9-62
Levanon K, Crum C, Drapkin R.
New insights into the pathogene-
sis of serous ovarian cancer and its
clinical impact. J Clin Oncol (2008)
26(32):5284-93. doi:10.1200/JCO.
2008.18.1107
Tan DS, Rothermundt C, Thomas
K, Bancroft E, Eeles R, Shanley
S, et al. “BRCAness” syndrome
in ovarian cancer: a case-control
study describing the clinical fea-
tures and outcome of patients
with epithelial ovarian cancer asso-
ciated with BRCA1 and BRCA2
mutations. J Clin Oncol (2008)
26(34):5530-6. doi:10.1200/JCO.
2008.16.1703
Cass 1, Baldwin RL, Varkey
T, Moslehi R, Narod SA,
BY. Improved
in women with BRCA-
associated ovarian carcinoma.
Cancer (2003) 97(9):2187-95.
do0i:10.1002/cncr.11310
Cannistra ~ SA.  Cancer of
the ovary. N Engl ] Med
(2004) 351(24):2519-29.
doi:10.1056/NEJMra041842
Fong PC, Yap TA, Boss DS, Carden
CP, Mergui-Roelvink M, Gour-
ley C, et al. Poly(ADP)-ribose
polymerase inhibition: frequent
durable responses in BRCA car-
rier ovarian cancer correlating
with platinum-free interval. J Clin
Oncol (2010) 28(15):2512-9. doi:
10.1200/JC0O.2009.26.9589

Karlan sur-

vival

50.

51.

52.

53.

54.

55.

56.

Audeh MW, Carmichael J, Penson
RT, Friedlander M, Powell B,
Bell-McGuinn KM, et al. Oral
poly(ADP-ribose) polymerase
inhibitor olaparib in patients with
BRCA1l or BRCA2 mutations
and recurrent ovarian cancer:
a proof-of-concept trial. Lancet
(2010) 376(9737):245-51. doi:10.
1016/S0140-6736(10)60893-8
Kaye SB, Lubinski J, Matulonis U,
Ang JE, Gourley C, Karlan BY, et
al. Phase II, open-label, random-
ized, multicenter study comparing
the efficacy and safety of olaparib,
a poly (ADP-ribose) polymerase
inhibitor, and pegylated liposo-
mal doxorubicin in patients with
BRCAI or BRCA2 mutations and
recurrent ovarian cancer. J Clin
Oncol (2012) 30(4):372-9. doi:10.
1200/JC0O.2011.36.9215

Gordon AN, Fleagle JT, Guthrie D,
Parkin DE, Gore ME, Lacave AJ.
Recurrent epithelial ovarian car-
cinoma: a randomized phase III
study of pegylated liposomal dox-
orubicin versus topotecan. J Clin
Oncol (2001) 19(14):3312-22.
Colombo N, Kutarska E,
Dimopoulos M, Bae DS, Rzepka-
Gorska I, Bidzinski M, et al.
Randomized, open-label, phase
III study comparing patupilone
(EPO906) with pegylated lipo-
somal doxorubicin in platinum-
refractory or -resistant patients
with recurrent epithelial ovarian,
primary fallopian tube, or pri-
mary peritoneal cancer. | Clin
Oncol  (2012)  30(31):3841-7.
doi:10.1200/JC0O.2011.38.8082
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. J Clin
Oncol ~ (2012)  30(4):347-50.
doi:10.1200/JCO.2011.40.1489
Weberpals JI, Clark-Knowles KV,
Vanderhyden BC. Sporadic epithe-
lial ovarian cancer: clinical rel-
evance of BRCAI inhibition in
the DNA damage and repair
pathway. ] Clin Oncol (2008)
26(19):3259-67. doi:10.1200/JCO.
2007.11.3902

Gelmon KA, Tischkowitz M,
Mackay H, Swenerton K, Robidoux
A, Tonkin K, et al. Olaparib in
patients with recurrent high-grade
serous or poorly differentiated
ovarian triple-
negative breast cancer: a phase
2, multicentre, open-label, non-
randomised study. Lancet Oncol

carcinoma or

www.frontiersin.org

October 2013 | Volume 3 | Article 237 | 32


http://dx.doi.org/10.1038/nature03443
http://dx.doi.org/10.1056/NEJMoa0900212
http://dx.doi.org/10.1056/NEJMoa0900212
http://dx.doi.org/10.1128/MCB.25.16.7158-7169.2005
http://dx.doi.org/10.1128/MCB.25.16.7158-7169.2005
http://dx.doi.org/10.1002/cncr.27720
http://dx.doi.org/10.1002/cncr.27720
http://dx.doi.org/10.1158/0008-5472.CAN-12-2753
http://dx.doi.org/10.1158/0008-5472.CAN-12-2753
http://dx.doi.org/10.1007/s00109-005-0696-7
http://dx.doi.org/10.1007/s00109-005-0696-7
http://dx.doi.org/10.1073/pnas.1115052108
http://dx.doi.org/10.1073/pnas.1115052108
http://dx.doi.org/10.1126/science.8091231
http://dx.doi.org/10.1126/science.8091231
http://dx.doi.org/10.1200/JCO.2007.13.1748
http://dx.doi.org/10.1200/JCO.2007.13.1748
http://dx.doi.org/10.1016/S0029-7844(98)00362-7
http://dx.doi.org/10.1016/S0029-7844(98)00362-7
http://dx.doi.org/10.1056/NEJM199611073351901
http://dx.doi.org/10.1016/S0167-8140(98)00023-1
http://dx.doi.org/10.1016/S0140-6736(97)07065-7
http://dx.doi.org/10.1016/S0140-6736(97)07065-7
http://dx.doi.org/10.1016/j.ejca.2006.12.009
http://dx.doi.org/10.1056/NEJMoa070608
http://dx.doi.org/10.1056/NEJMoa070608
http://dx.doi.org/10.1200/JCO.2008.19.9067
http://dx.doi.org/10.1200/JCO.2008.19.9067
http://dx.doi.org/10.1186/1471-2407-9-62
http://dx.doi.org/10.1186/1471-2407-9-62
http://dx.doi.org/10.1200/JCO.2008.18.1107
http://dx.doi.org/10.1200/JCO.2008.18.1107
http://dx.doi.org/10.1200/JCO.2008.16.1703
http://dx.doi.org/10.1200/JCO.2008.16.1703
http://dx.doi.org/10.1002/cncr.11310
http://dx.doi.org/10.1056/NEJMra041842
http://dx.doi.org/10.1200/JCO.2009.26.9589
http://dx.doi.org/10.1016/S0140-6736(10)60893-8
http://dx.doi.org/10.1016/S0140-6736(10)60893-8
http://dx.doi.org/10.1200/JCO.2011.36.9215
http://dx.doi.org/10.1200/JCO.2011.36.9215
http://dx.doi.org/10.1200/JCO.2011.38.8082
http://dx.doi.org/10.1200/JCO.2011.40.1489
http://dx.doi.org/10.1200/JCO.2007.11.3902
http://dx.doi.org/10.1200/JCO.2007.11.3902
http://www.frontiersin.org
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/archive

Reinbolt and Hays

PARP inhibitors in gynecologic malignancies

57.

58.

59.

60.

6

—

63.

64.

(2011) 12(9):852-61. doi:10.1016/
S1470-2045(11)70214-5

Jones P, Altamura S, Boueres J, Fer-
rigno F, Fonsi M, Giomini G, et al.
Discovery of 2-{4-[(3S)-piperidin-
3-yl]phenyl}-2H-indazole-7-
carboxamide (MK-4827): a novel
oral poly(ADP-ribose)polymerase
(PARP) inhibitor efficacious in
BRCA-1 and -2 mutant tumors. J
Med Chem (2009) 52(22):7170-85.
doi:10.1021/jm901188v

Sandhu SK, Wenham RM, Wild-
ing G, McFadden M, Sun L,
Toniatti C, et al. First-in-human
trial of a poly(ADP-ribose)
polymerase  (PARP) inhibitor
MK-4827 in advanced cancer
patients (pts) with antitumor
activity in BRCA-deficient and
sporadic ovarian cancers (ASCO
Meeting Abstracts). J Clin Oncol
(2010) 28(15):3001. [Accessed
2013 Jun 16]. Available at:
http://meeting.ascopubs.org/cgi/
content/abstract/28/15_suppl/
3001

Drew Y, Ledermann JA, Jones
A, Hall G, Jayson GC, Highley
M, 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 (ASCO Meeting Abstracts).
J Clin Oncol (2011) 29(15):3104.
[Accessed 2013 Jun 16]. Available
at:  http://meeting.ascopubs.org/
cgi/content/short/29/15_suppl/
31042rss=1

Ledermann J, Harter P, Gourley C,
Friedlander M, Vergote I, Rustin G,
et al. Olaparib maintenance ther-
apy in platinum-sensitive relapsed
ovarian cancer. N Engl ] Med
(2012) 366(15):1382-92. doi:10.
1056/NEJMoal105535

. Amant F, Moerman P, Neven P,

Timmerman D, Van Limbergen
E, Vergote 1. Endometrial cancer.
Lancet (2005) 366(9484):491-505.
doi:10.1016/50140-6736(05)
67063-8

. Dellinger TH, Monk BJ. Systemic

therapy for recurrent endometrial
cancer: a review of North Amer-
ican trials. Expert Rev Anticancer
Ther (2009) 9(7):905-16. doi:10.
1586/era.09.54

Fleming GF. Systemic chemother-
apy for
metastatic and adjuvant. | Clin
Oncol  (2007) 25(20):2983-90.
doi:10.1200/JC0O.2007.10.8431
Llaurado M, Ruiz A, Majem
B, Ertekin T, Colas E, Pedrola
N, et al. Molecular bases of

uterine  carcinoma:

65.

66.

67.

68.

69.

70.

7

—

endometrial cancer: roles
for new actors in the diagno-
sis and the therapy of the dis-
ease. Mol Cell Endocrinol (2012)
358(2):244-55. doi:10.1016/j.mce.
2011.10.003

Liaw D, Marsh DJ, Li J, Dahia
PL, Wang SI, Zheng Z, et al.
Germline mutations of the PTEN
gene in Cowden disease, an inher-
ited breast and thyroid can-
cer syndrome. Nat Genet (1997)
16(1):64-7. doi:10.1038/ng0597-
64

Hobert JA, Eng C. PTEN hamar-
toma syndrome:  an
overview. Genet Med (2009)
11(10):687-94. doi:10.1097/GIM.
0b013e3181ac9aea

Bansal N, Yendluri V, Wenham
RM. The molecular biology of
endometrial cancers and the impli-
cations for pathogenesis, classifica-
tion, and targeted therapies. Can-
cer Control (2009) 16(1):8—13.
Mutter GL, Lin MC, Fitzger-
ald JT, Kum JB, Baak JP, Lees
JA, et al. Altered PTEN expres-
sion as a diagnostic marker for
the earliest endometrial precan-
cers. J Natl Cancer Inst (2000)
92(11):924-30. doi:10.1093/jnci/
92.11.924

Temkin SM, Fleming G. Current
treatment of metastatic endome-
trial cancer. Cancer Control (2009)
16(1):38—45.

Ioffe YJ, Chiappinelli KB, Mutch
DG, Zighelboim I, Goodfellow PJ.
Phosphatase and tensin homolog
(PTEN) pseudogene expression in
endometrial cancer: a conserved
regulatory mechanism important
in tumorigenesis? Gynecol Oncol
(2012) 124(2):340-6. doi:10.1016/
j.ygyno.2011.10.011

new

tumor

. Kandoth C, Schultz N, Cherniack

AD, Akbani R, Liu Y; Can-
cer Genome Atlas
Network, et al
genomic
of endometrial carcinoma.
Nature (2013) 497(7447):67—73.
doi:10.1038/nature12113

Research
Integrated
characterization

. Molife LR, Forster MD, Krebs M,

Pwint T, Middleton MR, Kaye SB,
et al. A phase I study to determine
the comparative bioavailability
of two different oral formu-
lations of the PARP inhibitor,
olaparib (AZD2281), in patients
with advanced solid tumors
(ASCO Meeting Abstracts). |
Clin Oncol (2010). 28(15):2599.
[Accessed 2013 Jun 7]. Available
at:  http://meeting.ascopubs.org/
cgi/content/abstract/28/15_suppl/
2599

73.

74.

7

wl

76.

77.

7

o

79.

80.

81.

Forster MD, Dedes KJ, Sandhu
S, Frentzas S, Kristeleit R, Ash-
worth A, et al. Treatment with
olaparib in a patient with PTEN-
deficient endometrioid endome-
trial cancer. Nat Rev Clin Oncol
(2011) 8(5):302-6. doi:10.1038/
nrclinonc.2011.42

Zhao S, Choi M, Overton JD,
Bellone S, Roque DM, Cocco E, et
al. Landscape of somatic single-
nucleotide copy-number
mutations in uterine serous
carcinoma. Proc Natl Acad Sci
U S A (2013) 110(8):2916-21.
doi:10.1073/pnas.1222577110

and

. Jemal A, Bray F, Center MM, Fer-

lay J, Ward E, Forman D. Global
cancer statistics. CA Cancer J Clin
(2011) 61(2):69-90. doi:10.3322/
caac.20107

Siegel R, Naishadham D, Jemal A.
Cancer statistics, 2012. CA Cancer
J Clin (2012) 62(1):10-29. doi:10.
3322/caac.21149

Gustafsson L, Ponten J, Zack
M, Adami HO. International
incidence rates of invasive

cervical cancer after introduc-
tion of cytological screening.
Cancer Causes Control (1997)
8(5):755-63. doi:10.1023/A:
1018435522475

. Harper DM, Franco EL, Wheeler

C, Ferris DG, Jenkins D, Schuind
A, et al. Efficacy of a biva-
lent L1 virus-like particle vaccine
in prevention of infection with
human papillomavirus types 16
and 18 in young women: a ran-
domised controlled trial. Lancet
(2004) 364(9447):1757—65. doi: 10.
1016/S0140-6736(04)17398-4
Harper DM, Franco EL, Wheeler
CM, Moscicki AB, Romanowski
B, Roteli-Martins CM, et al.
Sustained efficacy up to 4.5
years of a bivalent L1 virus-like
particle vaccine against human
papillomavirus types 16 and 18:
follow-up from a randomised
control trial. Lancet (2006)
367(9518):1247-55. doi:10.1016/
S0140-6736(06)68439-0

Koutsky LA, Ault KA, Wheeler
CM, Brown DR, Barr E, Alvarez
FB, et al. A controlled trial
of a human papillomavirus type
16 vaccine. N Engl ] Med
(2002) 347(21):1645-51. doi:10.
1056/NEJM0a020586

Mao C, Koutsky LA, Ault KA,
Wheeler CM, Brown DR, Wiley
DJ, et al. Efficacy of human
papillomavirus-16
cervical

vaccine  to
prevent intraepithelial
neoplasia: a randomized con-
trolled trial. Obstet Gynecol (2006)

82.

83.

84.

85.

86.

87.

88.

89.

107(1):18-27. doi:10.1097/01.
AOG.0000192397.41191.fb

Villa LL, Costa RL, Petta CA,
Andrade RP, Ault KA, Giuliano
AR, et al. Prophylactic quadri-
valent human papillomavirus
(types 6, 11, 16, and 18) LI
virus-like ~particle vaccine in
young women: a randomised
double-blind  placebo-controlled
multicentre phase II efficacy trial.
Lancet Oncol (2005) 6(5):271-8.
doi:10.1016/S1470-2045(05)
70101-7

Greer BE, Koh WJ, Abu-Rustum
NR, Apte SM, Campos SM,
Chan J, et al. Cervical cancer. |
Natl Compr Canc Netw (2010)
8(12):1388—-416.

Michels J, Vitale I, Galluzzi L,
Adam J, Olaussen KA, Kepp
O, et al. Cisplatin resistance
associated with PARP hyper-
activation. Cancer Res (2013)
73(7):2271-80. doi:10.1158/0008-
5472.CAN-12-3000

Tentori L, Graziani G. Chemopo-
tentiation by PARP inhibitors in
cancer therapy. Pharmacol Res
(2005) 52(1):25-33. doi:10.1016/j.
phrs.2005.02.010

Delaney CA, Wang LZ, Kyle S,
White AW, Calvert AH, Curtin NJ,
et al. Potentiation of temozolo-
mide and topotecan growth inhi-
bition and cytotoxicity by novel
poly(adenosine diphosphoribose)
polymerase inhibitors in a panel of
human tumor cell lines. Clin Can-
cer Res (2000) 6(7):2860-7.
Tentori L, Leonetti C, Scarsella M,
D’Amati G, Vergati M, Portarena
I, et al. Systemic administration
of GPI 15427, a novel poly(ADP-
ribose) polymerase-1 inhibitor,
increases the antitumor activity
of temozolomide against intracra-
nial melanoma, glioma, lym-
phoma. Clin Cancer Res (2003)
9(14):5370-9.

Calabrese CR, Almassy R, Bar-
ton S, Batey MA, Calvert AH,
Canan-Koch S, et al. Anticancer
chemosensitization and radiosen-
sitization by the novel poly(ADP-
ribose) polymerase-1 inhibitor
AG14361. ] Natl Cancer Inst
(2004) 96(1):56-67. doi:10.1093/
jnci/djh005

Curtin NJ, Wang LZ, Yiakou-
vaki A, Kyle S, Arris CA, Canan-
Koch S, et al. Novel poly(ADP-
ribose) polymerase-1 inhibitor,
AG14361, restores sensitivity to
temozolomide in mismatch repair-
deficient cells. Clin Cancer Res
(2004) 10(3):881-9. doi:10.1158/
1078-0432.CCR-1144-3

Frontiers in Oncology | Cancer Molecular Targets and Therapeutics

October 2013 | Volume 3 | Article 237 | 33


http://dx.doi.org/10.1016/S1470-2045(11)70214-5
http://dx.doi.org/10.1016/S1470-2045(11)70214-5
http://dx.doi.org/10.1021/jm901188v
http://meeting.ascopubs.org/cgi/content/abstract/28/15_suppl/3001
http://meeting.ascopubs.org/cgi/content/abstract/28/15_suppl/3001
http://meeting.ascopubs.org/cgi/content/abstract/28/15_suppl/3001
http://meeting.ascopubs.org/cgi/content/short/29/15_suppl/3104?rss=1
http://meeting.ascopubs.org/cgi/content/short/29/15_suppl/3104?rss=1
http://meeting.ascopubs.org/cgi/content/short/29/15_suppl/3104?rss=1
http://dx.doi.org/10.1056/NEJMoa1105535
http://dx.doi.org/10.1056/NEJMoa1105535
http://dx.doi.org/10.1016/S0140-6736(05)67063-8
http://dx.doi.org/10.1016/S0140-6736(05)67063-8
http://dx.doi.org/10.1586/era.09.54
http://dx.doi.org/10.1586/era.09.54
http://dx.doi.org/10.1200/JCO.2007.10.8431
http://dx.doi.org/10.1016/j.mce.2011.10.003
http://dx.doi.org/10.1016/j.mce.2011.10.003
http://dx.doi.org/10.1038/ng0597-64
http://dx.doi.org/10.1038/ng0597-64
http://dx.doi.org/10.1097/GIM.0b013e3181ac9aea
http://dx.doi.org/10.1097/GIM.0b013e3181ac9aea
http://dx.doi.org/10.1093/jnci/92.11.924
http://dx.doi.org/10.1093/jnci/92.11.924
http://dx.doi.org/10.1016/j.ygyno.2011.10.011
http://dx.doi.org/10.1016/j.ygyno.2011.10.011
http://dx.doi.org/10.1038/nature12113
http://meeting.ascopubs.org/cgi/content/abstract/28/15_suppl/2599
http://meeting.ascopubs.org/cgi/content/abstract/28/15_suppl/2599
http://meeting.ascopubs.org/cgi/content/abstract/28/15_suppl/2599
http://dx.doi.org/10.1038/nrclinonc.2011.42
http://dx.doi.org/10.1038/nrclinonc.2011.42
http://dx.doi.org/10.1073/pnas.1222577110
http://dx.doi.org/10.3322/caac.20107
http://dx.doi.org/10.3322/caac.20107
http://dx.doi.org/10.3322/caac.21149
http://dx.doi.org/10.3322/caac.21149
http://dx.doi.org/10.1023/A:1018435522475
http://dx.doi.org/10.1023/A:1018435522475
http://dx.doi.org/10.1016/S0140-6736(04)17398-4
http://dx.doi.org/10.1016/S0140-6736(04)17398-4
http://dx.doi.org/10.1016/S0140-6736(06)68439-0
http://dx.doi.org/10.1016/S0140-6736(06)68439-0
http://dx.doi.org/10.1056/NEJMoa020586
http://dx.doi.org/10.1056/NEJMoa020586
http://dx.doi.org/10.1097/01.AOG.0000192397.41191.fb
http://dx.doi.org/10.1097/01.AOG.0000192397.41191.fb
http://dx.doi.org/10.1016/S1470-2045(05)70101-7
http://dx.doi.org/10.1016/S1470-2045(05)70101-7
http://dx.doi.org/10.1158/0008-5472.CAN-12-3000
http://dx.doi.org/10.1158/0008-5472.CAN-12-3000
http://dx.doi.org/10.1016/j.phrs.2005.02.010
http://dx.doi.org/10.1016/j.phrs.2005.02.010
http://dx.doi.org/10.1093/jnci/djh005
http://dx.doi.org/10.1093/jnci/djh005
http://dx.doi.org/10.1158/1078-0432.CCR-1144-3
http://dx.doi.org/10.1158/1078-0432.CCR-1144-3
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/archive

Reinbolt and Hays

PARP inhibitors in gynecologic malignancies

90.

9

—_

92.

93.

94.

95.

96.

Cheng CL, Johnson SP, Keir ST,
Quinn JA, Ali-Osman E, Szabo C, et
al. Poly(ADP-ribose) polymerase-
1 inhibition reverses temozolo-
mide resistance in a DNA mis-
match repair-deficient malignant
glioma xenograft. Mol Cancer Ther
(2005) 4(9):1364-8. doi:10.1158/
1535-7163.MCT-05-0128

. Burkle A, Chen G, Kupper JH,

Grube K, Zeller WJ. Increased
poly(ADP-ribosyl)ation in intact
cells by cisplatin treatment.
Carcinogenesis ~ (1993)  14(4):
559-61. doi:10.1093/carcin/14.4.
559

Smith LM, Willmore E, Austin CA,
Curtin NJ. The novel poly(ADP-
Ribose)  polymerase
AG14361, sensitizes cells to topoi-
somerase I poisons by increasing
the persistence of DNA strand
breaks. Clin Cancer Res (2005)
11(23):8449-57. doi:10.1158/
1078-0432.CCR-05-1224
Miknyoczki SJ, Jones-Bolin S,
Pritchard S, Hunter K, Zhao H,
Wan W, et al. Chemopotentia-
tion of temozolomide, irinotecan,
and cisplatin activity by CEP-
6800, a poly(ADP-ribose) poly-
merase inhibitor. Mol Cancer Ther
(2003) 2(4):371-82.

Oza AM, Cibula D, Oaknin A,
Poole CJ, Mathijssen RHJ, Sonke
GS, et al. Olaparib plus paclitaxel
plus carboplatin (P/C) followed by
olaparib maintenance treatment
in patients (pts) with platinum-
sensitive recurrent serous ovarian
cancer (PSR SOC): a randomized,
open-label phase II study (ASCO
Meeting Abstracts). J Clin Oncol
(2012) 30(15):5001. [Accessed
2013 Jun 18]. Available at: http://
meeting.ascopubs.org/cgi/content/
abstract/30/15_suppl/50012sid=
35889604-a227-482d-96ff-
5d349c7e1856

Lee J, Annunziata CM, Minasian
LM, Zujewski ], Prindiville SA,
Kotz HL, et al. Phase I study of
the PARP inhibitor olaparib (O)
in combination with carboplatin
(C) in BRCA1/2 mutation carriers
with breast (Br) or ovarian (Ov)
cancer (Ca) (ASCO Meeting
Abstracts). J Clin Oncol (2011)
29(15):2520. [Accessed 2013 Jun
10]. Available at: http://meeting.
ascopubs.org/cgi/content/short/
29/15_suppl/2520?rss=1

Yu W, Gu K, Yu Z, Yuan D, He
M, Ma N, et al. Sorafenib poten-
tiates irradiation effect in hepa-
tocellular carcinoma in vitro and
in vivo. Cancer Lett (2013) 329(1):

inhibitor,

97.

98.

99.

100.

101.

102.

103.

104.

109-17. doi:10.1016/j.canlet.2012.
10.024

Yadav A, Kumar B, Teknos TN,
Kumar P. Sorafenib enhances the
antitumor effects of chemoradia-
tion treatment by downregulating
ERCC-1 and XRCC-1 DNA repair
proteins. Mol Cancer Ther (2011)
10(7):1241-51. doi:10.1158/1535-
7163.MCT-11-0004

Rajesh M, Mukhopadhyay P,
Batkai S, Godlewski G, Hasko G,
Liaudet L, et al. Pharmacological
inhibition of poly(ADP-ribose)
polymerase  inhibits  angio-
genesis. Biochem Biophys Res
Commun (2006) 350(2):352-7.
doi:10.1016/j.bbrc.2006.09.160
Pyriochou A, Olah G, Deitch
EA, Szabo C, Papapetropoulos
A. Inhibition of angiogenesis by
the poly(ADP-ribose) polymerase
inhibitor PJ-34. Int J Mol Med
(2008) 22(1):113-8.

Tentori L, Lacal PM, Muzi A, Dorio
AS, Leonetti C, Scarsella M, et
al. Poly(ADP-ribose) polymerase
(PARP) inhibition or PARP-1 gene
deletion reduces angiogenesis. Eur
J Cancer (2007) 43(14):2124-33.
doi:10.1016/j.ejca.2007.07.010
Liu J, Fleming GF, Tolaney SM,
Birrer M]J, Penson RT, Berlin ST
et al. A phase I trial of the PARP

inhibitor olaparib (AZD2281)
in combination with the antian-
giogenic cediranib (AZD2171)

in recurrent ovarian or triple-
negative breast cancer (ASCO
Meeting Abstracts). J Clin Oncol
(2011)  29(15):5028. [Accessed
2013 Jun 10]. Available at: http://
meeting.ascopubs.org/cgi/content/
abstract/29/15_suppl/50282sid=
a88c5b0a-3c23-4d7b-893a-
877d2132a7db

Veuger SJ, Curtin NJ, Richard-
son CJ, Smith GC, Durkacz
BW. Radiosensitization and DNA
repair inhibition by the combined
use of novel inhibitors of DNA-
dependent protein kinase and
poly(ADP-ribose) polymerase-1.
Cancer Res (2003) 63(18):6008—15.
de Murcia JM, Niedergang C,
Trucco C, Ricoul M, Dutrillaux
B, Mark M, et al. Requirement
of poly(ADP-ribose) polymerase
in recovery from DNA damage
in mice and in cells. Proc Natl
Acad Sci U S A (1997) 94(14):
7303-7. doi:10.1073/pnas.94.14.
7303

Masutani M, Nozaki T, Nishiyama
E, Shimokawa T, Tachi Y, Suzuki
H, et al. Function of poly(ADP-
ribose) polymerase in response

105.

106.

107.

108.

109.

110.

to DNA damage: gene-disruption
study in mice. Mol Cell Biochem
(1999) 193(1-2):149-52. doi:10.
1023/A:1006941016799

Veliparib with radiation therapy
in patients with inflammatory
or  loco-regionally  recurrent
breast cancer. (2013). [Accessed
2013 June 18]. Available from:
http://clinicaltrials.gov/ct2/show/
NCT01477489%term=parp+
inhibitors+and-+radiation+and+
breast+cancer&rank=1

Study of the poly (ADP-
ribose) polymerase-1 (PARP-1)
inhibitor BSI-201 in patients
with newly diagnosed malig-
nant glioma. (2013). [Accessed
2013 Jun 18]. Available from:
http://clinicaltrials.gov/ct2/
show/NCT006877652term=
glioblastoma-+multiforme+
and-+parp-+inhibitors+and+
radiation&rank=1

Mukhopadhyay A, Elattar A,
Cerbinskaite A, Wilkinson SJ,
Drew Y, Kyle S, et al. Devel-
opment of a functional assay
for homologous recombination
status in primary cultures of
epithelial ovarian tumor and
correlation with sensitivity to
poly(ADP-ribose) polymerase
inhibitors. Clin Cancer Res (2010)
16(8):2344-51. doi:10.1158/1078-
0432.CCR-09-2758
Mukhopadhyay A, Plummer ER,
Elattar A, Soohoo S, Uzir B,
Quinn JE, et al. Clinicopatho-
logical features of homologous
recombination-deficient  epithe-
lial ovarian cancers: sensitivity
to PARP inhibitors, platinum,
and survival. Cancer Res (2012)
72(22):5675-82.  doi:10.1158/
0008-5472.CAN-12-0324

Ji J, Kinders RJ, Zhang Y, Rubin-
stein L, Kummar S, Parchment
RE, et al. Modeling pharmacody-
namic response to the poly(ADP-
ribose) polymerase inhibitor ABT-
888 in human peripheral blood
mononuclear cells. PLoS ONE
(2011) 6(10):e26152. doi:10.1371/

journal.pone.0026152
Kummar S, Ji J, Morgan R,
Lenz HJ, Puhalla SL, Belani

CP, et al. A phase I study of
veliparib in combination with
metronomic  cyclophosphamide
in adults with refractory solid
tumors and lymphomas. Clin
Cancer Res (2012) 18(6):1726-34.
doi:10.1158/1078-0432.CCR-11-
2821

. Do K, Chen AP. Molecular path-

ways: targeting PARP in cancer

treatment. Clin Cancer Res (2013)
19(5):977-84. doi:10.1158/1078-
0432.CCR-12-0163

Ang J, Yap TA, Fong P, Carden
CP, Tan DS, Hanwell J, et al.
Preliminary  experience  with
the use of chemotherapy (CT)
following treatment with olaparib,
a poly(ADP-ribose) polymerase
inhibitor (PARPi), in patients
with BRCA1/2-deficient ovarian
cancer (BDOC) (ASCO Meet-
ing Abstracts). J Clin Oncol
(2010) 28(15):5041. [Accessed
6/10/2013].  Available  from:
http://meeting.ascopubs.org/cgi/
content/abstract/28/15_suppl/
5041

. Rottenberg S, Jaspers JE, Kersber-
gen A, van der Burg E, Nygren
AO, Zander SA, et al. High sen-
sitivity of BRCA1-deficient mam-
mary tumors to the PARP inhibitor
AZD2281 alone and
bination with platinum drugs.
Proc Natl Acad Sci U S A
(2008) 105(44):17079-84. doi:10.
1073/pnas.0806092105

Rouleau M, Patel A, Hendzel
MJ, Kaufmann SH,
GG. PARP inhibition: PARP1
and beyond. Nat Rev Can-
cer  (2010)  10(4):293-301.
doi:10.1038/nrc2812

112.

11

W

in com-

114.
Poirier

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 25 June 2013; paper pending
published: 16 July 2013; accepted: 28
August 2013; published online: 01 Octo-
ber 2013.

Citation: Reinbolt RE and Hays JL
(2013) The role of PARP inhibitors
in the treatment of gynecologic malig-
nancies. Front. Oncol. 3:237. doi:
10.3389/fonc.2013.00237

This article was submitted to Cancer Mol-
ecular Targets and Therapeutics, a section
of the journal Frontiers in Oncology.
Copyright © 2013 Reinbolt and Hays.
This is an open-access article distributed
under the terms of the Creative Com-
mons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the origi-
nal author(s) or licensor are credited and
that the original publication in this jour-
nal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

www.frontiersin.org

October 2013 | Volume 3 | Article 237 | 34


http://dx.doi.org/10.1158/1535-7163.MCT-05-0128
http://dx.doi.org/10.1158/1535-7163.MCT-05-0128
http://dx.doi.org/10.1093/carcin/14.4.559
http://dx.doi.org/10.1093/carcin/14.4.559
http://dx.doi.org/10.1158/1078-0432.CCR-05-1224
http://dx.doi.org/10.1158/1078-0432.CCR-05-1224
http://meeting.ascopubs.org/cgi/content/abstract/30/15_suppl/5001?sid=35889604-a227-482d-96ff-5d349c7e1856
http://meeting.ascopubs.org/cgi/content/abstract/30/15_suppl/5001?sid=35889604-a227-482d-96ff-5d349c7e1856
http://meeting.ascopubs.org/cgi/content/abstract/30/15_suppl/5001?sid=35889604-a227-482d-96ff-5d349c7e1856
http://meeting.ascopubs.org/cgi/content/abstract/30/15_suppl/5001?sid=35889604-a227-482d-96ff-5d349c7e1856
http://meeting.ascopubs.org/cgi/content/abstract/30/15_suppl/5001?sid=35889604-a227-482d-96ff-5d349c7e1856
http://meeting.ascopubs.org/cgi/content/short/29/15_suppl/2520?rss=1
http://meeting.ascopubs.org/cgi/content/short/29/15_suppl/2520?rss=1
http://meeting.ascopubs.org/cgi/content/short/29/15_suppl/2520?rss=1
http://dx.doi.org/10.1016/j.canlet.2012.10.024
http://dx.doi.org/10.1016/j.canlet.2012.10.024
http://dx.doi.org/10.1158/1535-7163.MCT-11-0004
http://dx.doi.org/10.1158/1535-7163.MCT-11-0004
http://dx.doi.org/10.1016/j.bbrc.2006.09.160
http://dx.doi.org/10.1016/j.ejca.2007.07.010
http://meeting.ascopubs.org/cgi/content/abstract/29/15_suppl/5028?sid=a88c5b0a-3c23-4d7b-893a-877d2132a7db
http://meeting.ascopubs.org/cgi/content/abstract/29/15_suppl/5028?sid=a88c5b0a-3c23-4d7b-893a-877d2132a7db
http://meeting.ascopubs.org/cgi/content/abstract/29/15_suppl/5028?sid=a88c5b0a-3c23-4d7b-893a-877d2132a7db
http://meeting.ascopubs.org/cgi/content/abstract/29/15_suppl/5028?sid=a88c5b0a-3c23-4d7b-893a-877d2132a7db
http://meeting.ascopubs.org/cgi/content/abstract/29/15_suppl/5028?sid=a88c5b0a-3c23-4d7b-893a-877d2132a7db
http://dx.doi.org/10.1073/pnas.94.14.7303
http://dx.doi.org/10.1073/pnas.94.14.7303
http://dx.doi.org/10.1023/A:1006941016799
http://dx.doi.org/10.1023/A:1006941016799
http://clinicaltrials.gov/ct2/show/NCT01477489?term=parp+inhibitors+and+radiation+and+breast+cancer&rank=1
http://clinicaltrials.gov/ct2/show/NCT01477489?term=parp+inhibitors+and+radiation+and+breast+cancer&rank=1
http://clinicaltrials.gov/ct2/show/NCT01477489?term=parp+inhibitors+and+radiation+and+breast+cancer&rank=1
http://clinicaltrials.gov/ct2/show/NCT01477489?term=parp+inhibitors+and+radiation+and+breast+cancer&rank=1
http://clinicaltrials.gov/ct2/show/NCT00687765?term=glioblastoma+multiforme+and+parp+inhibitors+and+radiation&rank=1
http://clinicaltrials.gov/ct2/show/NCT00687765?term=glioblastoma+multiforme+and+parp+inhibitors+and+radiation&rank=1
http://clinicaltrials.gov/ct2/show/NCT00687765?term=glioblastoma+multiforme+and+parp+inhibitors+and+radiation&rank=1
http://clinicaltrials.gov/ct2/show/NCT00687765?term=glioblastoma+multiforme+and+parp+inhibitors+and+radiation&rank=1
http://clinicaltrials.gov/ct2/show/NCT00687765?term=glioblastoma+multiforme+and+parp+inhibitors+and+radiation&rank=1
http://dx.doi.org/10.1158/1078-0432.CCR-09-2758
http://dx.doi.org/10.1158/1078-0432.CCR-09-2758
http://dx.doi.org/10.1158/0008-5472.CAN-12-0324
http://dx.doi.org/10.1158/0008-5472.CAN-12-0324
http://dx.doi.org/10.1371/journal.pone.0026152
http://dx.doi.org/10.1371/journal.pone.0026152
http://dx.doi.org/10.1158/1078-0432.CCR-11-2821
http://dx.doi.org/10.1158/1078-0432.CCR-11-2821
http://dx.doi.org/10.1158/1078-0432.CCR-12-0163
http://dx.doi.org/10.1158/1078-0432.CCR-12-0163
http://meeting.ascopubs.org/cgi/content/abstract/28/15_suppl/5041
http://meeting.ascopubs.org/cgi/content/abstract/28/15_suppl/5041
http://meeting.ascopubs.org/cgi/content/abstract/28/15_suppl/5041
http://dx.doi.org/10.1073/pnas.0806092105
http://dx.doi.org/10.1073/pnas.0806092105
http://dx.doi.org/10.1038/nrc2812
http://dx.doi.org/10.3389/fonc.2013.00237
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/archive

{frontiers in
ONCOLOGY

OPINION ARTICLE
published: 14 November 2013
doi: 10.3389/fonc.2013.00279

PARP inhibitors in cancer therapy: magic bullets but

moving targets

Girish M. Shah'*, Mihaela Robu’, Nupur K. Purohit’, Jyotika Rajawat’, Lucio Tentori? and Grazia Graziani?

" Laboratory for Skin Cancer Research, CHU-Q (CHUL) Research Centre, Laval University, Quebec City, QC, Canada
2 Department of System Medicine, University of Rome “Tor Vergata, Rome, Italy

*Correspondence: girish.shah@crchul.ulaval.ca
Edited by:

Christina Annunziata, National Cancer Institute, USA
Reviewed by:

Daekyu Sun, University of Arizona, USA

Michael Witcher, McGill University, Canada

Keywords: poly(ADP-ribose) polymerase (PARP), PARP inhibitors (PARPi), cancer therapy, BRCA-mutant cancers, synthetic lethality, combination therapy,

multiple targets of PARPi

The pharmacological inhibitors of
poly(ADP-ribose) polymerase-1 (PARP-
1) have reached the first milestone toward
their inclusion in the arsenal of anti-cancer
drugs by showing consistent benefits
in clinical trials against BRCA-mutant
cancers that are deficient in the homol-
ogous recombination repair (HRR) of
DNA double strand breaks (DSB) (I,
2). PARP inhibitors (PARPi) also poten-
tiate therapeutic efficacy of ionizing
radiation and some chemotherapeu-
tic agents (1). These effects of PARPi
were initially linked to inhibition of the
role of PARP-1 in base excision repair
(BER) of DNA damaged by endoge-
nous or exogenous agents, resulting in
accumulation of single strand breaks
(SSB), which upon conversion to toxic
DSB lesions would kill cancer cells defi-
cient in DSB repair (1, 3, 4). However,
PARPi lethality in HRR-deficient cancers
can also be explained by other mech-
anisms not involving a direct effect of
PARPi on BER [reviewed in Ref. (5,
6)]. In addition, therapeutic benefits
of PARPi with agents such as carbo-
platin in HRR-proficient and -deficient
tumors [reviewed in Ref. (1, 7)], simply
cannot be explained by BER inhibitory
effect of PARPi. Therefore, PARPi are
like magic bullets that can kill can-
cer cells under different circumstances,
but to comprehend their global scope
and limitations, here we discuss the full
range of their targets and the possible
impact of broad specificity of current
PARPi during prolonged therapy of cancer
patients.

MECHANISMS OF ACTION OF PARPi IN
CANCER THERAPY: MAGIC BULLETS
BUT MOVING TARGETS

It is not surprising that the mechanism
of action of PARPI in killing cancer cells
still remains an open question, because
its principal target PARP-1 is a multifunc-
tional protein implicated in various cellular
responses to DNA damage ranging from
different pathways of DNA repair and cell
death to stress signaling, transcription, and
genomic stability (8, 9), all of which could
be affected by PARPi and thus influence
outcome of cancer therapies. Following are
various possibly overlapping mechanisms
for the anti-cancer effect of PARPi.

BER/HRR NEXUS FOR SYNTHETIC LETHALITY
OF PARPi IN BRCA-MUTANT CANCERS

It was first demonstrated by two teams
(3, 4) that two individually non-lethal
conditions, i.e., PARPi-mediated inhibi-
tion of PARP-1 and BRCA mutation-
induced HRR deficiency in cancer cell,
would become synthetic lethal when com-
bined in a single cell [reviewed in Ref.
(1, 5, 10, 11)] (Figure 1A). This model
focuses on the role of PARP-1 in BER, the
pathway that repairs abasic sites and SSB
that are constantly created in the mam-
malian genome by endogenous oxidants.
When PARPi suppress the role of PARP-1
in BER, the unrepaired SSB would accumu-
late and collapse the DNA replication fork
to form potentially lethal DSB. The normal
cells would survive by repairing these DSB
by HRR, but the HRR-deficient BRCA-
mutants would die due to unrepaired DSB
or possibly due to excessive reliance on the

error-prone non-homologous end-joining
(NHE]J) repair pathway to remove DSB
(Figure 1A). This model also covers minor
variations of the central theme as reviewed
recently (1, 10) (Figure 1A). For example,
tumors with other conditions that cause
HRR deficiency or “BRCAness” phenotype
would also be susceptible to PARPI. It per-
mits inclusion of PARP-2 and its role in
BER as target of PARPI, because most cur-
rent PARPI also inhibit PARP-2 (10). It also
explains the potentiating effect of PARPi in
the combination therapy with radiation or
chemicals, such as temozolomide, irinote-
can, or topotecan, because DNA damage
caused by these agents is also repaired
by BER.

ALTERNATIVE TARGETS OF PARPi IN
BRCA-MUTANT CANCERS

However, the above mechanism is inade-
quate to explain all the effects of PARPi
seen in BRCA-mutant cancers, which could
be explained by the effect of PARPi on
alternate targets, as reviewed earlier (5,
6, 10) (Figure 1A). In brief, (i) PARPi
could be trapping PARP-1 or PARP-2 to
SSB with resultant PARP-SSB complex that
would be more toxic than unrepaired SSB
or even knockdown of PARPs (5, 12). (ii)
PARPi could act via upregulation of NHE]
pathway, which would presumably cause
genomic instability and eventual lethality
(13). (iii) PARPi could suppress the role
of PARP-1 in reactivating DNA replica-
tion forks (5). Thus, apart from BER/HRR
nexus, there could be NHEJ/HRR or DNA
replication/HRR nexus to explain PARPi
lethality in BRCA-mutant cancers.
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A Mechanisms of PARPI linked to BER/HRR nexus for tumors with BRCA
mutations or BRCAness phenotype

Synthetic lethality
with PARPI

PARPI lethality in combination therapy
with drugs (e.g. temozolomide)

Endogenous factors Chemothera
(oxidants) Py

Damaged DNA
(abasic site, alkylated damage, SSB)

) BE%lQ

Unrepaired SSB

DNA replication
(collapsed

replication fork)

Repaired SSB

- ®

NHEJ (error-prone)®

HRR-proficient cells

Tumors with BRCA mutations
or BRCAness

® o @

DSB repair & DSB-induced death DNA errors-induced death
cell survival

5

B Mechanisms of PARPi linked to other target pathways

FIGURE 1 | Different mechanisms for therapeutic efficacy of PARPi in cancers. (A) BER/HRR model:
this model focuses on the role of PARP-1, the principal target of PARPI, in BER that removes abasic sites
and SSB created constantly in the mammalian genome by endogenous oxidants (steps 1A). During BER,
the binding of PARP-1 to SSB leads to stimulation of its catalytic activity of forming polymers of
ADP-ribose (PAR) from its substrate NAD*. The PAR and PARP-1 interact with and recruit the key BER
scaffold protein XRCC1, whereas PAR-modified PARP-1 loses its affinity to bind to SSB and vacates the
site for BER to continue. When PARPI suppress the role of PARP-1 in BER (step 2), the unrepaired SSB
would accumulate and collapse the DNA replication fork to form potentially lethal DSB (step 3). The
normal cells would survive by repairing these DSB by HRR (step 4), but the HRR-deficient BRCA-mutants
would die due to unrepaired DSB (step 5) or possibly due to excessive reliance on the errorprone NHEJ
repair pathway to remove DSB (step 6). This BER/HRR nexus also explains the effectiveness of
combination therapy of PARPI with drugs that cause DNA damage that is repaired by BER (step 1B).
Since PARP-2 is also known to play a role in BER, and since current PARPI are also known to inhibit
PARP-2, the effect of PARPi may also be mediated by targeting of the functions of PARP-2 in BER, as
shown on the target board along with PARP-1. In addition, the inhibitory effect of PARPi on other PARPs
could also influence therapeutic efficacy of PARPI (see target board), although their contribution to
BER/HRR mediated therapeutic effect of PARPI is not yet fully assessed. (B) Other targets of PARPI that
can confer therapeutic benefits of PARPi: PARPI could also be effective anticancer agents by targeting
the role of PARP-1 in other DNA repair pathways, such as NER; or other cellular pathways, such as control
over cell cycle, tumor angiogenesis, transcription, epithelial-mesenchymal transition (EMT), stress
survival response, vasodilation, or tumorpromoting secretome.

EXPANDING UNIVERSE OF POTENTIAL
TARGETS OF PARPi

Ref. (1, 7)] (Figure 1B). These observa-
tions were further supported by recent

Therapeutic effectiveness of PARPi seen
with some drugs cannot be explained
by any of the above models, e.g., the
potentiating effects of PARPi on the
platinum-based drugs such as carbo-
platin, cisplatin, or oxaliplatin on HRR-
deficient or -proficient tumors [reviewed in

studies showing the potentiating effect of
PARPi veliparib on carboplatin treatment
of patients with BRCA-mutant breast can-
cers (14) or carboplatin and phosphoinosi-
tide 3-kinase mTOR inhibitor treatment
of mouse xenografts of BRCA-competent
triple negative breast cancer cells (15).

Since platinum compounds cause DNA
damage that is largely repaired by the
nucleotide excision repair (NER) pathway
and not BER, we need to think beyond
BER for an explanation. Moreover, BER
was shown to mediate toxicity of cisplatin
by competing with the repair of cisplatin
inter-strand cross-links and DSB caused
by these links (16). Therefore, if PARPi
effect was mainly via inhibition of BER,
we should have observed less and not more
toxicity of cisplatin.

One possible explanation is that PARPi
could be causing vasodilation (Figure 1B)
to improve intra-tumoral delivery of plat-
inum drugs (1), although it needs to
be confirmed if this generalized effect
could also potentiate other drugs. On
the other hand, recently discovered roles
of PARP-1 in improving the efficiency
of NER-mediated removal of UV-induced
DNA damage (17-19) provides a more
handy explanation for the PARPi-induced
potentiation of platinum compound-based
drugs, which also cause DNA damage that
is repaired by NER (Figure 1B). This NER
targeting effect of PARPi alone can account
for death of HRR-proficient tumors, as
seen in clinical trials [reviewed in Ref.
(1, 7)] and supported by in vitro results
showing that PARP-1 depletion (20) or
inhibition (19) decreases clonogenic sur-
vival of UV-exposed human skin fibrob-
lasts with no reported HRR-deficiencies.
Of course, PARPi could have an additional
effect in this model due to suppression
of the role of PARP-1 in HRR pathway
(21). In addition, in the PARPi-treated
BRCA-mutant HRR-deficient tumors, the
unrepaired DNA damage by platinum
drugs could collapse the DNA replica-
tion fork to form DSB and cause lethal-
ity. Thus, the NER effect alone or NER-
HRR nexus could be possible explanations
for the lethality of PARPi/platinum com-
pounds in HRR-proficient or -deficient
tumors.

The clinical and preclinical studies have
also revealed other targets of PARPi in can-
cer therapies that are linked to various roles
of their multifunctional target PARP-1 in
following cellular processes (Figure 1B).
(i) Transcriptional control of drug-target
genes: PARPi have been shown to increase
toxicity of topoisomerase II-poison dox-
orubicin in vitro (22) or in xenografted
tumors in mice (23). This effect could be
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due to doxorubicin-induced decrease in
expression and activity of PARP-1 (24) or
PARPi-mediated increase in expression of
topoisomerase II, because the transcrip-
tion activator Sp1 loses its affinity for the
topoisomerase II-promoter region upon
modification by polymer of ADP-ribose
(PAR) created by the activated PARP-1
(22). (ii) Mitotic checkpoint: the beneficial
effects of PARPi with microtubule stabiliz-
ing mitotic inhibitor paclitaxel in patients
with recurrent metastatic gastric cancers
with BRCAness phenotype (25) could be
linked to suppression of the role of PARP-1
in maintaining the mitotic checkpoint via
PARylation of itself or the mitotic check-
point protein CHFR (26, 27). An abro-
gation of mitotic checkpoint would kill
cancer cells, because they will be forced
to divide before resolution of the damage.
(iii) Tumor-promoting secretome: PARPi-
mediated suppression of the role of PARP-
1 in elaborating tumor-promoting secre-
tome containing cytokines and growth fac-
tors has been suggested as a cause for
decreasing the resistance to another mitotic
inhibitor docetaxel (28). (iv) Angiogenesis:
the role of PARP-1 in promoting angiogen-
esis that fuels the growth of tumors can
also be target of PARPi, because PARP-1
depletion or PARPi reduce vessel formation
(29) and expression of markers of angio-
genesis in melanoma (30) or endothe-
lial cells (31). (v) Epithelial-mesenchymal
transition (EMT) and metastasis: PARPi
or PARP-1 depletion-induced reduction in
aggressiveness and growth of metastatic
melanoma in animal studies (30, 31) along
with decreased markers for EMT (31, 32)
suggest that the increase in progression-
free survival of PARPi-treated patients
could be due to reduction in the prolif-
eration rate of the primary tumor and
repression of its metastatic potential. (vi)
Stress survival response: finally, cancer cells
respond to any therapy by elaborating var-
ious stress responses to survive; and PARP-
1 and its product PAR play key roles in
these stress responses (9). Hence the sup-
pression of pro-survival stress responses
could explain the effectiveness of PARPi
with any anti-cancer drug. An expand-
ing list of potential targets of PARPi pro-
vides us with a much larger vision of
the future applications of PARPI in cancer
therapy.

BROAD SPECIFICITY OF PARPi: A KEY
ISSUE FOR THE FUTURE OF PARPi
THERAPY

There are two basic issues arising from the
broad specificity of current PARPi.

(a) PARPi can inhibit more than one
PARP (“they are bazookas not bul-
lets”): many of the current PARPi
in clinical trials display strong bind-
ing to PARPs 1-4 (33), and inhibit
both PARP-1 and 2 at clinically rele-
vant concentrations (10). Most stud-
ies assume that the effect of PARPi
on both PARP-1 and 2 is important
for therapy; however, this may not be
the case. In fact, some studies using
specific knockdown of PARPs showed
that only the knockdown of PARP-
1, but not PARP-2, replicates: (i) the
synthetic lethal effect of PARPi on
BRCA2 mutant cells (3); (ii) potenti-
ation of cisplatin by PARPi in BRCA-
proficient triple negative breast can-
cer cells (34); and (iii) sensitization
of melanoma cells in vitro to temo-
zolomide (35). On the other hand, the
effect of PARPi on gemcitabine in the
above breast cancer cells was replicated
by PARP-2 knockdown and not PARP-
1 knockdown (34). In contrast, the
siRNA for PARP-1 could specifically
prevent the growth of BRCA-deficient
ovarian cancer cell-derived tumors in
mice (36). Since the double knock-
out of PARP-1 and PARP-2 is embry-
onic lethal (37), we must verify the
assumption that gratuitous inhibition
of unrelated PARPs has no effect on the
end-results.

(b) Indiscriminate inhibition of all the
roles of a given PARP by PARPi
(“we are nuking the entire PARP-
landscape”): PARP-1, the principal tar-
get of PARP], is a multifunctional pro-
tein that is implicated not only in
DNA repair but also in various forms
of cell death, transcription, epigenetic
control of gene expression, and chro-
matin remodeling (8, 38). Hence even
if we were to develop novel PARPi
to specifically inhibit only PARP-1,
it will still shut down most if not
all the functions of PARP-1. Similar
arguments can be made for PARPi-
mediated suppression of different roles

of PARP-2. Although adverse genomic
consequences of PARPi therapy have
not yet been reported, we need to
consider that prolonged PARPi ther-
apy may cause genome instability
because PARP-1~/~ mouse embryonic
fibroblasts have a tendency to become
tetraploid (39, 40), and the suscep-
tibility of PARP-1~/~ female mice
to develop mammary carcinoma is
enhanced if p53 is also mutated, a phe-
nomenon frequently observed in can-
cers (41). In effect, PARPi are the magic
bullets, but instead of doing precision
targeting with them for the desired
effect, we are simply nuking the entire
spectrum of functions of that target
PARP, which could result in unin-
tended consequence during mainte-
nance (prolonged) therapy with PARPi
including survival of damaged can-
cer cells, development of secondary
tumors as a consequence of genomic
instability and resistance to PARPi.
Thus, while the current broad speci-
ficity PARPi work properly for short-
term cancer therapy, there is a need
for development of new and more spe-
cific PARPi that are unique not only
for a given PARP but also for a given
function of that PARP related to its
anti-cancer effect.

It is heartening that PARPi have
shown some clinical benefit for BRCA-
mutant cancer patients in clinical trials as
monotherapy or as a combination ther-
apy, but we need to do a lot more to
understand the therapeutic effect of PARPi
to establish them firmly in the arsenal
of anti-tumor agents against variety of
cancers.
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Poly(ADP-ribose) polymerases (PARPs) are DNA-dependent nuclear enzymes that transfer
negatively charged ADP-ribose moieties from cellular nicotinamide-adenine-dinucleotide
(NAD™) to a variety of protein substrates, altering protein—protein and protein-DNA inter-
actions. The most studied of these enzymes is poly(ADP-ribose) polymerase-1 (PARP-1),
which is an excellent therapeutic target in cancer due to its pivotal role in the DNA dam-
age response. Clinical studies have shown susceptibility to PARP inhibitors in DNA repair
defective cancers with only mild adverse side effects. Interestingly, additional studies are
emerging which demonstrate a role for this therapy in DNA repair proficient tumors through
a variety of mechanisms. In this review, we will discuss additional functions of PARP-1 —
including regulation of inflammatory mediators, cellular energetics and death pathways,
gene transcription, sex hormone- and ERK-mediated signaling, and mitosis — and the role
these PARP-1-mediated processes play in oncogenesis, cancer progression, and the devel-
opment of therapeutic resistance. As PARP-1 can act in both a pro- and anti-tumor manner
depending on the context, it is important to consider the global effects of this protein in
determining when, and how, to best use PARP inhibitors in anticancer therapy.

Keywords: PARP-1, PARP inhibitors, NF-kB, genetic transcription, sex hormone signaling, ERK signaling, angiogen-

esis, mitotic spindle

INTRODUCTION

Poly(ADP-ribose) polymerase-1 (PARP-1) is a nuclear enzyme
which binds DNA via two zinc finger motifs and transfers chains
of ADP-ribosyl moieties (PARs) from nicotinamide-adenine-
dinucleotide (NAD™) to chromatin-associated acceptor proteins,
including PARP-1 itself. This post-translational modification plays
an important role in promoting DNA repair by releasing PARP-
1 from DNA and allowing for recruitment of proteins involved
in both base excisional repair (BER) and homologous recombi-
nation (HR) (1). Accordingly, PARP-1 is an attractive anticancer
target, and poly(ADP-ribose) polymerase (PARP) inhibitors have
been identified as chemo- and radiation-sensitizing agents in an
array of cancers (2-5), including our report on the sensitization
of head and neck cancer to radiotherapy following PARP inhibi-
tion (6). Perhaps the most well-known tumoricidal effects of PARP
inhibitors are in BRCA-mutated cancers, which harbor DNA repair
defects and become dependent on PARP-1-mediated repair for
survival. Two landmark studies (7, 8) found inhibition of PARP-1
in cells containing BRCA mutations resulted in the generation of
chromatid breaks, G2 cell cycle arrest, and enhancement of apop-
tosis, results which have been confirmed in early phase clinical
trials (9, 10).

Interestingly, recent studies also show potential efficacy of PARP
inhibition in sporadic tumors lacking DNA repair defects. A clin-
ical study of the PARP inhibitor olaparib in women with heavily
pretreated high-grade serous ovarian cancer without germline
BRCA1/2 mutations resulted in objective responses in 11/46 (24%)

(11), indicating there may be additional determinants of sen-
sitivity to PARP inhibition. Pre-clinical studies have identified
susceptibility to PARP inhibition alone in HR-proficient HER2-
positive breast cancer, pancreatic cancer, prostate cancer, Ewing’s
sarcoma, small cell lung carcinoma, and neuroblastoma, among
others (12—-17). These reports demonstrate the existence of non-
DNA repair functions of PARP-1 that may be targetable for cancer
treatment. It is thus becoming increasingly apparent that a num-
ber of PARP-1-mediated cellular processes influence characteris-
tics of tumor development, progression, and treatment response,
including several of the eight “hallmarks of cancer” proposed by
Hanahan and Weinberg (18) (Figure 1). In this review, we will dis-
cuss cancer-related functions of PARP-1 — including regulation of
inflammatory mediators through NF-kB, cell death and energet-
ics, ERK-mediated tumor progression and invasion, mitosis, gene
transcription, and sex hormone signaling — and examples of how
these functions may be exploited to expand the patient population
potentially benefiting from treatment with PARP inhibitors.

NF-xB-MEDIATED TUMOR-PROMOTING INFLAMMATION

In multiple cancers, including breast, prostate, and head and neck
among others, the NF-kB signaling pathway undergoes a loss of
regulation resulting in constitutive activation (19). Briefly, NF-kB
is a family of transcription factors including RelA/p65, RelB, c-Rel,
P50, and p52, which exist as homo- and hetero-dimers. DNA-
binding affinity and DNA sequence specificity is dependent on the
composition of the dimer. Inhibitory proteins bind NF-«kB dimers
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FIGURE 1 | Non-DNA repair functions of PARP-1 influence the “hallmarks
of cancer” (18). This schematic depicts multiple PARP-1-mediated processes
which either stimulate or inhibit six of the eight “hallmarks of cancer,” as
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pro-angiogenic factors

A
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indicated by green and red boxes respectively. These hallmarks, proposed by
Hanahan and Weinberg, are malignant characteristics that provide a
framework for understanding the biology of cancer.

and sequester them in the cytosol in the absence of a stimulus;
pathway activation causes proteasomal degradation of inhibitors,
allowing the dimer to translocate to the nucleus and activate pro-
inflammatory transcription programs. Although NF-«B signaling
mediates the acute immune response responsible for targeting
and eliminating cancerous cells, chronic inflammation mediated
by this “hallmark” pathway can lead to the malignant phenotype
(Figure 1), facilitating escape from immune surveillance, cancer
survival, metastasis, and angiogenesis (20).

Activation of NF-kB can be regulated by PARP-1 via multiple
mechanisms (Figure 2). First, PARP-1 directly interacts with his-
tone acetyl-transferases p300 and CREB-binding protein (CBP)
to synergistically co-activate NF-kB-dependent gene expression.
In response to inflammatory stimuli, p300/CBP acetylates PARP-
1 at specific lysine residues. This modification is necessary for
PARP-1-p50 interaction, enhancement of p300—p50 interaction,
and co-activation of NF-kB-mediated transcription programs (21,
22). Co-activation is negatively regulated by the activity of class
I histone deacetylases (HDACs) (22) and SUMO1/3-mediated
SUMOylation of the automodification domain of PARP-1 (23).
Second, enzymatic activation of PARP-1 variably affects NF-kB,
with outcomes dependent on the identity of the PAR acceptor
protein. AutoPARylation of PARP-1 following detection of DNA
strand breaks promotes the formation of a “signalosome” contain-
ing IKKy (NEMO), the regulatory subunit of a NF-kB inhibitory
complex, along with PIASy, and ATM. Chains of PAR on activated

PARP-1 provide the scaffold needed for SUMOylation of IKKy
by the PIASy PAR binding motif, leading to activation of IKK
and NF-kB (24). The effects of PARylation on NF-kB itself are
less clear, with different sources reporting decreased, increased, or
unaffected DNA-binding activity (25-27). Taken together, these
studies demonstrate a strong role for PARP-1 in regulating NF-kB
activity.

The interaction between PARP-1 and the NF-kB pathway pro-
motes production of pro-inflammatory cytokines such as TNFa,
IL-6, INFy, E-selectin, and ICAM-1, as well as expression of nitric
oxide synthase (28-30); PARP inhibition has been shown to atten-
uate upregulation of these factors in response to inflammatory
stimuli (28, 29). Furthermore, PARP inhibition may also pre-
vent inflammation-associated adverse side effects of traditional
chemotherapeutics (31), supporting the use of PARP inhibitors in
multidrug regimens. Loss of PARP-1 activity not only decreases
pro-tumor inflammation, but also inhibits two related hallmarks
of cancer through anti-inflammatory mechanisms: proliferative
signaling (32) and metastasis (33, 34) (Figure 1).

Recently, we discovered an unexpected sensitivity to PARP inhi-
bition in DNA repair proficient HER2-positive breast cancer cells
through attenuation of NF-kB-mediated signaling (13). HER2
over-expressing cancers have activated NF-kB, which acts to block
apoptosis and possibly mediate resistance to HER2-targeted drugs
(35). In HER2-positive breast cancer cells, treatment with PARP
inhibitor significantly reduced the expression of NF-kB activator
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FIGURE 2 | Poly(ADP-ribose) polymerase-1 mediates activation of
NF-kB signaling. (Left) inflammatory stimulation triggers p300/CBP
acetylation of PARP-1, enhancing the interaction between p50 and PARP-1
as well as the p50-p300 interaction; this ultimately leads to activation of
NF-«B. (Right) DNA damage detection promotes the formation of a complex
including PARP-1, ATM, PIASy, and IKKy (NEMO); chains of PAR on PARP-1
provide a structure upon which PIASy SUMOylates IKKy, leading to NF«B
activation.

IKKa and phosphorylated p65 while increasing inhibitory IkBa.
These events resulted in decreased NF-kB transcriptional activity
in HER2-positive, but not HER2-negative, breast cancer cells (13).
Furthermore, overexpression of HER2 alone was sufficient to con-
fer sensitivity to PARP inhibitor, suggesting synthetic lethality with
PARP inhibition in tumors that are oncogene-addicted to HER2
signaling through NF-kB. This study represents a specific applica-
tion of PARP-1-regulated NF-kB signaling to cancer therapy, one
that may soon be expanded into a clinical trial.

CELLULAR ENERGETICS AND CELL DEATH

Cancer cells are characterized by excessive proliferation, impaired
cell death signaling, and deregulated metabolism (Figure 1). These
features are often mediated by altered mitochondrial activity cou-
pled with inactivation of apoptotic signaling through decreased
expression of pro-apoptotic factors like p53 or overexpression of
anti-apoptotic factors like Bcl-x. Integrity of regulatory pathways
for cell death and metabolism is important for response to many
cancer treatment modalities, as well as in cancer imaging and
diagnostics. Cellular energetics and death signaling are heavily
regulated by PARP-1, allowing activity of this protein to serve as
a switch between cell fates and to affect both tumor proliferation
and therapeutic response.

In response to damage stimuli, activated PARP-1 acts early in
the apoptosis initiation pathway to stabilize p53 and facilitate its
function (36). If damage is excessive, high levels of PAR synthe-
sis by PARP-1 deplete its NAD™ substrate; additional interactions

between PARP-1 and NMNAT-1, a NAD™ synthase, and SIRTI,
a NAD™-dependent protein deacetylase, further contribute to
PARP-1 as a controller of NAD™T availability and, thus, NAD-
dependent metabolic reactions. ATP-dependent NAD™ salvage
saps cellular ATP stores, resulting in energy deprivation and, even-
tually, energy crisis-induced necrosis (Figure 3). Furthermore,
PARP-1-mediated PARylation may inactivate caspase-8 and reduce
caspase-mediated apoptotic signaling (37). Hyperactivation of
PARP-1 and accumulation of PAR can also cause translocation of
PAR to the cytosol, where it interacts with the outer mitochondrial
surface. Here it binds apoptosis inducing factor (AIF) and induces
its release and translocation to the nucleus, ultimately resulting
in large-scale DNA fragmentation and a novel PARP-1-dependent
cell death mechanism known as “parthanatos” (38). To prevent
these events, activated caspases cleave PARP-1 into two fragments:
an 89-kDa C-terminal fragment with low levels of catalytic activ-
ity and a 24-kDa N-terminal peptide which inhibits the catalytic
activity of uncleaved nuclear PARP-1. Conservation of NAD " and,
thus, ATP allows the cell to undergo programed cell death (39-41).
Accordingly, inhibition of PARP-1 preserves ATP levels, improves
antioxidant status, and normalizes anti-apoptotic Bcl-x levels in
the kidney following chemotherapy-induced injury (42, 43).

Poly(ADP-ribose) polymerase-1 also regulates the classical
necroptotic pathway mediated by the death promoting MAP
kinase, c-Jun N-terminal kinase (JNK). This signaling network
is activated in many cancers and has been implicated as a dri-
ver of both tumor development and treatment response (44, 45).
PARP-1 downregulates MAP kinase phosphatase MKP-1 expres-
sion and inhibits the survival kinase Akt, both of which activate
JNK (46, 47), suggesting potential benefit for PARP inhibition in
tumors with elevated JNK activity. JNK1 mediates phosphoryla-
tion and sustained activation of PARP-1, creating a feed-forward
regulatory loop (48). In conjunction, PARP-1-induced depletion
of ATP stimulates AMP-activated protein kinase (AMPK) while
inhibiting mTOR to promote autophagy, yet another cell death
pathway importantin cancer survival and treatment response (49).
Pharmacologic inhibition of PARP-1 promotes Akt activity and
mTOR signaling resulting in decreased cell death (50), although
these results are contradicted by a recent report showing PHLPP1-
mediated downregulation of Akt activity and increased cell death
following PARP inhibition (51).

Clinically, targeting the role of PARP-1 in cell death pathways
appears to be complex. PARP-1 inhibition may reduce PAR-
mediated inactivation of caspase-8, sensitizing cancer cells to
tumor necrosis factor-related apoptosis-induced ligand (TRAIL)
therapy (37). Additionally, inhibition of PARP-1 prevented
cisplatin- and methotrexate-induced ATP depletion and nephro-
toxicity (42, 43), as well as imatinib (Gleevec)-induced JNK
activation and cardiotoxicity (52), without significantly affect-
ing the anticancer activity of these agents. However, activation
of the Akt survival pathway may counteract the cytotoxic effects
of PARP inhibition and cause resistance to therapy (47), sug-
gesting Akt pathway inhibition may enhance PARP inhibition in
anti-tumor therapy. Despite these complexities, the influence of
PARP-1 on metabolic co-factors and cell death signaling is signif-
icant, and further studies examining the role of PARP inhibition
in manipulating these processes is warranted.
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inhibiting apoptotic signaling. Alternatively, activated caspases can cleave
PARP-1; the resulting cleavage product inhibits uncleaved PARP-1, conserving
NAD/ATE and promoting apoptosis. These cell death pathways play a role in
both cancer survival and response to anticancer therapy.

ERK-MEDIATED ANGIOGENESIS AND METASTASIS

In addition to the JNK-mediated signaling described previously,
a second family of MAP kinases known as extracellular signal-
regulated kinases or ERKs is involved not only in cell death
determination but also in tumor progression, angiogenesis, and
metastasis. ERK activation is pivotal in cancer cell survival through
upregulation of anti-apoptotic proteins and inhibition of caspase
activity (53). Inhibition of this pathway by targeting ERK or MEK,
which is immediately upstream of ERK in signaling, has been asso-
ciated with suppression of ovarian tumor growth (54), reduced
metastatic potential of melanoma cells (55), and increased sensi-
tivity to cytotoxic agents (56). Recent studies indicate an important
role for PARP-1 in promoting ERK signaling.

Poly(ADP-ribose) polymerase-1 is activated and autoPARy-
lated by a direct interaction with phosphorylated ERK2 (pERK2),
resulting in enhanced pERK2-catalyzed phosphorylation of tar-
get transcription factors and increased gene expression (57).
Furthermore, PARP inhibition causes loss of ERK2 stimulation by
decreasing the activity of critical pro-angiogenic factors includ-
ing vascular endothelial growth factor (VEGF), transmembrane
signaling protein syndecan-4 (SDC-4), platelet/endothelial cell
adhesion molecule (PECAM1/CD31), and hypoxia inducible fac-
tor (HIF). This ultimately results in reduced angiogenesis and
inflammation (58—62). The effects of PARP-1 on ERK signaling are
further enhanced by PARP-1-mediated transcription of vimentin,
an intermediary angiogenic filament upregulated in tumor
vasculature and pivotal for the endothelial-to-mesenchymal

transition characteristic of metastasis (63). Pharmacologic inhibi-
tion of PARP reverted this transition, correlating with a reduction
in the number and size of metastatic melanoma foci in a mouse
model (63).

Collectively, these studies indicate PARP-1 directly fosters ERK
signaling in addition to mediating separate but parallel signaling
pathways reinforcing the same end result of increased angiogen-
esis and metastasis, two tumor-promoting features (Figure 1). As
such, PARP inhibition may be effective in blocking the ERK signal-
ing network or increasing activity of ERK/MEK inhibitors, agents
already shown to be efficacious in acute myeloid leukemia, mul-
tiple myeloma, melanoma, colorectal, breast, lung, and pancreatic
cancers (64—68). Furthermore, selective ERK inhibition induces
tumor regression in MEK inhibitor-resistant models (67), raising
the question of whether PARP inhibition could be similarly effec-
tive in either MEK or ERK-resistant tumors due to its proximity
in the signaling pathway. As MEK, ERK, and PARP inhibitors have
only recently entered early phase clinical trials, it will be some time
before we know which patients benefit most from these drugs,
either alone or in combination, but their interaction warrants
further investigation.

MITOTIC REGULATION

The high proliferation rate of cancer cells is a result not only of
decreased cell death but also of improperly regulated cell cycling,
allowing evasion of growth suppressing signals. Although multi-
ple cell cycle checkpoints can be impaired in cancer, the mitotic
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or spindle assembly checkpoint is of great importance both in
tumorigenesis and as an anticancer target. This point of regula-
tion, which is responsible for ensuring appropriate chromosome
segregation, is required for cell viability. Cells with a weakened
mitotic checkpoint are capable of survival but do not maintain
proper chromosome segregation, resulting in genomic instability
and aneuploidy. These are common features of tumor cells and
may even act as drivers in cancer development (Figure 1). PARP-
1 can act on many mediators of cell cycle progression through
its effects on gene expression (68), which will be detailed in a
later section. However, direct regulation of the mitotic checkpoint
by PARP-1 is another important factor that may be targetable in
cancer treatment.

Recent reports suggest multiple roles for PARP-1 in the struc-
tural machinery of mitosis. First, PAR, which is primarily syn-
thesized by PARP-1, is required for assembly and function of
the bipolar spindle (69). In addition, PARP-1 both localizes to
and PARylates proteins at centromeres and centrosomes dur-
ing mitosis (70, 71). PARP-1 also mediates PARylation of p53,
which is responsible for regulating centrosome duplication and
monitoring chromosomal stability (71). Loss of PARP-1activity
is associated with mislocalization of centromeric and centroso-
mal proteins, resulting in incomplete synapsis of homologous
chromosomes, defective chromatin modifications, and failure to
maintain metaphase arrest, indicating loss of mitotic checkpoint
integrity (71, 72). Similarly, inhibition of PARP-1 is associated
with genomic instability characterized by reduced stringency of
mitotic checkpoints, centrosome hyperamplification, and chro-
mosomal aneuploidy, the most common characteristic of solid
tumors (71,73, 74).

Furthermore, PARP-1 has been shown to interact with the E3
ubiquitin ligase, CHFR, a tumor suppressor with an important
role in the early mitotic checkpoint. Binding of these two pro-
teins results in degradation of PARP-1 and cell cycle arrest in
prophase, an effect stimulated by the microtubule inhibitor doc-
etaxel resulting in resistance to this drug in CHFR-over-expressing
cancer cells. Concomitant use of a PARP inhibitor with docetaxel
significantly increased apoptosis in these cells, suggesting a role for
PARP inhibition in sensitizing cancers with high CHFR activity to
microtubule inhibitors (75).

GENE TRANSCRIPTION

The clinical characteristics of cancer, including growth, metasta-
tic potential, and response to treatment, are greatly influenced by
dysregulation of gene transcription. Gene expression profiles are
currently being utilized as tumor biomarkers, indicators of treat-
ment sensitivity or resistance, and prognostic predictors. In the
future, there may even be a role for therapeutic agents that reacti-
vate a silenced tumor suppressor or silence an activated oncogene.
In total, 3.5% of the transcriptome is regulated by PARP-1 with 60—
70% positively regulated (76), including genes involved in tumor
promotion such as JUND, MDM?2, HGF, FLT1 (VEGFR1), EGFR,
HIF2A (EPAS1), SPP1 (OPN), MMP28, ANGPT2,and PDGF (77).
As discussed below and shown in Figure 4, this regulation can
occur broadly through interactions with nucleosomes and mod-
ification of chromatin, can be gene specific through interactions
with promoters and binding factors, or can result as a combination

of the two, as binding of PARP-1 to nucleosomes mediates its
localization to specific target gene promoters (78, 79).

CHROMATIN STRUCTURE

One mechanism by which PARP-1 alters gene expression is
through regulation of chromatin structure and, thus, DNA acces-
sibility. Simultaneous binding of multiple neighboring nucleo-
somes by PARP-1 compacts chromatin into a supranucleoso-
mal structure, repressing gene transcription (79). This structural
change is further stimulated by histone deacetylation mediated
by a complex consisting of PARP-1, ATP-dependent helicase Brgl
(SmarcA4), and HDACs (80). Conversely, PARylation of core his-
tones promotes charge repulsion-induced relaxation of chromatin
and recruitment of transcription machinery (81-83). PARP-1-
mediated PARylation also results in disassociation of linker histone
HI, a repressor of RNA polymerase II-mediated transcription;
accordingly, higher proportions of PARP-1:H1 indicate active
promoters (84), suggesting potential utility of PARP-1 as a bio-
marker for actively transcribed genes. Although these outcomes
can be separated by PARP-1 activity (protein binding versus
enzymatic function), pharmacologic inhibition of PARP affect
both actions, indicating manipulation of chromatin accessibility
through PARP-1 is not currently an option for cancer therapy.

METHYLATION PATTERNS

Along with chromatin structure, methylation patterns also play a
large role in determining DNA accessibility. Alterations in DNA
methylation are commonly found in many cancers and serve as
a functional equivalent to a gene mutation in the process of
tumorigenesis. Inhibition of PARP-1 is associated with transcrip-
tional silencing through accumulation of DNA methylation and
CpG island hypermethylation throughout the genome (85). This
effect may be mediated by dimerization of PARP-1 with CCCTC-
binding factor (CTCF), a chromatin insulator which binds to
hypomethylated DNA regions. As the CTCF-PARP-1 interaction is
PAR-dependent, decreased PAR following PARP inhibition abro-
gates this function (86, 87). Loss of CTCF-PARP-1 complex activ-
ity results in transcriptional silencing of multiple loci including
tumor suppressors CDKN2A-INK4 (pl6), CDHI (e-cadherin),
and P19ARF (88, 89).

Poly(ADP-ribose) polymerase-1 can also hinder DNA methy-
lation by dimerization with DNA (cytosine-5-)-methyltransferase
1 (DNMT1), a methyltransferase found overexpressed in gastroin-
testinal tract carcinomas, resulting in inhibition of its methyltrans-
ferase activity (85, 90). In contrast, PARP-1 binding and PARyla-
tion of the DnmtI promoter actually enhances its transcription
by preventing methylation-induced silencing (91). The reduced
catalytic efficiency of PARylated DNMT1 may come as a result
of negatively charged PARylated PARP-1 out-competing DNA for
binding with DNMT1 (92). Interestingly, PARP-1-DNMT1 can
form a ternary complex with CTCF at unmethylated CTCF-target
sites in a PAR-dependent manner. Loss of PAR from this complex
causes dissociation of PARP-1 and CTCE, allowing the still-bound
DNMT]1 to methylate the site and inhibit transcription (92).

Although some specific tumor suppressors are mentioned
above as being affected by PARP-1-mediated chromatin insulation,
the activity of PARP-1 in regulating DNA methylation patterns
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while inhibiting methyltransferase activity of DNMT1. [4] PARP-1 promotes
loading and retention of RNA polymerase Il at active promoters. [5] PARP-1
binds regulatory DNA sequences and transcription factors, PARylates
transcription factors, and recruits additional regulatory binding proteins in a
target gene specific manner.

at specific genes or genic regions is largely unknown. As such,
it is difficult to predict the effect of PARP inhibition on cancer
growth and progression through this mechanism. However, with
the advent of genomic profiling, it has recently become possible
to identify methylation changes specific to certain cancer sub-
types. Anticancer agents with epigenetic modifying activity, such as
DNA methyltransferase inhibitors, are being investigated in these
cancers and show promising results, especially in hematologic
malignancies (93). The effect of PARP inhibition on epimutations
has notbeen studied, but the reports described above suggest PARP
inhibitors could have similar applicability.

RNA POLYMERASE Il ACTIVITY

Poly(ADP-ribose) polymerase-1 can also promote transcription
in a more sequence-specific manner by positively regulating RNA
polymerase Il activity at active promoters. This occurs through: (1)
PARylation-induced exclusion of histone demethylase KDM5B,
maintaining levels of activating histone mark K3K4me3 (82), (2)
PARylation-induced dissociation of the DEK repressor, promoting
loading of the RNA polymerase II mediator complex (94), and (3)
creation of a PAR scaffold for retention of RNA polymerase II (95).
Surprisingly, a recent report showed that inhibition of PARP-1
enzymatic activity was associated with increased H3K4me3, result-
ing in upregulation of sodium iodide symporter transcription and
elevated radio-iodine uptake in thyroid cancer cell lines (96). This
contradictory work may result from target gene specific functions

of PARP-1, as the previously cited studies were focused on genes
known to be positively regulated by PARP-1. However, it does illus-
trate the need for greater understanding of PARP-1 involvement
at active gene promoters, as well as the potential for manipulat-
ing PARP-1-mediated transcription to enhance efficacy of cancer
therapy.

DNA AND TRANSCRIPTION FACTOR BINDING

Gene expression can be further regulated by direct interactions
between PARP-1 and DNA elements or binding factors. PARP-1
acts as a promoter-specific switch at target genes, facilitating the
release of inhibitory co-regulators and recruitment of stimulatory
co-regulators (97, 98). PARP-1 binding of the NF-kB immediate
upstream region (IUR) element activates transcription of CXCLI,
which encodes melanoma growth stimulatory activity protein and
is overexpressed in the progression of malignant melanoma (99).
Binding of PARP-1 to the transcription factor E2F-1 increases
E2F-1 promoter activity and expression of the E2F-1-responsive
oncogene Myc (c-Myc) (100). PARP-1 expression and activity are
also required for cancer cell invasion (Figure 1) mediated by ETS
transcription factors — whose fusion products drive Ewing’s sar-
coma, acute myeloid leukemia, and prostate cancer — and the
Ewing’s sarcoma fusion protein EWS-FLI (14, 15). While PARP-
1 interaction with these factors promotes pro-tumor signaling,
other interactions have the opposite effect. PARP-1 suppresses self-
inhibition of AP-2, a transcription factor that negatively regulates
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Table 1 | Summary of reported non-DNA repair functions of PARP-1 with potential clinical correlations.

PARP-1 function

Effect

Model system studied

Clinical applicability of PARP inhibition

Binding histone
acetyl-transferases p300/CBP

Binding DNMT1

Binding pERK2

Binding CHFR

Downregulation of MKP-1 and

inhibition of Akt

AutoPARylation

Caspase-8 PARylation

PARylation

PARylation of transcription

regulators

Androgen receptor PARylation

ETS and EWS-FLI PARylation

Vimentin promoter PARylation

Interaction with VEGF, SDC-4,
PECAM1/CD31, HIF promoters

Co-activation of NF«B
(pro-inflammatory)

Enhances Dnmt1
transcription, inhibits
methyltransferase activity

Promotes target gene
transcription

Prophase arrest, resistance to
microtubule inhibitors

Activation of JNK

Activation of NFkB
(pro-inflammatory)

Impaired apoptotic signaling

ATP depletion, promotes
necrosis and autophagy

Promotes transcription

Increases androgen receptor
activity

Promotes transcription of
target genes

Promotes transcription

Promotes transcription

In vitro and in vivo HER2
breast cancer cell lines

In vitro mouse fibroblasts

In vitro endothelial cells

In vitro gastric carcinoma cell
lines

In vitro hepatocytes

In vitro and in vivo HER2+
breast cancer cell lines

In vitro and in vivo pancreatic
cancer cell lines

Mouse and rat kidney and
heart studies

In vitro thyroid cancer cell
lines

In vivo and ex vivo prostate
cancer cells

In vivo and in vitro prostate
cancer and sarcoma cells

In vitro melanoma cells and
in vivo melanoma model

In vitro endothelial cells

May inhibit cancer metastasis; cytotoxicity in
HER2-positive breast cancer specifically (13, 21, 22)

May have activity in DNMT1-overexpressing
colorectal, gastric, and hepatic carcinomas (85,
91, 92)

May inhibit cancer growth and metastasis (58)

Re-sensitizes CHFR-expressing cancers to
microtubule inhibitor therapy (75)

May have activity in tumors with high JNK activity
(46, 47)

May inhibit cancer metastasis; cytotoxicity in
HER2-positive breast cancer specifically (13)

Sensitizes cancer cells to TRAIL therapy (37)

Prevents cell death mediated toxicities of multiple
chemotherapy agents (42, 43, 52)

Upregulates Nal symporter transcription leading to
increased radio-iodine uptake in thyroid cancer (96)

Sensitizes prostate cancer to androgen depletion,
enhances effects of anti-androgen therapy, delays
onset of resistance to anti-androgen therapy (110)

Cytotoxicity in ETS-prostate cancer and EWS-FLI
Ewing'’s sarcoma specifically (14, 15)

Inhibits cancer metastasis (63)

Inhibits tumor angiogenesis (58-62)

cell cycle and proliferation (101). Increased AP-2 expression sup-
presses cancer cell growth (102) and may inhibit ras oncogene-
mediated transformation (101), effects likely diminished by PARP
inhibition (Figure 1). PARP-1 has also been shown to bind the
inhibitory element of COX-2, which mediates inflammation and
promotes VEGF-mediated pro-angiogenesis pathways activated in
cancer cells (103, 104).

Instances of PARP-1-mediated enzymatic activity affecting spe-
cific transcription factors or genes often translate to a clear role
for PARP-1 inhibitors as anticancer agents, even in monotherapy.
For example, ETS-positive prostate tumors and EWS-FLI-positive
Ewing’s sarcomas are highly sensitive to PARP inhibitors (14,
15). However, PARP-1 has multiple and diverse functions involv-
ing both PARylation activity and DNA-binding capability. Enzy-
matic inhibition, which decreases PARP-1 self PARylation, actually
increases DNA binding and may be detrimental in some cancers,
such as the malignant melanoma example given above. A greater
understanding of the relative effects of PARP-1 on transcriptional

activity is needed in order to select tumors with a molecular profile
conducive to pharmacologic inhibition through this mechanism.

SEX HORMONE SIGNALING
Sex hormones have been implicated in development, progres-
sion, and treatment sensitivity of prostate, breast, gynecologic, and
colon cancers. Sex steroid effects are mediated through their recep-
tors, which act as transcription factors in steroid-responsive tis-
sues. Any of the multiple levels of regulation controlling these sig-
naling pathways can become impaired, leading to abnormal prolif-
erative responses characteristic of cancer progression (Figure 1).
Similar to PARP-1-mediated regulation of transcription factor
activity, PARP-1 plays a role in regulating three of the sex hormone
receptors most commonly linked to cancer: estrogen receptor
(ER), progesterone receptor (PR), and androgen receptor (AR).
Approximately 80% of breast carcinomas are positive for ER,
identifying ER-targeted therapies as excellent, although not un-
failable, treatment options in these cancers (105). PARP-1 interacts
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with the ERa isoform both directly and through estradiol-induced
PARylation to enhance binding of ERa and other activating factors
to target gene promoters (106, 107), suggesting PARP inhibition
may enhance the activity of ER-targeted agents. A similar inter-
action occurs between PARP-1 and PR: PARP-1 binding of PR,
as well as hormone-activated CDK2-induced PR PARylation, acts
to stimulate cancer cell proliferation (108). PARP-1 regulation of
PR activity is of great interest in endometrioid carcinomas specif-
ically, as expression of PARP-1 and PR is positively correlated at
each pathologic stage of this cancer (109). However, the effects of
PARP inhibition in endometrial cancer have yet to be determined.

Recently, a report detailing the strong interaction between
PARP-1 and AR has generated much excitement over the potential
for PARP inhibitors in prostate cancer treatment. Human prostatic
adenocarcinoma, a cancer highly resistant to standard therapies,
is reliant on AR activity for growth and survival. Accordingly, AR-
targeted therapies are the primary treatment for these patients.
Unfortunately, there are multiple mechanisms for AR reactiva-
tion leading to tumor recurrence, a lethal phenotype known as
castration-resistant prostate cancer. PARP-1 enzymatic activity,
which is significantly upregulated in castration-resistant prostate
cancer, promotes both AR chromatin binding and transcription
factor functions. Although PARP-1 does localize with AR to reg-
ulatory sites of AR-target genes, the two proteins appear to be
members of separate complexes at these loci. Inhibition of PARP-
1 in vivo: (1) depletes both PARP-1 and AR at target genes, (2)
significantly reduces expression of target genes, including pro-
tumorigenic efs genes referenced previously, (3) sensitizes both
castration-resistant and castration-sensitive prostate cancer cells
to genotoxic insult and androgen depletion, (4) enhances the anti-
tumor effects of anti-androgen therapy, and (5) delays onset of
resistance to anti-androgen therapy. Ex vivo studies of castra-
tion resistance prostate tumors displayed a significant anti-tumor
response to both veliparib and olaparib, two well-known PARP
inhibitors, that correlates with reduced AR activity (110). These
results suggest PARP inhibitors have the potential to significantly
enhance existing prostate cancer therapy and improve outcomes
for patients with castration-resistant tumors.

PROMISE AND CHALLENGES

Poly(ADP-ribose) polymerase inhibitors are exciting new drugs
that are easily delivered, can be highly efficacious, and are asso-
ciated with few side effects. Mild nausea is commonly reported,
with rare instances of more serious symptoms such as temporary
cognitive deficits and myelosuppression. While ongoing clinical
trials are focused on exploiting the role of PARP-1 in DNA repair,
we have identified in this review multiple targetable functions
of PARP-1 that are not dependent on HR defects (Figures 1-4;
Table 1). One of the challenges in broadening the use of PARP
inhibitors in anticancer therapy is more efficient identification of
patients who may respond to these drugs. Some ongoing clinical
trials include analysis of protein expression — including HR pro-
teins, NF-kB, and PARP-1 itself — in relation to clinical response
in search for potential biomarkers of sensitivity. However, the list
of candidates is extensive and will continue to grow as additional
functions of PARP-1 are discovered. Banking tumor biopsies from
patients enrolled in PARP-1 clinical trials will greatly expedite the

development of a panel of biomarkers, as will increased use of
cancer genome sequencing and microarray technologies. Another
challenge will be in identifying and overcoming mechanisms of
resistance to PARP inhibition. For example, a second BRCA muta-
tion or a deletion of the original mutation can cause reversion
to HR-proficiency and resistance to PARP inhibitors in BRCA-
mutated cancers (111). As the majority of clinical applications
proposed here are theoretical or in pre-clinical development, asso-
ciated mechanisms of resistance are entirely unknown, although
development of such resistance is practically assured. Thirdly,
many of the functions discussed here are effected by PARP-1
binding rather than enzymatic activity. Currently available PARP
inhibitors act at the catalytic site of PARP-1, which does result in
some degree of altered binding capacity via changes in autoPARy-
lation status. However, treatment with PARP inhibitors may not
effectively inhibit specific PARP-1 interactions, or may require
different dosing. It will be important to study the various clini-
cally available agents to determine if, and to what extent, binding
domains are affected. Despite these obstacles, PARP inhibition is
an extremely promising anticancer strategy and, as the first agents
near completion of phase III trials, it will be exciting to see the
magnitude of impact PARP inhibitors will have in clinical practice.
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INTRODUCTION

Poly(ADP-ribose) polymerases (PARPs) are a family of enzymes that use NAD™T as a sub-
strate to synthesize polymers of ADP-ribose (PAR) as post-translational modifications of
proteins. PARPs have important cellular roles that include preserving genomic integrity,
telomere maintenance, transcriptional regulation, and cell fate determination. The diverse
biological roles of PARPs have made them attractive therapeutic targets, which have fueled
the pursuit of small molecule PARP inhibitors. The design of PARP inhibitors has matured
over the past several years resulting in several lead candidates in clinical trials. PARP
inhibitors are mainly used in clinical trials to treat cancer, particularly as sensitizing agents
in combination with traditional chemotherapy to reduce side effects. An exciting aspect
of PARP inhibitors is that they are also used to selectivity kill tumors with deficiencies in
DNA repair proteins (e.g., BRCA1/2) through an approach termed “synthetic lethality.” In
the midst of the tremendous efforts that have brought PARP inhibitors to the forefront
of modern chemotherapy, most clinically used PARP inhibitors bind to conserved regions
that permits cross-selectivity with other PARPs containing homologous catalytic domains.
Thus, the differences between therapeutic effects and adverse effects stemming from pan-
PARP inhibition compared to selective inhibition are not well understood. In this review, we
discuss current literature that has found ways to gain selectivity for one PARP over another.
We furthermore provide insights into targeting other domains that make up PARPs, and
how new classes of drugs that target these domains could provide a high degree of selec-
tivity by affecting specific cellular functions. A clear understanding of the inhibition profiles
of PARP inhibitors will not only enhance our understanding of the biology of individual
PARPs, but may provide improved therapeutic options for patients.

Keywords: PARP, selectivity, structure, inhibitor design

response and cell fate determination have fueled development of

ADP-ribosyltransferases (ARTs) comprise a family of structurally
conserved enzymes that catalytically cleave NAD™ and transfer
the ADP-ribose moiety to acceptor residues of target proteins
(1). Poly(ADP-ribosyl) polymerases (PARPs) are a subset of the
ART family that continue this reaction to create long chains of
linear and/or branched poly(ADP-ribose) (PAR). Currently, only
the first six members of this family (ARTs 1-6) are regarded as
having poly(ADP-ribosyl)ation activity: PARP-1, PARP-2, PARP-
3, PARP-4 (VPARP), PARP-5a (TNKS1), and PARP-5b (TNKS2)
(Figure 1). The remaining ARTs 7-17, although originally con-
sidered PARPs (PARPs 6-16) (2), are only capable of producing
mono-ADP-ribose modifications and are referred to as mono-
ARTs (MARTs). ARTs 9 (PARP-9; BAL-1) and 13 (PARP-13) have
yet to confirm any sort of catalytic activity like PARPs or MARTS.
The degree of ADP-ribosylation in cells is not only controlled by
ARTs, but also by PARG and ADP-ribosyl hydrolases that reverse
this modification [recently reviewed in Ref. (3)].
Poly(ADP-ribose) polymerase-1 has emerged as a prominent
target in chemotherapy due to its important role in maintenance
of genomic integrity. Its functional roles in the DNA damage

PARP-1 inhibitors. Some of these compounds have entered clinical
trials with promising therapeutic applications toward treatment of
cancer. In combination with DNA damaging agents (e.g., temo-
zolomide, cisplatin) or irradiation, PARP-1 inhibitors are effective
chemosensitizers (4). As monotherapy, PARP-1 inhibitors selec-
tively kill tumors harboring DNA repair deficiencies such as
genetic deletion of genes involved in the BRCA1 and BRCA2
homologous recombination DNA repair pathway (5, 6). This phe-
nomenon referred to as “synthetic lethality” has attracted clinical
attention and has paved the way for a “personalized” approach to
cancer therapy (7).

Originally PARP-1 was the only known enzyme with poly(ADP-
ribosylation) activity, but as other PARPs began to emerge the
selectivity of PARP-1 inhibitors were called into question and
now they are typically referred to as PARP inhibitors. In fact, 185
PARP inhibitors were recently evaluated for binding to the catalytic
domain of several different PARPs, and revealed binding profiles
demonstrating a lack of specificity for any given PARP (8). Where
PARPs 1-3 seem to have an important role in maintaining genomic
integrity, other PARPs have roles such as telomere replication and
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FIGURE 1 | Domains of human PARPs. A sequence and structural automodification domain of PARP-1, and is also present in PARP-4.
representation of the six bona fide PARPs. Each PARP has a catalytic Zinc-fingers Zn1 and Zn2 of PARP-1 are important in binding DNA, while the
domain containing an ADP-ribosyltransferase domain (ART) and conserved third zinc-finger (Zn3) is important in DNA-dependent catalytic activation.
catalytic glutamic acid residue. In addition PARPs 1-4 contain a helical Other domains and sequences represented include: centriole-localization
domain (HD) that serves in allosteric regulation. PARPs 1-3 contain a WGR signal (CLS), vault protein interalpha-trypsin (VIT), von Willebrand type A
domain, which is important in DNA-dependent catalytic activation. The (VWVA), major vault particle interaction domain (MVP-ID), His-Pro-Ser region
breast cancer susceptibility protein-1 C-terminus (BRCT) domain is (HPS), ankyrin repeat clusters (ARCs), sterile alpha motif (SAM), and nuclear
commonly found in DNA repair and checkpoint proteins, and resides in the localization signal (NLS).

cellular transport (9, 10). With such a large family of enzymes
carrying out distinct biological functions, drug targeting of the
conserved catalytic site of PARPs has raised questions concerning

intended pharmacological outcomes. This has led some groups to
pursue development of PARP inhibitors with increased selectivity
to better understand the biology of targeting individual PARPs.
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The aim of this review is to describe the structural relationships
among PARPs and the drug design efforts that have found ways
to engineer PARP selectivity. We bring attention to non-catalytic
domains that are contained within PARPs, and how targeting these
domains could provide increased selectivity. The differences in
therapeutic benefit and unwanted side effects of selective PARP
inhibition versus pan-PARP inhibition is not well understood,
and the development and use of more selective agents will ulti-
mately help answer these important questions concerning PARP
inhibitors as chemotherapy. For clarity and relevance purposes,
all structural comparisons regarding residues and numbering are
described based on human PARP-1 unless otherwise noted. The
locations of key binding or catalytic site residues have been given
position numbers in the text and figures to help guide the viewer
through the structural comparisons.

STRUCTURAL SIMILARITIES AND DIFFERENCES AMONG
PARPs

Poly(ADP-ribose) polymerases are multi-domain proteins that are
related through their highly conserved ART domain (Figure 1).
Outside of the ART domain, distinct domain architectures quickly
differentiate the structure and function of each PARP. The cat-
alytic domain crystal structures have been solved for all current
PARPs except for PARP-4 (VPARP). The crystal structures of some
non-catalytic domains of PARPs have been solved, although there
is no crystallographic data on any full-length PARP. The closest to
a full-length structure is a catalytically active complex of PARP-1
essential domains bound to DNA damage (11).

CATALYTIC DOMAIN

While the pairwise sequence identity among the catalytic domains
of human PARPs is under 50%, their structures are highly con-
served (Figure 1). The PARP catalytic domain contains an ART
domain composed of a donor site with a B-a-loop-B-a signature
motif that binds NAD™, an acceptor site where ADP-ribose chains
are extended, and a helical domain (HD) present in PARPs 1-4 and
some MARTs (Figure 2A). Although there is no crystal structure
of NAD™ bound to a human PARP, the diphtheria toxin struc-
ture (PDB: 1TOX) of NAD™ bound to a bacterial ART domain
(12) along with homology modeling of PARP-1 (13) provides
insight into the likely binding mode. Within the donor site is a
nicotinamide-binding pocket and an ADP-ribose binding pocket.
PARPs share an H-Y-E triad sequence motif in their active site that
is altered in MARTS. These residues along with other residues con-
served among PARPs are critical for the initiation, elongation, and
in some instances branching of PAR synthesis (14). Substrate bind-
ing in the acceptor site is also not completely understood, since the
only structural data shows a portion of a bound non-hydrolyzable
NAD™ analog (carba-NAD, cNAD) that provides insights into how
PAR might bind (15).

HELICAL DOMAIN

The HD consists of six a-helices (A through F) that form a
hydrophobic core, with helix A contributing to the fold of the
ART domain (Figure 2A, HD region). The HD structures of PARP-
2 and PARP-3 superimpose with PARP-1 very well, and overall have
a high sequence similarity (Figure 2B). In PARPs 1-3 (and likely

PARP-4) helix oF is adjacent to the donor NAD™ binding site.
In PARP-1, structural rearrangement of the N-terminal Zn1, Zn3,
and WGR domains in response to DNA damage detection causes a
destabilization of the HD that ultimately triggers catalytic hyper-
activation (11, 16). While PARP-4 has a putative HD based on
sequence alignment, tankyrases do not contain a HD. Outside of
PARP-1 DNA-dependent activation, other mechanisms that could
destabilize the HD remain unknown. DNA-independent PARP-1
activation from phosphorylation has been reported (17), but the
mechanisms that trigger catalytic activation are unclear.

ART DOMAIN — DONOR SITE

In the PARP catalyzed reaction, the co-substrate NAD™ binds to
the ART domain and “donates” the ADP-ribose portion to an
amino acid residue or a growing PAR chain (Figure 2A, donor site).
The donor site is also the site where PARP inhibitors bind. The
donor site is composed of a nicotinamide-binding pocket (NTsite),
a phosphate binding site (PH site), and an adenine-ribose bind-
ing site (AD site) (Figure 2D). The NI site consists of a structural
motif that is highly conserved among PARPs: two tyrosine residues
that form a m—m stacking interaction with the nicotinamide ring
(Figure 2D, positions 14 and 17), and a hydrogen-bond network
between a serine hydroxyl (position 16) and glycine backbone
atoms (position 6) with the carboxamide of NAD™. In the AD
site of PARP-1 (Figure 2D), main-chain atoms of Gly876 (posi-
tion 10) and Arg878 (position 11), and side-chains of Asp770
(position 3), His862 (position 5), and Ser864 (position 7) are pre-
dicted to interact with the adenosine portion of NAD™. In the
PH site (Figure 2D), Asp766 (position 2) and Glu763 (position
1) are situated near the pyrophosphate group of NAD™. Based
on modeling predictions, the catalytic conserved residues (H-Y-E
motif) residing at the NI site include Glu988 (position 18) that
binds to the 2’-hydroxyl group of the nicotinamide ribose posi-
tioning NAD™ for nucleophilic attack by the acceptor substrate
(Figure 2D, NI site), His862 (position 5) that binds to the 2
adenine-ribose hydroxyl (Figure 2D, AD site), and Tyr896 (posi-
tion 14) that stacks with the nicotinamide ring (Figure 2D, NI site).
Similarly, the rest of the donor site is very much the same among
PARPs 1-3 with a few minor variations (Figures 2B,C): (i) in the
NI site Ser864 (position 7) is replaced with Thr386 (PARP-3), (ii)
in the PH site Glu763 (position 1) is replaced with GIn319 (PARP-
2), Asp284 (PARP-3), and Arg354 (PARP-4), and (iii) Asp766 in
PARP-1 (position 2) extends to Glu322 (PARP-2), Leu287 (PARP-
3), and Val357 (PARP-4). Other observations near the donor site
that could influence drug selectivity include variations in PARP-3
with respect to PARP-1, such as Val390/Asn868 (position 8) and
Met402/Ala880 (position 12).

Like PARPs 1-3, tankyrases contain an ART domain with the
catalytic signature (H-Y-E) motif including the active glutamic
acid residue essential for PAR synthesis. The NI site is very simi-
lar, however since tankyrases do not have an HD domain to form
the outer wall of the AD and PH site, residues vary greatly in
these regions. Instead, the donor site loop (D-loop, Figure 2A) of
tankyrases helps form this outer wall creating a more restricted
environment in its closed conformation. Perhaps the most inter-
esting feature of the tankyrase catalytic domains is that they
contain a CHCC-type zinc-finger that is not known to be present
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FIGURE 2 | Structure and sequence comparisons of the PARP catalytic
domain. The PARP-1 catalytic domain [(A); center] is used as a template to
compare specific regions among other PARPs. All other PARPs were
structurally aligned using Pymol (www.pymol.org/). In (A), all numbering
positions corresponding to the protein sequence are labeled at the Ca of
the residue in PARP-1. The helical domain [(A); left] present in PARPs 1-4,
consists of six alpha helices numbered A-F At the core of this domain are
several hydrophobic residues, which are highly conserved among PARPs
(B). The acceptor and donor sites [(A); right] display binding of NAD*
(modeled) and the ADP portion of co-crystallized carba-NAD (cNAD) (PDB
ID: 1A26). The donor site that binds NAD™ is highly conserved (C) among

all PARPs, although the acceptor site is much less conserved (acceptor
loop and loop A). The D-loop assumes varying structural conformations and
is also less conserved, which is an indication of where selectivity may be
best achieved. The donor site is composed of three regions that bind to
NAD~* (D) the NI site (left), the PH site (middle), and the AD site (right).
Multiple sequence alignments were carried out using Clustal\W2 [(83);
www.ebi.ac.uk/Tools/msa/clustalw2/], and the sequences of human
PARPs were analyzed using Jalview [(84); www.jalview.org/]. Structures
used for comparisons include: PARP-1 (PDB ID: 3GN7), PARP-2 (PDB ID:
3KCZ), PARP-3 (PDB ID: 3FHB), TNKS1 (PDB ID: 2RF5), and TNKS2 (PDB
ID: 3U9H).
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in any other ART domain (18). The importance of this motif is
only speculative, but could be used for structural stability or medi-
ating protein or DNA interactions. The sequence identity between
TNKS1 and TNKS?2 are highly conserved, with variable residues
located mostly outside of the NAD™ binding site.

ART DOMAIN — ACCEPTOR SITE

Despite the lack of structural data on substrates bound to the
acceptor site of PARPs, a structure has been reported for a transi-
tion state analog of NAD™ bound to the acceptor site of chicken
PARP-1 (15). From this structure of bound cNAD (Figure 2A,
Acceptor site), it can be projected that His826 (position 4), Lys903
(position 15) and the backbone amides of 985 and 986 form a H-
bond network with the acceptor PAR pyrophosphates. The ribose
hydroxyl groups H-bond to Tyr907 (position 17) and Glu988
(position 18), and the adenine base stacks against Met890 (posi-
tion 13). These residues are conserved in other PARPs with the
exception of PARP-3 that does not contain the Met890, which
is replaced with an arginine (408) that forms a salt bridge with
Asp455 (19). This amino acid change could contribute to the
smaller polymers produced by PARP-3 (20, 21). A highly variable
region among PARPs is in the acceptor loop (Figure 2A, acceptor
site and Figure 2C). PARP-2 has a similar alignment as PARP-1 but
contains an additional three residues in this loop, most notably an
additional tyrosine residue (Tyr539) that projects into the acceptor
site based on the structure of mouse PARP-2 (22). Both tankyrases
have a much shorter acceptor loop and diverge in their structural
alignment with PARP-1. These differences in the acceptor loop
across PARPs could potentially specify a preference for particular
proteins that are targeted for modification.

ART DOMAIN - D-LOOP

The D-loop lines the donor site and partially the acceptor site,
and represents structural diversity among PARPs due to varia-
tions in conformations observed across structures (Figure 2A).
The D-loop in PARPs 1 and 2 are near identical; in contrast,
the D-loop of PARP-3 (Gly398-Lys411) is smaller than PARP-1,
which leaves the donor site more open (19). The major differences
comparing PARP-3 to PARP-1 include the Met402/A1a880 (posi-
tion 12) and Gly406/Tyr889 changes. The D-loop of tankyrases is
frequently observed in a closed conformation, which blocks the
NAD™ binding site, although it is likely that this loop is dynamic
to allow NAD™ access (18). The sequence conservation between
tankyrases is very similar, although in structures of TNKS1 the
D-loop is positioned closer to the nicotinamide-binding pocket
and in TNKS2 it closes near the ADP-ribose binding pocket. The
differences between TNKS1 and TNKS2 may reflect an inherent
mobility of the tankyrase D-loops.

NON-CATALYTIC DOMAINS

Poly(ADP-ribose) polymerase-1 is the founding member and
most studied of the PARP family. PARP-1 and PARP-3 are the
only PARPs for which structures of all domains are known
(Figure 1). PARP-1 hasa modular domain architecture comprising
five domains in addition to the catalytic domain: N-terminal Zn1
and Zn2 domains which are homologous zinc-finger domains that
recognize damaged DNA ends (23), a third zinc-finger domain

(Zn3) that is important in DNA-dependent activation (24), a
central BRCA C-terminus-like fold (BRCT) domain that medi-
ates protein—protein interactions and serves as a substrate for
PAR automodification (25), and a tryptophan-glycine-arginine
(WGR) domain that interacts with DNA and is important for
DNA-dependent activation.

As in PARP-1, both PARP-2 and PARP-3 share a homologous
WGR domain positioned N-terminal to the catalytic domain. In
PARP-1 the WGR domain is important for DNA-dependent acti-
vation and interacts with DNA (11). The function of WGR in
PARP-2 and PARP-3 is not well evaluated, although it likely inter-
acts with DNA based on homology to PARP-1. Neither PARP-2 or
PARP-3 have zinc-finger binding domains or a BRCT domain, but
PARP-2 has a highly basic N-terminal region that could mediate
interaction with DNA.

Originally characterized by its association with major vault pro-
tein (MVP) through its MVP interaction domain (MVP-ID) (26),
the structure and function of PARP-4 is one of the least understood
of the PARPs. Other PARP-4 domains include vault protein inter-
alpha-trypsin (VIT) and von Willebrand type A (vWA) domains
that are also found together in the inter-alpha-trypsin inhibitor
(ITI) family, but are not completely understood in connection
with PARP-4. It is not known to contain zinc-fingers or a WGR
domain, but contains an N-terminal BRCT domain homologous
to PARP-1 (26).

While tankyrases contain a catalytic domain that is capable
of producing PAR, they do not share any other domains with
the other PARPs. With regard to the PARPs, tankyrases have the
following unique domains: an ankyrin repeat region that binds
acceptor proteins, a sterile alpha motif (SAM) domain that medi-
ates oligomerization, and a histidine-proline-serine rich (HPS)
domain unique to TNKSI with unknown function (9). The series
of ankyrin repeats are arranged into five ankyrin repeat clusters
(ARCs). With the exception of ARC3, each ARC is reported to
bind acceptor proteins that carry the tankyrase consensus bind-
ing sequence RXXPDG (27). The tankyrase targets, Axinl and
peptides derived from several other target proteins, have been
co-crystallized with individual ARCs, and the structures illus-
trate the key features of the binding interaction (28, 29). The
overall conformation of the five ARCs and possible structural
arrangements upon mediating protein—protein interactions is not
currently understood. TNKS?2 is nearly identical to TNKS1 except
that it does not have an HPS region and has a seven amino
acid insertion after the ankyrin repeat region with unknown
importance (30).

DEVELOPMENT OF SELECTIVE PARP INHIBITORS

Nearly 30years ago inhibitors of PARP-1 were discovered, and
shown to sensitize cells to DNA damaging agents (31). These
early PARP inhibitors, such as the benzamides and isoquinoli-
nones, established a core pharmacophore from which future PARP
inhibitors would build (32, 33). Co-crystallization of the cat-
alytic domain of chicken PARP-1 with these inhibitors showed
anchoring into the nicotinamide-binding pocket of PARP-1, con-
sistent with the nicotinamide-mimicking pharmacophore (13,34).
The carboxamide functional group of nicotinamide makes three
hydrogen-bond interactions with the serine hydroxyl and glycine
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FIGURE 3 | PARP inhibitors bound to the catalytic domain of PARPs.
Non-selective inhibitors such as nicotinamide [(A), non-selective] only interact
with the nicotinamide pocket (NI site), which is a highly conserved region.
Most developed PARP inhibitors have been designed to bind the NI site and
adjacent sites to gain potency and selectivity. The compound FR257517
contains a fluorophenyl that reaches into the ADP-ribose binding site (AD site)
of PARP-1 (PDB ID: 1UKO0) to gain selectivity [(B), PARP-1 selective]. An
aligned PARP-2 structure (PDB ID: 3KCZ) shows how the AD site is very
similar to that of PARP-1, but the increased hydrophobicity of the PARP-1 AD
site is attributed to the observed PARP-1 selectivity. Compounds that interact
with E322 of PARP-2 (PDB ID: 3KJD) can gain selectivity over PARP-1 due to

the differences in distance between this acidic side-chain and drug
heteroatoms [(D), PARP-2 selective]. PARP-3 (PDB ID: 4GV4) has a
structurally similar AD site as PARPs 1 and 2, although residue variation
creates an environment distinct in polarity that guides selectivity [(C), PARP-3
selective]. Tankyrase inhibitors often demonstrate a much higher window of
selectivity from PARPs 1-4, although selectivity between TNKS1 and TNKS2
is difficult to obtain. IWR-1 is a non-traditional PARP inhibitor in that it does
not target the nicotinamide site of TNKS2 [(E), Tankyrase selective]. PARP-1
(PDB ID: 1UKO) was aligned with the co-crystallized TNKS2 structure
containing IWR-1 (3UA9) to demonstrate that the quinoline ring clashes into
the AD site of PARP-1 due to the presence of its helical domain.

backbone atoms of the NI site, and the benzene ring makes
n—7 stacking interactions with surrounding tyrosine residues
(Figure 3A). The chemotherapeutic potential of PARP inhibitors

prompted medicinal chemistry efforts aimed at designing newer
PARP inhibitors with improved potency and pharmacokinetic
properties. These efforts spurred development of several small
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molecule nicotinamide-like scaffolds with modified side groups
reaching outside of the pocket and into regions such as the donor
AD site that improved potency, selectivity, and bioavailability
(Table 1). For more information on this development the reader
is referred to an in-depth review focusing on the optimization of
PARP inhibitors (35).

SELECTIVITY BETWEEN PARP-1 AND OTHER PARPs

By the late 90s, the identification of a second PARP, termed PARP-
2, was reported (36). Since PARP-2 carries out the same catalysis
as PARP-1, uses the same co-substrate, and is highly homolo-
gous, it is not surprising that most PARP inhibitors show similar
inhibition potency between both PARPs. The nicotinamide pock-
ets of PARP-1 and PARP-2 are nearly identical, and there are
only minor differences in their ADP-ribose binding pockets. The
minor sequence variation, Glu763/GIn319 in HD helix oF, and
the presence of Tyr539 of PARP-2 in the acceptor loop, have
been noted as important differences in which selectivity could
be achieved (22).

Soon after the discovery of PARP-2, several nicotinamide-
mimicking inhibitors discovered through a high-throughput cell-
based assay identified that most had similar inhibition between
PARP-1 and PARP-2, although minor selectivity was noted with
certain compounds (37). These findings demonstrated that PARP
selectivity could be achieved despite nearly identical binding sites.
Although infrequently reported, most compounds that inhibit
PARP-1 have little to no preference for PARP-1 over PARP-
2. Attempts to improve selectivity resulted in nicotinamide-
based compounds that also target outside of the NI site. The
quinazolinone-based inhibitor (FR257517) binds the PARP-1
nicotinamide pocket and further interacts with Asn767, Asp770,
Asp766, Asn868, and Ala880 in the AD site through its extended
substitution (38) (Figure 3B). Interestingly, the extended por-
tion of the molecule induces a conformational change in Arg878
that opens a new hydrophobic pocket surrounded by residues
Leu769, I1e879, and Pro881 (Figure 3B). It is thought that a
Leu769/Gly325 variation in the induced hydrophobic pocket
creates a more hydrophobic environment in PARP-1, which is
why this compound is 10-fold more selective for PARP-1 (39,
40). Further modifications of this compound near the NI site
accomplished selectivity for PARP-1 up to 39-fold, indicating
that selectivity may also be adjusted through modifications near
the nicotinamide pocket. Another example is an isoquinolin-
dione compound (BYK204165) that was identified with a 100-
fold PARP-1/PARP-2 selectivity (41). Unfortunately there is no
co-crystal structure data of this compound to understand this
preference.

Most inhibitors developed target PARP-1 and PARP-2 closely,
but there are also varying degrees of selectivity for the other PARPs
due to the similarities in active sites (although much less fre-
quently reported). Small, basic PARP inhibitors that target the
nicotinamide site (such as 3-amino-benzamide) are very unselec-
tive across PARPs, and even MARTS. Potent PARP-1 inhibitors with
bulky side groups or extensions typically gain selectivity against
other PARPs (especially the tankyrases) due to steric clash that
can be easily rationalized considering the noticeable structural
differences outside of the NI site (Figure 2A).

SPECIFIC PARP INHIBITORS

Poly(ADP-ribose) polymerases-2 selective inhibition was seen
early on with quinoxaline based inhibitors (39). Preference for
PARP-2 over PARP-1 is seen based on residue variations between
the two. The modified quinoxaline phenyl ring of compound 2
(Table 1) more favorably interacts with the space between GIn319
and Glu322 in PARP-2 over the Glu763 and Asp766 in PARP-
1 (as seen in Figure 3D for ABT-888). Also, PARP-2 forms a
water-mediated hydrogen-bond with the inhibitor through its
acidic residue Glu322, which is not formed by PARP-1, thus cre-
ating a stronger affinity for PARP-2. In PARP-1 this residue is a
shorter Asp766 residue that is further from the NI site, which may
explain the preference for PARP-2 selectivity through a closer, thus
stronger interaction (40). Crystallographic studies of ABT-888 also
suggest a closer proximity of Glu335 over Asp766 in PARP-1 to the
side group N-heteroatom of ABT-888 setting up a potentially more
favorable interaction (Figure 3D) (42). Interaction with this acidic
residue is essential for potency in many compounds, and may in
part explain the near 1000-fold higher selectivity of ABT-888 for
PARP-1 and PARP-2 over TNKS1 and TNKS2, which do not have
this residue (43).

A library of isoquinolinone derivatives was reported to dis-
play selectivity for PARP-2 up to 60-fold (44). This discrimination
is thought to be due to a single residue variation of Glu763 in
PARP-1 to GIn319 in PARP-2. Interestingly, desaturation of the
nicotinamide-mimicking portion also increased PARP-2 selectiv-
ity, indicating that even though these sites are highly conserved,
small steric effects can have a significant impact on selectivity (44).

Although there is a lack of data on PARP-3 inhibition, recently
reported quinazoline derivatives, such as ME0328 (Table 1;
Figure 3C), have been shown to have up to sevenfold selectivity for
PARP-3 over PARP-1 (45). These compounds anchor into the NI
site and extend into the AD donor site of PARP-3, which is slightly
larger and more hydrophobic. Differences in polarity and geome-
try of the AD sites of PARP-3 and PARP-1 are likely guiding factors
in the observed selective inhibition. Co-crystallization studies of
PARP inhibitors with PARP-3 also indicate that the sequence
variation and D-loop conformation changes in the AD site cre-
ate distinguishing environments for designing PARP-3 selective
inhibitors (19). Modifications of the core scaffold that reach out
into the acceptor site could target Arg408 (which is a methionine
residue in other PARPs) in order to achieve selectivity.

Due to the smaller and more hydrophobic donor site of
tankyrases, selectivity over other PARPs can be more easily
achieved. The first selective tankyrase inhibitor to be discov-
ered was XAV939, which binds the nicotinamide pocket (46) and
has a 200-fold selectivity over PARP-1 (43). Therapeutic inter-
est in tankyrases prompted high-throughput screening (HTS)
assays leading to the discovery of IWR-1 (47), JW55 (48), and
flavones (49) as specific tankyrase inhibitors. IWR-1 and IWR-2
are non-traditional inhibitors that bind to the AD and PH site
but not the NI site of tankyrases, but still block NAD* bind-
ing (Figure 3E) (50, 51). IWR compounds bind to the donor
site of TNKS1 making H-bond interactions with Tyr1213 and
Asp1198 (Tyr1060 and Asp1045 in TNKS2), and stacking inter-
actions between Phe1198 and His1201 (Phel1035 and His1048 in
TNKS2) (51, 52). In co-crystal structures, rearrangement of the
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Table 1| Selectivity of PARP inhibitors. Published IC50 values of PARP inhibitors that have been tested against multiple PARPs.

PARP-1 SELECTIVE

Compound Structure Class PARP-1 PARP-2 PARP-3 PARP-4 TNKS1 TNKS2 Selectivity? Reference
IC50 (nM)
DR2313 ! "‘mc”! Thiopyrano 200 2,400 12 Nakajima et al.
o pyrimidine (81)
1 (\S Quinoxaline 30 90 3 Sunderland et al.
& (85)
FR257517 @ﬂ/\»@/@ Quinazolinone 13 500 39 Ishida et al. (40)
BYK204165 ‘NH" Isoquinolindione 45 4,000 89 Eltze et al. (41)
BYK49187 %EE:\HC)—@':NH Imidazoquinolinone 4 20 5 Eltze et al. (41)
BYK20370 "@J\;’% Imidazopyridine 400 2,000 5 Eltze et al. (41)
PARP-2 SELECTIVE
Compound Structure Class PARP-1 PARP-2 PARP-3 PARP-4 TNKS1 TNKS2 Selectivity® Reference
IC50 (nM)
Olaparib O n Pthalazinone 5 1 1,500 5 Menear et al. (86)
(AZD-2281) L
(KU- L, b
0059436)
Veliparib ‘Eg;:“ Benzimidazole 5 2 25 Penning et al. (87)
(ABT.:888) a8 8.3 11 14,970 6,519 0.75 Huang et al. (43)
2 é(f@ Quinoxaline 101 8 13 Ishida et al. (40)
3 E‘" Isoquinolinone 13,900 1,500 9 Sunderland et al.
(85)
4 ‘5’ Isoquinolinone 13,000 800 16 Pellicciari et al.
(44)
5 ‘ES’ Isoquinolinone 9,000 150 60 Pellicciari et al.
(44)
PARP-3 SELECTIVE
Compound Structure Class PARP-1 PARP-2 PARP-3 PARP-4 TNKS1 TNKS2  Selectivity® Reference
1C50 (nM)
ME0328 Quinazolinone 6,300 10,800 890 >30,000 >30,000 =>30,000 7 Lindgren et al.

o s O

o cHy

(45)

(Continued)
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Table 1 | Continued

PARP-1 AND PARP-2 SELECTIVE

Compound Structure Class PARP-1 PARP-2 PARP-4 TNKS1 TNKS2 Selectivityd Reference
1C50 (nM)
GPI6150 Isoquinolinone ~100 ~100 n.d.f Zhang et al. (82)
O
Niraparib ° "": . Indazole 3.8 2.1 330 570 87-342 Jones et al. (38)
(MK-4827) &\Oﬂ
5-AlQ @'" Isoquinolinone 940 1,050 nd.f Sunderland et al.
ot (85)
5
PJ-34 G Phenanthridine 600 1,000 nd.f Pellicciari et al.
U (44)
DPQ SN Isoquinolinone 4,500 5,300 n.d.f Pellicciari et al.
O (44)
6 (\5? Benzo- 1 1 440 3,500 50-3,500  Torrisi et al. (89)
o N naphthyridinone
TANKYRASE SELECTIVE
Compound Structure Class PARP-1 PARP-2 PARP-4 TNKS1 TNKS2 Selectivity® Reference
1C50 (nM)
XAV939 SCK:,T Pyrimidinone 2,194 14 1 4 200 Huang et al. (43)
s 620 14 8 44 Karlberg et al. (53)
120 46 il 8 i Larsson et al. (90)
7 ° lsoquinolinone 10,000  >10,000 860 52 12 Larsson et al. (90)
IWR-1 %‘) . o Ni Tetrahydro- >18,750 >18,750 131 56 >143 Huang et al. (43)
° Phthalimide g5 500 170,000 150 39 ~567 Bregman et al.
(54, 55)
8 Hsgj:gc O‘%{, Oxazolidinone  >85,000 >170,000 1 >85,000 Bregman et al.
(54, 55)
Quinazolinone 931 8 2 116 Bregman et al.

o e NSoard

o

(54, b5)

#Fold selectivity for PARP-1 vs. PARP-2 (PARP-2 IC50 / PARP-1 1C50).
b Fold selectivity for PARP-2 vs. PARP-1 (PARP-1 IC50 / PARP-2 IC50).
°Fold selectivity for PARP-3 vs. PARP-1 (PARP-1 IC50 / PARP-3 |C50).

9Fold selectivity for PARP-1 vs. PARP-3, PARP-4, and TNKS1 (PARP-1 IC50 / PARP-3, PARP-4, or TNKS1 IC50).
¢Fold selectivity for TNKST vs. PARP-1 (PARP-1 IC50 /TNKS1 IC50).

fNot determined.

tankyrase D-loop (Ala1202-Ala1210 in TNKS1; Ala1049-Ala1057
in TNKS2) is observed in which Tyr1203 (Tyr1050 in TNKS2)
flips outward allowing access to the binding site, and movement
of Phel198 (Phel035 in TNS2) creates an induced pocket that

accommodates binding (18, 51, 52). In the absence of inhibitor or
NAD™, Tyr1203 lies across the NAD™ binding pocket and forms a
hydrogen-bond to the main-chain of Tyr1224 (Y1071 in TNKS2),
which effectively blocks access of NAD™ to the binding pocket.
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The opening of this site is similar to the effects seen with XAV939
binding to TNKS2 and TNKSI (46, 53). In PARPs 1-4 the outer
wall is formed in part by the HD that would creates steric clash
with these compound (as observed with the aligned PARP-1 struc-
ture in Figure 3E). While this molecule is a useful tool for selective
tankyrase inhibition, it suffers from poor cellular potency and
efforts are being made to improve its potency and pharmacoki-
netic and pharmacodynamic properties (compounds 8 and 9 from
Table 1) (54, 55).

OTHER PARP INHIBITORS THAT DO NOT MIMIC NICOTINAMIDE

While tankyrase inhibitors appear to be paving the way for non-
nicotinamide-based PARP inhibitors, we make note of a few other
non-traditional scaffolds. For example, imidazoquinolinones and
imidazopyridine based compounds do not contain the carbox-
amide feature, but are potent inhibitors of both PARPs 1 and 2
(41). These compounds inhibit competitively, meaning they block
NAD™ from binding and thus would likely have similar challenges
as most PARP inhibitors in optimizing selectivity.

Metabolites of coumarin derivatives made way for C-nitroso
derivatives that irreversibly inhibited PARP-1. These compounds
were observed to eject the zinc ion from the first zinc-finger
domain (Zn1), presumably through oxidation of the coordinating
cysteine residues resulting in disulfide bond formation (56). This
mechanism was noted to act selectively on Zn1 and not Zn2, which
fell in line with the loss in catalytic activity but remaining DNA
binding (57). These compounds showed promising chemothera-
peutic potential as they induced apoptosis in human tumor cells
(58). Further development of this molecule resulted in 4-iodo-3-
nitroso-benzamide (INO,BA; iniparib), a clinical candidate that
showed clinical benefit in treating metastatic triple negative breast
cancer (TNBC) (59); however a larger phase 3 trial failed to repro-
duce prolonged survival in TNBC. Iniparib was later demonstrated
to have poor selectivity and potency for PARP-1 zinc-fingers (60,
61), and thus is not a “bona fide” PARP inhibitor. Unfortunately
this drug provided an inaccurate representation of true PARP
inhibitors to the community, and its failure does not reflect the
therapeutic potential of PARP inhibitors.

POTENTIAL FOR ALTERNATIVE INHIBITORS AS ISOFORM SPECIFIC
PARP INHIBITORS

High-throughput screening for PARP catalytic site inhibitors and
substrate mimicry are two typical strategies taken to develop
new PARP inhibitors. When PARP selectivity is desired, chemical
manipulations by side group modification or scaffold optimiza-
tion are used to target the slight differences in the NAD™ binding
site. With development of new screening assays, we will be capable
of searching for compounds that inhibit non-catalytic domains of
PARPs. For example, our group has recently developed an HTS
assay to detect allosteric regulation of PARP-1 (62). Since the
domains involved in allosteric regulation are unique to PARP-1,
identified inhibitors would likely be highly selective. In addition
to isoform specificity, inhibition of allosteric regulation may only
affect certain functions of PARP-1. For instance, we find that
inhibition of allosteric regulation affects DNA-dependent acti-
vation without affecting androgen receptor-mediated transcrip-
tional activities. It is likely that other PARP-1 mediated functions

would also not be affected by disruption in allosteric regulation,
which could be beneficial in terms of pharmacological efficacy and
adverse effects.

Structural characterization of PARP non-catalytic domains in
complex with protein or DNA has provided grounds for ratio-
nal drug design approaches. Despite difficulties in development
of inhibitors that target protein—protein or protein-DNA inter-
faces, identification of clustered protein interface regions of high-
affinity, known as “hot spots,” has been a guiding concept in the
inhibition of protein interactions with small molecules (63). From
the structure of the essential domains of PARP-1 in complex with
DNA damage, there are several domain—domain interfaces that
form critical contacts that are required for PARP-1 activation
(Figure 4). All-atom molecular modeling analysis of the energetic
contribution of individual residues to these protein—protein inter-
faces predicts that hot spots exist between the domains of PARP-1
(unpublished data). Our analysis using the CHARMM force field
and the GBMV implicit solvent model (64, 65) suggested that the
majority of binding free energy between the Zn1 and Zn3 domain
comes from a few local residues (e.g., R78 and W79 of Zn1). Inter-
estingly, mutation of either of these residues is detrimental to
PARP-1 DNA-dependent catalytic activity (62). A small nearby
hydrophobic groove exists next to these residues, which could
potentially bind and disrupt the interaction between the Zn1 and
Zn3 domains (Figure 4). Moving forward, a better understanding
of the dynamics of PARP-1 domain arrangements in a cell-based
context will be important in any kind of rational drug design
approach that targets interdomain interfaces. Furthermore, addi-
tional structural studies that can locate the positions of the Zn2
and BRCT domain might also reveal additional domain interfaces.

L) Zn3 - WGR - CAT
interface

Zn1-Zn3
interface

Zn1-WGR"
interface

(e
FIGURE 4 | Structure of PARP-1 in complex with DNA damage. PARP-1
binds DNA damage and activates catalytic activity nearly 500-fold. Only four
of the six domains of PARP-1 (Zn1, Zn3, WGR, and CAT) are essential for
DNA-dependent PARP-1 activation. This structure depicts complex
formation and protein—protein interactions between domains upon DNA
damage recognition (PDB ID: 4DQY). Disruption of these interdomain
protein interfaces could be of interest in selective, allosteric targeting of
PARP-1. An understanding of the arrangement of PARP-1 domain

architecture in the absence of DNA damage recognition will be important
for rational drug design efforts targeting protein interactions.
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Another strategy to target PARPs specifically is through the
acceptor site in the catalytic domain. This region likely forms
contacts with target proteins to be modified with ADP-ribose.
The diversity of the region in comparison to the NAD* bind-
ing site among PARPs presents a greater potential to achieve
selectivity. Unfortunately, the differences in protein target recog-
nition among PARPs are not well understood. It is likely that both
sequence and structure play a part in target recognition. We do
know that glutamic acid, aspartic acid, and lysine residues are the
preferred amino acids that get modified by PARPs (66-70). Small
peptides with an ADP-ribose modified glutamic acid or lysine
residue could serve as a prototype scaffold for development of
such inhibitors.

PERSPECTIVE ON THE THERAPEUTIC POTENTIAL OF
PAN-PARP INHIBITORS VERSUS SELECTIVE PARP
INHIBITORS

Comparisons between the effects of pan-PARP inhibitors and
selective PARP inhibitors are largely unknown. In the case of
PARP-1, the roles of recognition of DNA damage and repair in
the base excision pathway are well established (71). Generation
of single-strand breaks (SSBs) tend to accumulate in cells treated
with PARP inhibitors, but this is not the case in cells treated with
PARP-1 siRNA (72). RNAi technology however, requires care-
ful interpretation since it is a knockdown and not a complete
knockout, and even weak PARP-1 activity is enough for efficient
DNA repair (73). The residual DNA repair activities of PARP-
2 could explain SSB accumulation in cells treated with a PARP
inhibitor (that inhibits both PARP-1 and PARP-2), and not in
the case of PARP-1 depletion. Another model explains the reten-
tion of SSBs by proposing that PARP inhibitors trap PARP-1
and PARP-2 on SSB intermediates and prevent proper repair (72,
74, 75).

In terms of therapeutic potential, PARP inhibitors are more
effective at killing BRCA deficient cells than with PARP-1 knock-
down (5, 6). A number of clinical trials (Phase I-II) testing PARP
inhibitors (with proven activity against either PARP-1 alone or
both PARP-1 and 2) singly or in combination with chemother-
apy are ongoing (76). Some clinical trials are upfront selecting
for patients with known BRCA-deficiency or assessing biomark-
ers in a retrospective manner; and early reports suggest that
selected BRCA-mutant patients do gain the best clinical bene-
fit (77). The selectivity and usefulness of leading clinical PARP
inhibitors (veliparib, olaparib, rucaparib) will soon become appar-
ent as clinical trials successfully accrue patients. Moreover, as the
research community discovers more BRCA2-related genes (such
as the Fanconi Anemia genes) and pathways disrupted in can-
cers (78) two new opportunities will be: (i) to select patients’
tumors that would be optimal for a synthetic lethal approach
using PARP inhibitors and (ii) defining new targets within this
pathway (79). Additionally, we are hopeful that with an in-
depth understanding of the structure-function of each PARP
family member, better and more specific targeting strategies will
emerge. Finally, we may be better able to enhance PARP inhibitor-
based therapies by taking into account the interplay between
the DNA damage response and cell cycle dynamics (e.g., WEEL
inhibitors) (80).

CONCLUSION

Over 40 vyears of research invested from groups worldwide has
advanced our understanding of poly(ADP-ribosyl)ation in can-
cer, identifying PARP-1 as a promising therapeutic target. As
the family originating with PARP-1 has grown into a superfam-
ily of PARPs and related MARTS, new therapeutic opportuni-
ties have surfaced along with new therapeutic challenges. Since
most PARP inhibitors have varying selectivity among PARPs
(8), interpretation of biological effects can present difficulties.
Only recently have we begun to understand how different PARP
inhibitors affect individual PARP function, and whether added
therapeutic benefits result from pan-PARP inhibition remains to
be determined.

Selectivity of compounds for one PARP over another is infre-
quently shown, although selectivity between PARP1 and PARP2,
and in some instances other PARPs, is becoming more frequently
reported. The use of selective agents will be extremely important in
understanding each PARPs function. For example, the selectivity
of compounds between PARP1, PARP2, and PARP3 is especially
needed to clarify roles in response to DNA damage. Methods for
screening the family of PARPs has become more prevalent, which
will help accelerate the development of selective inhibitors. Cross-
inhibition with other enzymes that use NAD" as a substrate or
cofactor (such as ADP-ribosylcyclases and sirtuins) is an important
concern, but is not typically seen (81, 82).

On the road to PARP selective inhibitors, most efforts will
likely continue to focus on modifications of the nicotinamide-
based inhibitors. The newer tankyrase selective compounds (such
as IWR-1) that target the AD and PH sites but not the NI site
present exciting new alternatives to nicotinamide-based inhibitors.
It will be interesting to see if similar approaches are effective in
other PARPs to promote selectivity. The acceptor sites among
PARPs contain varying degrees of differences, which could guide
the specificity of modifying target proteins. Targeting features of
this region, such as the unique Arg408 residue in PARP-3, could
be another way to obtain selectivity. Finally, we bring attention to
targeting non-catalytic domains as a route to achieving selectivity.
PARPs are the most diverse outside of their catalytic domain, and
it is becoming increasingly appreciated that these domains make
DNA and protein interactions important for proper function.
Targeting non-catalytic domains may even allow us to target spe-
cific PARP functions, opening up a new dimension of therapeutic
opportunities.
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No longer is histology solely predictive of cancer treatment and outcome. There is an
increasing influence of tumor genomic characteristics on therapeutic options. Both breast
and ovarian cancers are at higher risk of development in patients with BRCA 1/2-germline
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INTRODUCTION

BRCALI and 2 proteins play integral functions in DNA homol-
ogous recombination repair (HRR). In normal cells, the HRR
pathway is activated in response to DNA double-stranded breaks
(1). In BRCA 1/2-deficient cells, HRR is faulty secondary to loss
of BRCA function, and therefore, other more error-prone DNA
repair pathways are activated. These less perfect mechanisms are
felt to be accountable, in part, for carcinogenesis. Similarly, tumors
with defective HRR mechanisms are more susceptible to the direct
DNA damaging effects of chemotherapy.

Homologous recombination repair dysfunction can be
exploited as a therapeutic strategy by the use of poly (ADP-ribose)
polymerase (PARP) inhibitors, which inhibit PARP proteins, most
commonly PARP1 and 2. As part of the base excision repair (BER)
pathway, PARP1 attaches long polymers of ADP-ribose on itself,
so that, XRCC1 and other repair proteins have the ability to
rapidly locate single-stranded DNA breaks (2—4). Newer evidence
reveals that the exact role of PARPI in the BER pathway is per-
haps more indirect and not yet clearly defined (5). Recent studies
have also shown that PARP1 is more versatile, and has been impli-
cated in other DNA repair pathways, such as the non-homologous
end-joining (NHEJ) repair pathway (6, 7).

Several mechanisms by which PARP inhibition in HRR-
deficient cells lead to cell death have been investigated. Most
notably, the concept of synthetic lethality explains combinatory
lethal effects of BER and HR repair dysfunction, whereas alone,
HR or BER pathway disruptions are not lethal to the tumor cell
(8). Additionally, other potential mechanisms have been explored
including trapping of inhibited PARP1 at sites of DNA damage
preventing other repair proteins access, failure to initiate HRR by
PARP-dependent BRCA1 recruitment, and activation of the error-
prone NHE] repair pathway leading to genomic instability and

malignancies and compare and contrast the results with respect to histology.

Keywords: BRCA 1/2-mutations, breast cancer, ovarian cancer, BRCAness, PARP inhibitor, reversion mutations

subsequent cell death (9). Knowledge of PARP activity has led
to effective treatment strategies for BRCA 1/2-germline mutation
related tumors.

BRCA 1/2-MUTATED OVARIAN AND BREAST CANCER

BRCA 1/2-mutation related ovarian and breast cancers account
for 5-10% of all female ovarian and breast cancers (10, 11).
Ovarian cancers in the setting of BRCA 1/2-germline mutations
can present with more aggressive, high-grade histologies, but are
frequently responsive to chemotherapy, particularly platinum-
based regimens, leading to an improved 5 years survival (12). The
chemotherapy-sensitive mechanism is felt to be related to the inti-
mate relationship between BRCA 1/2 proteins and defective HRR,
as discussed above. Recent studies have demonstrated that women
with BRCA-related ovarian cancers fare much better than sporadic
ovarian cancers (13—16). A study, published by the National Israeli
Study of Ovarian Cancer, showed women with BRCA mutations
had a median survival of 55.7 months compared to 37.9 months
in sporadic ovarian cancers (p =0.002) (15). This may be in part
explained by the standard use of carboplatin-based therapies for
ovarian malignancies as the DNA damage induced by the plat-
inum should be more efficacious in the DNA repair-deficient
BRCA-related tumors.

Contrary to the more convincing outcomes in BRCA 1/2-
related ovarian cancers, the outcomes of BRCA mutation-related
breast cancers are less clear. Women with BRCAI mutations typ-
ically develop breast cancer at an earlier age than BRCA2-related
and sporadic breast cancers. BRCAI-related breast cancers tend
to also be higher grade, hormone receptor-negative, and HER-
2-negative, or “triple negative” (17), and also frequently express
a basal phenotype (18-26). Patients with BRCA-mutated breast
cancers generally respond to therapy as well as sporadic cancers;
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however, the risk of second ipsilateral or contralateral primaries
may be as high as 3-5% per year, compared to 0.5-1% per year
risk, seen in sporadic breast cancers (17). In contrast to ovar-
ian cancer, platinum chemotherapy is not standardly adminis-
tered to patients with breast cancer. The use of platinum agents
has been evaluated in a small series which have demonstrated
high efficacy in breast cancer in particular in the setting of a
BRCA mutation. Silver et al. evaluated the use of neoadjuvant
platinum-containing chemotherapy in patients with triple nega-
tive breast cancer (TNBC) (N = 28), and found those more likely
to be platinum-sensitive were those with low BRCAI gene expres-
sion (27). Likewise, in BRCA-mutated breast cancer patients who
received cisplatin in the neoadjuvant setting showed a high rate
of pathologic complete response (pCR) in a small series. Ten of
12 patients achieved pCR (83%). When non-platinum-containing
regimens were used, the pCR rate was 14% (28). These studies
highlight the rationale to further explore the use of platinum-
containing regimens, specifically for patients with TNBC and
BRCA mutations.

BRCAness: SPORADIC TRIPLE NEGATIVE BREAST CANCERS
Triple negative breast cancers account for ~20% of all breast can-
cers and are associated with an aggressive clinical picture (20,
25, 29). Due to lack of hormone receptor or HER-2 expression,
and no other known target for tailored therapy, the only cur-
rent treatment option is chemotherapy. Over 80% of hereditary
BRCAI-mutated cancers are TNBCs. Several studies have investi-
gated a potential role for BRCAI inactivation in sporadic TNBC
given the similar clinical outcomes and histological characteristics
among these cancers and hereditary BRCAI-mutated breast can-
cers. Breast cancers developing in patients with BRCAI mutations,
in addition to frequently being triple negative, also often express
basal markers (18-22, 25, 26). Gene microarray expression profil-
ing has shown considerable similarities between BRCAI-mutated
tumors and basal tumors (25). This shared phenotype has been
termed “BRCAness” (26). What is unknown is whether the basal
phenotype is a result of the BRCA loss or if the BRCA loss results
in the basal phenotype (6).

Recently, Lehmann and colleagues delved further into the
characterization of TNBC. They performed an analysis of gene
expression profiles of 587 TNBC cases and identified six separate
subtypes of TNBC. These six subtypes were: basal-like 1 (BL1),
basal-like 2 (BL2), immunomodulatory (IM), mesenchymal (M),
mesenchymal stem-like (MSL), and luminal androgen receptor
(LAR) subtype. Additional analysis of TNBC cell lines, repre-
sentative of each of these identified subsets, revealed differential
responses to various therapeutic agents. Both the BL1 and BL2
groups showed increased gene expression involved in DNA dam-
age response, and showed higher response to cisplatin (30). In a
follow-up study, Masuda et al. presented neoadjuvant chemother-
apy response data in each of the aforementioned TNBC subtypes
(31).In 130 TNBC patients, who received standard anthracycline-
and taxane-based chemotherapy, the BL1 subtype achieved a pCR
most frequently (52%). In contrast, the pCR in the BL2 subtype
was 0%. The molecular differences in BL1 and BL2 may explain
these differential responses. Specifically, the BL1 subtype involves
the cell cycle, DNA replication reactome, and the BRCA pathway,

among others, whereas the BL2 subtype involves growth factor,
glycolysis, and gluconeogenesis pathways. This work demonstrates
that even within “basal-like breast cancer (BLBC),” there may be a
great deal of heterogeneity.

Telli and colleagues recently presented a study evaluating gem-
citabine, carboplatin, and iniparib, a compound initially believed
to have PARP inhibitory effects, in the neoadjuvant treatment of
triple negative and BRCA-mutated breast cancer (32). This study
demonstrated a pCR of 36% overall, with a pCR in BRCA 1/2-
mutation carriers of 47%. Furthermore, patients who were both
triple negative and had a BRCA 1/2-mutation, had a pCR of
56%. Although only 10 patients were classified as BL1 or BL2,
there were an equal number of responders and non-responders
to the neoadjuvant platinum regimen. It is also notable that only
one patient classified as basal-like had a known BRCA mutation,
whereas, there were BRCA-mutated tumors that were classified as
IM, M, MSL, and unspecified (32). Although basal-like TNBC has
become nearly synonymous with BRCAness, this study found that
the basal-like subtype of TNBC was neither particularly respon-
sive to the treatment combination, nor had a higher number of
BRCA-germline mutations. In this study, the homologous recom-
bination deficiency (HRD) score appeared to be more predictive of
platinum response, as compared to TNBC intrinsic subtyping (30).
The HRD assay has been developed to evaluate for loss of heterozy-
gosity (LOH), which has been shown to be predictive of response
to platinum in BRCA-related and sporadic cancers (33). While,
this data is hypothesis-generating and thought-provoking, larger,
prospective studies will be needed before any formal conclusions
can be drawn.

In sporadic basal tumors, there are data that show reduced
BRCA1 mRNA expression. It is felt that epigenetic modifica-
tion of the BRCA gene, such as promoter hypermethylation, is
responsible for this (34—36). Interestingly, no tumors showed both
BRCAI mutation and BRCAI promoter methylation suggesting
that these events are mutually exclusive in The Cancer Genome
Atlas (TCGA) research network data (37). The association between
BRCAI-mutated and BLBCs provides an important rationale to
include this frequently encountered patient population in stud-
ies geared toward manipulation of the characteristic faulty DNA
repair mechanisms in BRCAI-mutated tumors. As we move into
an era where genomic analyses of tumors is becoming the norm, it
will be important to link the genome, methylome, and proteome
to clinical characteristics and outcomes.

BRCAness: SPORADIC HIGH-GRADE SEROUS OVARIAN
CANCERS

Similarly, there are many commonalities among BRCA 1/2-
mutated cancers and sporadic epithelial ovarian cancers (EOCs).
Although only 5-10% of ovarian cancers are directly attributable
to a germline mutation in BRCAI or 2, there is a growing body
of evidence to suggest that additional mechanisms of BRCA dys-
function are involved in the pathogenesis of ovarian cancer (26,
38, 39). One study demonstrated alterations of BRCAI and/or 2
in up to 82% of examined ovarian cancers (n=92) (40). Methy-
lation of the BRCAI promoter has been demonstrated in up to
14% of sporadic breast and up to 30% of sporadic ovarian cancers
(26, 35, 41-46). LOH has been described in ovarian tumors and
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Table 1 | Selected PARP inhibitor trials in BRCA 1/2-mutated (BRCA™"!) breast cancers.

Trial Study population PARP inhibitor Comparison Clinical responses?
therapy

Phase | Advanced BRCA™Ut tumors (N =39, of which  BMN 673 None BRCAMUt BC
De Bono et al. (71) 8 BC) ORR: 2/6
NCT01286987
Phase | Advanced solid tumors/hematologic Niraparib None BRCA™t BC
Sandhu et al. (68) malignancies (N = 100, of which 12 BC, PR: 2/4
NCT00749502 including 4 BRCA™MUY)
Phase | Advanced solid tumors Olaparib None BRCA™!t BC
Fong et al. (62) N =60, of which 9 BC, including 3 with CR:1/3
NCT00516373 BRCAMUt SD: 1/3
Phase I Recur, advanced BRCA™Ut OC (N =17)/BC Olaparib None BRCA™Yt BC
Gelmon et al. (65) (N =10), or BRCA™' HGS and/or CR+PR: 0/8
NCT00679783 undifferentiated OC (N =47)/TNBC (N = 16) SD: 5/8
Phase |l BRCA™!t solid tumors (BC, N=62, OC, Olaparib None BRCAMt BC
Kaufman et al. (39) N =193) CR: 0/62
NCT01078662 PR: 8/62

SD: 29/62

PFS rate: 29% for 6 months

OS rate: 44.7% for 12 months
Phase Il BRCA™MU advanced BC (N =27) Olaparib None ORR: 11/27
Tutt et al. (64) CR:1/27
NCT00494234 PR: 10/27
ICEBERG 1 PFS: 5.7 months
Phase | Met or unresect BRCA™Ut BC and EOC Olaparib + None BRCA™Yt BC
Lee etal. (72) (N =45, of which 8 BC) carboplatin CR: 1/8
NCT00647062, PR: 6/8
NCT01445418 SD: 1/8
Phase | Advanced solid tumors [N =87, including BC Olaparib + None BRCAMU
van der Noll et al. (90) (26%) and OC (7%), of which 12 BRCA™Ut] carboplatin + CR: 17%"
NCT00516724 paclitaxel PR: 33%P
Phase | Recur or advanced EOC/TNBC Olaparib + cediranib None BRCAMYt BC
Liu et al. (82) N =28, of which 3 BRCA™t BC (angiogenesis inhibitor) ORR: 0/3
NCT01116648
Phase I/Il Advanced solid tumors and relapsed PSens Rucaparib None BRCAMYt BC
Kristeleit et al. (69) BRCA™t OC PR: 1/17
NCT01482715 N =29, of which 17 BC and 7 OC, including SD: 10/29 (of which 4 were

BRCA™Ut tumors BC, also 7/10 were BRCA™MUt)P

Phase | Advanced BRCA™ ! solid tumors (N =38, of  Veliparib None BRCAMt BC
Huggins-Puhalla et al. (91) which 12 BC), or BRCAY BLBC or OC PR: 1/12
NCT00892736 SD: 10/38°
Phase | Met or unresect BRCA™Ut BC, or BRCA™ Veliparib + None BRCAMt BC
Ramaswamy et al. (92) TNBC and other BCs carboplatin PR: 2/6
NCT01251874 N =38, of which 6 BRCA™t and 7 FAdef SD: 4/6

PR: 8/38°

SD: 17/38°
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Table 1| Continued

Trial Study population PARP inhibitor Comparison  Clinical responses?®
therapy

Phase | Met or unresect BRCA™Ut BC Veliparib + carboplatin None CR: 3/26°
Somlo et al. (93) N=28 PR: 9/26
NCT01149083 SD: 7/26

PFS: 78 months
Phase | Met BRCA™Ut BC or recur and/or met Veliparib + cisplatin and None BRCA™t BC
Rodler et al. (94) BRCA™'TNBC vinorelbine PR: 3/5
NCT01104259 N =18, of which 5 BRCA1/2Mut PR: 6/11°

SD: 5/11P
Phase | Met BC Veliparib + None PR: 2/11 (both BRCA2M{Y)
Tan et al. (95) N =11, of which 3 BRCA2Mut Cyclophosphamide and SD: 6/11 (of which 1
NCT00740805 doxorubicin BRCA2™M1Y)
Phase Il Met BRCA™!t BC (expansion cohort, N=24)  Veliparib + temozolomide None CR:1/24
Isakoff et al. (96) PR: 2/24
NCT01009788 SD: 7/24

2Data include only patients with measurable disease.
b Collective data reported.

BC, breast cancer; ORR, objective response rate; PR, partial response; CR, complete response; SD, stable disease, recur, recurrent; OC, ovarian cancer; BRCA", BRCA-

wild type; HGS, high-grade serous,; TNBC, triple negative breast cancer; PFS, progression-free survival; OS, overall survival, met, metastatic, unresect, unresectable;

EOC, epithelial ovarian cancer; PSens, platinum-sensitive; BLBC, basal-like breast cancer; FA%', fanconi anemia pathway deficiency.

may have multiple possible mechanisms leading to malignancy
including co-existing LOH of BRCA1I and p53, and hypermethyla-
tion acting in a synergistic fashion (33,47-51). In contrast, BRCA2
methylation has not been found to be a significant contributor (39,
52). Identifying and manipulating these BRCA-like deficiencies in
DNA repair in sporadic ovarian cancers is of great importance
and provides rationale for including these patients in clinical trials
designed for BRCA-related malignancies.

Another important mechanism of BRCAness in ovarian can-
cers is the presence of somatic mutations in BRCAI and 2 (53).
Hennessy and colleagues performed BRCA1/2 sequencing on 235
unselected ovarian cancers and found that 19% of the sample had
detectable mutations in BRCAI (N =31) or BRCA2 (N =13).In
the 28 samples, where germline DNA was also available, 42.9% of
the BRCAI mutations and 28.6% of the BRCA2 mutations were
somatic. Of interest, somatic BRCA 1/2-mutations in breast can-
cer appear to be less frequent. In the TCGA BLBC cohort, about
20% had either germline (N =12) or somatic (N =8) BRCA
1/2-mutations. Another study evaluated 77 TNBC samples and
only one harbored a somatic BRCA mutation (54). This poten-
tially explains the seemingly higher activity of single agent PARP
inhibitors, discussed later, in sporadic ovarian cancer as compared
to sporadic TNBC.

GENOMIC SIMILARITIES: BASAL-LIKE BREAST CANCER AND
HIGH-GRADE SEROUS OVARIAN CANCERS

The Cancer Genome Atlas network recently published findings
again demonstrating the four distinct molecular signatures in
breast cancer from diverse genetic and epigenetic alterations: lumi-
nal A, luminal B, basal-like, and HER-2 enriched subtypes (55).

Strikingly, BLBCs were notably different than the other three
subtypes based on comprehensive analyses using multiple plat-
forms. As expected, these cancers also often (80%) lacked expres-
sion of ER, PR, and HER-2 identifying as TNBCs. Specifically,
most BLBCs showed a high frequency of TP53 deleterious muta-
tions (80%), as well as, loss of RBI and BRCA1. PIK3CA muta-
tions (~9%) were also a common feature of BLBC. Analyses also
highlighted increased MYC activation as a BLBC characteristic.

The BLBC mutation spectrum reported in the TCGA was simi-
lar to that identified in previously described serous ovarian cancers
(56) and BLBC were more similar to serous ovarian carcinomas
than to other subtypes of breast cancer. One gene, in particular,
TP53, had a >10% mutation frequency in both basal-like breast
and serous ovarian cancers. As well, both tumors when compared
to luminal showed increased BRCA]I inactivation, RBI loss, cyclin
El amplification, high expression of AKT3, and MYC amplifi-
cation. These molecular commonalities strongly suggest shared
driving events in tumorigenesis, and similarly, show support for
shared treatment strategies for TNBCs and high-grade serous
ovarian cancers. Of note, p53 mutations have been described
to have high frequency in BRCA mutation-related cancers as
well (57, 58).

PARP INHIBITORS: PRECLINICAL ERA

Bryant et al. and Farmer et al. demonstrated synthetic lethal-
ity in BRCA2-deficient cells with the use of two different PARP
inhibitors (59, 60). PARP inhibitors have also shown efficacy
preclinically in cells lacking other HRR proteins, such as RADS51,
ATR, ATM, CHKI, and FANCA or FANCC (61). These studies
have given basis for clinical trials in both BRCA-deficient cancer
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Table 2 | Selected PARP inhibitor trials in BRCA 1/2-mutated (BRCA™"!) ovarian cancers.

Trial Study population PARP inhibitor Comparison Clinical responses?
therapy
Phase | Advanced BRCA™Ut tumors (N = 39, of BMN 673 None BRCA™M™t OC
De Bono et al. (71) which 8 BC and 23 OC) ORR: 11/17
NCT01286987
Phase | Advanced solid tumors/hematologic Niraparib None BRCA™t OC
Sandhu et al. (68) malignancies (N =100, of which 49 OC, PR: 8/20
NCT00749502 including 22 BRCA™MUY)
Phase | Advanced solid tumors Olaparib None BRCA™Yt OC
Fong et al. (62) N =60, of which 21 OC, including 16 with PR: 8/15
NCT00516373 BRCAMU SD: 1/15
Phase |l Recur, advanced BRCA™t OC Olaparib None BRCA™t OC
Gelmon et al. (65) (N=17)/BCs (N =10), or BRCA"' HGS CR: 0/17
NCT00679783 and/or undifferentiated OC (N =47)/TNBC PR: 7/17
(N=16) SD: 6/17
Phase Il Advanced PRef or PRes BRCA™t OC Olaparib Liposomal Olaparib 200 mg twice daily
Kaye et al. (66) doxorubicin PFS: 6.5 months
NCT00628251 ORR: 25%
Olaparib 400 mg twice daily
PFS: 8.8 months
ORR: 31%
Liposomal doxorubicin:
PFS: 71 months
ORR: 18%
Phase Il BRCA™MUt solid tumors (BC, N=62, OC, Olaparib None BRCA™t OC
Kaufman et al. (39) N=193) CR: 6/193
NCT01078662 PR: 54/193
SD: 78/193
PFS rate: 54.6% for 6 months
OS rate: 64.4% for 12 months
Phase Il Advanced BRCA™'t OC Olaparib None ORR: 11/33
Audeh et al. (63) CR: 2/33
NCT00494442 PR: 9/33
PFS: 5.8 months
Phase | Met or unresect BRCA™t BC and EOC Olaparib + carboplatin None BRCA™MYt OC
Lee etal. (72) (N =45, of which 37 OC) CR: 0/34
NCT00647062, PR: 15/34
NCT01445418 SD: 14/34
Phase | Advanced solid tumors N =87, including Olaparib + carboplatin£+  None BRCAMt
van der Noll et al. (90) BC (26%) and OC (7%), of which 12 paclitaxel CR: 17%P
NCT00516724 BRCAMut PR: 33%"
Phase | Recur or advanced EOC/TNBC Olaparib + cediranib None BRCA™!t OC
Liu et al. (82) N =28, of which 12 BRCA™t OC (angiogenesis inhibitor) CR: 1/11
NCT01116648 PR: 4/11
Phase /Il Advanced solid tumors and relapsed Rucaparib None BRCA™t OC
Kristeleit et al. (69) PSens BRCA™M!t OC PR: 1/7
NCT01482715 N =29, of which 17 BC and 7 OC, SD: 10/29 (of which 5 were

including BRCA™Yt tumors

OC, also 7 were BRCA™ut)b
CR+PR+SD: 6/7in OC

(Continued)
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Table 2 | Continued

Trial Study population PARP inhibitor Comparison Clinical responses?®
therapy

Phase | Advanced BRCA™ solid tumors (N =38,  Veliparib None BRCA™t OC

Huggins-Puhalla et al. (91)  of which 20 OC), or BRCA' BLBC or OC PR: 1/20

NCT00892736 SD: 10/38P

Phase Il Refractory progressive BRCA™t OC or Veliparib (V) + Cyclophosphamide V + C: PR: 3/36°

Kummar et al. (97) HGS OC cyclophosphamide (C)  (C) C: PR: 5/38°

NCT01306032 N =236 N=238

Phase | Met or unresect solid tumors Veliparib + carboplatin None CR: 2/59°

Bell-McGuinn et al. (98) N =59, of which 39 OC, 24 of 39 OC and gemcitabine PR: 11/59°

NCT01063816 BRCAMut Of 13 responses, 8 BRCAM!

OC, 3 other OC

2Data include only patients with measurable disease.
v Collective data reported.

BC, breast cancer;, OC, ovarian cancer; ORR, objective response rate; PR, partial response; SD, stable disease; recur, recurrent; BRCA™, BRCA-wild type; HGS,

high-grade serous; TNBC, triple negative breast cancer; PRef, platinum-refractory; PRes, platinum-resistant; PFS, progression free survival; OS, overall survival; CR,

complete response; met, metastatic; unresect, unresectable; EOC, epithelial ovarian cancer; PSens, platinum-sensitive; BLBC, basal-like breast cancer.

populations, as well as, those with malignancies sharing qualities
of BRCAness or HRR-deficiency, such as basal-like or TNBC and
serous ovarian cancer.

PARP INHIBITORS IN CLINICAL TRIALS

BRCA 1/2-MUTATION STUDIES

The first published Phase I study evaluating PARP inhibitors in
the clinic used olaparib (AZD2281) enrolling patients with vary-
ing malignancies (Tables 1 and 2) (62). An expansion cohort of
BRCA-positive ovarian, breast, and prostate cancer patients was
enrolled at the recommended Phase II dose of 400 mg twice daily.
Nearly half of the evaluable patients had an objective response (19
patients, 47%). Results from this pivotal study showed olaparib
was generally well tolerated. From here, two Phase II proof-of-
concept trials (ICEBERG 1 and 2) (Tables 1 and 2) confirmed
activity in both BRCA-mutated ovarian and breast cancers, with
olaparib at 400 mg twice daily [ORR 11/33 (33%) and 11/27 (41%),
respectively], with low overall toxicities (63, 64).

Olaparib was also evaluated in patients with sporadic cancers
displaying a presumed BRCAness phenotype. Gelmon et al. per-
formed a non-randomized Phase II trial using olaparib in heavily
treated high-grade serous or undifferentiated ovarian carcinomas
and TNBCs (65) (Tables 1-4). Stratified by BRCA mutation sta-
tus, both BRCA-mutated and BRCA-wild type ovarian carcinoma
patients showed response to olaparib. In contrast, neither BRCA-
mutated nor sporadic breast cancer patients demonstrated signif-
icant response to olaparib. Potential explanations for these mixed
results include that not all TNBCs have a BRCA-like phenotype, so
there may have been some heterogeneity to this population (30).

In a population of BRCA-positive recurrent ovarian cancer
patients with a platinum-free interval of <12 months, olaparib
was compared to pegylated liposomal doxorubicin (PLD) in a
randomized Phase II trial (N =97) (66) (Table 2). Progression
free survival (PFS) was not statistically significantly different for
olaparib 200 or 400 mg twice daily (combined or individually)

versus PLD (PFS 6.5 versus 8.8 versus 7.1 months, respectively).
Where the PFS and ORR were consistent with prior studies for
olaparib at 400 mg twice daily, the efficacy of PLD was higher than
expected when compared with previous trials. Toxicity profiles
were distinct between olaparib (nausea, vomiting, and fatigue)
and PLD (stomatitis and palmar-plantar erythrodysesthesia), and
overall, the drugs were well tolerated. Although olaparib did not
show an improvement in PFS over chemotherapy, these results
show that targeted therapy with a PARP inhibitor is as effective as
chemotherapy, with potential for improved tolerability.

Other PARP inhibitors have also been studied in clinical trials
including niraparib (MK4827) in both BRCA-positive and spo-
radic tumors. This compound’s mechanism of action includes
PARP inhibition via a novel PARP trapping mechanism (67). A
Phase I study utilizing niraparib monotherapy was recently pub-
lished that established a maximum tolerated dose of 300 mg/day
(N =100) (68) (Table 1). Dose-limiting toxicities (DLTs) were
reported in the first cycle including grade 4 thrombocytopenia
at a dose of 400 mg/day. Non-hematologic DLTs included grade 3
fatigue and grade 3 pneumonitis at lower doses (30 and 60 mg/day,
respectively). Common treatment-related effects were anemia,
nausea, fatigue, thrombocytopenia, anorexia, neutropenia, con-
stipation, and vomiting, but were predominantly grade 1 or 2.
There were anti-tumor responses seen in the BRCA-mutated breast
and ovarian cancer population, and these were recorded at doses
>60 mg/day. Results from this study show promise for this newer
PARP inhibitor and currently there are multiple Phase III trials
recruiting in BRCA-positive breast and ovarian, and sporadic ovar-
ian cancer populations (NCT01905592, NCT01847274) (Tables 5
and 6).

Rucaparib (CO-338/AG-014699, also previously PF-01367338)
was recently evaluated in Phase I and II studies in advanced
solid tumors, including BRCA-positive breast and ovarian can-
cers. The PARP inhibitor as monotherapy and in combinations
with cytotoxic chemotherapy is under investigation. In a standard
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Table 3 | Selected PARP inhibitor trials in sporadic breast cancers.

Trial Study population PARP inhibitor Comparison Clinical responses?
therapy
Phase Il Recur, advanced BRCA™ OC (N=17)/BCs  Olaparib None BRCA™'TNBC
Gelmon et al. (65) (N =10), or BRCAW! HGS, and/or CR+PR: 0/15
NCT00679783 undifferentiated OC (N =47)/TNBC (N = 16) SD: 2/15
Phase | Refractory or recur BC (N =4) and OC Olaparib + carboplatin None BC
Lee et al. (99) PR: 3/4
NCT01237067 SD: 1/4
Phase | Advanced solid tumors N =87 including BC  Olaparib + None ORR: 14/87 (16%)P
van der Noll et al. (90) (26%) and OC (7%), of which 12 BRCAMUt carboplatin + CR: 5%
NCT00516724 paclitaxel PR: 1%
SD: 28%
Phase | Recur or advanced EOC/TNBC Olaparib + cediranib None BC
Liu et al. (82) N =28, of which 8 BC (angiogenesis inhibitor) ORR: 077
NCT01116648 SD: 2/7
Phase | Advanced solid tumors Olaparib + cisplatin None CR: 1/54°
Balmana et al. (100) N =54, of which 42 BC PR: 17/54°
NCT00782574 SD: 23/54°
Phase | Met TNBC Olaparib + paclitaxel None PR: 7/19
Dent et al. (76) N=19 SD: 1/19
NCT00707707
Phase | Advanced BRCAM solid tumors, or BRCAY!  Veliparib None BRCA™t BLBC
Huggins-Puhalla et al. (91)  tumors (N =25, of which 21 BLBC) PR: 1/21
NCT00892736 BRCA™
SD: 7/25P
Phase | Refractory solid tumors/lymphoma Veliparib Cyclophosphamide  PR: 7/35°
Kummar et al. (107) N =35, including BC and OC SD: 6/35°
NCT00810966
Phase | Met or unresect BRCAM™ BC, or BRCA Veliparib + carboplatin None PR: 8/38
Ramaswamy et al. (92) TNBC and other BCs SD: 17/38
NCT01251874 N =38, of which 6 BRCA™! and 7 FAdef FAdef
PR: 2/7
SD: 5/7
Phase | Met or unresect solid tumors Veliparib 4 carboplatin None CR: 2/59°
Bell-McGuinn et al. (98) N =59, of which 10 BC and gemcitabine PR: 11/59°
NCT01063816 Of 13 responses, 8 BRCA™Ut
OC, 3 other OC, 2 others
Phase | Advanced solid tumors including BC Veliparib + carboplatin None BC
Appleman et al. (102) N =68, of which 14 BC and paclitaxel CR: 3/14
NCT00535119 PR: 5/14
Phase | Met or unresect solid tumors, including BC Veliparib + carboplatin None TNBC
Puhalla et al. (80) (Q1week, N=10TNBC, Q3 week, N=9 and paclitaxel (Q1 week), CR: 2/10, PR:
NCT01281150 TNBC) 3/10, SD: 3/10
(Q3 week), CR: 3/9, PR: 4/9,
SD: 1/9
Phase | Met BRCAMUt BC or recur and/or met Veliparib 4 cisplatinand ~ None PR: 6/11°
Rodler et al. (94) BRCAW'TNBC vinorelbine SD: 5/11°
NCT01104259 N =18, of which 5 BRCA1/2Mut
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Table 3 | Continued

Trial Study population PARP inhibitor Comparison Clinical responses?
therapy

Phase | Met BC Veliparib + None PR: 2/11 (both BRCA2™Y)

Tan et al. (95) N =11, of which 3 BRCA2Mut cyclophosphamide SD: 6/11 (of which 1

NCT00740805 and doxorubicin BRCA2™t)

?Data include only patients with measurable disease.
bCollective data reported.

recur, recurrent; BRCA™', mutated BRCA, OC, ovarian cancer; BC, breast cancer;, BRCA*', BRCA-wild type; HGS, high-grade serous; TNBC, triple negative breast

cancer; CR, complete response, PR, partial response; SD, stable disease; ORR, objective response rate; EOC, epithelial ovarian cancer; met, metastatic; BLBC,

basal-like breast cancer; FA%', fanconi anemia pathway deficiency.

dose-escalation fashion, a Phase I/II study (Tables 1 and 2) is
currently evaluating rucaparib monotherapy in advanced solid
tumors (N =29) including ovarian/primary peritoneal (N =7)
and breast (N =17) cancer patients (69). Thus far, no DLTs at
360 mg twice daily (study not yet complete) have been reported. To
date, two PRs were seen in one BRCA-positive ovarian cancer, and
one BRCA-positive breast cancer patient at 300 mg daily dosing
during the sixth week of therapy. Ten additional patients (ovar-
ian N =5, breast N =4, and colorectal N = 1) have experienced
stable disease (SD) at >12 weeks so far; seven of which are BRCA-
positive. Overall the disease control rate (PR + SD > 12 weeks) for
ovarian cancer patients is 86% (6/7). Further results are anticipated
from this study. These promising results to date have supported
ARIEL2, a Phase II study of rucaparib in platinum-sensitive,
relapsed, high-grade epithelial ovarian, fallopian tube, or primary
peritoneal cancer patients, which is currently recruiting patients
(Table 6).

BMN 673, a novel, highly potent PARP 1/2 inhibitor, demon-
strated high efficacy in preclinical studies (70). BMN 673 elicits
DNA repair biomarkers at much lower concentrations [PARP1
half maximal inhibitory concentration (ICsp) <1nmol/L] than
earlier generation PARP inhibitors, i.e., olaparib, veliparib, and
rucaparib. Its anti-tumor activity has been tested in vitro and in
xenograft cancer models, as monotherapy and in combination.
Anti-tumor activity was seen in BRCA1, BRCA2, and PTEN defi-
cient cells with a 20 to more than 200-fold greater potency than
existing PARP 1/2 inhibitors. Synergism was also seen when BMN
673 was combined with temozolomide, SN38, or platinum drugs.
Thus far, BMN 673 has been the most specific PARP inhibitor in
its class.

The first in-human Phase 1, clinical trial using BMN 673 in
solid tumor patients was recently presented at ASCO 2013 (71)
(Tables 1 and 2). Patients with advanced solid tumors defective in
DNA repair, including BRCA-mutated breast (N = 6),and ovarian
(N =17) cancer patients, were eligible for the stage II expansion
phase at the maximum tolerated dose of 1000 mcg daily. In total,
39 patients with advanced solid tumors were enrolled, including
those tumors with deleterious BRCA mutations. Thrombocytope-
nia was dose-limiting and occurred in three patients at doses 900
or 1100 mcg daily. Most potential treatment-related adverse events
(AEs) were grade 1/2 and included fatigue, nausea, flatulence,
anemia, neutropenia, thrombocytopenia, and alopecia. Objective
responses were seen in 11/17 BRCA-mutated ovarian/primary

peritoneal cancer patients and 2/6 BRCA-mutated breast cancer
patients. Based on these encouraging results, the recommended
dose, 1000 mcg daily, will be studied in a Phase III trial in
BRCA-carrier metastatic or locally advanced breast cancer patients
(NCT01945775) (Table 5).

In addition to the single agent studies described above, PARP
inhibitors have been combined with chemotherapy in BRCA
mutation-related malignancies. Lee et al. in a Phase I/Ib study,
utilized olaparib, in combination with carboplatin, in a standard
dose-escalation study design in BRCA 1/2-mutated breast and
ovarian cancers (N = 45) (72) (Tables 1 and 2). The recommended
Phase II dose was 400 mg twice daily for 14 days with carboplatin
AUC 5. As noted in several other trials utilizing olaparib, and
other PARP inhibitors, myelosuppression was frequently present
with grade 3/4 AEs (neutropenia 42%), as well as, thrombocy-
topenia (20%), anemia (13%), carboplatin-hypersensitivity (9%),
and fatigue (7%). Responses included one CR in a breast cancer
patient that was durable (duration of 17 months), and a PR in
15/34 (44%) ovarian cancer (duration 3-28+ months) and 6/8
breast cancer (duration 5-244 months) patients. Prolonged SD
was seen in 14/34 (41%) ovarian cancer patients for as long as
25 months and for 11 months in a breast cancer patient. Remark-
ably, the overall clinical benefit rate was 100% in breast cancer
patients and 85% in ovarian cancer patients. A summary of Phase
I-1I studies utilizing PARP inhibitors in BRCA 1/2-mutated breast
and ovarian cancers can be found in Tables 1 and 2.

SPORADIC BREAST AND OVARIAN CANCER TRIALS
The earliest trials reported for sporadic TNBCs evaluated iniparib
(BSI-201) in combination with gemcitabine and carboplatin. The
Phase II trials showed promising anti-tumor activity, prolonged
median progression-free survival, and median overall survival
(OS) with minimal overall toxicity (73). Disappointingly, the
results were not significant in the Phase III trial (74). There are
a number of potential explanations for the lack of efficacy seen in
the Phase Il study, including the heterogeneity within the subtypes
of TNBC. Importantly, it was discovered that iniparib was actu-
ally not a PARP inhibitor, at physiologic concentrations. Rather,
iniparib was shown to cause telomere-centric DNA damage (75).
There are also a number of reported and ongoing studies with
“true” PARP inhibitors in sporadic TNBCs, although, only a few
studies that have been published in final format. A Phase I/II study
of mention explored the use of olaparib in combination with
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Table 4 | Selected PARP inhibitor trials in sporadic ovarian cancers.

Trial Study population PARP inhibitor Comparison Clinical responses?
therapy

Phase Il Recur, advanced BRCA™ OC (N=17)/BCs  Olaparib None BRCA™t OC
Gelmon et al. (65) (N =10), or BRCA"' HGS and/or CR: 0/46
NCT00679783 undifferentiated OC (N =47)/TNBC (N = 16) PR: 11/46

SD: 18/46
Phase I Relapsed PSens serous OC after two Olaparib Placebo PFS: 8.4 months
Ledermann et al. (81) courses of platinum-based chemotherapy 0OS 29.7 months
NCT00753545 ORR: 12.3%

ORR+SD: 52.9%
Phase | Refractory or recur BC (N =4) and OC Olaparib + carboplatin None oC
Lee et al. (99) (N=23) PR: 8/23
NCT01237067 SD: 11/23
Phase | Advanced solid tumors N =87 including BC  Olaparib + None ORR: 14/87 (16%)°
van der Noll et al. (90) (26%) and OC (7%), of which 12 BRCA™t carboplatin + CR: 5%
NCT00516724 paclitaxel PR: 1%

SD: 28%
Phase I Advanced PSens serous OC Olaparib + carboplatin, Carboplatin, PFS: 12.2 months
Oza et al. (103) paclitaxel paclitaxel alone ORR: 64%
NCT01081951
Phase | Recur or advanced EOC/TNBC Olaparib + cediranib None oC
Liu et al. (82) N =28, of which 20 OC (angiogenesis inhibitor) CR: 1/18°
NCT01116648 PR: 7/18°

SD: 3/18°
Phase | Advanced solid tumors Olaparib + cisplatin None CR: 1/54°
Balmana et al. (100) N =54, of which 10 OC PR: 17/54P
NCT00782574 SD: 23/54°
Phase | Advanced solid tumors (N = 23, of which 6 Rucaparib + carboplatin ~ None oC
Molife et al. (104) 0C) PR: 1/6
NCTO01009190 SD: 2/6
Phase | Advanced BRCA™!t solid tumors, or BRCA™'  Veliparib None BRCA™
Huggins-Puhalla et al. (91) tumors (N = 25, of which 4 OC) SD: 7/25°
NCT00892736
Phase | Refractory solid tumors/lymphoma Veliparib Cyclophosphamide  PR: 7/35°
Kummar et al. (101) N =35, including BC and OC SD: 6/35P
NCT00810966
Phase I Refractory progressive BRCA™t OC or HGS  Veliparib (V) + Cyclophosphamide V+ C: PR: 3/36P
Kummar et al. (97) oC cyclophosphamide (C) (C)
NCT01306032 N=36 N=38 C: PR: 5/38°
Phase | Met or unresect solid tumors Veliparib + carboplatin None CR: 2/59°
Bell-McGuinn et al. (98) N =59, of which 39 OC, 24 of 39 BRCA™t and gemcitabine PR: 11/59°
NCT01063816 Of 13 responses, 8 BRCAM!t

OC, 3 other OC, 2 others

?Data include only patients with measurable disease.

b Collective data reported.

recur, recurrent, BRCA™, mutated BRCA, OC, ovarian cancer; BC, breast cancer; BRCA*', BRCA-wild type; HGS, high-grade serous,; TNBC, triple negative breast can-

cer; CR, complete response, PR, partial response; SD, stable disease; PSens, platinum-sensitive; PFS, progression free survival, OS, overall survival; ORR, objective

response rate; EOC, epithelial ovarian cancer; BLBC, basal-like breast cancer; met, metastatic; unresect, unresectable.
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Table 5 | Ongoing or future PARP inhibitor trials in BRCA 1/2-mutated (BRCA™"!) breast and ovarian cancers.

Trial Study population PARP inhibitor Comparison therapy ClinicalTrials.gov status
Phase IlI Met or unresect BRCA™Ut BC BMN 673 Physician’s choice — NCT01945775
capecitabine, eribulin, Recruiting
gemcitabine, or vinorelbine
Phase Il HER-2 negative met or advanced Niraparib Physician’s choice (select NCT01905592 (BRAVO)
BRCA™t BC from four active comparators)  Not yet open for recruitment
Phase Il PSens BRCA™Ut or HGS OC Niraparib (maintenance)  Placebo NCT01847274
w/prior CR and second CR/PR Recruiting
Phase Il PSens BRCA™ ! (stage Ill or IV) Olaparib (maintenance)  Placebo NCT01844986
OC in first CR/PR Not yet open for recruitment
Phase Il Relapsed PSens BRCA™Ut OC Olaparib (maintenance) Placebo NCT01874353
w/prior CR and second CR/PR Not yet open for recruitment
Phase I Met or locally advanced BRCA™Ut Rucaparib None NCT00664781
BC/OC Active, not recruiting
Phase |l BRCAMUt BC or BRCA'TNBC Rucaparib + cisplatin Cisplatin NCT01074970
Miller et al. (105) w/residual disease in adjuvant Ongoing, not recruiting
setting (after NAC/surgery)
Phase | Met or unresect BRCA™' BC and  Veliparib None NCT01853306
oC Recruiting
Phase I/II Relapsed PRes or partially PSens Veliparib None NCT01472783
BRCA™M!t EOC Veli-BRCA
Recruiting
Phase Il Met or advanced BRCA™U BC Veliparib Placebo and carboplatin, NCT01506609
Isakoff et al. (106) Three arms, plus paclitaxel Recruiting
temozolomide, or
carboplatin, paclitaxel
Phase Il Advanced or recur BRCA™' EOC  Veliparib None NCT01540565
Coleman et al. (107) Ongoing, not recruiting
Phase | BRCA™t solid tumors (e.g., BC Veliparib + oxaliplatin None NCT01233505
and OC) and capecitabine Recruiting
Phase | Met or unresect BRCA™t BC and  Veliparib 4+ temozolomide None NCT00526617
ocC Completed

met, metastatic; unresect, unresectable;, BC, breast cancer, PSen, platinum-sensitive, HGS, high-grade serous, OC, ovarian cancer; CR, complete response; PR,

partial response; BRCA", BRCA-wild type; TNBC, triple negative breast cancer; NAC, neoadjuvant chemotherapy; PRes, platinum-resistant; EOC, epithelial ovarian

cancer; recur, recurrent.

paclitaxel in the first or second-line setting for metastatic TNBC
patients (N =19) (76) (Table 3). Notably, patients were treated
with olaparib 200 mg daily with paclitaxel 90 mg/m? weekly for
3 of 4weeks and 15 of the patients had had previous taxane-
based therapy. Thirty-seven percent of patients had a PR, although,
there were significant dose modifications due to the greater than
expected rate of neutropenia, even despite use of growth factor
support. While taxanes are proven agents in TNBC (77-79), this
class is not typically thought to be a potentiating agent for PARP
inhibitors. Most studies have used a platinum agent for poten-
tiation, exploiting the DNA damage/dysfunctional DNA repair
pathways concept. Perhaps utilizing two agents that are active in

different parts of the cell cycle would potentially target more tumor
cells, overall, including those in different phases of growth. Addi-
tionally, the utility of PARP inhibitor/taxane-based combination
may have potentially overcome taxane resistance. There are ongo-
ing studies with platinum and taxane combinations with a PARP
inhibitor. Early looks at efficacy are promising (80).

Similarly in ovarian cancer, there have been a number of stud-
ies evaluating PARP inhibitors with chemotherapy, including in
the maintenance setting. Ledermann et al. studied olaparib in
the maintenance setting after second CR in platinum-sensitive
recurrent serous ovarian cancer patients. This was a Phase II,
randomized, double-blinded, placebo-controlled trial (N = 265)
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Table 6 | Ongoing or future PARP inhibitor trials in sporadic breast and ovarian cancers.

Trial Study population PARP inhibitor Comparison ClinicalTrials.gov
therapy status
Phase IlI PSens BRCA™Ut or HGS OC Niraparib (maintenance) Placebo NCT01847274
w/prior CR and second CR/PR Recruiting
Phase | Recur TNBC/HGS OC Olaparib + BKM120 (PI3 kinase None NCT01623349
inhibitor) Recruiting
Phase | Met or unresect TNBC/serous Olaparib + carboplatin None NCT01445418
EOC Recruiting
Phase I/Ib Relapsed stage Ill or IV OC Olaparib + carboplatin and None NCT01650376
paclitaxel Recruiting
Phase Il Relapsed recur PSens high-grade Rucaparib None NCT01891344 (ARIEL2)
EOC Recruiting
Phase Il BRCA™MY BC or BRCAV' TNBC Rucaparib + cisplatin Cisplatin NCT01074970
Miller et al. (105) w/residual disease in adjuvant Ongoing, not recruiting
setting (after NAC/surgery)
Phase | Recur or residual EOC/met TNBC Veliparib Pegylated liposomal NCT01145430
Pothuri et al. (108) doxorubicin Recruiting
Phase | Recur met or locally advanced Veliparib Carboplatin and NCT01366144
unresect solid tumors (e.g., paclitaxel Recruiting
BC/OCs) with organ dysfunction
Phase | Recur OC Veliparib None NCT01459380
Two arms + doxorubicin, Recruiting
carboplatin, and bevacizumab
Phase | Node-positive BC with incomplete Veliparib Radiation therapy NCT01618357
response to NAC Recruiting
Phase | Recur stage IV EOC Veliparib + intraperitoneal None NCT01749397
floxuridine (FUDR) Recruiting
Phase | Newly diagnosed stage [I-IV Veliparib + paclitaxel, carboplatin, None NCT00989651
optimally or suboptimally debulked bevacizumab Recruiting
oC Two parallel arms
Phase Il Stage lIA, IIA-CTNBC Veliparib + paclitaxel 4+ carboplatin, Paclitaxel, carboplatin, NCT01818063
Avery et al. (109) followed by doxorubicin, followed by doxorubicin, ~ Recruiting
cyclophosphamide (neoadjuvant) cyclophosphamide
Phase Il Recur HGS OC Veliparib + temozolomide Pegylated liposomal NCT01113957
doxorubicin Completed
Phase I/Il Recurrent, relapsed PRes or part Veliparib + topotecan None NCT01690598
PSens OC Recruiting
Phase Il Recur advanced non-PSens OC Veliparib + topotecan None NCT01012817
Recruiting

PSen, platinum-sensitive; BRCA™, BRCA 1/2-mutated; HGS, high-grade serous,; OC, ovarian cancer;, CR, complete response, PR, partial response, recur, recurrent;

TNBC, triple negative breast cancer; met, metastatic, unresect, unresectable; EOC, epithelial ovarian cancer; BC, breast cancer; BRCA*', BRCA-wild type; NAC,

neoadjuvant chemotherapy,; PRes, platinum-resistant.

(81) (Table 4). Median PFS was statistically significant between
the groups, 8.4 versus 4.8 months, in the olaparib and placebo
arms, respectively (p <0.001). OS was not significantly differ-
ent (29.7 versus 29.9 months in the olaparib and placebo groups,

phenotype.

respectively). Further studies are needed to identify a popula-
tion of patients that may experience greater clinical benefit, such
as those with BRCA 1/2-mutations or those with a BRCAness
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Combination therapies with PARP inhibitors have also been
investigated in sporadic ovarian and breast cancers, specifically
with other novel targeted agents. Cediranib, an anti-angiogenesis
agent, was studied with olaparib in recurrent epithelial ovarian
or TNBCs (N =28, 20 ovarian and 8 breast) (82) (Tables 1-4).
Patients were enrolled to four dose levels and the recommended
Phase II dose was cediranib 30 mg daily and olaparib 200 mg
twice daily was based on one occurrence of grade 4 neutrope-
nia (>4 days) and one of grade 4 thrombocytopenia with dosages
of cediranib 30 mg daily and olaparib 400 mg twice daily. Seventy-
five percent of patients experienced grade 3 or higher toxicities
with grade 3 hypertension and fatigue, occurring in 25 and 18%
of subjects, respectively. Despite the frequent hematologic and
non-hematologic toxicities, the ORR was 44% in the evaluable
ovarian cancer population (N = 18). Sixty-one percent of ovarian
patients had clinical benefit (including those with SD). None of
the breast cancer patients experienced clinical response, but two
patients had SD for >24 weeks. A summary of Phase I-III studies
utilizing PARP inhibitors in sporadic breast and ovarian cancers
can be found in Tables 3 and 4.

PLATINUM AND PARP INHIBITOR RESISTANCE

BRCA 1/2-deficient cancers are known to be hypersensitive to plat-
inum agents which are thought account for, in part, better overall
prognosis for those patients with BRCA 1/2-germline mutation-
related breast and ovarian cancer. Not all patients respond to
platinum, however, and indeed, it is likely that the majority of
tumors will eventually become platinum-resistant. Additionally,
not all patients with BRCA 1/2-germline mutations or those
with an expected BRCAness phenotype respond to PARP inhi-
bition. Several mechanisms of resistance to both agents have
been hypothesized and are likely to be multifactorial in etiol-
ogy. Current evidence suggests that secondary mutations occur
in the BRCAI or BRCA2 gene restoring the wild type BRCA 1/2
open reading frame which may provide return of DNA repair
through a functional HR pathway. These reversion mutations are
thought to lead to platinum resistance, as well as PARP inhibitor
resistance (83-87). It is imperative that these secondary muta-
tions are identified to help modulate therapeutic management of
these populations. Of interest, PARP inhibitor resistance may, in
fact, not affect subsequent therapy response, including subsequent
platinum regimens (88).

CONCLUSION

Poly (ADP-ribose) polymerase inhibitors have shown promising
activity as both monotherapy and in combination with cytotoxic
chemotherapy in BRCA 1/2-mutated cancers. More recently, this
concept has been implicated in sporadic high-grade serous ovar-
ian cancers and TNBCs. Like platinum agents, PARP inhibitors
have been efficacious in this population. Published data from
the TCGA network further support this therapeutic strategy by
showcasing the genomic similarities between high-grade serous
ovarian cancers and TNBCs. It may be worthwhile in the future
to study new drug therapies in tandem in these two populations.
New strategies are needed to combat tumor resistance mecha-
nisms, such as secondary mutations that revert BRCA genes to
wild type, to both platinum agents and PARP inhibitors. Future

directions for PARP inhibition include when best to use these
agents, in what combinations, and precisely, how to define the
optimal populations that will get the most benefit.
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Poly(ADP-ribose) polymerase inhibitors (PARPI) have shown clinical activity in patients with
germline BRCA1/2 mutation (JBRCAm)-associated breast and ovarian cancers. Accumulat-
ing evidence suggests that PARPi may have a wider application in the treatment of cancers
defective in DNA damage repair pathways, such as prostate, lung, endometrial, and pancre-
atic cancers. Several PARPI are currently in phase I/Il clinical investigation, as single-agents
and/or combination therapy in these solid tumors. Understanding more about the molecular
abnormalities involved in BRCA-like phenotype in solid tumors beyond breast and ovarian
cancers, exploring novel therapeutic trial strategies and drug combinations, and defining
potential predictive biomarkers are critical to expanding the scope of PARPI therapy. This
will improve clinical outcome in advanced solid tumors. Here, we briefly review the pre-
clinical data and clinical development of PARPI, and discuss its future development in solid
tumors beyond gBRCAm-associated breast and ovarian cancers.
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INTRODUCTION

Increasing understanding of the cellular aberrations inherent to
cancer cells has allowed the development of therapies targeting
biological pathways. This approach has been an important step
toward individualization of therapy for germline BRCA1/2 muta-
tion (gBRCAm)-associated breast and ovarian cancers (1, 2). The
clinical development of poly(ADP-ribose) polymerase inhibitors
(PARPi), with their selective mechanisms of action involving the
DNA damage repair pathways, is an example of this strategy. Early
clinical trials have shown significant single-agent activity of PARPi
in gBRCAm-associated breast and ovarian cancers (3-5). Response
rates (RR) of 31-40% have been reported in gBRCAm ovarian
cancer patients with measureable recurrent disease, and the RR
and duration of response to PARPi monotherapy has been associ-
ated with platinum sensitivity (6, 7). Emerging evidence suggests
that PARPi is an effective therapeutic strategy in subsets of other
malignancies that have gBRCAm, such as melanoma, prostate, and
pancreatic cancers. BRCA-like tumors have molecular and clinical
characteristics in common with tumors occurring in patients with
gBRCAm, which may have implications for PARPi-based therapy
(8). Additionally, there is a potential therapeutic role for PARP
inhibition in a wider subgroup of solid tumors that may have
defective homologous recombination (HR) (9). Therefore, the
utility of PARPI in other solid tumors is potentially greater than
was previously envisioned (8).

PARPi have shown to enhance cytotoxicity in combination
with DNA methylating agents (10, 11), topoisomerase inhibitors
(12, 13), platinums (14, 15), alkylating agents (14), and radi-
ation (16, 17) in numerous preclinical studies. These preclin-
ical findings are being explored in clinical trials to elucidate
the role of PARPi as chemo- and radiosensitizers in various

tumor types (18). A large number of clinical trials are explor-
ing the efficacy of combination strategies in malignancies such
as non-small cell lung cancer (NSCLC), squamous cell cancer
of the head and neck (HNSCC), esophageal, and colorectal can-
cers (CRCs) (Tables 1 and 2); the results of several phase I and
II trials have already been reported (Table 3). These data sug-
gest further clinical exploration of PARPi as monotherapy or
combinations is warranted in patients not only with gBRCAm-
associated breast or ovarian cancer, but also in solid tumors with
HR dysfunction.

gBRCAm-associated and BRCA-like tumors are rare subsets of
advanced solid tumors. Approximately 5-10% of breast (27) and
10-15% of ovarian cancers (28) occur in the setting of a heredi-
tary cancer syndrome, the most common of which is a gBRCAm
(29). This occurs less frequently in other solid tumors. Approxi-
mately 5% of cutaneous melanoma and gastric cancers are related
to gBRCAm and 5-19% cases of familial pancreatic cancer are
attributed to a gBRCAm (30, 31). Furthermore, gBRCAm are very
rare events in patients with prostate cancer and NSCLC. gBRCAm
are present in 0.44-1.2% of prostate cancer cases (32, 33). The
overall incidence of gBRCAm in patients with NSCLC has not
been reported from large trials; only 3 patients (2.7%) were noted
to have a gBRCAm in a study of 110 Jewish men with epithelial
growth factor receptor (EGFR) mutant-NSCLC (34). These sub-
groups of tumors with germline HR dysfunction constitute a rare
population with recognized unmet therapeutic needs, and may be
sensitive to treatment with PARPi. Additionally, there are signifi-
cant unanswered questions of their use in solid tumors that have
molecular and clinical characteristics in common with gBRCAm-
associated tumors. Advances have been made in identifying new
therapeutic targets and analyzing response to novel treatments
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Table 1 | PARPiI in clinical development (excluding breast and ovarian cancer) (19).

Name Treatment Cancer types Phase
Olaparib (AstraZeneca) Monotherapy GBM, prostate, ES, NSCLC, CRC, and gastric cancer I/
Combination with chemotherapy Esophageal cancer and HNSCC
Combination with RT
Combination with targeted therapies
Rucaparib (Clovis) Combination with chemotherapy AST |
Veliparib (Abbott) Monotherapy gBRCAm prostate cancer, HNSCC, NSCLC, SCLC, pancreatic I/
Combination with chemotherapy cancer, biliary cancers, HCC, rectal cancer, cervical cancer, CRPC,
Combination with RT and CNS malignancies
Combination with targeted therapies
CEP-9722 (Cephalon) Monotherapy AST |
Combination with chemotherapy
E7016 (EISAI Combination with chemotherapy Melanoma and AST I/
BMN-673 (BioMarin) Monotherapy AST |

GBM, glioblastoma multiforme, ES, Ewing'’s sarcoma; NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; CRC, colorectal cancer; AST advanced solid

tumors; HNSCC, head and neck squamous cell cancer; CRPC, castrate resistant prostate cancer; HCC, hepatocellular cancer; CNS, central nervous system, n/a, not

applicable.

in these patient subgroups and this has led to an explosion of
PARPi-based clinical trials extending the patient cohort to include
BRCA-like tumors.

PARP FUNCTION AND INHIBITION IN DNA DAMAGE REPAIR
PATHWAYS

DNA damage can occur through various mechanisms from envi-
ronmental factors such as ultraviolet rays, ionizing radiation,
and genotoxic chemicals, to endogenous processes including gen-
eration of reactive oxygen species and replication (35). Highly
complex and intertwined repair pathways have evolved to provide
broad and redundant mechanisms to address damaged DNA: mis-
match repair (MMR), base excision repair (BER), and nucleotide
excision repair (NER) for a low fidelity single strand DNA break
(SSB) repair mechanism, and HR and non-homologous end-
joining (NHE]) for double-strand DNA breaks (DSBs) (36).
The different repair mechanisms are orchestrated by numer-
ous enzymes to ensure the integrity of DNA essential for cell
survival.

PARP are a family of enzymes that catalyze nicotinamide ade-
nine dinucleotide (NAD™)-dependent ADP-ribosylation of DNA.
PARPI is the best characterized member of the PARP family, and
PARP?2 has a similar structure and function with varying affinity
for substrates (37). PARP1 has been implicated in several DNA
repair mechanisms including the repair of SSBs through the BER
pathway. It recognizes and binds to DNA sites with SSB via its DNA
binding domain, then subsequently synthesizes poly(ADP-ribose)
(PAR) by transferring ADP-ribose molecules from NAD™ to itself
and other acceptor proteins (38). This activates the formation
of a DNA repair complex consisting of multiple repair proteins,
including DNA ligase III and X-ray repair cross-complementing
1 (XRCC1) (39). The PARylated PARP1 dissociates from DNA
as the negative charge of PAR decreases its affinity for DNA,

and poly(ADP-ribose) glycohydrolase then degrades the PAR on
PARP1 (40). PARP has been shown to have a direct involvement in
DSB repair in addition to its role in preventing DSB formation by
promoting BER. In PARP1-deficient cells, ATM-kinase function
is compromised leading to a reduction in DNA DSB in response
to radiation, indicating a role of PARP1 in ATM activation and
HR (38, 41). PARP1 has been shown to reduce DSB formation
by sensing stalled replication forks and recruiting MRE11 for end
processing to initiate HR (42). Increased PARP1 expression and/or
activity in tumor cells have been demonstrated in many tumor
types (43, 44). Thus, HR dysfunction sensitizes cells to PARP inhi-
bition leading to further chromosomal instability, cell cycle arrest,
and apoptosis (45, 46).

PARPi are a class of drugs designed to compete with NAD™
for the substrate binding site of PARP, acting as an effective
catalytic inhibitor (47). PARP inhibition has been shown to
induce phosphorylation of DNA-dependent protein kinase (DNA-
Pk), to further stimulate error-prone NHE]J in HR-deficient cells
(44, 48, 49). More recently, another mechanism of action of
PARPi involving PARP1-trapping has been proposed (50). PARPi
have been shown to trap PARP1 and PARP2 while in com-
plex with damaged DNA, resulting in cytotoxic consequences
(51). Trapped PARP prevents its availability for repair function
and secondarily causes replication and transcription fork block-
ade, and subsequent DNA breakage. This mechanism of action
may be important to the clinical activity of the PARPi class.
The potency in trapping PARP differs markedly among PARP;,
with niraparib (MK-4827) and olaparib having greater potency
than veliparib. This pattern is not correlated with the catalytic
inhibitory properties of each drug. These findings suggest that
PARPi have several mechanisms of action and multiple targets in
the DNA repair pathway to potentially induce cancer cell death
(Figure 1).
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Table 2 | Trials of PARPi in solid tumors (excluding breast and ovarian cancers).

Malignancy PARPi Combination agent(s) Phase

Pancreatic Olaparib Chemotherapy I
Veliparib Cisplatin
Gemcitabine
Gemcitabine/IMRT

Monotherapy (gBRCAm pancreatic cancer)
Modified FOLFOX 6

Pancreatic, biliary, urothelial and NSCLC Veliparib Cisplatin and gemcitabine |
Liver Veliparib Cisplatin and gemcitabine |
Colorectal cancer Veliparib T™Z I/
Olaparib Irinotecan
Veliparib Capecitabine and RT
Colorectal cancer stratified by MSI Olaparib N/A I/
Esophageal cancer Olaparib RT |
Gastric cancer Veliparib FOLFIRI I/
Olaparib Paclitaxel
NSCLC (surgically unresectable) Olaparib Concurrent RT + cisplatin I
Veliparib RT

Carboplatin/paclitaxel
Cisplatin/gemcitabine

EGFR mutation positive advanced NSCLC Olaparib Gefitinib & olaparib I/
SCLC Veliparib Cisplatin/etoposide I
T™Z
CRPC Veliparib Abiraterone and prednisone I
T™Z
Olaparib N/A Il
Cervical cancer Veliparib Cisplatin and paclitaxel I/
Topotecan

Carboplatin and paclitaxel

Uterine carcinosarcoma Veliparib Carboplatin and paclitaxel Il
GBM Olaparib T™MZ |
Veliparib T™Z I/

Brain metastases Veliparib WBRT I/
DPG Veliparib RT /11

T™MZ
Refractory CNS tumors Veliparib T™Z |
HNSCC Veliparib RT /11

Docetaxel

5-FU

(Continued)
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Table 2 | Continued

Malignancy PARPi Combination agent(s) Phase
SARCOMA
Ewing's sarcoma Olaparib N/A Il
SKIN CANCER
Melanoma Veliparib T™MZ Il
E7016 T™Z
ADVANCED SOLID TUMORS
Veliparib Carboplatin and gemcitabine I/
Gemcitabine
Carboplatin and paclitaxel
Mitomycin C
Capecitabine and oxaliplatin
Cyclophosphamide
Olaparib Cisplatin/gemcitabine
PLD
Topotecan
Niraparib Monotherapy
CEP-9722 Monotherapy
BMN-673 Monotherapy

IMRT, intensity modulated radiotherapy, NSCLC, non-small cell lung cancer; RT, radiotherapy, MSI, microsatellite instability;, CRPC, castrate resistant prostate cancer;

SCLC, small cell lung cancer; GBM, glioblastoma multiforme,; DPG, diffuse pontine glioma, HNSCC, squamous cell carcinoma of the head and neck; 5-FU, 5-fluorouracil;

PLD, pegylated liposomal doxorubicin.

PARP INHIBITION IN gBRCAm AND BRCA-LIKE SOLID
TUMORS

Understanding DNA repair biology has allowed the identification
of patient subsets with high potential for response to PARPi treat-
ment. The marked susceptibility of patients with gBRCAm has
validated gBRCAm as a predictive biomarker for PARPI response
in breast and ovarian cancer patients. In a series of pivotal pre-
clinical studies, PARPi were noted to cause selective cytotoxicity
for in vitro and in vivo models of BRCA-deficient cells (52, 53).
Additionally, PARPi attenuates tumor formation in embryonic
stem cell-derived teratocarcinoma xenograft models (46). These
findings were translated into a phase I clinical trial of the PARPj,
olaparib, in recurrent breast, ovarian, and prostate cancer patients
with gBRCAm (4), initiating a new era of possibilities for the
use of PARPI as single-agent therapy to treat gBRCAm-associated
cancers.

The BRCA-like behavior has been described based on clinical
and molecular features that parallel gBRCAm-associated cancers’
characteristics. The major clinical BRCA-like behavior identified
is susceptibility to platinums and other DNA-damaging agents
(54-56). Some of the molecular events described in BRCA-like
behavior include epigenetic silencing of BRCA1 through promoter
methylation (57-59) and overexpression of EMSY, suppressing
BRCA2 transcription (60). In addition, loss or disruption of
proteins necessary for HR such as RAD51, ATM, ATR, CHKI,
CHK2, FANCD?2, and FANCA (53, 61-64) are observed in a vari-
ety of tumors (8, 65-71), and may confer sensitivity to PARPi
(8, 53). Defects in translesion synthesis (TLS) also contribute to
carcinogenesis but confer sensitivity to DNA-damaging agents
(72, 73), requiring further investigation on sensitivity to PARPi.

Homozygous mutation in the PTEN tumor suppressor gene may
also lead to HR dysfunction (74). Increased PARPI sensitivity was
shown in a series of cell lines with PTEN mutation or haploinsuf-
ficiency, and confirmed in xenograft models using olaparib (74).
There is also clinical evidence that olaparib may have a therapeu-
tic utility in PTEN-deficient endometrial cancer (75, 76). Further
studies are needed to investigate whether PTEN loss can serve as a
potential biomarker for PARPi sensitivity (77-79). Future studies
should focus on DNA profiling and the use of predictive biomark-
ers to select those tumors which are more likely to respond to
PARPi. Ongoing research suggests HR deficiency, rather than a
specific mutation in the BRCA genes, may be the main driver of
cytotoxicity of PARP inhibition (45).

TRIALS WITH PARPi IN gBRCAm AND/OR BRCA-LIKE
ADVANCED SOLID TUMORS

MALIGNANT MELANOMA

Little is known about the underlying cause of hereditary cancer
predisposition in melanoma and its impact on the prognosis and
therapeutic decisions. Cutaneous melanoma has been associated
with mutations in the BRCA2 gene although there are only a few
cases reported for uveal melanoma in BRCA2 mutation carri-
ers (80). In recent years, the advent of BRAF V600E inhibitors
(e.g., vemurafenib) and anti-CTLA4 antibodies (e.g., ipilimumab)
has significantly improved outcomes in patients with metasta-
tic melanoma (81-83), with a median duration of response of
8 and 16 months, respectively (84, 85). However, most patients
eventually progress and some do not tolerate therapy due to
immune-related side effects, indicating the need to develop other
therapeutic strategies.
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Table 3 | PARPi trials for which tumor response rates have been reported.

PARPi Patient cohort Combination Drug and schedule Toxicity Response
Rucaparib (20) AST T™MZ D1: rucaparib 12 mg/m? IV No DLT CR: 1/32 pts (melanoma)
(phase 1) Melanoma D1-5: TMZ 200 mg/m?2 PO q 28 day cycle Myelosuppression (13%) PR: 2/32 pts (1 melanoma; 1 desmoid tumor)
(32 pts) At MTD SD: 7/32 pts-6 mo or greater
Olaparib (19) Melanoma Dacarbazine D1-7: olaparib (20-200 mg) PO BID Grade 3 hypophosphatemia-1 pt CR: 0/40 pts
(phase 1) (40 pts) D1: (cycle 2 day 2): dacarbazine Grade 3 neutropenia-1 pt PR: 2/40 pts
(600-800 mg/m? IV) q 21 day cycle Grade 4 neutropenia-2 pt SD: 8/40 pts
MTD: 100 mg olaparib PO BID and
dacarbazine 600 mg/m? IV
Olaparib (21) AST (19 pts) Topotecan D1-3: topotecan 0.5-1.0mg/m?2 IV DLTs 16% CR: 0/19 pts
(phase 1) Olaparib (50-200 mg PO BID) q 21 day Grade 3 thrombocytopenia-1 pt PR: 1/19 pts
cycle Grade 4 neutropenia-2 pts SD:4/19 pts
Treatment related death-1 pt (pneumonia) RECIST RR=37%
Olaparib (22) AST (12 pts) N/A D1-28: olaparib (100-400 mg PO BID) No DLTs CR: 0/12
(phase 1) Grade 3 toxicity in 16% PR: 1/12 pts-13mo
Anemia-8% SD: 4/12 > 8 weeks (unknown gBRCAmM
Elevated AST-8% status)
Veliparib (23) AST (35 pts) MCP D1-21: cyclophosphamide 50 mg daily PO DLTs-6% CR: 0/35 pts
(phase 1) Olaparib (20 mg daily x 7 days >80 mg Grade 3 ileus-1 pt PR: 7/35 pts (JBRCAmM)
daily g 21 days cycle) Grade 4 respiratory SD: 6/35 (3 BRCA+)
MTD: veliparib 60 mg daily and Failure and death-1 pt
cyclophosphamide 50 mg once daily Lymphopenia-34.3%
INO-1001 Melanoma T™MZ D1-5: TMZ 200 mg/m? IV daily and Anemia-17% CR:0/12 pts
(phase Ib) (12 pts) INO-1001 (100-400mg IV g 12 h) x 10 Grade 4 hepatotoxicity-8% PR:1/12 pts
doses, q 28day cycle Grade 4 hematologic toxicity-58% SD:4/12 pts
MTD: INO-1001 =400 mg Grade 3 myelosuppression RR=4.2%
CBR=41.6%
Rucaparib (24) Melanoma T™Z D1-5: TMZ 200 mg/m? and rucaparib Grade 4 thrombocytopenia-12% 10% PR (4/40 pts)
(phase I1) (40 pts) 12 mg/m? IV, q 28 day cycle SD-4/40 pts
Veliparib (25) Pancreatic cancer Modified Phase 1 dose-escalation: veliparib Grade 3 neutropenia-1 pt 11 pts (First line)
(phase I/11) (18/28 pts FOLFOX6 40-100mg BID D1-7 g 14 day cycle Grade 5 neutropenia-1 pt RR-18%
evaluable at time Phase Il-two parallel groups; first line and Grade 3 lymphopenia-1 pt PFS-3.9mo
of reporting) untreated Grade 3 anemia-1 pt 0S-74mo

(Continued)
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=23%
Median TTP = 11 weeks; 23 weeks for pts

Seven patients (pre-treated)
with controlled disease

RR-14%
2/47 pts-PR, 0/47 pts=CR

ORR (CR+PR)-6%
CR+PR+SD

CR-1/18 pts
PR-1/18 pts

PFS-1.8mo
0S-5.4mo

Response

Grade 3 A/E in 5 pts (myelosuppression)

Toxicity

D1-7: veliparib 40 mg BID g 28-day cycle

D1-5: TMZ 150 mg/m? PO daily

Drug and schedule

Combination

T™Z

Colorectal cancer

(47 pts)

Patient cohort
response evaluation criteria in solid tumors; TMZ, temozolomide,; AST, aspartate transaminase, pt(s), patient(s); MCF metronomic cyclophosphamide; PFS, progression-free survival; OS, overall survival, ORR, overall

DLT dose limiting toxicity; MTD, maximum tolerated dose,; CR, complete response; PR, partial response; SD, stable disease; IV, intravenously; PO, orally; D, days, mo, months, q, every, BID, twice a day; RECIST,
response rate; TTF, time to progression.

(phase 1)

Table 3 | Continued
PARPi

Veliparib (26)

PARPi have multiple targets in DNA repair pathways that
can potentially promote cancer cell death. In the setting of
melanoma, altered expression or new mutations in DNA MMR
genes, MLH1 and MSH2, have been reported in brain metastases
(86). A melanoma cell line (MZ7), derived from a patient who
received dacarbazine therapy, exhibited a high level of resistance to
temozolomide (TMZ) without expressing O(6)-methylguanine-
DNA methyltransferase (MGMT), which was related to impaired
expression of MSH2 and MSH6 (87). PARP inhibition with INO-
1001 has been shown to restore sensitivity to TMZ in an MMR-
deficient xenograft model of malignant melanoma (88), and
another PARPi, GPI 15427, enhanced TMZ anti-tumor activity in
various cancers, including metastatic melanoma in an orthotopic
xenograft mouse model (24). These preclinical studies provide
evidence that MMR loss of function is a potential predictive
biomarker of PARPi responsiveness in patients with metastatic
melanoma.

A number of clinical trials of PARPi in melanoma patients have
been conducted or are ongoing although they have not specif-
ically addressed the frequency of HR dysfunction/gBRCAm in
their populations. Bedikian et al. reported the results of a phase
IB study of intravenous INO-1001 and oral TMZ in unselected
patients with unresectable stage III or IV melanoma (89). The
dose limiting toxicities (DLTs) were elevation of liver transami-
nases and myelosuppression at the 400-mg dose of INO-1001. Of
the 12 patients enrolled, 1 patient had a partial response (PR)
and 4 patients had stable disease (SD). Several phase II stud-
ies using PARPi either as a single-agent or in combination with
chemotherapy, radiotherapy, or targeted therapy are summarized
in Table 3. A phase II trial sought to evaluate the combination
of rucaparib and TMZ in patients with metastatic malignant
melanoma (90). The disease-control rate was 40% (8/20), where
four patients attained a PR and four others had prolonged SD.
In total, 12 of the 40 patients required a dose reduction of TMZ
secondary to myelosuppression (90). Another phase II study eval-
uated treatment with rucaparib 12 mg/m? and TMZ 200 mg/m?
in patients with advanced melanoma. Myelosuppression was again
noted, with 25 patients (54%) requiring a 25% dose reduction in
TMZ. The RR was 17.4%, with median time to progression and
OS of 3.5 and 9.9 months, respectively. This study demonstrated
that TMZ could safely be given with a PARP-inhibitory dose (PID)
of rucaparib (12 mg/m?), based on 74-97% inhibition in PARP of
peripheral blood mononuclear cells (PBMCs). This resulted in an
increase in PFS compared with historical controls (91). Phase I and
II trials evaluating E7016 in combination with TMZ in patients
with advanced solid tumors and malignant melanoma are ongo-
ing (92, 93). Eligibility criteria for the phase II study include BRAF
wild-type status and no prior treatment with TMZ or PARPi. As
substantial progress has been made in the management of malig-
nant melanoma in recent years (94), it remains to be seen whether
PARPi will be added to the treatment armamentarium.

PANCREATIC CANCER

Hereditary pancreatic cancer is rare and extremely heterogeneous,
and it accounts for approximately 2% of all pancreatic cancer
cases. The major component of hereditary pancreatic cancer is
the familial pancreatic cancer syndrome. Although up to 20% of

Frontiers in Oncology | Cancer Molecular Targets and Therapeutics

February 2014 | Volume 4 | Article 42 | 85


http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/archive

O'Sullivan et al.

PARP inhibitors in solid tumors

g

Intra/Inter- Single-strand

DNA damage

\

Double-strand

Unrepaired SSB

strand crosslink break

XE
¢ @

Nucleotide Base
excision excision
repair repair

DNA-PARPi ’
PARP trapping

break

/

KU 70/80

l

=

Non-
Homologous
homologous
recombination
end-joining

)

FIGURE 1 | PARP1 binds to DNA single strand break and catalyzes
poly(ADP-ribosyl)ation of itself and acceptor proteins, which
facilitates recruitment of DNA repair proteins. In addition to its reported
role in base excision repair, PARP1 plays a role in activating ATM
necessary for homologous recombination and inactivating DNA-dependent
protein kinase, a key component of non-homologous end-joining. PARP
inhibitors directly interfere with the above functions of PARP1. In addition,
PARP inhibitors have been shown to trap PARP1 on damaged DNA,
leading to replication and transcription fork blockage and subsequent
double-strand DNA breakage. Repair of intra/interstrand crosslinks through
nucleotide excision repair or homologous recombination are also important

components of the DNA repair system, and whether defects in these
repair pathways can confer sensitivity to PARPi are under investigation.
PARPR poly(ADP-ribose) polymerase; PARPI, PARP inhibitor; DNA polp/s/e,
DNA polymerase beta/delta/epsilon; XRCC1, X-ray repair
cross-complementing protein 1; DNA-PKcs, DNA-dependent protein
kinase catalytic subunit; KU 70/80, a.k.a XRCC6/5 (X-ray repair
cross-complementing protein 6/5); ATM, ataxia telangiectasia mutated;
ATR, ataxia telangiectasia and Rad3-related; y-H2A.X, gamma-histone H2A
member X; RAD51, RAD51 homolog (S. cerevisiae); ERCC1, DNA excision
repair protein ERCC1; XPF, DNA repair endonclease XPF (xeroderma
pigmentosum group F-complementing protein); FANC, Fanconi anemia.

hereditary pancreatic cancer cases are associated with germline
mutations in BRCA2, CDKN2A, PRSS1, STKI1, or MMR genes,
the major underlying gene defects are still unknown (95). BRCA2
mutation prevalence in familial pancreatic cancer patients varies
between 5 and 19% (30), and a BRCA2 mutation increases the
risk of developing pancreatic cancer by approximately 3.5-fold
(96). The unique biology of cancer cells with BRCA mutations
offers potential therapeutic advantages with agents such as plat-
inums. However, one case series report patients with gBRCAm
did not reveal a benefit to first line platinum chemotherapy in the
treatment of advanced pancreatic cancer (97), although this needs
to be further evaluated in a selected study for pancreatic cancer
with gBRCAm. Preclinical studies have shown single-agent activity
of PARPi (98), as well as radiosensitization in combination with
chemoradiation in BRCA2-deficient pancreatic cells (25). Stud-
ies are ongoing to examine single-agent and combination PARPi
therapy in BRCA2 mutant pancreatic cancers.

Interim results from an ongoing phase II study of olaparib
monotherapy in gBRCAm-associated advanced solid cancers were
recently reported (99). Nearly 8% of the patients (23/298) had
advanced/recurrent pancreatic cancer. A RR of 5/23 (21.7%) was
noted, with eight patients achieving SD. This yielded a clinical ben-
efit rate of 57% in gBRCAm-associated pancreatic cancer patients.

Pishvaian et al. reported a phase I study of veliparib with concur-
rent FOLFOX chemotherapy in patients with metastatic pancreatic
cancer (100). Twenty-eight patients were enrolled in the trial and
at the time of review, data were available for 18 patients. For the
11 patients who were treated in the first line setting, RR was 18%,
with a PES and OS of 3.9 and 7.4 months, respectively (Table 3).
Therefore, the investigators concluded that the experimental com-
bination regimen could be given safely, and was modestly active
(100). These data support further evaluation of PARPi either as
different combinations or more potent PARPi with chemother-
apy and/or other targeted agents combination in this subgroup of
pancreatic cancer patients.

PROSTATE CANCER

Germline BRCA2 mutation confers the highest genetic risk of
prostate cancer known to date at 8.6-fold in men <65 years,
whereas the effect of BRCA1 is more modest at 3.4-fold (32, 33,
101, 102). Prostate cancer in patients with gBRCAm tends to be
more aggressive, with a higher likelihood of nodal involvement
and distant metastasis with inferior survival outcomes (103). Tri-
als analyzing the response of these patients to DNA-damaging
agents, such as platinums, and identifying the therapeutic targets
of this subgroup are urgently needed.
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Single-agent olaparib has demonstrated activity in patients
with gBRCAm castration resistant prostate cancer (CRPC). A
phase I olaparib study by Fong et al. reports one gBRCA2m patient
treated with single-agent olaparib who sustained a CR lasting in
excess of 2years (4). Recently, Sandhu et al. presented clinical
data on four patients with advanced gBRCAm CRPC, three of
whom were treated with olaparib and one with niraparib (104).
Two patients on olaparib showed prostate-specific antigen (PSA)
and radiologic responses lasting 26 and 34 months, respectively,
while the third patient had SD for 10 months. The patient on nira-
parib exhibited primary resistance with development of a new liver
lesion and a rise in PSA of nearly threefold at the time of the first
reassessment. Translational studies revealed positive ERG staining
by immunohistochemistry, and ERG rearrangements by FISH, as
well as either heterozygous or homozygous PTEN allelic loss in all
four cases. Subsets of patients with CRPC are also known to mani-
fest increased PARP activity (105). This potentially opens another
avenue for therapy utilizing PARPi, although gBRCAm is a very
rare event in prostate cancer.

Gene fusion between the ERG proto-oncogene and TMPRSS2
promoter is a major genomic alteration observed in approximately
50% of prostate cancers. Formation of the TMPRSS2-ERG fusion
gene causes aberrant androgen-dependent ERG expression (106)
and promotes tumorigenesis (107). Preclinical studies have shown
that PARP1 directly interacts with ERG to inhibit ETS gene fusion
protein activity. In turn, inhibition of PARP1 reduces ETS-positive,
but not ETS-negative, prostate cancer xenograft growth (108). This
may be a useful predictive biomarker for PARP1 sensitivity.

Other preclinical studies include radiosensitization by ruca-
parib, most evident in PTEN-deficient prostate cancer cells con-
taining the TMPRSS2-ERG fusion gene (109). However, no asso-
ciation was noted between loss of PTEN expression by immuno-
histochemistry and ETS rearrangements by FISH, with radiologic
assessment of the anti-tumor activity of niraparib in 18 patients
with prostate cancer (110). The HR/PARP synthetic lethality
model may be more widely applicable in prostate cancer with
germline or somatic inactivating mutations in the HR DNA repair
genes, CHK2, BRIPI/FANC]J, NBS1, BRCA1, and ATM, collectively
thought to occur in 20-25% of prostate cancer cases. Recently, a
phase II study of olaparib in unselected patients with CRPC was
initiated (111).

Veliparib has also been investigated and shown to enhance the
anti-tumor activity of TMZ in prostate cancer xenografts, yielding
tumor size reduction in TMZ-resistant PC3-Leu prostate can-
cer mice (112). This formed the rationale for testing the efficacy
and safety of veliparib and TMZ in 26 patients with metastatic
CRPC (113). Grade III/IV thrombocytopenia was noted in 15%
of patients. Two patients had a confirmed PSA response and four
patients had SD for atleast 4 months. The median PFS and OS were
2.1 (95% CI: 1.8, 3.9) and 9.1 (95% CI: 5.5, 11.7) months, respec-
tively. This study suggested veliparib and TMZ are tolerated well,
but with limited clinical activity. Future trials will explore the use of
different chemotherapy agents in combination with higher doses
of veliparib. Overall, further evaluation of biochemical changes or
predictive biomarkers in response to PARPi in advanced prostate
cancer is needed.

COLON CANCER

Preclinical data suggest the utility of PARPI in tumors deficient in
HR and displaying microsatellite instability (MSI) due to muta-
tions in the coding microsatellites of the MRE11A and hRAD50
genes involved in DNA DSB repair (114). Preferential cytotoxi-
city to the PARPI1 inhibitor ABT-888 was seen in MSI cell lines
containing mutant copies of MRE11A, compared with wild-type
or microsatellite stable (MSS) cells (115). In a recent study, the
observed ability of MSH3 to protect against DSB was exploited
by the combination of oxaliplatin and a PARPi, which produced a
synergistic cytotoxic effect against CRC cells (116). Another study
reporting high correlation between MRE11 mutations and MSI in
CRC cell lines as well as primary tumors, found that PARPi prefer-
entially kills MSI cell lines harboring MRE11 mutations (115). The
data suggest a role for PARPi in MSI-CRC treatment, providing a
rationale for clinical studies in this subset of patients.

Dozens of potential PARPi have been screened in vitro and
in vivo to select candidates for clinical evaluation as a chemosen-
sitizer in CRC (117). A phase II trial is currently evaluating the
efficacy of olaparib in metastatic CRC (mCRC) stratified for MSI
status (118). Twenty-two patients with MSI-negative tumors were
enrolled and received a mean number of two cycles. Preliminary
data indicate no single-agent activity of olaparib against non-
MSI-high (MSI-H) mCRC. Accrual of MSI-H mCRC patients
continues, along with active biomarker analysis. Other clinical
trials of PARPi in MSI-CRC are in progress.

Studies have evaluated and validated veliparib as a sensitizer to
irinotecan, oxaliplatin, and radiation therapy (RT) in CRC cells
(26, 119). Several phase II studies are evaluating the role of PARPi
as a chemosensitizer in patients with advanced and mCRC, irre-
spective of MSI status (Table 2). Pishvaian et al. (120) conducted
a single arm, open label phase II study in patients with unre-
sectable or mCRC. Patients were treated with TMZ (150 mg/m?
orally daily) days 1-5, and veliparib (40 mg orally twice a day) days
1-7 of each 28-day cycle. Immunohistochemistry was performed
on archived tumor samples to quantify MMR and PTEN protein
expression. The combination of veliparib and TMZ was well toler-
ated in the 47 patients treated, with a disease-control rate of 23%.
The results of immunohistochemistry for the MMR and PTEN
proteins from 45 archived tumor samples are not yet reported. It
was concluded that, in a heavily pre-treated population of patients
with mCRC, the combination of veliparib and TMZ can be safely
given, and displayed limited clinical activity.

LUNG CANCER

Reduced BRCA1 mRNA and protein expression levels have been
observed in up to 44% of NSCLC, occurring through various
mechanisms such as promoter hypermethylation (121). One study
showed that BRCAL silencing increased susceptibility to olaparib
treatment in NSCLC cell lines (122), providing evidence for pos-
sible clinical application in this subset of NSCLCs. A future study
will assess the utility of olaparib in delaying the time to disease pro-
gression in patients with advanced NSCLC who have responded
to initial chemotherapy (123). The role of PTEN mutation and
its effect on the susceptibility to PARPi is an area of continued
research in lung and other malignancies. Up to 9% of NSCLCs
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have a somatic mutation in PTEN. Olaparib has yielded addi-
tive activity with cisplatin in homozygous deleted PTEN-deficient
NSCLC cells and xenograft models (79). Another gene involved
in DNA repair, excision repair cross-complementation group 1
(ERCC1),is akey component of NER and the main mechanism for
removing platinum—DNA adducts (124). Preclinical studies have
explored this repair pathway, demonstrating synergy of olaparib
and veliparib with cisplatin in NSCLC cell lines with low ERCC1
expression levels (125, 126). PARPi have also been explored pre-
clinically in combination with other DNA-damaging modalities
such as RT (16).

The role of PARPi in patients with EGFR mutant NSCLC
has been studied in a phase IB study of olaparib and the
EGFR tyrosine kinase inhibitor (TKI) gefitinib (127). It was
noted that high BRCA1 mRNA expression is associated with a
shorter PFS in EGFR-mutated patients treated with erlotinib.
To date, 18 patients have received treatment at four different
dose levels of olaparib ranging 100-200 mg twice daily dose,
and 200-250 mg three times daily dose. DLT was grade 3 ane-
mia observed at dose level 4 (250 mg three times daily). Of
the 17 patients in whom a disease response could be evalu-
ated, 7 (41.1%) had a PR. All of the patients who responded
were EGFR TKI naive. Another seven patients (41.1%), most of
whom received prior treatment, had documented SD, and three
patients (17.6%), all of whom had prior EGFR TKI treatment,
progressed. The observed anti-tumor activity will be further eval-
uated in EGFR TKI treatment-naive patients with EGFR-mutated
NSCLC; a phase II randomized trial comparing the efficacy of
olaparib and gefitinib versus gefitinib alone was launched in
July 2013.

Multiple studies are also exploring the role of PARPi in com-
bination with chemotherapy and/or RT in NSCLC. A phase I
dose-escalation trial of olaparib and concurrent RT, with or with-
out cisplatin, is ongoing in patients with advanced NSCLC (128).
SWOG 1206, a phase I/II trial, is evaluating the use of veliparib
with or without RT and carboplatin/paclitaxel in patients with
inoperable stage III NSCLC. Several similar studies involving other
combinations of PARPi & chemotherapy and/or RT are ongoing
in patients with NSCLC (Table 2). Ultimately, combining PARPi
with cisplatin or radiotherapy may prove to be a useful strategy in
the treatment of NSCLC.

EWING'S SARCOMA

PARPi has preclinically shown anti-tumor activity in the treat-
ment of Ewing’s sarcoma. Gene fusions involving Ewing’s sarcoma
breakpoint region 1 (EWS) and ETS transcription factors have
been implicated in abnormal proliferation, invasion, and tumori-
genesis (129). PARP inhibition has been evaluated as an effective
treatment option for Ewing’s sarcoma with EWS-FLI1 or EWS-
ERG genomic fusions in xenograft models (130), and olaparib has
been shown to have potent activity in cell lines with a EWS/FLI1
translocation (131). Additionally, a study in preclinical models
showed synergy between PARPi and TMZ (130) in the treatment
of Ewing’s sarcoma cell lines. Currently, a number of clinical trials
investigating the utility of PARPi in Ewing’s sarcoma are underway
(132, 133).

CHALLENGES AND FUTURE DIRECTIONS FOR CLINICAL
DEVELOPMENT IN CANCERS OTHER THAN BREAST AND
OVARIAN

There is considerable interest in the clinical development of PARPi
for use in solid tumors other than breast and ovarian cancers. The
optimal dose, scheduling, and sequencing of PARPi, and combi-
nation with other cytotoxic or biologic agents need to be evaluated
in carefully designed clinical trials. The incorporation of predic-
tive biomarkers into studies of gBRCAm and BRCA-like cancers
presents challenges. First is the development of a mechanism with
which to identify patients who are most likely to benefit from
PARPi therapy. Predictive biomarkers applied to readily available
bioresources, such as archival tissue or non-tumor tissue, have
been proposed. Changes in or baseline PAR incorporation into
PBMC DNA was suggested and evaluated as a putative early on-
treatment pharmacodynamic measure; while present, there was no
relationship to clinical outcome (134). BRCA1/2 somatic muta-
tion or promoter methylation, ATM mutation, MRE11-dominant
negative mutations in MMR-deficient cancers, FANCF promotor
methylation and PTEN deficiency are all potential biomarkers of
sensitivity to PARPi (51). Importantly, not all patients with defi-
ciencies in BRCA1 or 2 are responsive to PARP inhibition (135).
Therefore, identification and validation of predictive biomarkers
of those gBRCAm who will respond to PARPi is also an important
area of ongoing research.

The second challenge is dissecting and defining mechanisms
of development of resistance to PARPi, and whether they por-
tend potential collateral resistance to other DNA-damaging agents.
Acquisition of a secondary mutation in BRCA1/2 that allows
BRCA1/2 gene read-through and yields a functional protein has
been demonstrated in cell lines and some patients; this was corre-
lated with loss of susceptibility to PARPi treatment (136). Other
potential mechanisms of clinical resistance have been proposed
based on preclinical models, including loss of 53BP1, or increased
activity of RAD51 (137, 138). Whether these findings can be
used as selective or predictive biomarker is yet to be determined.
Ang et al. recently reported that gBRCAm-associated ovarian
cancer patients retain the potential to respond to subsequent
chemotherapy, including platinum-based agents, after progression
on PARPi (139). This observation has implications for chemother-
apy sequencing. Further studies are needed to evaluate outcomes
to subsequent chemotherapies or another PARPi in other solid
tumor patients who have a BRCA-like phenotype. Understand-
ing the mechanism(s) of resistance to PARPi will lead to optimal
application and sequencing of PARPi and other DNA-damaging
agents.

CONCLUSION

PARPi are a class of agents with mechanisms of action beyond
their documented role in BER pathway. They potentially have
a broader application in the treatment of cancer patients, both
within the confines of gBRCAm and BRCA-like disease, but also
extending to a wide range of aberrations in DNA damage repair
pathways. Ongoing research will aim to identify optimal predictive
biomarkers in order to improve patient selection and thus, clinical
responses to treatment. It is anticipated that novel clinical trial
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design strategies will help minimize toxicity and maximize ther-
apeutic efficacy. Other pertinent questions relate to the duration
of treatment and long-term effects of treatment, which need to
be carefully investigated (20). Future directions for PARPi will
include clinical trials directed at patient subsets that are most
likely to respond to treatment, based on their molecular char-
acteristics and predictive biomarkers. This may ultimately result
in practice-changing treatments in malignancies such as pancre-
atic cancer, prostate cancer, and Ewing’s sarcoma. The results of
trials of PARPi, either as single-agents or in combination with
chemotherapy, RT, or biological agents in other solid tumors are
eagerly awaited.
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INTRODUCTION

Poly (ADP-ribose) polymerases (PARPs) are a family of enzymes involved in cellular homeostasis,
including DNA transcription, cell-cycle regulation, and DNA repair (1, 2). PARPs can detect
DNA damage and bind to DNA single strand breaks (SSBs) through their N-terminal zinc finger
domains. DNA binding activates the C-terminal catalytic domain, which hydrolyzes NAD™ to attach
poly ADP-ribose (PAR) polymers covalently to nuclear proteins, including PARP itself. Negatively
charged PAR polymers promote recruitment of DNA repair proteins, and auto-PARylation causes
dissociation of PARPs from DNA, allowing completion of DNA repair. In the absence of PARP
activity, unrepaired SSBs can lead to more deleterious double strand breaks (DSBs), which require
high fidelity, homologous recombination (HR) or low fidelity, non-homologous end joining (NHE])
for repair.

In vitro and in vivo studies have demonstrated that tumor cells harboring defects in DNA repair are
highly sensitive to PARP inhibitors, leading to genomic instability and cell death. Two publications
demonstrated the concept of synthetic lethality in BRCA-deficient cells treated with PARP inhibitors
(3, 4). Cells lacking functional alleles of BRCA are defective in HR repair and have an increased
susceptibility to cause tumor development. Loss of BRCA or inhibition of PARP alone has little effect
on in vitro and in vivo tumor growth; however, loss of function of both proteins enhances anti-tumor
activity. Restoring BRCA expression blocks the cytotoxic effects of PARP inhibitor treatment.

Several clinical PARP inhibitors are under investigation in Phase 2 and Phase 3 clinical trials as
monotherapy in cancers with DNA repair defects or in combination with radiation, chemotherapy,
or other targeted agents (Table 1). Progress in PARP inhibitor development has led to the recent
accelerated approval of Lynparza (olaparib) by the U.S. Food and Drug Administration (5). Lynparza
is currently indicated as monotherapy for patients with advanced germline BRCA-mutated ovarian
cancer who have received three or more prior lines of chemotherapy. Lynparza was approved
with a companion diagnostic test to select patients with deleterious or suspected deleterious
BRCA mutations. PARP inhibitors are anticipated to have a much broader clinical application
in additional tumor types, particularly those with DNA repair defects and in combination with
chemotherapy and other targeted agents. In light of renewed interest in PARP inhibitors and the
recent approval of Lynparza, this review will highlight data of PARP inhibitors in in vitro and
in vivo cancer models and explore some of the clinical applications and challenges of PARP inhibitor
therapy.

MECHANISMS OF ANTI-TUMOR EFFECT OF PARP INHIBITORS

Poly (ADP-ribose) polymerase inhibitors are structurally similar in that they contain a nicotinamide
moiety and mimic the NAD™ substrate. PARP inhibitors competitively bind to the catalytic domain
of PARPs and inhibit PAR synthesis with half-maximal inhibitory concentration (ICs¢) values in
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TABLE 1 | PARP inhibitors in Phase 2 and Phase 3 clinical development?®.

PARP inhibitor Clinical trial Therapy Tumor type
Olaparib Phase 2 Monotherapy Ovarian, peritoneal, fallopian tube, breast, colorectal, lung, Ewing’s sarcoma, prostate, pancreatic,
advanced tumors
Combination Breast, ovarian, peritoneal, fallopian tube, endometrial, gastric, prostate, lung, pancreatic
Phase 3 Monotherapy Breast, ovarian
Combination Ovarian, peritoneal, fallopian tube, gastric
Maintenance Ovarian, pancreatic
Veliparib Phase 2 Monotherapy Ovarian, fallopian tube, peritoneal, breast
Combination Breast, ovarian, peritoneal, fallopian tube, colorectal, lung, cervical, prostate, liver, glioblastoma,
melanoma, pancreatic, advanced tumors
Phase 3 Combination Breast, lung, glioblastoma
Rucaparib Phase 2 Monotherapy Breast, ovarian, fallopian, peritoneal, pancreatic
Phase 3 Combination Breast
Maintenance Ovarian, fallopian tube, peritoneal
Niraparib Phase 2 Monotherapy Ovarian
Phase 3 Monotherapy Breast
Maintenance Ovarian
Talazoparib Phase 2 Monotherapy Breast, ovarian, endometrial, advanced tumors
Phase 3 Monotherapy Breast
E7016 Phase 2 Combination Melanoma

2Completed and active clinical trials obtained from www.clinicaltrials.gov, data accessed August 2015.

the low nanomolar range (6-8). PARP inhibitors were developed
to block the enzymatic activity of PARPs and prevent SSB repair
by inhibiting the base excision repair (BER) pathway, and ini-
tial clinical development focused on potentiating the effects of
chemotherapy and radiation (6, 9, 10). Subsequent studies demon-
strated that PARP inhibitors alone were cytotoxic in HR-deficient
cells (3, 4, 11). Based on these findings, a model was proposed
in which PARP inhibition causes unrepaired SSBs, which are
subsequently converted to DSBs, leading to synthetic lethality
in HR-deficient cells (4). However, knockdown of XRCCl1, the
protein immediately downstream of PARP in the BER pathway
did not lead to synthetic lethality (12), suggesting that loss of
PARP activity is critical for synthetic lethality, but the loss of BER
is not.

Poly (ADP-ribose) polymerases function in other aspects of
DNA repair, and emerging data suggest other mechanisms of
action for the anti-tumor activity of PARP inhibitors in HR-
deficient cells (13, 14). One potential mechanism proposes that
PARP inhibition activates NHE] in HR-deficient cells, leading
to genomic instability and cell death (12). In vitro studies have
demonstrated that PARPs can regulate components of the NHE]
machinery, including DNA-dependent protein kinase (DNA-PK),
Ku70, and Ku80 (15-18). In HR-deficient cells, PARP inhibitor
treatment induced the activation of DNA-PK and phosphoryla-
tion of downstream substrates and increased NHE] of a reporter
plasmid containing a DSB (12). Pharmacological blockade or
loss of NHE] proteins reduced chromosomal aberrations and the
cytotoxic effects of PARP inhibition, indicating a role for NHE] in
PARP inhibitor activity.

In vitro studies have demonstrated that the activity of PARP
inhibitors may also involve formation of deleterious PARP-DNA
complexes, which hinder DNA replication and repair (19-21).

Avian cells lacking PARP1 and PARP2 were resistant to olaparib
treatment and remained viable at concentrations greater than
10 uM (19). In contrast, olaparib caused significant cytotoxicity
in wild type cells and increased levels of y-H2AX, a marker of
DNA damage. PAR polymers were undetectable by ELISA in
both olaparib-treated wild type cells and PARP-deficient cells,
suggesting that PARP inhibition is distinct from genetic deletion
of PARP.

A comparison of PARP inhibitors demonstrated comparable
inhibition of PAR synthesis by Western blot and ELISA (19,
20). In contrast, each PARP inhibitor showed varying ability
to induce PARP-DNA complexes in the presence of alkylating
agent. In the absence of PARP inhibitor, PARP1 was detected
in the nuclear soluble fraction by Western blot and accumulated
in the chromatin-bound fraction following PARP inhibitor treat-
ment. In tumor cells, BMN 673 (talazoparib) induced greater
accumulation of PARP1 and PARP2 in the chromatin-bound
fraction compared to olaparib and rucaparib. Niraparib induced
greater PARP-DNA binding than olaparib, and veliparib was the
least effective enhancer of PARP-DNA binding at concentrations
that maximally inhibited PARP enzymatic activity. PARP-DNA
binding was detected at pharmacologically relevant concentra-
tions and correlated with the cytotoxicity of each agent in vitro.
In vivo, enhanced PARP-DNA binding did not correlate with
better anti-tumor activity but resulted in increased toxicity (22).
The significance of differential PARP-DNA binding on effi-
cacy and tolerability requires further investigation in the con-
text of different tumor types and different PARP inhibitor and
chemotherapy regimens. The complex role of PARPs in cellular
homeostasis, including DNA repair, highlights the need to eval-
uate PARP inhibitors for modulating other biological functions
of PARPs.
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FUTURE CHALLENGES OF PARP
INHIBITOR DEVELOPMENT

Clinical evaluation of the pharmacodynamic (PD) activity of
PARP inhibitors has focused primarily on measuring inhibition
of ex vivo enzymatic activity or PAR incorporation in tumor
tissues and peripheral blood mononuclear cells (PBMCs). In a
Phase 0 clinical trial, the National Cancer Institute and Abbott
Laboratories validated a sandwich immunoassay to evaluate the
PD response of veliparib during clinical development (23-25).
The immunoassay measured changes in PARylated substrates col-
lected from peripheral blood and tumor biopsy samples. While
PD evaluations have demonstrated target engagement by veliparib
and other PARP inhibitors, it is currently unclear what level of
PARP inhibition is required to translate into a clinical response.
In the case of olaparib, patients with BRCA-deficient ovarian or
breast cancer demonstrated maximal PARP inhibition in PBMCs
at doses greater than 60 mg BID olaparib capsules; however, dose-
dependent anti-tumor activity was observed at higher doses of 100
and 400 mg BID olaparib capsules (26-28).

Several factors may contribute to the lack of a clear relation-
ship between PARP inhibition and clinical activity. Exploratory
analysis of olaparib pharmacokinetic (PK)/PD data suggested that
sustaining unbound steady-state trough concentrations above the
ICso for PARP inhibition affords better clinical efficacy.! These
results correlated with in vivo PK/PD modeling of mouse tumor
xenograft data that demonstrated a marked increase in DNA SSBs
when PAR levels were decreased by more than 90%, and exceeding
this threshold improved the anti-tumor activity of olaparib in
BRCA-deficient tumors. A simulation of unbound steady-state
trough concentrations in patients receiving 100, 200, and 400 mg
BID olaparib capsules indicated that patients receiving 400 mg
BID achieved steady-state trough concentrations exceeding the
ICq value for PARP inhibition. Other potential reasons for lack of
a PK/PD relationship include off-target effects of PARP inhibitors
or variability in PK data. Another possibility is that the cyto-
toxicity of PARP inhibitors may involve other mechanisms of
action.

To date, investigation of the mechanisms of resistance to PARP
inhibitor anti-tumor effects has been limited (29, 30). Poten-
tial mechanisms of resistance to PARP inhibitors may involve
restoration of HR or modulation of PARP itself. One potential
mechanism was demonstrated in the Capan-1 human metastatic
pancreatic adenocarcinoma cell line, which lacks a wild type
copy of BRCA while harboring a 6174delT mutant BRCA allele.
This mutation causes a frameshift in the normal open reading
frame (ORF), resulting in expression of truncated BRCA protein
and a deficiency in HR (31, 32). Analysis of Capan-1 clones
resistant to PARP inhibitors showed that additional mutations
(i.e., deletion, insertion, or deletion/insertion) within BRCA in
these cells rectified the 6174delT frameshift mutation and restored
BRCA2 normal ORF and BRCA function. Additional evidence
that at least a partial restoration of HR can lead to resistance to

!Pharmacology/Toxicology NDA review: olaparib 2014. Available from: http:
/Iwww.accessdata.fda.gov/drugsatfda_docs/nda/2014/2061620rig1s000PharmR.
pdf

PARP inhibitors include secondary mutations in the BRCA gene,
restoring expression of wild type BRCA protein in patients (33)
and somatic mutation of TP53BP1 (34, 35).

In addition to restoration of HR, studies have also correlated
resistance to PARP inhibitors with PARP itself and PD markers
such as yv-H2AX (36, 37). In an in vivo study, responsiveness
of mice bearing TC-71 Ewing sarcoma tumors to a combination
of talazoparib and temozolamide was correlated with decreased
levels of total or cleaved PARP and increases in y-H2AX; however,
tumors that were resistant to the combination treatment were
shown to have some cleaved PARP but no decrease in total or
cleaved PARP, or increases in y-H2AX (38). Although the status
of the genes involved in HR was not evaluated in tumors tested in
this study, these results suggest that another potential mechanism
of resistance to anti-tumor effects of PARP inhibitors may involve
regulation of PARP itself.

The most concerning potential adverse reactions associated
with PARP inhibition are myelodysplastic syndrome and acute
myeloid leukemia (MDS/AML), especially in patients harboring
a germline BRCA mutation. BRCA1 is critically involved with
the Fanconi anemia proteins in repairing DNA damage, whereas
BRCA? is itself a Fanconi anemia protein. Biallelic mutations of
BRCA? are linked to Fanconi’s anemia, a genetic disorder char-
acterized by congenital abnormalities and a profound increase
in cancer predisposition, namely AML (39, 40). The U.S. Pack-
age Insert for Lynparza (olaparib) contains the following warn-
ing for the development of MDS/AML: MDS/AML have been
confirmed in 6 out of 298 (2%) patients enrolled in a single
arm trial of Lynparza monotherapy, in patients with deleteri-
ous or suspected deleterious germline BRCA-mutated advanced
cancers®. In a randomized placebo controlled trial, MDS/AML
occurred in 3 out of 136 (2%) patients with advanced ovarian
cancer treated with Lynparza. Overall, MDS/AML were reported
in 22 of 2,618 (<1%) patients treated with Lynparza. The majority
of MDS/AML cases (17 of 22 cases) were fatal, and the dura-
tion of therapy with Lynparza in patients who developed sec-
ondary MDS/cancer-therapy related AML varied from <6 months
to >2years. All patients had previous chemotherapy with plat-
inum agents and/or other DNA damaging agents. The addi-
tion of further DNA damage induced by chemotherapy or other
environmental factors, coupled with enhanced impairment of
a compensatory repair pathway by means of PARP inhibition,
may prime patients with germline DNA repair deficiencies for
the development of MDS/AML. Monitoring of complete blood
counts and perhaps PBMCs for micronuclei is warranted for
patients receiving PARP inhibitors, and further investigations
should be performed for prolonged hematologic toxicity (see text
footnote 2).

CONCLUSION

Notwithstanding the current knowledge regarding the biological
role of PARP and its demonstrated clinical benefit in cancers with
germline BRCA mutations, future studies are needed to improve

*LYNPARZA™(olaparib) label: Available from http://www.accessdata.fda.gov/
scripts/cder/drugsatfda/
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the therapeutic potential of PARP inhibitors. For example, better
understanding of the contribution of the various mechanisms
of action in vivo, in the context of different PARP inhibitors
and different tumor types, together with better understanding of
mechanisms of resistance will aid in improving the therapeutic
potential of this class of drugs by optimizing patient selection (e.g.,
based on baseline or PARP inhibitor-mediated changes in HRD
profile) or optimizing selection of therapeutic agents in combi-
nation clinical trials by targeting separate mechanisms of drug
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