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Abstract: Poly (ADP-ribose) polymerases (PARPs) play an important role in various cellular processes,
such as replication, recombination, chromatin remodeling, and DNA repair. Emphasizing PARP’s role
in facilitating DNA repair, the PARP pathway has been a target for cancer researchers in developing
compounds which selectively target cancer cells and increase sensitivity of cancer cells to other
anticancer agents, but which also leave normal cells unaffected. Since certain tumors (BRCA1/2
mutants) have deficient homologous recombination repair pathways, they depend on PARP-mediated
base excision repair for survival. Thus, inhibition of PARP is a promising strategy to selectively
kill cancer cells by inactivating complementary DNA repair pathways. Although PARP inhibitor
therapy has predominantly targeted BRCA-mutated cancers, this review also highlights the growing
conversation around PARP inhibitor treatment for non-BRCA-mutant tumors, those which exhibit
BRCAness and homologous recombination deficiency. We provide an update on the field’s progress
by considering PARP inhibitor mechanisms, predictive biomarkers, and clinical trials of PARP
inhibitors in development. Bringing light to these findings would provide a basis for expanding the
use of PARP inhibitors beyond BRCA-mutant breast tumors.
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1. Introduction

Breast cancer is among the three most common cancers worldwide. It is also consistently the
leading cause of disability-adjusted life-years (DALYs) and the leading cause of death in women [1].
Breast cancer comprises highly heterogeneous cancer sub-types, due to distinct genetic profiles
manifesting in broad clinical presentations across patient populations. Breast cancers can be divided
into molecular subtypes based on the presence of hormone receptors, estrogen receptor (ER) and
progesterone receptor (PR), and receptors such as human epidermal growth factor receptor II
(HER2) [2]. Triple-negative breast cancers, also called TNBC (ER negative, PR negative, and HER-2
negative), occur in approximately 17% of breast cancers, are aggressive cancers, and are associated with
early development of metastasis [3]. Approximately 85% of all breast cancers are hormone receptor
(HR) positive and can be treated with hormone therapies such as Tamoxifen, aromatase inhibitors,
Trastuzumab (Herceptin), and others [3]. On the contrary, treatment of TNBC remains challenging,
as this sub-type does not overexpress receptors for which hormone therapies can target. Additionally,
HR-positive breast cancers, which initially responded well to hormone therapy, can develop into
recurrent tumors with downregulation or loss of ER or PR, a finding which may contribute to resistance
to endocrine therapy and highlights the challenges associated with breast cancer treatment [4–6].
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BRCA mutation status is thus one phenomenon being studied for developing targeted therapies
against TNBC and other breast cancer subtypes. Patients with TNBC have a higher prevalence of
BRCA1/2 mutations; however, prevalence varies from 10% to 42% [7]. Conversely, over 80% of breast
cancer patients with a BRCA1 mutation have TNBC [8]. BRCA-mutation associated tumors lack
the homologous recombination repair (HRR) pathway, which repairs double-strand breaks (DSB).
Published clinical studies suggest that germline BRCA mutation-associated (gBRCAm) breast cancers
are more sensitive to DNA-damaging therapies like poly (adenosine diphosphate ribose) polymerase
(PARP) inhibitors [9]. The FDA (Federal Drug Administration) has approved use of PARP inhibitors
(PARPi) for treatment of ovarian, prostate, pancreatic, fallopian tube, and peritoneal cancers [10].
More recently in 2018, two PARPi, olaparib and talazoparib, were approved as monotherapies for
BRCA-mutated HER2-negative metastatic breast cancer [11,12]. With the field of PARP inhibitor
therapy rapidly advancing, PARPi warrant further clinical evaluation for treating the heterogeneous
nature of breast cancer subtypes.

This review article explores the therapeutic potential of PARPi in cancer therapy and the use of
PARPi beyond BRCA-mutant tumors, such as those with BRCAness and homologous recombination
deficiency. An emphasis is placed on the components of the PARP pathway which mediate selective
cytotoxicity of PARPi, predictive biomarkers, and clinical trials involving PARPi for the treatment of
breast cancers. In this review, we also discuss the resistance mechanisms emerging against PARPi.

2. PARP Inhibitors as Therapeutic Intervention

PARP-1 and PARP-2 are the most extensively studied PARPs for their role in DNA damage
repair. When induced by DNA lesions, PARP1 detects the DNA damage break and catalyzes the
addition of poly (ADP-ribose) (PAR) chains to target proteins. This post-translational modification
catalyzed by PARP, known as PARylation, mediates the recruitment of additional DNA repair
factors to the DNA lesion [13,14]. Four known domains of PARP-1 facilitate DNA repair: (1) the
amino-terminal DNA-binding domain containing two zinc-finger motifs, which recognize DNA strand
breaks; (2) domain B, which contains a nuclear localization signal; (3) a central auto-modification
domain; and (4) a carboxyl-terminal catalytic domain (CAT) that binds oxidized NAD+ [13,15–18].
A distinction is made that some researchers include the WGR (Trp, Gly, Arg) domain as part of
CAT [16], while other researchers list the WGR and CAT as two separate entities (this distinction is
further revisited in Section 2.1 of this paper) [19]. A 2012 review by Gibson and Kraus highlights the
complexity of PAR and PARP interaction and the necessity of PARylation to disrupt protein–protein and
protein–DNA interactions [20]. In addition, PAR is required for protein localization and formation of
functional molecular scaffolds [20]. Another review from 2008 highlights research which examines the
role of NAD+ concentration in compaction or decompaction of chromatin by PARP-1 [21]. In focusing
on PARP’s role in DNA repair, upon PARP binding to a DNA strand break, PARylation is stimulated
more than 500-fold [15,18]. In a complex mechanism involving recruitment of essential repair proteins,
which include, but are not limited to, DNA ligase III, XRCC1, BARD1, γH2AX, 53BP1, BRCA1,
and others, PARP-1 in conjunction with PARP-2 and PARP-3 facilitate repair via multiple repair
processes mentioned below. The involvement of these PARPs in repair mechanisms have been reviewed
extensively by Beck et al. [22].

Although our understanding of PARP is largely connected to HRR, PARP-1 also influences
multiple repair pathways that can be utilized by BRCA1/2-deficient cells. While homologous
recombination is the principle DSB repair mechanism, in homologous recombination-deficient cells,
such as those with BRCA1/2 mutations, DNA damage is either repaired with low fidelity repair
mechanisms or is not repaired at all [19]. These alternative pathways include non-homologous
end-joining (NHEJ), alternative non-homologous end-joining (aNHEJ), and single-strand annealing
(SSA), pathways which are generally considered to be error-prone compared to HRR [23]. NHEJ
also plays a large role in DSB repair; in contrast to HRR, NHEJ does not require a homologous
template for DNA repair [24]. NHEJ can be categorized into two subtypes, classical NHEJ or aNHEJ,
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which have varying consequences for genome integrity. One potential reason for the perceived
fallibility of classical NHEJ may be because the NHEJ machinery is flexible in dealing with a wide
range of DSB structures [25]. Alternatively, aNHEJ is involved in repairing junctions with complex
insertions/deletions, although research has shown that aNHEJ joins DSBs on different chromosomes,
leading to chromosomal translocations and mutagenic consequences [26]. SSA also repairs DSBs,
but extensive resection occurs. Following annealing at direct repeats flanking the DSB and 3’ flap
removal, single-strand gap filling and ligation results in large deletions [27]. Although PARP and HRR
are largely intertwined in the context of PARP inhibitors, the existence of alternative repair pathways
may explain how cells can develop resistance to PARP inhibitors.

In the presence of DNA damage and a PARP inhibitor, PARP inhibitors prohibit PARylation from
occurring and PARP-1 remains tightly bound to damage sites. This action in which the binding affinity
of PARP-1 to damaged DNA is increased is called PARP trapping [28]. Murai et al. propose two
mechanisms by which PARPi trap PARP, including the inhibition of PARylation or a reverse allosteric
mechanism in which PARPi binds to NAD+ and enhances the binding of DNA to PARP’s zinc finger
domain [28]. As a result of PARP trapping, the following occur: replication fork collapse, unrepaired
DNA damage, and cytotoxicity (Figure 1) [29]. The synthetic lethality mediated by PARP inhibition
and homologous recombination deficiency (HRD) leads to cell death. Early studies demonstrate
that cells that are deficient in BRCA1 or BRCA2 display increased sensitivity to PARP inhibitors
by about 1000-fold [9]. Thus, PARP inhibition is a promising therapeutic strategy for homologous
recombination-deficient tumors, such as those associated with BRCA mutations, and the use of PARPi
can potentially be expanded to tumors without BRCA mutations.
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Figure 1. PARP pathway overview. Cellular stress such as oxidative stress from reactive oxygen
species causes DNA damage in the form of single- and double-strand breaks. Under normal conditions,
the PARP pathway is activated. ADP-ribose units are recruited to sites of DNA strand breaks in a process
known as PARylation. With the assistance of PARP and other DNA repair enzymes, repair of DNA
strand breaks occurs, and the cell remains viable. This figure provides an overview of what happens in
the presence of a PARP inhibitor in BRCA-mutated cells which have defects in the homologous
recombination repair pathway. The PARP inhibitor mediates inhibition of PARylation, thereby
preventing repair of DNA strand breaks via the PARP pathway or the homologous recombination
repair pathway. This synthetic lethality in which both repair pathways are nonfunctional contributes
to unrepaired single-strand breaks and double-strand breaks; accumulation of double-strand breaks
ultimately leads to apoptosis and cell death. (DSB = double-strand break; PARP = poly (ADP-ribose)
polymerase; ROS = reactive oxygen species)
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2.1. Selective Cytotoxicity of PARP Inhibitors

In looking at how PARP inhibition may mediate selective cytotoxicity, it is essential to revisit the
relative contributions of both catalytic domain function and PARP trapping. Firstly, previous research
has emphasized the importance of particular PARP-1 domains (out of the domains mentioned in the
previous section), which are essential for formation of interdomain contacts linking the DNA domain
interface to CAT. These domains include Zn1 and Zn3 (part of the DNA-binding domain) and WGR
which are linked to CAT [19]. As mentioned previously, there is discrepancy as to whether or not
WGR is part of the CAT domain. A DNA-dependent mechanism, mediated by the automodification
domain of PARP-1, involves binding of Zn1, Zn3, and WGR to a DNA strand, resulting in distortion
of the hydrophobic core of the helical subdomain (HD) of CAT. HD distortion results in decreased
thermal stability of CAT, thereby increasing CAT domain exposure. However, in the folded state, HD
inhibits catalytic activation of PARP-1 [30]. More recent research further probes the interaction of CAT
and NAD+. Results show that while PARP-1 alone has less access to NAD+, thus accounting for the
minimal level of unstimulated PARP-1 activity, PARP-1 when bound to DNA strand breaks allows
NAD+ to access CAT [31]. When the NAD+ binding site is occupied, distorted HD is stabilized and
affinity for DNA strand break damage is increased [31]. Thus, the network of multi domain assembly
is critical for DNA-dependent activation of full-length PARP-1. Altered domain interfaces are the sites
at which PARP inhibitors can disrupt allosteric interaction, thereby rendering PARP-1 nonfunctional.

Secondly, selective cytotoxicity of PARPi may be mediated by PARP trapping, a term coined by
Pommier and colleagues to refer to the effect of PARPi sequestering both PARP-1 and PARP-2 on
PARP–DNA complexes, blocking the recruitment of additional DNA repair proteins [28]. This study is
one of the first to examine the idea that PARPi treatment results in varying degrees of toxicity, based
not on its potency to inhibit PARP catalytic activity but rather on its ability to stabilize PARP-DNA
complexes. In the presence of both PARPi and damaged DNA, the distribution of PARP-1 shifts from
nuclear-soluble to chromatin-bound [28]. A 2015 study by Hopkins et al. further expands upon the
PARP trapping concept but instead supports that catalytic inhibition and PARP trapping are, in fact,
positively correlated in biochemical systems but not in cells [32]. Furthermore, these studies reveal that
although the developed PARP inhibitors (olaparib, niraparib, rucaparib, talazoparib, and veliparib)
have shown effective inhibition of PARP-1 and -2, they differ in their ability to cause PARP trapping,
with talazoparib having the highest trapping activity [32–34]. Accordingly, it appears that the cytotoxic
mechanism as it relates to PARP trapping may be dependent on the use of PARPi in monotherapy or
combination therapy. For example, when PARPi is combined with topoisomerase I (TOP1) inhibitors,
cytotoxicity appears to be less attributed to PARP-1 trapping [35]. On the other hand, the activity
of PARPi plus alkylating agents, such as temozolomide, appears to be largely attributed to PARP
trapping, as demonstrated by quantification of PARP–DNA complexes following treatment [36].

Recent research elaborates upon the cellular consequences of PARP trapping and establishes
the connection between ribonuclease (RNase) H2 deficiency and hypersensitivity to PARPi [37].
RNase H2 is involved in ribonucleotide excision repair. The evidence gathered by Zimmerman et al.
shows that PARP inhibition requires the formation of trapped PARP1-DNA adducts in order to be
synthetic lethal, as confirmed by double mutant RNASEH2AKOPARP1KO cells. Their data further
supports that ribonucleotides may be a major source of PARP trapping. They propose that both the
canonical ribonucleotide excision repair (RER) pathway and TOP1-mediated ribonucleotide cleavage
are involved in trapping of DNA lesions that impede DNA replication and ultimately lead to cell death.

These mechanistic findings have further implications for the use of PARPi in combination with
other anti-cancer agents and when considering toxicity in clinical applications.

3. BRCAness and Homologous Recombination Deficiency (HRD)

Accordingly, the connection between TNBC and BRCA mutations has been widely studied and
utilized as a prognostic marker for TNBC therapy. BRCA1 tumors are often grade 3 ductal carcinomas
and ER−, while BRCA2 tumors are often ER+ and lower grade with high mitotic rates [38,39]. However,
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another aspect complicating TNBC therapy is BRCAness, which defines molecular and phenotypic
characteristics that TNBC sporadic cancers share in common with BRCA-mutated cancers [8].

Tumors which exhibit BRCAness may also exhibit loss-of-function alterations causing a
dysfunction in the HRR pathway, even though they do not have a mutation in the BRCA gene [40].
The application of mutational signatures, which are patterns of somatic mutations that reflect
levels of DNA damage and repair processes, to the understanding of BRCAness is increasingly
studied [41,42]. Numerous studies have revealed mutational signatures associated with breast cancer,
namely signatures 1, 2, 3, 8, and 13, and also provide a mutational characterization of cancers with
BRCA1 and BRCA2 [43,44]. Polak et al. explores signature 3, a mutational signature prevalent in
tumors with BRCAness [45], and finds altered expression of PALB2 and RAD51, genes important for
the HRR pathway. Additionally, signature 3 was found in tumors with both germline and somatic
BRCA1 and BRCA2 mutations [45]. Thus, the role of signature 3 as a potential biomarker (more on
mutational signatures in Section 4.1) needs to be investigated further, but signature 3 can help guide
development of BRCAness-targeting therapies.

Identifying HRD in tumors is complex and involves detecting mutational alterations in the
genome. Alterations can come in the form of germline mutations in HRR-associated genes, such
as PALB2, BARD1, and RAD51D [46]. Somatic mutations may also arise in HRR-associated genes;
however, germline mutations are more common than somatic mutations in BRCA1- and BRCA2-
mutated cancers [43]. BRCAness and HRD also involves methylation of the BRCA promoter, which
appears to be most common in TNBCs [8,40,47]. Breast tumors with BRCA1 methylation also show
higher histological grade, like that of BRCA1-mutated tumors [8]. It was demonstrated that patients
with BRCA-mutated tumors had a significantly higher pathological complete response (pCR) to
chemotherapy (63%), while tumors with BRCAness only had a pathological complete remission rate
of 35% [8].

Additional contributors to HRD involve copy number alterations (CNA), and early research
has revealed that the basal-like subtype of breast cancer has higher numbers of gains/losses, while
the luminal B subtype has more frequent high-level DNA amplification [48]. DNA microarrays and
comparative genomic hybridization (CGH) can be used to identify genome instability comparing test
DNA and control DNA [49]. Chromosomal rearrangements, such as inversions, translocations, and
recombination, are largely implicated in loss of heterozygosity (LOH) and allelic imbalance, which can
be studied using single-nucleotide polymorphism (SNP) analysis [50]. Figure 2 summarizes the major
biomarkers of HRD.

Increasingly studied is the involvement of microRNAs (miRNAs) targeting DNA repair machinery
as a potential therapeutic target for BRCAness. Overexpression of miR-182 sensitizes MDA-MB-231
TNBC cells to PARPi by downregulating BRCA1 [51]. Another study shows that miR-151-5p is
upregulated in PARP1-overexpressing BRCA-mutated and sporadic breast tumors, which eventually
could be considered as BRCAness tumors. This miRNA targets the coding sequence of SMARCA5,
an ATP-dependent chromatin remodeler [52]. Additionally, numerous studies have explored the
concept of BRCAness induction followed by treatment with PARPi. TGFβ induces BRCAness by
downregulating BRCA1, ATM, and MSH2, genes involved in DNA repair, through a miRNA-mediated
mechanism [53]. Another approach that has been explored is inducing BRCAness with histone
deacetylase inhibitors [54,55].
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Figure 2. Homologous recombination deficiency (HRD) and genomic alterations. (a) Both germline
mutations and somatic mutations involving HR-related genes, including BRCA1 and BRCA2, may be
associated with HRD. (b) Promoter methylation involves addition of a methyl group to CpG islands,
which ultimately silences gene expression. This is an epigenetic mechanism implicated in HRD.
(c) Copy number aberrations/alterations alter chromosomal structure and are a hallmark of HRD.
(d) Genomic scars are examined and can be scored to measure the level of HRD phenotype in a sample.
(e) Mutational signatures are patterns of base pair mutations that measure levels of DNA damage in a
sample. Pictured here is a representation of signature 3, a mutational signature highly prevalent in
tumors with BRCAness and also one of a few distinct mutational signatures found in breast cancer.
Signature 3, among other mutational signatures, was characterized in 2013 by Alexandrov et al. [42].

4. Predictive Biomarkers in Breast Cancer

As PARPi selectively target HR-deficient tumors, particularly in patients who bear germline
BRCA1 or BRCA2 mutations, reliable biomarkers are needed to accurately select patients with HR
deficiency who would greatly benefit from PARPi-based anticancer therapies. There currently is no set
method to determine whether a patient will respond to PARPi. However, in vitro and in vivo studies
also demonstrate that HRD is not the only factor which determines sensitivity to PARPi. Thus, various
biomarkers beyond tumor DNA repair status have also been explored.

One well-studied phenomenon of HRR is RAD51 localization to the nucleus after damage to
DNA occurs. RAD 51 nuclear foci do not form in cells that lack functional BRCA1/2 or other functional
HRR components [56]. In establishing a connection between patient breast tumor samples and
RAD51 formation, breast tumor samples were irradiated and subjected to RAD51 ionizing radiation
induced foci (IRIF) analysis [57]. Over 10% of tumors showed impaired RAD51 IRIF formation from
hypermethylation of the BRCA1 promoter, which was also correlated with BRCA gene status and
TNBC. RAD51 IRIF-negative tumors were sensitive to olaparib treatment. One major downside of
the RAD51 IRIF assay is that it can only be performed on fresh tumor material. A more recent study
establishes a connection between the presence of RAD51 nuclear foci formation and PARPi resistance
in gBRCAm breast and ovarian tumors [58]. There are two major limitations to using RAD51 foci as a
biomarker for HRR proficiency: (1) RAD51 foci formation must be induced by DNA damage, such as
damage cause by PARPi; and (2) RAD51 is only detected in the S and G2 phases of the cell cycle [59].

Recently, genomic analysis revealed that two BC cell lines exhibit BRCAness, HCC70 (TNBC,
basal, BRCA wt) and MDA-MB-468 (TNBC, basal, BRCA mutant) [60]. The other cell lines in this study,
MCF7 (luminal A), MDA-MB-231 (TNBC, mesenchymal, BRCA wt (Wildtype)), and MDA-MB-436
(TNBC, mesenchymal, BRCA mutant), did not show a BRCAness phenotype but were categorized
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under sporadic-like breast tumors. In BRCA1-like cell lines compared with BRCA1 wt cell lines, nine
metabolites were identified to be significantly under-represented [60].

4.1. Sequencing-Based Methods

HRD scores are capable of detecting HRR defects and are reported to be predictive of response
to PARPi in patients with TNBC and BRCA1/2-mutated breast or ovarian cancers [47,61]. HRD score
has previously been shown to be predictive of tumor response to neoadjuvant chemotherapy [62,63].
Myriad Genetics, Inc. and Timms et al. developed a next-generation sequencing-based HRD assay
using SNP profiling. This combines three different DNA-based metrics of genomic instability: HRD-loss
of heterozygosity score (HRD-LOH) [61], HRD-telomeric allelic imbalance score (HRD-TAI) [64], and
HRD-large-scale state transition score (HRD-LST) [65]. The HRD scores in their 2014 study examined
breast tumors representing TNBC and all ER/HER2 subtypes, and showed a significant association
with BRCA1/2 deficiency regardless of subtype or stage [47]. The presence of high HRD scores in
BRCA1/2-intact tumors also strongly suggests that alternate mechanisms account for HRD [47].

Unique mutational signatures result from the use of error-prone DSB repair mechanisms in HRD
tumors. In a 2013 study by Alexandrov et al., 20 distinct, conserved mutation signatures were present
across multiple cancer types [42]. These signatures are characterized by the presence of small deletions
of up to 50 bp. In breast cancer specifically, signatures 1B, 2, 3, 8, and 13 were prevalent and strongly
associated with BRCA1/2 mutations. These signatures may be examined to identify tumors with a
BRCAness phenotype and presumably predict response to PARPi therapy [50], although genomic
scars in gBRCAm tumors may persist after restoration of HRR function [50,66]. Other gene-specific
sequencing strategies include multiplex-ligation-dependent probe amplification (MLPA) [67] and
identification of transcriptional metagene signatures [68].

HRDetect is a whole genome sequencing-based predictor that was developed to accurately detect
BRCA1/2-deficient breast tumor samples [66]. In a 2017 paper describing HRDetect, six predictive
parameters were observed in distinguishing BRCA1- and BRCA2-deficient tumors, in order of
decreasing weight: microhomology-mediated deletions, base-substitution signature 3, rearrangement
signature 5, rearrangement signature 5, HRD index, and base substitution signature 8 [66]. This final
predictor, termed HRDetect, was applied to a cohort of 560 cases of breast cancer and showed a 98.7%
of detecting BRCA1/2-deficient tumors. This method analyzes multiple mutational signatures as a
predictor, which is advantageous, the authors say, to using the HRD score. Additionally, HRDetect is
able to distinguish BRCA1-deficient from BRCA2-deficient tumors.

Numerous diagnostic tests have been explored to predict sensitivity to PARPi. Myriad Genetics,
Inc. has also developed BRACAnalysis CDx, the first FDA approved companion diagnostic for
treatment in patients with gBRCAm ovarian cancer and metastatic breast cancer. BRACAnalysis
CDx is a diagnostic test which utilizes sequencing and deletion/duplication analysis to identify
germline mutated BRCA1/2 genes [69]. The effectiveness of BRACAnalysis CDx was established
based on the OlympiAD trial population (NCT02000622), leading to the FDA approval of olaparib
for ovarian cancer patients with gBRCAm in 2014 [69,70]. Foundation Medicine’s T5 NGS assay
(Cambridge, MA, USA) was used to assess genomic LOH when predicting response of patients
with recurrent ovarian carcinoma to rucaparib [71]. Other diagnostic tests include Foundation
Medicine’s FoundationOne CDx, the first comprehensive genomic profiling test for all solid tumors,
and MSK-Impact, which is capable of detecting protein-coding mutations, copy number alterations,
and selected promoter mutations and structural rearrangements in 341 cancer-associated genes [72,73].
The main takeaway is that, along with the identification of predictive biomarkers, whole-genome
sequencing and sequencing-based diagnostic or predictive methods can support the implementation of
using PARPi for precision medicine. However, these studies also reveal that sensitivity to PARPi is not
limited to those with BRCA1/2 mutations. The challenge of finding predictive biomarkers for response
to PARPi underscores the urgent need to develop targeted therapies to approach the heterogeneous
nature of breast cancer.



J. Clin. Med. 2019, 8, 435 8 of 24

5. PARP Inhibitors as a Single Agent

In 2005, through animal model experiments, Bryant et al. and Farmer et al. confirmed the
use of PARP inhibitors as a target therapy in BRCA-mutated cells [9,74]. Subsequently, following
strong preclinical findings demonstrating the therapeutic potential of PARP inhibitors, olaparib showed
durable antitumor responses in patients with advanced gBRCAm ovarian, breast, or castration-resistant
prostate cancer [75,76]. Olaparib was the first PARPi approved by the FDA in December 2014 for use
as monotherapy in patients with gBRCAm advanced ovarian cancer. Since then, the field of PARPi
monotherapy has rapidly advanced, with additional FDA approvals of niraparib (March 2017) and
rucaparib (April 2018) for maintenance treatment of BRCA-mutated ovarian cancer. In 2018, two PARP
inhibitors were approved for gBRCAm metastatic breast cancer, olaparib and talazoparib.

6. Combination Strategies with PARP Inhibitors

Previous in vitro studies have examined various mechanisms to increase tumor sensitivity to and
to maximize the efficacy of PARPi through combination therapy. A critical concern is the development
of resistance to PARPi therapy (please refer to Section 8, “Acquired resistance to PARP inhibitors”),
which also can be mediated through the use of PARPi in combination with other agents. Additional
concerns include increased cytotoxicity or adverse events with combination therapy, which has been
addressed in other reviews.

The effect of PARPi on cancer cells is enhanced in combination with DNA demethylating
agents [77]. This study showed that PARP-1 and DNA methyltransferase 1 (DNMT1) form a complex
and are recruited to sites of DNA damage. Combination drug administration yielded increased
cytotoxicity and frequency of DSBs compared to either PARPi or DNMTi alone. In vivo, TNBC
xenografts treated with a DNMTi–PARPi combination demonstrated a significant reduction in tumor
burden in comparison to controls or monotherapy [77].

A 2012 study examines the efficacy of PARP inhibitors in patient populations other than those
with BRCA-mutant tumors. This study focuses on BRCA-proficient TNBC and sensitizes these cells to
PARP inhibition via inhibition of the phosphoinositide 3-kinase (PI3K) pathway [78]. Under normal
conditions, PI3K stabilizes DNA repair by interacting with the HRR complex [79]. Treatment of
BRCA wt TNBC cells with BKM120, a pan-PI3K inhibitor, resulted in downregulation of BRCA1/2
along with an increase in PAR proteins. Combination of olaparib, a PARPi, with BKM120 showed a
significant reduction in BRCA wt TNBC cells. In patient-derived primary tumor xenografts, the TNBC
models studied, which demonstrated downregulated BRCA expression upon BKM120 treatments, also
showed an increase in PAR levels. While olaparib monotherapy was ineffective in these xenograft
models, BKM120 and olaparib combination yielded significantly decreased tumor growth. Of note,
BRCA downregulation and PARP activation was required for the dual effect of PI3K inhibition and
PARP inhibition.

Many additional pathways have been studied to increase sensitivity of tumor cells to PARP
inhibitors. As mentioned previously, breast cancer heterogeneity is challenging when it comes to
treatment and prevention. Understanding the mechanistic pathways whereby PARP is affected is
crucial to effectively target both BRCA wt and BRCA-mutant breast tumors.

7. Clinical Development of PARP Inhibitors in Breast Cancer

The following discussion examines developed PARP inhibitors that have shown effective and
comparable inhibition of PARP-1 and PARP-2. However, these PARP inhibitors differ in PARP-trapping
activity. Discussions of PARPi are organized in order of increasing PARP-trapping activity, from
veliparib with the least PARP-trapping activity to talazoparib with the most PARP-trapping activity,
and rucaparib, niraparib, and olaparib in between [28,32–34].

There are over 150 completed, recruiting, or current registered clinical trials (clinicaltrials.gov)
involving the PARP inhibitors niraparib, olaparib, rucaparib, talazoparib, and veliparib. A majority of

clinicaltrials.gov
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these clinical trials involve PARPi as monotherapy in patients with BRCA-mutated tumors, especially
with those involving breast cancer. Several clinical studies in ovarian cancer; however, highlight
the utility of PARPi to treat non-BRCA-mutated tumors: ARIEL2 (NCT01891344) [80], ARIEL3
(NCT01968213) [71], NOVA (NCT01847274) [81], Study 19 (NCT00753545) [81].

Combination trials include PARPi with platinums, taxanes, ATM (Ataxia Telangiectasia Mutated
Protein) inhibitors, ATR(Ataxia Telangiectasia and Rad3-related Protein) inhibitors, Wee1 inhibitors,
and PI3K inhibitors. Combination immune therapy is explored as well. Thus far, olaparib, niraparib,
and rucaparib have been FDA approved for use as maintenance therapy in recurrent ovarian cancer.
Only olaparib and talazoparib have been approved by the FDA for treatment of gBRCAm breast cancer.

7.1. Veliparib (ABT-888)—AbbVie

7.1.1. Monotherapy

A phase I trial completed in 2014 showed evidence of veliparib’s anti-tumor activity for patients
with gBRCAm advanced TNBC and ovarian cancers (NCT00892736) [82]. In this study, objective
response rate (ORR) was 23%, and (CBR) was 58%. The suggested maximum tolerated dose was
400 mg twice daily. Twenty-eight patients with gBRCAm had an ORR of 40% and clinical benefit
rate (CBR) of 68%. However, with limited anti-tumor effect of veliparib monotherapy, combination
therapies involving veliparib were initiated.

7.1.2. Combination Strategies

Veliparib has been widely studied in combination with several other regimens. Early phase I and
phase II trials studied veliparib in combination with carboplatin and paclitaxel (NCT00535119) [83],
veliparib in combination with doxorubicin and cyclophosphamide (NCT00740805) [84], veliparib
with cisplatin and vinorelbine (NCT01104259) [85], veliparib with carboplatin (NCT01251874) [86],
and veliparib with temozolomide (NCT01009788) [87]. In these early combination studies, a 73%
response rate was seen with veliparib in combination with cisplatin and vinorelbine in BRCA-mutated
TNBC [85], and modest response rates with the other aforementioned combinations, but adverse
events included neutropenia and thrombocytopenia [83–87].

BrighTNess is a phase III randomized, double-blind, placebo-controlled trial involving patients
with stage II–III TNBC treated with paclitaxel and/or veliparib with or without carboplatin
(NCT02032277) [88]. Patients who were treated with the triple combination therapy of paclitaxel,
carboplatin, and veliparib achieved pCR of 53% (168/316), compared to 31% (49/158) in patients who
received paclitaxel alone. Veliparib did not substantially increase toxicity, compared to patients who
had received carboplatin and experienced serious adverse events such as neutropenia, anemia, and
thrombocytopenia. Results of triple combination therapy were similar to results of treatment with
paclitaxel and carboplatin (58%, 92/160).

BROCADE 3 (NCT02163694) is a placebo-controlled, randomized phase III trial that is currently
open for patients with gBRCAm HER2-negative advanced or metastatic breast cancer. Patients receive
carboplatin and paclitaxel with or without veliparib. The estimated study completion date is May 2019.

7.2. Niraparib (MK4827)—Tesaro

Niraparib is a potent oral inhibitor of PARP-1 and PARP-2 with IC50 values of 3.8 and 2.1 nmol/L,
respectively [89,90]. Niraparib is approved by the FDA for maintenance treatment of patients with
recurrent high-grade serous epithelial ovarian, fallopian tube, or primary peritoneal cancer with
complete or partial response to platinum-based chemotherapy [91].

7.2.1. Monotherapy

In a phase I dose escalation study (NCT00749502) [92], four of 12 breast cancer patients were
BRCA1/2-mutant carriers. Two (50%) of the four BRCA mutant carriers had 30% and 50% partial
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response rate (PRR) to niraparib, respectively. PR lasted approximately three months at starting doses
of 210 and 150 mg/day. The most common adverse effect to niraparib therapy was anemia, nausea,
fatigue, and thrombocytopenia. The recommended phase 2 dose was 300 mg PO (per os, by mouth)
daily. Although a small sample size is noted, this study demonstrated that niraparib had durable
antitumor activity in BRCA-1/2 mutant carriers in patients with breast cancer [92]. The BRAVO (A Phase
III Trial of Niraparib Versus Physician’s Choice in HER2 Negative, Germline BRCA Mutation-positive
Breast Cancer Patients) study was initiated in late 2013 (NCT01905592). This randomized, open-label,
multicenter, controlled study is a comparison of progression-free survival (PFS) treated with niraparib
versus physician’s choice of chemotherapy (PCT) (eribulin, vinorelbine, gemcitabine, or capecitabine).
Niraparib is administered once daily during a 21-day cycle. Physician’s choice is administered on a
21-day cycle. A phase II study (NCT02826512) initiated in 2018 is planned to assess the feasibility of
niraparib in BRCA1-like, HER2-negative breast cancer patients.

7.2.2. Combination Strategies

A phase I/II study named TOPACIO (NCT02657889), initiated in March 2016, examines niraparib
used in combination with an anti-PD-1 monoclonal antibody, pembrolizumab (MK-3475), to treat
patients with advanced breast cancer, TNBC, or ovarian cancer. Phase I of the study involves
administering ascending doses of niraparib up to 300 mg/day orally on day one to 21 of a 21-day cycle,
with IV pembrolizumab 200 mg on day one of each 21-day cycle. In phase II, patients are administered
niraparib in combination with IV pembrolizumab 200 mg on day one of each 21-day cycle. This study’s
projected completion date is February 2019.

7.3. Olaparib (AZD2281, Ku-0059436, Lynparza)—AstraZeneca

7.3.1. Monotherapy

Olaparib was the first PARP inhibitor to be approved for cancer therapy. Phase I results in
2009 from Fong et al. demonstrated that olaparib had antitumor activity in patients with gBRCAm
ovarian and breast cancers and advanced solid tumors (NCT00516373) [76]. A subsequent phase II
trial (ICEBERG, NCT00494234) by Tutt et al. in patients with confirmed BRCA mutations showed a
favorable therapeutic index, providing proof of concept for the efficacy of olaparib, with 41% (11/27)
ORR in patients taking olaparib 400 mg BID [93]. Another early phase 2 study by Gelmon et al.
(NCT00679783) demonstrated that patients with TNBC had no OR, while those with ovarian cancer
had 41% OR [94]. A 2014 multicenter, open-label, noncomparative phase II clinical trial examined
the efficacy of olaparib monotherapy in patients with advanced, recurrent cancer with a germline
BRCA1/2 mutation. A total of 62 breast cancer patients were treated, and 60% of these breast cancer
patients had a BRCA1 mutation. A total of 12.9% of the breast cancer patients had a tumor response
rate, and 46.8% of patients achieved stable disease (SD) after ≥8 weeks olaparib treatment. Median
duration of response was 204 days. A total of 29% of patients were progression free at six months.
Median overall survival was 11 months, and 44.7% of patients were alive at 12 months. Anemia was
the most common ≥grade 3 adverse event [95].

7.3.2. Combination Strategies

In addition to numerous monotherapy studies, many studies now look at the response of
olaparib in combination with other cytotoxic drugs (Table 1). A 2014 phase I study showed that
BRCA1/2 breast cancer patients had a 71% response rate (12/17 patients) to olaparib (50 mg BID) and
cisplatin (60 mg/m2) combination therapy. Frequent grade 3 toxicities, such as neutropenia, anemia,
and leucopenia, rendered higher doses of olaparib (100 or 200 mg BID) and cisplatin (75 mg/m2)
intolerable [96].

In another recent phase I/Ib clinical trial, women with sporadic TNBC were treated with a
combination of olaparib and carboplatin. Twenty-eight patients were treated on a 21-day cycle, with
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400 mg olaparib twice daily on days one to seven and carboplatin on day one or two. The most
frequent non-hematologic events included nausea, fatigue, headache, gastroesophageal reflux disease,
and skin rashes. Hematologic toxicity was very common, with thrombocytopenia being the most
frequent occurrence in 50% of patients. The patients in this study were heavily pretreated; 75% of the
patients had been treated with over three prior therapies. Twelve of 28 patients achieved stable disease,
but nine of the patients had progressive disease. One patient who was an exceptional responder had
CR for 69+ months [97].

Olaparib also demonstrated anti-tumor activity when used in combination with rapamycin [98].
Another combination phase I study with olaparib and BKM120, a PI3-kinase inhibitor, demonstrated
clinical benefit for patients with high grade serious ovarian cancer or TNBC [99]. A phase 1 study
examining olaparib and cediranib (angiogenesis inhibitor) in ovarian cancer and TNBC determined the
recommended phase 2 dose of cediranib to be 30 mg daily and olaparib 200 mg BID [100]. Although
ORR in ovarian cancer patients was 44%, none of the breast cancer patients in this study achieved
clinical response.

Approval of olaparib for gBRCAm HER-2-negative breast cancer came following results from
the phase III OlympiAD clinical trial funded by AstraZeneca (NCT02000622) [70]. This was a
randomized, controlled, open-label, multicenter, international phase 3 trial. Patients received
olaparib tablets (300 mg twice daily), and 97 patients received standard therapy which consisted
of a single-agent chemotherapy (capecitabine, eribulin, or vinorelbine) according to the healthcare
provider’s recommendation. In the olaparib group, median PFS survival was ~67% longer than the
standard-therapy group (7.0 months with olaparib vs. 4.2 months with standard therapy). The response
rate was 59.9% in the olaparib group (100 patients out of 167) and 28.8% in the standard-therapy group
(19 of the 66 patients). Adverse events rated grade 3 or higher occurred in 36.6% of patients in the
olaparib group and 50.5% in the standard-therapy group.

Olaparib was approved by the FDA in January 2018 for treatment of gBRCAm, HER2-negative
metastatic breast cancers.

Table 1. Completed clinical trials with olaparib combination in breast cancer patients. (AUC = area
under the curve; BID = bis in die, twice a day; CBR = clinical benefit rate; CR = complete response;
ORR = objective response rate; PO = per os, by mouth; PR = partial response; QD = quaque die, once a
day; RP2D = recommended phase 2 dose; SD = stable disease; TNBC = triple negative breast cancer).

Therapeutic
Strategy; Phase

Patient Population;
Number of Breast

Patients
RP2D Results Grade 3–5

Adverse Events
Identifier;

References

Olaparib with
carboplatin; I

BRCA1/2 mutation,
sporadic TNBC; 8

Olaparib 400 mg
PO BID days 1–7,
carboplatin AUC5

CR, 23 months
(2.4%, 1/8); PR, 10
months (75%, 6/8);

SD, 14 months
(12.5%, 1/8)

Neutropenia,
thrombo-cytopenia,

anemia

NCT01445418;
[101]

Olaparib with
carboplatin; I

TNBC; 10 (4
BRCA-mutant)

Olaparib 200 mg
PO BID for 7 days;

carboplatin
AUC4 q21d

CR, 32 months
(10%, 1/10); PR, ~9
months (30%, 3/10)

Neutropenia,
anemia

NCT01237067;
[102]

Olaparib with
cisplatin; I

Metastatic,
BRCA-mutant

Intermittent
olaparib 50 mg PO

BID days 1–5;
cisplatin 60 mg/m2

ORR (71%, 12/19)
Neutropenia,

anemia, lipase
elevation

NCT00782574;
[96]

Olaparib with
paclitaxel; I

Metastatic TNBC;
19

Olaparib 200 mg
PO BID; weekly

paclitaxel, 3 weeks
of 4-week cycle

PR (37%, 7/19);
SD ≥ weeks
(32%, 6/19)

Neutropenia NCT00707707;
[103]

Olaparib with
cediranib; I Recurrent TNBC; 8

Olaparib 200 mg
PO BID; Cediranib

30 mg PO QD

No CR or PR;
SD > 24 weeks

(25%, 2/8)

Hypertension,
fatigue

NCT01116648;
[100]
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7.4. Rucaparib (AG-014699, PF-01367338)—Clovis Oncology

7.4.1. Monotherapy

Studies with rucaparib has predominantly involved ovarian cancer. However, there are multiple
clinical studies underway for breast cancer patients. RUBY is a single arm, open-label, multicenter
phase II trial currently recruiting patients with a BRCAness phenotype, as characterized by high
genomic LOH and/or a somatic BRCA mutation, including BRCA methylation or other epigenetic
mechanisms (NCT02505048) [104]. Of note, this trial excludes patients with a known BRCA1/2 germline
mutation. Patients will receive rucaparib 600 mg BID in 21-day cycles.

A recently closed phase II trial in patients with BRCA mutations and advanced and metastatic
breast cancer is a dose escalation trial with results pending (NCT00664781).

7.4.2. Combination Strategies

Following results from an in vitro study demonstrating that rucaparib induces cytotoxicity in
BRCA1/2-mutated cells [105], Drew et al. also investigated the effect of different dosing schedules of IV
and oral rucaparib in patients with advanced breast and ovarian cancer with gBRCAm. This phase II,
open-label, multicenter trial revealed that rucaparib was well-tolerated up to doses of 480 mg per day,
but no dose-limiting toxicities (DLT) were seen in the IV phase. Of 78 total patients, 15 had BRCA1
mutation-associated breast cancer and 12 had BRCA2 mutation-associated breast cancer. Although
there were no responders by tumor ORR in the breast cancer patients, 39% of the 23 breast cancer
patients did achieve stable disease (SD) at ≥12 weeks [105]. The results of this study were more
promising for the ovarian cancer patients, this study also demonstrated that continuous dosing orally
QID or BID is more effective at maintaining PARP inhibition, compared to an intermittent dosing
schedule [105,106]. The patients in this study achieved SD with the continuous dosing schedule.

A phase I study in patients with advanced solid tumors combined rucaparib with carboplatin
(NCT01009190) [107]. Twenty-two of the 85 patients enrolled had breast cancer, and one breast cancer
patient achieved CR. Across all cohorts, the disease control rate was 68.8%. The maximum tolerated
dose for the study was 240 mg per day when in combination with carboplatin.

An ongoing phase II trial investigates the effect of rucaparib and carboplatin in patients with
BRCA mutations and TNBC (NCT01074970).

7.5. Talazoparib (BMN-673)—Pfizer, BioMarin, Medivation

Talazoparib has been demonstrated to have a high degree of potency and oral bioavailability,
compared to the previously mentioned PARPi. In vitro studies from Shen et al. [108] show that
talazoparib selectively targeted tumor cells with BRCA1/2 mutations from 20- to 200-fold greater
potency than other PARP inhibitors. Significant antitumor effects were shown in vivo, and rats showed
greater than 40% oral bioavailability. Following these promising results, multiple clinical trials with
talazoparib monotherapy have been completed.

Monotherapy

A 2014 phase I trial examining antitumor activity of talazoparib (TALA) in gBRCAm breast cancer
and metastatic small-cell lung cancer patients showed a 39% (7/18) partial response rate and a 6%
(1/18) CR rate. Median PFS was 31 weeks for the breast cancer patients. The drug was administered on
day one and eight to 35, followed by daily dosing in four-week cycles. Dosing was 1.0 mg/day [109].

A phase I dose-escalation trial (NCT01286987), completed in 2017, involved administering TALA
either at nine dose levels, ranging from 0.025 to 1.1 mg/day (part 1), or at 1.0 mg/day (part 2) [110].
Of the 18 patients in part 1, those with a BRCA2 mutation had higher ORR (55%), compared to those
with a BRCA1 mutation (38%). Higher clinical benefit rate (CBR) was seen in patients with a BRCA2
versus BRCA1 mutation (91% versus 50%, respectively). Of the 14 breast cancer patients participating
in part 2, the ORR was 50% including one patient with a CR. Five of these patients had SD for 24 weeks,
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with a CBR of 86% lasting at least 24 weeks. Median PFS was 34.6 weeks. Additionally, although all
patients had deleterious BRCA1/2 mutations, patients with non-TNBC showed higher CBR (89% vs.
56%) and PFS (38.3 weeks vs. 20.4 weeks). Results from this phase I trial demonstrate the potency and
tolerability of talazoparib, paving the way for the phase II ABRAZO trial and phase III EMBRACA trial.

Patients with gBRCAm and advanced or metastatic breast cancer who had previously been
exposed to platinum or multiple prior cytotoxic regimens were enrolled in the phase 2 ABRAZO
trial (NCT02034916) [111]. Patients were divided into two cohorts: cohort 1 includes patients who
have had platinum-based therapy, and cohort 2 includes patients who have had ≥3 platinum-free
cytotoxic-based regimens. ORR was 21% in cohort 1 and 37% in cohort 2. Median PFS was 4.0 months
and 5.6 months for cohort 1 and cohort 2, respectively. Common adverse events included anemia,
fatigue, nausea, and diarrhea [111].

Prior to the EMBRACA clinical trial, Litton et al. conducted a feasibility study of administering
TALA before neoadjuvant chemotherapy for breast cancer patients with a deleterious BRCA
mutation [112]. These 13 patients had untreated, operable early-stage breast cancer. Median decrease in
tumor volume was 88%. Adverse events included fatigue, dizziness, nausea, neutropenia, anemia, and
thrombocytopenia. There were no grade 4 toxicities within the two months of talazoparib treatment.
Consequently, the study was expanded to six months of TALA prior to surgery. In addition, patients
were able to receive third-generation chemotherapy regimens after treatment.

The open-label, randomized, phase III EMBRACA trial compares TALA to physician’s choice of
therapy (PCT) in breast cancer patients with advanced disease and gBRCAm (NCT01945775) [113].
EMBRACA is the largest randomized trial evaluating a PARP inhibitor inpatients with gBRCAm
and advanced breast cancer. 288 patients were treated with TALA and 144 were treated with PCT.
Patients treated with TALA showed median PFS of 8.6 months compared to those treated with PCT of
5.6 months. Overall survival was 22.3 months in the TALA group and 19.5 months in the PCT group.
ORR for TALA was also statistically significant compared to PCT, at 62.6% versus 27.2, respectively.
Although grade 3–4 hematologic adverse events occurred more often in patients treated with TALA
than PCT (55% vs. 39%, respectively), TALA was generally well-tolerated and non-hematologic
adverse events were less common [114]. Additionally, participants in the EMBRACA phase 3 trial
showed significant delay in time to definitive clinically-meaningful deterioration (TTD) compared
to patients treated with physician’s choice of chemotherapy (PCT), according to results using the
European Organization for Research and Treatment of Cancer Quality of Life Questionnaire Core 30
(EORTC QLQ-30) [115]. Based on the results of EMBRACA, on October 16, 2018, the U.S. FDA granted
approval of talazoparib for treatment of patients with BRCA-mutated, HER2-negative, advanced or
metastatic breast cancer.

8. Acquired Resistance to PARP Inhibitors

Although PARP inhibition is a promising therapeutic approach for BRCA-mutated breast cancers,
in some cases PARPi resistance can emerge, often via poorly understood mechanisms. One such
mechanism for PARPi resistance involves upregulation of Pgp, a drug efflux transporter [116].
AZD2461 is a next-generation PARP inhibitor that was synthesized as a poor substrate for Pgp.
This compound was developed in response to olaparib resistance and was derived from the same
chemical series as olaparib, the piperidine ether series [117].

Inactivation of p53-binding protein 1 (53BP1) has also been implicated in the development of
resistance to DNA-damaging agents by partially restoring HRR and rescuing proliferation defects in
BRCA1-deficient cells [118]. Data shows that reduced 53BP1 expression is correlated with TNBC and
in BRCA1/2 mutant tumors [118]. Expanding upon the role of 53BP1 in promoting PARPi cytotoxicity,
53BP1 inhibits HRR by impairing 5’ end resection [118,119]. More recent research points to the
interaction of 53BP1 with Rif1 to block resection of DNA breaks [120]. In a dominant negative 53BP1
construct, it was shown that 53BP1 suppression decreased NHEJ and increased HRR, which suggests
that 53BP1 may regulate the choice between the two repair pathways [121]. In an in vivo model, Jaspers
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et al. report resistance to PARPi due to somatic loss of 53BP1 and partial restoration of HRR [116].
Another in vivo model from Li et al. examines mutant BRCA1 lacking the N-terminal RING domain.
In cells expressing RING-less BRCA1, RAD51 foci still form in response to DNA damage. In mice
which carry exon 2-deleted forms of BRCA1, Li et al. found that ablation of 53BP1 rescues embryonic
lethality, although other BRCA1 phenotypes were not rescued by 53BP1 deletion. Their findings
provide support that 53BP1 and BRCA1 collaborate to maintain genomic integrity [122]. Further
implications toward resistance mechanisms can be drawn from these studies, as cells which lack 53BP1
and deletion of N-terminal-deleted BRCA1 isoforms can contribute to chemoresistance.

Given that RAD51 is an important component of the HRR pathway, elevated levels of RAD51
have been shown to contribute to PARPi resistance [123]. In this line of thinking, factors that increase
RAD51 levels may also contribute to resistance. Marzio et al. have recently demonstrated that early
mitotic inhibitor 1 (EMI1) activity targets RAD51 for degradation [124]. EMI1 is a substrate of S phase
kinase-associated protein 1 – cullin 1 – F-box protein (SCF) ubiquitin ligase, and functions as an APC/C
(anaphase-promoting complex or cyclosome) inhibitor [125,126]. In this 2019 study, Marzio et al. found
that EMI1 assembles a SCF ubiquitin ligase complex to target RAD51. They showed that a subset
of TNBC cells downregulate EMI1, which restores RAD51-dependent HRR, and these cells develop
resistance to PARPi. Additionally, they reconstituted EMI1 in cells and in a mouse model and found
that PARPi sensitivity was reestablished [124].

Genetic reversion of BRCA1 or BRCA2 mutations is another proposed mechanism of PARPi
resistance. In patients that had previously been treated with olaparib, and received initial response
followed by progressive tumor growth and a marked increase in CA15-3 (a carcinoma antigen),
a secondary BRCA2 c.9106C>G was detected. In a germline BRCA2 c.9106C>T mutation, a stop codon
is introduced. With this secondary point mutation, the BRCA2 open reading frame is potentially
restored, and the functional BRCA protein restores HRR [127]. Because the sample size in this study
was small, more preclinical data is needed to determine whether secondary mutations in BRCA are
dominant mechanisms for resistance to PARP inhibition.

Another theory of resistance to PARPi involves the upregulation of enhancer of zeste homolog 2
(EZH2), which is the catalytic component of the polycomb repressive complex 2 (PRC2) [128]. PRC2
and EZH2 are involved in histone methyltransferase activity and transcriptional repression. PARP
and EZH2 directly interact, and their interaction is upregulated by PARP-1 activation and inhibited by
PARPi. Results show that EZH2 and H3-K27me3 have increased expression in resistant cells. Thus,
a combination of PARPi and EZH2i has been shown to decrease the cancer stem cell population and
colony formation in vitro and tumor size in vivo [128]. Interestingly, ER+ breast cancer patients with
low H3K27me3 and high EZH2 have shorter overall survival and poor prognosis [129].

A very recent investigation has identified point mutations in PARP-1, which confer PARPi
resistance [130]. The researchers first confirmed that ablation of PARP-1 expression did, in fact,
hinder trapping of PARP-1 and confers PARPi resistance. The resistance was due to in-frame PARP-1
mutations in Parp1, which disrupt the interaction of zinc finger (ZnF) domains at the site of DNA
and PARP-1. Using a CRISPR-Cas9 screen, they identified candidate PARP-1 amino acid residues
associated with resistance, K119 and S120, which are involved in the binding of DNA residues to the
second ZnF domain of PARP-1. Mutations were also identified outside of the ZnF domain, such as
those in amino acid residues in the DNA-binding and catalytic domains [130]. Additionally, it has
been shown that PARP catalytic activity is increased upon phosphorylation of PARP-1 on amino acid
Tyr907. This in turn reduces PARPi binding [131].

Several research groups point to increased replication fork stability as a contributor to PARPi
resistance in BRCA1/2-deficient cancers. In the presence of a DNA strand break and the absence of
PARP-mediated DNA repair, replication forks collapse into a DSB [29]. However, when the replication
fork is stabilized and alternate mechanisms of repair dominate, resistance to PARPi occurs. Increased
replication fork stability may occur through loss of PTIP (Pax2 transactivation domain-interacting
protein, an HRR protein) [132], restoration of HR [133], or through the EZH2/MUS81 axis [134].
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The EZH2/MUS81 axis characterizes the recruitment of the MUS81 nuclease when EZH2 localizes at
stalled replication forks and increases methylation of H3K27. When EZH2 levels are low; however,
methylation is reduced and replication forks are stabilized as MUS81 recruitment is prevented [134].

Additional proposed mechanisms of resistance include increased expression of miR-493-5p,
which induces resistance to platinum and PARPi [135], and also depletion of PARG, the major enzyme
involved in the catabolism of PARP [136]. Given many recent discoveries in the field of PARPi
resistance, further investigation is warranted to improve treatment strategies for cancer patients.
The existence of multiple mechanisms of resistance to PARPi highlights the need for functional
biomarkers and strategies involving combination treatment.

9. Conclusions

Because breast cancer is a widely heterogeneous disease, treatment is complicated and often
involves multiple therapeutic modalities, such as chemotherapy, surgery, and radiation. Although
PARP inhibition is a promising therapeutic strategy to treat breast cancer, PARP inhibitors have clinical
activity restricted to a small category of patients with BRCA mutations. The challenge is to determine
the differences in breast cancer cell line responsiveness to PARP inhibition. To develop personalized
therapeutic targets, detailed characterization of breast cancer cells is required, along with the use of
predictive biomarkers and diagnostic methods mentioned in this review. To complicate matters further,
present studies mentioned in this review suggest that PARPi sensitivity is not restricted to breast
cancer with BRCA mutations. With two PARPi approved by the FDA to treat breast cancer, the future
is promising for the development of other PARP inhibitors for targeted therapy. Clinical studies are
underway examining PARPi as neoadjuvant therapy, as monotherapy, and in combination therapy.
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Abbreviations

aNHEJ alternative non-homologous end-joining
BER base excision repair
BID bis in die, twice a day
BRCA1/2 breast cancer type 1/type 2 susceptibility protein
CNA copy number alterations
CAT catalytic domain (of PARP-1)
CBR clinical benefit rate
CGH comparative genomic hybridization
CR complete response
DLT dose-limiting toxicities
DNMTi DNA methyltransferase inhibitor
DSB double-strand break
EMI1 early mitotic inhibitor 1
ER estrogen receptor
EZH2 enhancer of zeste homolog 2
gBRCAm germline BRCA mutation-associated
HD helical domain
HER2 human epidermal growth factor receptor 2
HRD homologous recombination deficiency/homologous recombination-deficient
HR hormone receptor
HRR homologous recombination repair
IRIF ionizing radiation induced foci
IV intravenous
LOH loss of heterozygosity
LST large-scale state transitions
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miRNA micro RNA
NAD+ nicotinamide adenine dinucleotide
NHEJ non-homologous end-joining
ORR objective response rate
PARP poly (ADP-ribose) polymerase
PARPi poly (ADP-ribose) polymerase inhibitor
pCR pathological complete response
PCT physician’s choice of chemotherapy
PFS progression-free survival
PO per os, by mouth
PR progesterone receptor
PRC2 polycomb repressive complex 2
PRR partial response rate
QD quaque die, once a day
RER ribonucleotide excision repair
ROS reactive oxygen species
RP2D recommended phase 2 dose
SD stable disease
SNP single-nucleotide polymorphism
SSA single-strand annealing
TAI telomeric allelic imbalance
TNBC triple negative breast cancer
TOP1 topoisomerase 1

References

1. Fitzmaurice, C.; Dicker, D.; Pain, A.; Hamavid, H.; Moradi-Lakeh, M.; MacIntyre, M.F.; Allen, C.; Hansen, G.;
Woodbrook, R.; Wolfe, C.; et al. The Global Burden of Cancer 2013. JAMA Oncol. 2015, 1, 505–527. [CrossRef]

2. Weigelt, B.; Geyer, F.C.; Reis-Filho, J.S. Histological Types of Breast Cancer: How Special Are They?
Mol. Oncol. 2010, 4, 192–208. [CrossRef] [PubMed]

3. Arnedos, M.; Bihan, C.; Delaloge, S.; Andre, F. Triple-Negative Breast Cancer: Are We Making Headway at
Least? Ther. Adv. Med. Oncol. 2012, 4, 195–210. [CrossRef]

4. Early Breast Cancer Trialists’ Collaborative Group. Effects of Chemotherapy and Hormonal Therapy for
Early Breast Cancer on Recurrence and 15-Year Survival: An Overview of the Randomised Trials. Lancet
2005, 365, 1687–1717. [CrossRef]

5. Cui, X.; Schiff, R.; Arpino, G.; Osborne, C.K.; Lee, A.V. Biology of Progesterone Receptor Loss in Breast
Cancer and Its Implications for Endocrine Therapy. J. Clin. Oncol. 2005, 23, 7721–7735. [CrossRef] [PubMed]

6. Kuukasjarvi, T.; Kononen, J.; Helin, H.; Holli, K.; Isola, J. Loss of Estrogen Receptor in Recurrent Breast Cancer
Is Associated with Poor Response to Endocrine Therapy. J. Clin. Oncol. 1996, 14, 2584–2589. [CrossRef]

7. Sharma, P.; Klemp, J.R.; Kimler, B.F.; Mahnken, J.D.; Geier, L.J.; Khan, Q.J.; Elia, M.; Connor, C.S.;
McGinness, M.K.; Mammen, J.M.; et al. Germline BRCA Mutation Evaluation in a Prospective Triple-
Negative Breast Cancer Registry: Implications for Hereditary Breast And/or Ovarian Cancer Syndrome
Testing. Breast Cancer Res. Treat. 2014, 145, 707–714. [CrossRef]

8. Lips, E.; Mulder, L.; Oonk, A.; Van Der Kolk, L.; Hogervorst, F.; Imholz, A.; Wesseling, J.; Rodenhuis, S.;
Nederlof, P. Triple-Negative Breast Cancer: BRCAness and Concordance of Clinical Features with
BRCA1-Mutation Carriers. Br. J. Cancer 2013, 108, 2172. [CrossRef] [PubMed]

9. Farmer, H.; McCabe, N.; Lord, C.J.; Tutt, A.N.; Johnson, D.A.; Richardson, T.B.; Santarosa, M.; Dillon, K.J.;
Hickson, I.; Knights, C.; et al. Targeting the DNA Repair Defect in BRCA Mutant Cells as a Therapeutic
Strategy. Nature 2005, 434, 917. [CrossRef]

10. Matulonis, U.A. PARP Inhibitors in BRCA-Related Ovarian Cancer—And Beyond! Available
online: http://www.ascopost.com/issues/november-25-2017/parp-inhibitors-in-brca-related-ovarian-
cancer-and-beyond/ (accessed on 8 June 2018).

11. The U.S. Food and Drug Administration. FDA News Release: FDA Approves First Treatment for Breast
Cancer with a Certain Inherited Genetic Mutation. Available online: https://www.fda.gov/NewsEvents/
Newsroom/PressAnnouncements/ucm592347.htm (accessed on 12 April 2018).

http://dx.doi.org/10.1001/jamaoncol.2015.0735
http://dx.doi.org/10.1016/j.molonc.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/20452298
http://dx.doi.org/10.1177/1758834012444711
http://dx.doi.org/10.1016/S0140-6736(05)66544-0
http://dx.doi.org/10.1200/JCO.2005.09.004
http://www.ncbi.nlm.nih.gov/pubmed/16234531
http://dx.doi.org/10.1200/JCO.1996.14.9.2584
http://dx.doi.org/10.1007/s10549-014-2980-0
http://dx.doi.org/10.1038/bjc.2013.144
http://www.ncbi.nlm.nih.gov/pubmed/23558900
http://dx.doi.org/10.1038/nature03445
http://www.ascopost.com/issues/november-25-2017/parp-inhibitors-in-brca-related-ovarian-cancer-and-beyond/
http://www.ascopost.com/issues/november-25-2017/parp-inhibitors-in-brca-related-ovarian-cancer-and-beyond/
https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm592347.htm
https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm592347.htm


J. Clin. Med. 2019, 8, 435 17 of 24

12. The U.S. Food and Drug Administration. FDA News Release: FDA Approves Talazoparib for gBRCAm
HER2-Negative Locally Advanced or Metastatic Breast Cancer. Available online: https://www.fda.gov/
Drugs/InformationOnDrugs/ApprovedDrugs/ucm623540.htm (accessed on 11 January 2019).

13. Amé, J.-C.; Spenlehauer, C.; de Murcia, G. The PARP Superfamily. Bioessays 2004, 26, 882–893. [CrossRef]
14. Wei, H.; Yu, X. Functions of PARylation in DNA Damage Repair Pathways. Genom. Proteom. Bioinform. 2016,

14, 131–139. [CrossRef]
15. D’Amours, D.; Desnoyers, S.; D’Silva, I.; Poirier, G.G. Poly(ADP-Ribosyl)ation Reactions in the Regulation of

Nuclear Functions. Biochem. J. 1999, 342 Pt 2, 249–268. [CrossRef]
16. Krishnakumar, R.; Kraus, W.L. The PARP Side of the Nucleus: Molecular Actions, Physiological Outcomes,

and Clinical Targets. Mol. Cell 2010, 39, 8–24. [CrossRef]
17. Michels, J.; Vitale, I.; Saparbaev, M.; Castedo, M.; Kroemer, G. Predictive Biomarkers for Cancer Therapy

with PARP Inhibitors. Oncogene 2014, 33, 3894. [CrossRef] [PubMed]
18. Shall, S.; de Murcia, G. Poly(ADP-Ribose) Polymerase-1: What Have We Learned from the Deficient Mouse

Model? Mutat. Res. 2000, 460, 1–15. [CrossRef]
19. Langelier, M.-F.; Planck, J.L.; Roy, S.; Pascal, J.M. Structural Basis for DNA Damage-Dependent

poly(ADP-Ribosyl)ation by Human PARP-1. Science 2012, 336, 728–732. [CrossRef] [PubMed]
20. Gibson, B.A.; Kraus, W.L. New Insights into the Molecular and Cellular Functions of Poly (ADP-Ribose) and

PARPs. Nat. Rev. Mol. Cell Biol. 2012, 13, 411. [CrossRef]
21. Kraus, W.L. Transcriptional Control by PARP-1: Chromatin Modulation, Enhancer-Binding, Coregulation,

and Insulation. Curr. Opin. Cell Biol. 2008, 20, 294–302. [CrossRef]
22. Beck, C.; Robert, I.; Reina-San-Martin, B.; Schreiber, V.; Dantzer, F. Poly (ADP-Ribose) Polymerases in

Double-Strand Break Repair: Focus on PARP1, PARP2 and PARP3. Exp. Cell Res. 2014, 329, 18–25. [CrossRef]
23. Langelier, M.-F.; Riccio, A.A.; Pascal, J.M. PARP-2 and PARP-3 Are Selectively Activated by 5′ Phosphorylated

DNA Breaks through an Allosteric Regulatory Mechanism Shared with PARP-1. Nucleic Acids Res. 2014, 42,
7762–7775. [CrossRef] [PubMed]

24. Davis, A.J.; Chen, D.J. DNA Double Strand Break Repair via Non-Homologous End-Joining. Transl. Cancer
Res. 2013, 2, 130.

25. Bétermier, M.; Bertrand, P.; Lopez, B.S. Is Non-Homologous End-Joining Really an Inherently Error-Prone
Process? PLoS Genet. 2014, 10, e1004086. [CrossRef] [PubMed]

26. Simsek, D.; Jasin, M. Alternative End-Joining Is Suppressed by the Canonical NHEJ Component Xrcc4-Ligase
IV during Chromosomal Translocation Formation. Nat. Struct. Mol. Biol. 2010, 17, 410. [CrossRef]

27. Chen, J.-M.; Cooper, D.N.; Férec, C.; Kehrer-Sawatzki, H.; Patrinos, G.P. Genomic Rearrangements in
Inherited Disease and Cancer. Semin. Cancer Biol. 2010, 20, 222–233. [CrossRef]

28. Murai, J.; Huang, S.N.; Das, B.B.; Renaud, A.; Zhang, Y.; Doroshow, J.H.; Ji, J.; Takeda, S.; Pommier, Y.
Trapping of PARP1 and PARP2 by Clinical PARP Inhibitors. Cancer Res. 2012, 72, 5588–5599. [CrossRef]

29. Pommier, Y.; O’Connor, M.J.; de Bono, J. Laying a Trap to Kill Cancer Cells: PARP Inhibitors and Their
Mechanisms of Action. Sci. Transl. Med. 2016, 8, 362ps17. [CrossRef] [PubMed]

30. Dawicki-McKenna, J.M.; Langelier, M.-F.; DeNizio, J.E.; Riccio, A.A.; Cao, C.D.; Karch, K.R.; McCauley, M.;
Steffen, J.D.; Black, B.E.; Pascal, J.M. PARP-1 Activation Requires Local Unfolding of an Autoinhibitory
Domain. Mol. Cell 2015, 60, 755–768. [CrossRef] [PubMed]

31. Langelier, M.-F.; Zandarashvili, L.; Aguiar, P.M.; Black, B.E.; Pascal, J.M. NAD+ Analog Reveals PARP-1
Substrate-Blocking Mechanism and Allosteric Communication from Catalytic Center to DNA-Binding
Domains. Nat. Commun. 2018, 9, 844. [CrossRef] [PubMed]

32. Hopkins, T.A.; Shi, Y.; Rodriguez, L.E.; Solomon, L.R.; Donawho, C.K.; DiGiammarino, E.L.; Panchal, S.C.;
Wilsbacher, J.L.; Gao, W.; Olson, A.M.; et al. Mechanistic Dissection of PARP1 Trapping and the Impact on in
Vivo Tolerability and Efficacy of PARP Inhibitors. Mol. Cancer Res. 2015, 13, 1465–1477. [CrossRef]

33. Hopkins, T.A.; Ainsworth, W.B.; Ellis, P.A.; Donawho, C.K.; DiGiammarino, E.L.; Panchal, S.C.;
Abraham, V.C.; Algire, M.A.; Shi, Y.; Olson, A.M.; et al. PARP1 Trapping by PARP Inhibitors Drives
Cytotoxicity Both in Cancer Cells and Healthy Bone Marrow. Mol. Cancer Res. 2018. [CrossRef] [PubMed]

34. Murai, J.; Huang, S.-Y.N.; Renaud, A.; Zhang, Y.; Ji, J.; Takeda, S.; Morris, J.; Teicher, B.; Doroshow, J.H.;
Pommier, Y. Stereospecific PARP Trapping by BMN 673 and Comparison with Olaparib and Rucaparib.
Mol. Cancer Ther. 2014, 13, 433–443. [CrossRef]

https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm623540.htm
https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm623540.htm
http://dx.doi.org/10.1002/bies.20085
http://dx.doi.org/10.1016/j.gpb.2016.05.001
http://dx.doi.org/10.1042/0264-6021:3420249
http://dx.doi.org/10.1016/j.molcel.2010.06.017
http://dx.doi.org/10.1038/onc.2013.352
http://www.ncbi.nlm.nih.gov/pubmed/24037533
http://dx.doi.org/10.1016/S0921-8777(00)00016-1
http://dx.doi.org/10.1126/science.1216338
http://www.ncbi.nlm.nih.gov/pubmed/22582261
http://dx.doi.org/10.1038/nrm3376
http://dx.doi.org/10.1016/j.ceb.2008.03.006
http://dx.doi.org/10.1016/j.yexcr.2014.07.003
http://dx.doi.org/10.1093/nar/gku474
http://www.ncbi.nlm.nih.gov/pubmed/24928857
http://dx.doi.org/10.1371/journal.pgen.1004086
http://www.ncbi.nlm.nih.gov/pubmed/24453986
http://dx.doi.org/10.1038/nsmb.1773
http://dx.doi.org/10.1016/j.semcancer.2010.05.007
http://dx.doi.org/10.1158/0008-5472.CAN-12-2753
http://dx.doi.org/10.1126/scitranslmed.aaf9246
http://www.ncbi.nlm.nih.gov/pubmed/27797957
http://dx.doi.org/10.1016/j.molcel.2015.10.013
http://www.ncbi.nlm.nih.gov/pubmed/26626480
http://dx.doi.org/10.1038/s41467-018-03234-8
http://www.ncbi.nlm.nih.gov/pubmed/29487285
http://dx.doi.org/10.1158/1541-7786.MCR-15-0191-T
http://dx.doi.org/10.1158/1541-7786.MCR-18-0138
http://www.ncbi.nlm.nih.gov/pubmed/30429212
http://dx.doi.org/10.1158/1535-7163.MCT-13-0803


J. Clin. Med. 2019, 8, 435 18 of 24

35. Das, B.B.; Huang, S.N.; Murai, J.; Rehman, I.; Ame, J.-C.; Sengupta, S.; Das, S.K.; Majumdar, P.; Zhang, H.;
Biard, D.; et al. PARP1-TDP1 Coupling for the Repair of Topoisomerase I-Induced DNA Damage.
Nucleic Acids Res. 2014, 42, 4435–4449. [CrossRef] [PubMed]

36. Murai, J.; Zhang, Y.; Morris, J.; Ji, J.; Takeda, S.; Doroshow, J.H.; Pommier, Y. Rationale for Poly (ADP-Ribose)
Polymerase (PARP) Inhibitors in Combination Therapy with Camptothecins or Temozolomide Based on
PARP Trapping versus Catalytic Inhibition. J. Pharmacol. Exp. Ther. 2014, 349, 408–416. [CrossRef] [PubMed]

37. Zimmermann, M.; Murina, O.; Reijns, M.A.; Agathanggelou, A.; Challis, R.; Tarnauskaite, Z.; Muir, M.;
Fluteau, A.; Aregger, M.; McEwan, A.; et al. CRISPR Screens Identify Genomic Ribonucleotides as a Source
of PARP-Trapping Lesions. Nature 2018, 559, 285. [CrossRef] [PubMed]

38. Larsen, M.J.; Kruse, T.A.; Tan, Q.; Lænkholm, A.-V.; Bak, M.; Lykkesfeldt, A.E.; Sørensen, K.P.; Hansen, T.V.O.;
Ejlertsen, B.; Gerdes, A.-M.; et al. Classifications within Molecular Subtypes Enables Identification of
BRCA1/BRCA2 Mutation Carriers by RNA Tumor Profiling. PLoS ONE 2013, 8, e64268. [CrossRef] [PubMed]

39. Mavaddat, N.; Barrowdale, D.; Andrulis, I.L.; Domchek, S.M.; Eccles, D.; Nevanlinna, H.; Ramus, S.J.;
Spurdle, A.; Robson, M.; Sherman, M.; et al. Pathology of Breast and Ovarian Cancers among BRCA1 and
BRCA2 Mutation Carriers: Results from the Consortium of Investigators of Modifiers of BRCA1/2 (CIMBA).
Cancer Epidemiol. Prev. Biomark. 2012, 21, 134–147. [CrossRef]

40. Turner, N.; Tutt, A.; Ashworth, A. Hallmarks of’BRCAness’ in Sporadic Cancers. Nat. Rev. Cancer 2004, 4,
814. [CrossRef]

41. Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Campbell, P.J.; Stratton, M.R. Deciphering Signatures of
Mutational Processes Operative in Human Cancer. Cell Rep. 2013, 3, 246–259. [CrossRef]

42. Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Aparicio, S.A.; Behjati, S.; Biankin, A.V.; Bignell, G.R.; Bolli, N.;
Borg, A.; Børresen-Dale, A.-L.; et al. Signatures of Mutational Processes in Human Cancer. Nature 2013, 500,
415. [CrossRef]

43. Nik-Zainal, S.; Davies, H.; Staaf, J.; Ramakrishna, M.; Glodzik, D.; Zou, X.; Martincorena, I.; Alexandrov, L.B.;
Martin, S.; Wedge, D.C.; et al. Landscape of Somatic Mutations in 560 Breast Cancer Whole-Genome
Sequences. Nature 2016, 534, 47. [CrossRef]

44. Nik-Zainal, S.; Alexandrov, L.B.; Wedge, D.C.; Van Loo, P.; Greenman, C.D.; Raine, K.; Jones, D.; Hinton, J.;
Marshall, J.; Stebbings, L.A.; et al. Mutational Processes Molding the Genomes of 21 Breast Cancers. Cell
2012, 149, 979–993. [CrossRef]

45. Polak, P.; Kim, J.; Braunstein, L.Z.; Karlic, R.; Haradhavala, N.J.; Tiao, G.; Rosebrock, D.; Livitz, D.;
Kübler, K.; Mouw, K.W.; et al. A Mutational Signature Reveals Alterations Underlying Deficient Homologous
Recombination Repair in Breast Cancer. Nat. Genet. 2017, 49, 1476. [CrossRef]

46. Couch, F.J.; Hu, C.; Lilyquist, J.; Shimelis, H.; Akinhanmi, M.; Na, J.; Polley, E.C.; Hart, S.N.; McFarland, R.;
LaDuca, H.; et al. Abstract S2-01: Breast Cancer Risks Associated with Mutations in Cancer Predisposition
Genes Identified by Clinical Genetic Testing of 60,000 Breast Cancer Patients. In San Antonio Breast Cancer
Symposium; Springer: San Antonio, TX, USA, 2016; Abstract S2–01.

47. Timms, K.M.; Abkevich, V.; Hughes, E.; Neff, C.; Reid, J.; Morris, B.; Kalva, S.; Potter, J.; Tran, T.V.; Chen, J.;
et al. Association of BRCA1/2 Defects with Genomic Scores Predictive of DNA Damage Repair Deficiency
among Breast Cancer Subtypes. Breast Cancer Res. 2014, 16, 475. [CrossRef]

48. Bergamaschi, A.; Kim, Y.H.; Wang, P.; Sørlie, T.; Hernandez-Boussard, T.; Lonning, P.E.; Tibshirani, R.;
Børresen-Dale, A.-L.; Pollack, J.R. Distinct Patterns of DNA Copy Number Alteration Are Associated with
Different Clinicopathological Features and Gene-Expression Subtypes of Breast Cancer. Genes Chromosomes
Cancer 2006, 45, 1033–1040. [CrossRef]

49. Carter, N.P. Methods and Strategies for Analyzing Copy Number Variation Using DNA Microarrays.
Nat. Genet. 2007, 39 (Suppl. 7), S16–S21. [CrossRef]

50. Watkins, J.A.; Irshad, S.; Grigoriadis, A.; Tutt, A.N. Genomic Scars as Biomarkers of Homologous
Recombination Deficiency and Drug Response in Breast and Ovarian Cancers. Breast Cancer Res. 2014,
16, 211. [CrossRef]

51. Moskwa, P.; Buffa, F.M.; Pan, Y.; Panchakshari, R.; Gottipati, P.; Muschel, R.J.; Beech, J.; Kulshrestha, R.;
Abdelmohsen, K.; Weinstock, D.M.; et al. miR-182-Mediated Downregulation of BRCA1 Impacts DNA
Repair and Sensitivity to PARP Inhibitors. Mol. Cell 2011, 41, 210–220. [CrossRef]

http://dx.doi.org/10.1093/nar/gku088
http://www.ncbi.nlm.nih.gov/pubmed/24493735
http://dx.doi.org/10.1124/jpet.113.210146
http://www.ncbi.nlm.nih.gov/pubmed/24650937
http://dx.doi.org/10.1038/s41586-018-0291-z
http://www.ncbi.nlm.nih.gov/pubmed/29973717
http://dx.doi.org/10.1371/journal.pone.0064268
http://www.ncbi.nlm.nih.gov/pubmed/23704984
http://dx.doi.org/10.1158/1055-9965.EPI-11-0775
http://dx.doi.org/10.1038/nrc1457
http://dx.doi.org/10.1016/j.celrep.2012.12.008
http://dx.doi.org/10.1038/nature12477
http://dx.doi.org/10.1038/nature17676
http://dx.doi.org/10.1016/j.cell.2012.04.024
http://dx.doi.org/10.1038/ng.3934
http://dx.doi.org/10.1186/s13058-014-0475-x
http://dx.doi.org/10.1002/gcc.20366
http://dx.doi.org/10.1038/ng2028
http://dx.doi.org/10.1186/bcr3670
http://dx.doi.org/10.1016/j.molcel.2010.12.005


J. Clin. Med. 2019, 8, 435 19 of 24

52. Tommasi, S.; Pinto, R.; Danza, K.; Pilato, B.; Palumbo, O.; Micale, L.; De Summa, S. miR-151-5p, Targeting
Chromatin Remodeler SMARCA5, as a Marker for the BRCAness Phenotype. Oncotarget 2016, 7, 80363.
[CrossRef] [PubMed]

53. Liu, L.; Zhou, W.; Cheng, C.-T.; Ren, X.; Somlo, G.; Fong, M.Y.; Chin, A.R.; Li, H.; Yu, Y.; Xu, Y.; et al. TGFbeta
Induces’ BRCAness’ and Sensitivity to PARP Inhibition in Breast Cancer by Regulating DNA Repair Genes.
Mol. Cancer Res. 2014, 12, 1597–1609. [CrossRef] [PubMed]

54. Ha, K.; Fiskus, W.; Choi, D.S.; Bhaskara, S.; Cerchietti, L.; Devaraj, S.G.; Shah, B.; Sharma, S.; Chang, J.C.;
Melnick, A.M.; et al. Histone Deacetylase Inhibitor Treatment Induces “BRCAness” and Synergistic Lethality
with PARP Inhibitor and Cisplatin against Human Triple Negative Breast Cancer Cells. Oncotarget 2014, 5,
5637. [CrossRef] [PubMed]

55. Wiegmans, A.P.; Yap, P.-Y.; Ward, A.; Lim, Y.C.; Khanna, K.K. Differences in Expression of Key DNA
Damage Repair Genes after Epigenetic-Induced BRCAness Dictate Synthetic Lethality with PARP1 Inhibition.
Mol. Cancer Ther. 2015, 14, 2321–2331. [CrossRef] [PubMed]

56. Oplustilova, L.; Wolanin, K.; Mistrik, M.; Korinkova, G.; Simkova, D.; Bouchal, J.; Lenobel, R.; Bartkova, J.;
Lau, A.; O’Connor, M.J.; et al. Evaluation of Candidate Biomarkers to Predict Cancer Cell Sensitivity or
Resistance to PARP-1 Inhibitor Treatment. Cell Cycle 2012, 11, 3837–3850. [CrossRef] [PubMed]

57. Naipal, K.A.; Verkaik, N.S.; Ameziane, N.; van Deurzen, C.H.; Ter Brugge, P.; Meijers, M.; Sieuwerts, A.M.;
Martens, J.; O’Connor, M.J.; Vrieling, H.; et al. Functional Ex Vivo Assay to Select Homologous Recombination
Deficient Breast Tumors for PARP Inhibitor Treatment. Clin. Cancer Res. 2014, 20, 4816–4826. [CrossRef]
[PubMed]

58. Cruz, C.; Castroviejo-Bermejo, M.; Gutiérrez-Enriquez, S.; Llop-Guevara, A.; Ibrahim, Y.; Gris-Oliver, A.;
Bonache, S.; Morancho, B.; Bruna, A.; Rueda, O.; et al. RAD51 Foci as a Functional Biomarker of Homologous
Recombination Repair and PARP Inhibitor Resistance in Germline BRCA-Mutated Breast Cancer. Ann. Oncol.
2018, 29, 1203–1210. [CrossRef] [PubMed]

59. Graeser, M.K.; McCarthy, A.; Lord, C.J.; Savage, K.; Hills, M.; Salter, J.; Orr, N.; Parton, M.; Smith, I.E.;
Reis-Filho, J.; et al. A Marker of Homologous Recombination Predicts Pathological Complete Response to
Neoadjuvant Chemotherapy in Primary Breast Cancer. Clin. Cancer Res. 2010, 16, 6159–6168. [CrossRef]

60. Roig, B.; Rodriguez-Balada, M.; Samino, S.; Lam, E.W.-F.; Guaita-Esteruelas, S.; Gomes, A.R.; Correig, X.;
Borràs, J.; Yanes, O.; Gumà, J. Metabolomics Reveals Novel Blood Plasma Biomarkers Associated to the
BRCA1-Mutated Phenotype of Human Breast Cancer. Sci. Rep. 2017, 7, 17831. [CrossRef] [PubMed]

61. Abkevich, V.; Timms, K.; Hennessy, B.; Potter, J.; Carey, M.; Meyer, L.; Smith-McCune, K.; Broaddus, R.;
Lu, K.; Chen, J.; et al. Patterns of Genomic Loss of Heterozygosity Predict Homologous Recombination
Repair Defects in Epithelial Ovarian Cancer. Br. J. Cancer 2012, 107, 1776. [CrossRef] [PubMed]

62. Telli, M.L.; Timms, K.M.; Reid, J.; Hennessy, B.; Mills, G.B.; Jensen, K.C.; Szallasi, Z.; Barry, W.T.;
Winer, E.P.; Tung, N.M.; et al. Homologous Recombination Deficiency (HRD) Score Predicts Response
to Platinum-Containing Neoadjuvant Chemotherapy in Patients with Triple-Negative Breast Cancer.
Clin. Cancer Res. 2016, 22, 3764–3773. [CrossRef]

63. Telli, M.L.; Hellyer, J.; Audeh, W.; Jensen, K.C.; Bose, S.; Timms, K.M.; Gutin, A.; Abkevich, V.; Peterson, R.N.;
Neff, C.; et al. Homologous Recombination Deficiency (HRD) Status Predicts Response to Standard
Neoadjuvant Chemotherapy in Patients with Triple-Negative or BRCA1/2 Mutation-Associated Breast
Cancer. Breast Cancer Res. Treat. 2018, 168, 625–630. [CrossRef]

64. Birkbak, N.J.; Wang, Z.C.; Kim, J.-Y.; Eklund, A.C.; Li, Q.; Tian, R.; Bowman-Colin, C.; Li, Y.;
Greene-Colozzi, A.; Iglehart, J.D.; et al. Telomeric Allelic Imbalance Indicates Defective DNA Repair
and Sensitivity to DNA-Damaging Agents. Cancer Discov. 2012, 2, 366–375. [CrossRef]

65. Popova, T.; Manié, E.; Rieunier, G.; Caux-Moncoutier, V.; Tirapo, C.; Dubois, T.; Delattre, O.; Sigal-Zafrani, B.;
Bollet, M.A.; Longy, M.; et al. Ploidy and Large-Scale Genomic Instability Consistently Identify Basal-like
Breast Carcinomas with BRCA1/2 Inactivation. Cancer Res. 2012, 72, 5454–5462. [CrossRef] [PubMed]

66. Davies, H.; Glodzik, D.; Morganella, S.; Yates, L.R.; Staaf, J.; Zou, X.; Ramakrishna, M.; Martin, S.; Boyault, S.;
Sieuwerts, A.M.; et al. HRDetect Is a Predictor of BRCA1 and BRCA2 Deficiency Based on Mutational
Signatures. Nat. Med. 2017, 23, 517. [CrossRef]

http://dx.doi.org/10.18632/oncotarget.10345
http://www.ncbi.nlm.nih.gov/pubmed/27385001
http://dx.doi.org/10.1158/1541-7786.MCR-14-0201
http://www.ncbi.nlm.nih.gov/pubmed/25103497
http://dx.doi.org/10.18632/oncotarget.2154
http://www.ncbi.nlm.nih.gov/pubmed/25026298
http://dx.doi.org/10.1158/1535-7163.MCT-15-0374
http://www.ncbi.nlm.nih.gov/pubmed/26294743
http://dx.doi.org/10.4161/cc.22026
http://www.ncbi.nlm.nih.gov/pubmed/22983061
http://dx.doi.org/10.1158/1078-0432.CCR-14-0571
http://www.ncbi.nlm.nih.gov/pubmed/24963051
http://dx.doi.org/10.1093/annonc/mdy099
http://www.ncbi.nlm.nih.gov/pubmed/29635390
http://dx.doi.org/10.1158/1078-0432.CCR-10-1027
http://dx.doi.org/10.1038/s41598-017-17897-8
http://www.ncbi.nlm.nih.gov/pubmed/29259228
http://dx.doi.org/10.1038/bjc.2012.451
http://www.ncbi.nlm.nih.gov/pubmed/23047548
http://dx.doi.org/10.1158/1078-0432.CCR-15-2477
http://dx.doi.org/10.1007/s10549-017-4624-7
http://dx.doi.org/10.1158/2159-8290.CD-11-0206
http://dx.doi.org/10.1158/0008-5472.CAN-12-1470
http://www.ncbi.nlm.nih.gov/pubmed/22933060
http://dx.doi.org/10.1038/nm.4292


J. Clin. Med. 2019, 8, 435 20 of 24

67. Gross, E.; Tinteren, H.; Li, Z.; Raab, S.; Meul, C.; Avril, S.; Laddach, N.; Aubele, M.; Propping, C.;
Gkazepis, A.; et al. Identification of BRCA1-like Triple-Negative Breast Cancers by Quantitative Multiplex-
Ligation-Dependent Probe Amplification (MLPA) Analysis of BRCA1-Associated Chromosomal Regions:
A Validation Study. BMC Cancer 2016, 16, 811. [CrossRef]

68. Peng, G.; Lin, C.C.-J.; Mo, W.; Dai, H.; Park, Y.-Y.; Kim, S.M.; Peng, Y.; Mo, Q.; Siwko, S.; Hu, R.; et al.
Genome-Wide Transcriptome Profiling of Homologous Recombination DNA Repair. Nat. Commun. 2014, 5,
3361. [CrossRef]

69. Buchtel, K.M.; Postula, K.J.V.; Weiss, S.; Williams, C.; Pineda, M.; Weissman, S.M. FDA Approval of PARP
Inhibitors and the Impact on Genetic Counseling and Genetic Testing Practices. J. Genet. Couns. 2018, 27,
131–139. [CrossRef]

70. Robson, M.; Im, S.-A.; Senkus, E.; Xu, B.; Domchek, S.M.; Masuda, N.; Delaloge, S.; Li, W.; Tung, N.;
Armstrong, A.; et al. Olaparib for Metastatic Breast Cancer in Patients with a Germline BRCA Mutation.
N. Engl. J. Med. 2017, 377, 523–533. [CrossRef]

71. Coleman, R.L.; Oza, A.M.; Lorusso, D.; Aghajanian, C.; Oaknin, A.; Dean, A.; Colombo, N.; Weberpals, J.I.;
Clamp, A.; Scambia, G.; et al. Rucaparib Maintenance Treatment for Recurrent Ovarian Carcinoma after
Response to Platinum Therapy (ARIEL3): A Randomised, Double-Blind, Placebo-Controlled, Phase 3 Trial.
Lancet 2017, 390, 1949–1961. [CrossRef]

72. Nagahashi, M.; Shimada, Y.; Ichikawa, H.; Kameyama, H.; Takabe, K.; Okuda, S.; Wakai, T. Next Generation
Sequencing-Based Gene Panel Tests for the Management of Solid Tumors. Cancer Sci. 2019, 110, 6. [CrossRef]
[PubMed]

73. Zehir, A.; Benayed, R.; Shah, R.H.; Syed, A.; Middha, S.; Kim, H.R.; Srinivasan, P.; Gao, J.; Chakravarty, D.;
Devlin, S.M.; et al. Mutational Landscape of Metastatic Cancer Revealed from Prospective Clinical
Sequencing of 10,000 Patients. Nat. Med. 2017, 23, 703. [CrossRef] [PubMed]

74. Bryant, H.E.; Schultz, N.; Thomas, H.D.; Parker, K.M.; Flower, D.; Lopez, E.; Kyle, S.; Meuth, M.; Curtin, N.J.;
Helleday, T. Specific Killing of BRCA2-Deficient Tumours with Inhibitors of Poly (ADP-Ribose) Polymerase.
Nature 2005, 434, 913. [CrossRef]

75. Fong, P.C.; Yap, T.A.; Boss, D.S.; Carden, C.P.; Mergui-Roelvink, M.; Gourley, C.; De Greve, J.; Lubinski, J.;
Shanley, S.; Messiou, C.; et al. Poly (ADP)-Ribose Polymerase Inhibition: Frequent Durable Responses in
BRCA Carrier Ovarian Cancer Correlating with Platinum-Free Interval. J. Clin. Oncol. 2010, 28, 2512–2519.
[CrossRef]

76. Fong, P.C.; Boss, D.S.; Yap, T.A.; Tutt, A.; Wu, P.; Mergui-Roelvink, M.; Mortimer, P.; Swaisland, H.; Lau, A.;
O’connor, M.J.; et al. Inhibition of Poly (ADP-Ribose) Polymerase in Tumors from BRCA Mutation Carriers.
N. Engl. J. Med. 2009, 361, 123–134. [CrossRef]

77. Muvarak, N.E.; Chowdhury, K.; Xia, L.; Robert, C.; Choi, E.Y.; Cai, Y.; Bellani, M.; Zou, Y.; Singh, Z.N.;
Duong, V.H.; et al. Enhancing the Cytotoxic Effects of PARP Inhibitors with DNA Demethylating Agents-a
Potential Therapy for Cancer. Cancer Cell 2016, 30, 637–650. [CrossRef] [PubMed]

78. Ibrahim, Y.H.; García-García, C.; Serra, V.; He, L.; Torres-Lockhart, K.; Prat, A.; Anton, P.; Cozar, P.;
Guzmán, M.; Grueso, J.; et al. PI3K Inhibition Impairs BRCA1/2 Expression and Sensitizes BRCA-Proficient
Triple-Negative Breast Cancer to PARP Inhibition. Cancer Discov. 2012, 2, 1036–1047. [CrossRef] [PubMed]

79. Kumar, A.; Fernandez-Capetillo, O.; Carrera, A.C. Nuclear Phosphoinositide 3-Kinase β Controls
Double-Strand Break DNA Repair. Proc. Natl. Acad. Sci. USA 2010, 107, 7491–7496. [CrossRef]

80. Swisher, E.M.; Lin, K.K.; Oza, A.M.; Scott, C.L.; Giordano, H.; Sun, J.; Konecny, G.E.; Coleman, R.L.;
Tinker, A.V.; O’Malley, D.M.; et al. Rucaparib in Relapsed, Platinum-Sensitive High-Grade Ovarian
Carcinoma (ARIEL2 Part 1): An International, Multicentre, Open-Label, Phase 2 Trial. Lancet Oncol. 2017, 18,
75–87. [CrossRef]

81. Mirza, M.R.; Monk, B.J.; Herrstedt, J.; Oza, A.M.; Mahner, S.; Redondo, A.; Fabbro, M.; Ledermann, J.A.;
Lorusso, D.; Vergote, I.; et al. Niraparib Maintenance Therapy in Platinum-Sensitive, Recurrent Ovarian
Cancer. N. Engl. J. Med. 2016, 375, 2154–2164. [CrossRef] [PubMed]

82. Pahuja, S.; Beumer, J.H.; Appleman, L.J.; Tawbi, H.A.; Stoller, R.G.; Lee, J.J.; Lin, Y.; Kiesel, B.; Yu, J.; Tan, A.R.;
et al. Outcome of BRCA 1/2- Mutated (BRCA+) and Triple-Negative, BRCA Wild Type (BRCA-Wt) Breast
Cancer Patients in a Phase I Study of Single-Agent Veliparib (V). J. Clin. Oncol. 2014, 32 (Suppl. 26), 135.
[CrossRef]

http://dx.doi.org/10.1186/s12885-016-2848-2
http://dx.doi.org/10.1038/ncomms4361
http://dx.doi.org/10.1007/s10897-017-0130-7
http://dx.doi.org/10.1056/NEJMoa1706450
http://dx.doi.org/10.1016/S0140-6736(17)32440-6
http://dx.doi.org/10.1111/cas.13837
http://www.ncbi.nlm.nih.gov/pubmed/30338623
http://dx.doi.org/10.1038/nm.4333
http://www.ncbi.nlm.nih.gov/pubmed/28481359
http://dx.doi.org/10.1038/nature03443
http://dx.doi.org/10.1200/JCO.2009.26.9589
http://dx.doi.org/10.1056/NEJMoa0900212
http://dx.doi.org/10.1016/j.ccell.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/27728808
http://dx.doi.org/10.1158/2159-8290.CD-11-0348
http://www.ncbi.nlm.nih.gov/pubmed/22915752
http://dx.doi.org/10.1073/pnas.0914242107
http://dx.doi.org/10.1016/S1470-2045(16)30559-9
http://dx.doi.org/10.1056/NEJMoa1611310
http://www.ncbi.nlm.nih.gov/pubmed/27717299
http://dx.doi.org/10.1200/jco.2014.32.26_suppl.135


J. Clin. Med. 2019, 8, 435 21 of 24

83. Appleman, L.J.; Beumer, J.H.; Jiang, Y.; Puhalla, S.; Lin, Y.; Owonikoko, T.K.; Harvey, R.D.; Stoller, R.;
Pietro, D.P.; Tawbi, H.A.; et al. A Phase I Study of Veliparib (ABT-888) in Combination with Carboplatin and
Paclitaxel in Advanced Solid Malignancies. J. Clin. Oncol. 2012, 30 (Suppl. 15), 3049.

84. Tan, A.R.; Toppmeyer, D.; Stein, M.N.; Moss, R.A.; Gounder, M.; Lindquist, D.C.; Ji, J.J.; Chen, A.P.;
Egorin, M.J.; Kiesel, B.; et al. Phase I Trial of Veliparib, (ABT-888), a poly(ADP-Ribose) Polymerase (PARP)
Inhibitor, in Combination with Doxorubicin and Cyclophosphamide in Breast Cancer and Other Solid
Tumors. J. Clin. Oncol. 2011, 29 (Suppl. 15), 3041. [CrossRef]

85. Rodler, E.T.; Gralow, J.; Kurland, B.F.; Griffin, M.; Yeh, R.; Thompson, J.A.; Porter, P.; Swisher, E.M.; Gadi, V.K.;
Korde, L.A.; et al. Phase I: Veliparib with Cisplatin (CP) and Vinorelbine (VNR) in Advanced Triple-Negative
Breast Cancer (TNBC) And/or BRCA Mutation-Associated Breast Cancer. J. Clin. Oncol. 2014, 32 (Suppl. 15),
2569. [CrossRef]

86. Wesolowski, R.; Zhao, M.; Geyer, S.M.; Lustberg, M.B.; Mrozek, E.; Layman, R.M.; Macrae, E.M.; Zhang, J.;
Hall, N.; Schregel, K.; et al. Phase I Trial of the PARP Inhibitor Veliparib (V) in Combination with Carboplatin
(C) in Metastatic Breast Cancer (MBC). J. Clin. Oncol. 2014, 32 (Suppl. 15), 1074. [CrossRef]

87. Isakoff, S.J.; Overmoyer, B.; Tung, N.M.; Gelman, R.S.; Giranda, V.L.; Bernhard, K.M.; Habin, K.R.;
Ellisen, L.W.; Winer, E.P.; Goss, P.E. A Phase II Trial of the PARP Inhibitor Veliparib (ABT888) and
Temozolomide for Metastatic Breast Cancer. J. Clin. Oncol. 2010, 28 (Suppl. 15), 1019. [CrossRef]

88. Loibl, S.; O’Shaughnessy, J.; Untch, M.; Sikov, W.M.; Rugo, H.S.; McKee, M.D.; Huober, J.; Golshan, M.;
von Minckwitz, G.; Maag, D.; et al. Addition of the PARP Inhibitor Veliparib plus Carboplatin or
Carboplatin Alone to Standard Neoadjuvant Chemotherapy in Triple-Negative Breast Cancer (BrighTNess):
A Randomised, Phase 3 Trial. Lancet Oncol. 2018, 19, 497–509. [CrossRef]

89. Jones, P.; Wilcoxen, K.; Rowley, M.; Toniatti, C. Niraparib: A Poly (ADP-Ribose) Polymerase (PARP) Inhibitor
for the Treatment of Tumors with Defective Homologous Recombination. J. Med. Chem. 2015, 58, 3302–3314.
[CrossRef]

90. Jones, P.; Altamura, S.; Boueres, J.; Ferrigno, F.; Fonsi, M.; Giomini, C.; Lamartina, S.; Monteagudo, E.;
Ontoria, J.M.; Orsale, M.V.; 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, 7170–7185. [CrossRef] [PubMed]

91. The U.S. Food and Drug Administration. FDA Approves Maintenance Treatment for Recurrent Epithelial
Ovarian, Fallopian Tube or Primary Peritoneal Cancers. Available online: https://www.fda.gov/
NewsEvents/Newsroom/PressAnnouncements/ucm548948.htm (accessed on 15 May 2018).

92. Sandhu, S.K.; Schelman, W.R.; Wilding, G.; Moreno, V.; Baird, R.D.; Miranda, S.; Hylands, L.; Riisnaes, R.;
Forster, M.; Omlin, A.; et al. The Poly (ADP-Ribose) Polymerase Inhibitor Niraparib (MK4827) in BRCA
Mutation Carriers and Patients with Sporadic Cancer: A Phase 1 Dose-Escalation Trial. Lancet Oncol. 2013,
14, 882–892. [CrossRef]

93. Tutt, A.; Robson, M.; Garber, J.E.; Domchek, S.M.; Audeh, M.W.; Weitzel, J.N.; Friedlander, M.; Arun, B.;
Loman, N.; Schmutzler, R.K.; et al. Oral Poly (ADP-Ribose) Polymerase Inhibitor Olaparib in Patients with
BRCA1 or BRCA2 Mutations and Advanced Breast Cancer: A Proof-of-Concept Trial. Lancet 2010, 376,
235–244. [CrossRef]

94. Gelmon, K.A.; Tischkowitz, M.; Mackay, H.; Swenerton, K.; Robidoux, A.; Tonkin, K.; Hirte, H.; Huntsman, D.;
Clemons, M.; Gilks, B.; et al. Olaparib in Patients with Recurrent High-Grade Serous or Poorly Differentiated
Ovarian Carcinoma or Triple-Negative Breast Cancer: A Phase 2, Multicentre, Open-Label, Non-Randomised
Study. Lancet Oncol. 2011, 12, 852–861. [CrossRef]

95. Kaufman, B.; Shapira-Frommer, R.; Schmutzler, R.K.; Audeh, M.W.; Friedlander, M.; Balmaña, J.; Mitchell, G.;
Fried, G.; Stemmer, S.M.; Hubert, A.; et al. Olaparib Monotherapy in Patients with Advanced Cancer and a
Germline BRCA1/2 Mutation. J. Clin. Oncol. 2014, 33, 244–250. [CrossRef]

96. Balmana, J.; Tung, N.; Isakoff, S.; Grana, B.; Ryan, P.; Saura, C.; Lowe, E.; Frewer, P.; Winer, E.; Baselga, J.;
et al. Phase I Trial of Olaparib in Combination with Cisplatin for the Treatment of Patients with Advanced
Breast, Ovarian and Other Solid Tumors. Ann. Oncol. 2014, 25, 1656–1663. [CrossRef] [PubMed]

97. Lee, A.; Djamgoz, M.B. Triple Negative Breast Cancer: Emerging Therapeutic Modalities and Novel
Combination Therapies. Cancer Treat. Rev. 2018, 62, 110–122. [CrossRef] [PubMed]

98. Osoegawa, A.; Gills, J.J.; Kawabata, S.; Dennis, P.A. Rapamycin Sensitizes Cancer Cells to Growth Inhibition
by the PARP Inhibitor Olaparib. Oncotarget 2017, 8, 87044. [CrossRef] [PubMed]

http://dx.doi.org/10.1200/jco.2011.29.15_suppl.3041
http://dx.doi.org/10.1200/jco.2014.32.15_suppl.2569
http://dx.doi.org/10.1200/jco.2014.32.15_suppl.1074
http://dx.doi.org/10.1200/jco.2010.28.15_suppl.1019
http://dx.doi.org/10.1016/S1470-2045(18)30111-6
http://dx.doi.org/10.1021/jm5018237
http://dx.doi.org/10.1021/jm901188v
http://www.ncbi.nlm.nih.gov/pubmed/19873981
https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm548948.htm
https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm548948.htm
http://dx.doi.org/10.1016/S1470-2045(13)70240-7
http://dx.doi.org/10.1016/S0140-6736(10)60892-6
http://dx.doi.org/10.1016/S1470-2045(11)70214-5
http://dx.doi.org/10.1200/JCO.2014.56.2728
http://dx.doi.org/10.1093/annonc/mdu187
http://www.ncbi.nlm.nih.gov/pubmed/24827126
http://dx.doi.org/10.1016/j.ctrv.2017.11.003
http://www.ncbi.nlm.nih.gov/pubmed/29202431
http://dx.doi.org/10.18632/oncotarget.19667
http://www.ncbi.nlm.nih.gov/pubmed/29152062


J. Clin. Med. 2019, 8, 435 22 of 24

99. Matulonis, U.; Wulf, G.M.; Birrer, M.J.; Westin, S.N.; Quy, P.; Whalen, C.; Aghajanian, C.; Solit, D.B.;
Mills, G.B.; Cantley, L.; et al. Phase I Study of Oral BKM120 and Oral Olaparib for High-Grade Serous
Ovarian Cancer (HGSC) or Triple-Negative Breast Cancer (TNBC). J. Clin. Oncol. 2014, 32 (Suppl. 15), 2510.
[CrossRef]

100. Liu, J.F.; Tolaney, S.M.; Birrer, M.; Fleming, G.F.; Buss, M.K.; Dahlberg, S.E.; Lee, H.; Whalen, C.; Tyburski, K.;
Winer, E.; et al. A Phase 1 Trial of the PARP Inhibitor Olaparib (AZD2281) in Combination with the
Anti-Angiogenic Cediranib (AZD2171) in Recurrent Epithelial Ovarian or Triple-Negative Breast Cancer.
Eur. J. Cancer 2013, 49, 2972. [CrossRef]

101. Lee, J.-M.; Hays, J.L.; Annunziata, C.M.; Noonan, A.M.; Minasian, L.; Zujewski, J.A.; Yu, M.; Gordon, N.; Ji, J.;
Sissung, T.M.; et al. Phase I/Ib Study of Olaparib and Carboplatin in BRCA1 or BRCA2 Mutation-Associated
Breast or Ovarian Cancer with Biomarker Analyses. J. Natl. Cancer Inst. 2014, 106. [CrossRef]

102. Chiou, V.L.; Annunziata, C.; Lipkowitz, S.; Minasian, L.; Gordon, N.; Yu, M.; Steinberg, S.; Houston, N.;
Kohn, E.; Lee, J. Abstract CT326: Pharmacokinetic/pharmacodynamic Study of Sequence Specificity of the
PARP Inhibitor, Olaparib and Carboplatin in Recurrent Women’s Cancers. In Proceedings of the AACR
106th Annual Meeting 2015, Philadelphia, PA, USA, 18–22 April 2015. AM2015–CT326.

103. Dent, R.A.; Lindeman, G.J.; Clemons, M.; Wildiers, H.; Chan, A.; McCarthy, N.J.; Singer, C.F.; Lowe, E.S.;
Watkins, C.L.; Carmichael, J. Phase I Trial of the Oral PARP Inhibitor Olaparib in Combination with Paclitaxel
for First-or Second-Line Treatment of Patients with Metastatic Triple-Negative Breast Cancer. Breast Cancer
Res. 2013, 15, R88. [CrossRef]

104. Patsouris, A.; Vicier, C.; Campion, L.; Gouraud, W.; Jimenez, M.; Pezzella, V.; Loehr, A.; Raponi, M.; Bieche, I.;
Callens, C.; et al. An Open-Label, Phase II Study of Rucaparib, a PARP Inhibitor, in HER2- Metastatic Breast
Cancer Patients with High Genomic Loss of Heterozygosity: RUBY. J. Clin. Oncol. 2017, 35 (Suppl. 15).
[CrossRef]

105. Drew, Y.; Ledermann, J.; Hall, G.; Rea, D.; Glasspool, R.; Highley, M.; Jayson, G.; Sludden, J.; Murray, J.;
Jamieson, D.; et al. Phase 2 Multicentre Trial Investigating Intermittent and Continuous Dosing Schedules of
the Poly (ADP-Ribose) Polymerase Inhibitor Rucaparib in Germline BRCA Mutation Carriers with Advanced
Ovarian and Breast Cancer. Br. J. Cancer 2016, 114, 723. [CrossRef] [PubMed]

106. Murray, J.; Thomas, H.; Berry, P.; Kyle, S.; Patterson, M.; Jones, C.; Los, G.; Hostomsky, Z.; Plummer, E.;
Boddy, A.; et al. Tumour Cell Retention of Rucaparib, Sustained PARP Inhibition and Efficacy of Weekly as
Well as Daily Schedules. Br. J. Cancer 2014, 110, 1977. [CrossRef] [PubMed]

107. Wilson, R.H.; Evans, T.J.; Middleton, M.R.; Molife, L.R.; Spicer, J.; Dieras, V.; Roxburgh, P.; Giordano, H.;
Jaw-Tsai, S.; Goble, S.; et al. A Phase I Study of Intravenous and Oral Rucaparib in Combination with
Chemotherapy in Patients with Advanced Solid Tumours. Br. J. Cancer 2017, 116, 884. [CrossRef] [PubMed]

108. Shen, Y.; Rehman, F.L.; Feng, Y.; Boshuizen, J.; Bajrami, I.; Elliott, R.; Wang, B.; Lord, C.J.; Post, L.E.;
Ashworth, A. BMN 673, a Novel and Highly Potent PARP1/2 Inhibitor for the Treatment of Human Cancers
with DNA Repair Deficiency. Clin. Cancer Res. 2013, 19, 5003–5015. [CrossRef] [PubMed]

109. Wainberg, Z.A.; Rafii, S.; Ramanathan, R.K.; Mina, L.A.; Byers, L.A.; Chugh, R.; Goldman, J.W.; Sachdev, J.C.;
Matei, D.E.; Wheler, J.J.; et al. Safety and Antitumor Activity of the PARP Inhibitor BMN673 in a Phase 1
Trial Recruiting Metastatic Small-Cell Lung Cancer (SCLC) and Germline BRCA-Mutation Carrier Cancer
Patients. J. Clin. Oncol. 2014. [CrossRef]

110. De Bono, J.; Ramanathan, R.K.; Mina, L.; Chugh, R.; Glaspy, J.; Rafii, S.; Kaye, S.; Sachdev, J.; Heymach, J.;
Smith, D.C.; et al. Phase I, Dose-Escalation, Two-Part Trial of the PARP Inhibitor Talazoparib in Patients with
Advanced Germline BRCA1/2 Mutations and Selected Sporadic Cancers. Cancer Discov. 2017, 7, 620–629.
[CrossRef]

111. Turner, N.C.; Telli, M.L.; Rugo, H.S.; Mailliez, A.; Ettl, J.; Grischke, E.-M.; Mina, L.A.; Balmana Gelpi, J.;
Fasching, P.A.; Hurvitz, S.A.; et al. Final Results of a Phase 2 Study of Talazoparib (TALA) Following
Platinum or Multiple Cytotoxic Regimens in Advanced Breast Cancer Patients (pts) with Germline BRCA1/2
Mutations (ABRAZO). J. Clin. Oncol. 2017. [CrossRef]

112. Litton, J.; Scoggins, M.; Ramirez, D.; Murthy, R.; Whitman, G.; Hess, K.; Adrada, B.; Moulder, S.; Barcenas, C.;
Valero, V.; et al. A Feasibility Study of Neoadjuvant Talazoparib for Operable Breast Cancer Patients with a
Germline BRCA Mutation Demonstrates Marked Activity. NPJ Breast Cancer 2017, 3, 49. [CrossRef]

http://dx.doi.org/10.1200/jco.2014.32.15_suppl.2510
http://dx.doi.org/10.1016/j.ejca.2013.05.020
http://dx.doi.org/10.1093/jnci/dju089
http://dx.doi.org/10.1186/bcr3484
http://dx.doi.org/10.1200/JCO.2017.35.15_suppl.TPS1117
http://dx.doi.org/10.1038/bjc.2016.41
http://www.ncbi.nlm.nih.gov/pubmed/27002934
http://dx.doi.org/10.1038/bjc.2014.91
http://www.ncbi.nlm.nih.gov/pubmed/24556618
http://dx.doi.org/10.1038/bjc.2017.36
http://www.ncbi.nlm.nih.gov/pubmed/28222073
http://dx.doi.org/10.1158/1078-0432.CCR-13-1391
http://www.ncbi.nlm.nih.gov/pubmed/23881923
http://dx.doi.org/10.1200/jco.2014.32.15_suppl.7522
http://dx.doi.org/10.1158/2159-8290.CD-16-1250
http://dx.doi.org/10.1200/JCO.2017.35.15_suppl.1007
http://dx.doi.org/10.1038/s41523-017-0052-4


J. Clin. Med. 2019, 8, 435 23 of 24

113. Litton, J.K.; Rugo, H.S.; Ettl, J.; Hurvitz, S.A.; Gonçalves, A.; Lee, K.-H.; Fehrenbacher, L.; Yerushalmi, R.;
Mina, L.A.; Martin, M.; et al. Talazoparib in Patients with Advanced Breast Cancer and a Germline BRCA
Mutation. N. Engl. J. Med. 2018, 379, 753–763. [CrossRef]

114. Litton, J.; Rugo, H.S.; Ettl, J.; Hurvitz, S.; Gonçalves, A.; Lee, K.; Fehrenbacher, L.; Yerushalmi, R.; Mina, L.A.;
Martin, M.; et al. A Phase 3 Trial Comparing Talazoparib, an Oral PARP Inhibitor, to Physician’s Choice of
Therapy in Patients with Advanced Breast Cancer and a Germline BRCA Mutation. In Proceedings of the
San Antonio Breast Cancer Symposium, San Antonio, TX, USA, 5–9 December 2017; pp. 5–9.

115. Ettl, J.; Quek, R.; Lee, K.-H.; Rugo, H.; Hurvitz, S.; Gonçalves, A.; Fehrenbacher, L.; Yerushalmi, R.; Mina, L.;
Martin, M.; et al. Quality of Life with Talazoparib versus Physician’s Choice of Chemotherapy in Patients
with Advanced Breast Cancer and Germline BRCA1/2 Mutation: Patient-Reported Outcomes from the
EMBRACA Phase III Trial. Ann. Oncol. 2018, 29, 1939–1947. [CrossRef]

116. Jaspers, J.E.; Kersbergen, A.; Boon, U.; Sol, W.; van Deemter, L.; Zander, S.A.; Drost, R.; Wientjens, E.; Ji, J.;
Aly, A.; et al. Loss of 53BP1 Causes PARP Inhibitor Resistance in Brca1-Mutated Mouse Mammary Tumors.
Cancer Discov. 2013, 3, 68–81. [CrossRef] [PubMed]

117. O’Connor, L.O.; Rulten, S.L.; Cranston, A.N.; Odedra, R.; Brown, H.; Jaspers, J.E.; Jones, L.; Knights, C.;
Evers, B.; Ting, A.; et al. The PARP Inhibitor AZD2461 Provides Insights into the Role of PARP3 Inhibition
for Both Synthetic Lethality and Tolerability with Chemotherapy in Preclinical Models. Cancer Res. 2016, 76,
6084–6094.

118. Bouwman, P.; Aly, A.; Escandell, J.M.; Pieterse, M.; Bartkova, J.; van der Gulden, H.; Hiddingh, S.;
Thanasoula, M.; Kulkarni, A.; Yang, Q.; et al. 53BP1 Loss Rescues BRCA1 Deficiency and Is Associated
with Triple-Negative and BRCA-Mutated Breast Cancers. Nat. Struct. Mol. Biol. 2010, 17, 688. [CrossRef]
[PubMed]

119. Bunting, S.F.; Callén, E.; Wong, N.; Chen, H.-T.; Polato, F.; Gunn, A.; Bothmer, A.; Feldhahn, N.;
Fernandez-Capetillo, O.; Cao, L.; et al. 53BP1 Inhibits Homologous Recombination in Brca1-Deficient
Cells by Blocking Resection of DNA Breaks. Cell 2010, 141, 243–254. [CrossRef]

120. Zimmermann, M.; Lottersberger, F.; Buonomo, S.B.; Sfeir, A.; de Lange, T. 53BP1 Regulates DSB Repair Using
Rif1 to Control 5′ End Resection. Science 2013, 339, 700–704. [CrossRef]

121. Xie, A.; Hartlerode, A.; Stucki, M.; Odate, S.; Puget, N.; Kwok, A.; Nagaraju, G.; Yan, C.; Alt, F.W.;
Chen, J.; et al. Distinct Roles of Chromatin-Associated Proteins MDC1 and 53BP1 in Mammalian
Double-Strand Break Repair. Mol. Cell 2007, 28, 1045–1057. [CrossRef]

122. Li, M.; Cole, F.; Patel, D.S.; Misenko, S.M.; Her, J.; Malhowski, A.; Alhamza, A.; Zheng, H.; Baer, R.;
Ludwig, T.; et al. 53BP1 Ablation Rescues Genomic Instability in Mice Expressing “RING-Less” BRCA1.
EMBO Rep. 2016, 17, 1532–1541. [CrossRef]

123. Liu, Y.; Burness, M.L.; Martin-Trevino, R.; Guy, J.; Bai, S.; Harouaka, R.; Brooks, M.D.; Shang, L.; Fox, A.;
Luther, T.K.; et al. RAD51 Mediates Resistance of Cancer Stem Cells to PARP Inhibition in Triple-Negative
Breast Cancer. Clin. Cancer Res. 2017, 23, 514–522. [CrossRef] [PubMed]

124. Marzio, A.; Puccini, J.; Kwon, Y.; Maverakis, N.K.; Arbini, A.; Sung, P.; Bar-Sagi, D.; Pagano, M. The F-Box
Domain-Dependent Activity of EMI1 Regulates PARPi Sensitivity in Triple-Negative Breast Cancers. Mol. Cell
2019, 73, 224–237.e6. [CrossRef] [PubMed]

125. Skaar, J.R.; Pagan, J.K.; Pagano, M. SCF Ubiquitin Ligase-Targeted Therapies. Nat. Rev. Drug Discov. 2014, 13,
889. [CrossRef]

126. Skaar, J.R.; Pagan, J.K.; Pagano, M. Mechanisms and Function of Substrate Recruitment by F-Box Proteins.
Nat. Rev. Mol. Cell Biol. 2013, 14, 369. [CrossRef] [PubMed]

127. Barber, L.J.; Sandhu, S.; Chen, L.; Campbell, J.; Kozarewa, I.; Fenwick, K.; Assiotis, I.; Rodrigues, D.N.;
Reis-Filho, J.S.; Moreno, V.; et al. Secondary Mutations in BRCA2 Associated with Clinical Resistance to a
PARP Inhibitor. J. Pathol. 2013, 229, 422–429. [CrossRef] [PubMed]

128. Yamaguchi, H.; Du, Y.; Nakai, K.; Ding, M.; Chang, S.; Hsu, J.; Yao, J.; Wei, Y.; Nie, L.; Jiao, S.; et al. EZH2
Contributes to the Response to PARP Inhibitors through Its PARP-Mediated Poly-ADP Ribosylation in Breast
Cancer. Oncogene 2018, 37, 208. [CrossRef]

129. Bae, W.K.; Yoo, K.H.; Lee, J.S.; Kim, Y.; Chung, I.-J.; Park, M.H.; Yoon, J.H.; Furth, P.A.; Hennighausen, L.
The Methyltransferase EZH2 Is Not Required for Mammary Cancer Development, Although High EZH2
and Low H3K27me3 Correlate with Poor Prognosis of ER-Positive Breast Cancers. Mol. Carcinog. 2015, 54,
1172–1180. [CrossRef]

http://dx.doi.org/10.1056/NEJMoa1802905
http://dx.doi.org/10.1093/annonc/mdy257
http://dx.doi.org/10.1158/2159-8290.CD-12-0049
http://www.ncbi.nlm.nih.gov/pubmed/23103855
http://dx.doi.org/10.1038/nsmb.1831
http://www.ncbi.nlm.nih.gov/pubmed/20453858
http://dx.doi.org/10.1016/j.cell.2010.03.012
http://dx.doi.org/10.1126/science.1231573
http://dx.doi.org/10.1016/j.molcel.2007.12.005
http://dx.doi.org/10.15252/embr.201642497
http://dx.doi.org/10.1158/1078-0432.CCR-15-1348
http://www.ncbi.nlm.nih.gov/pubmed/28034904
http://dx.doi.org/10.1016/j.molcel.2018.11.003
http://www.ncbi.nlm.nih.gov/pubmed/30554948
http://dx.doi.org/10.1038/nrd4432
http://dx.doi.org/10.1038/nrm3582
http://www.ncbi.nlm.nih.gov/pubmed/23657496
http://dx.doi.org/10.1002/path.4140
http://www.ncbi.nlm.nih.gov/pubmed/23165508
http://dx.doi.org/10.1038/onc.2017.311
http://dx.doi.org/10.1002/mc.22188


J. Clin. Med. 2019, 8, 435 24 of 24

130. Pettitt, S.J.; Krastev, D.B.; Brandsma, I.; Drean, A.; Song, F.; Aleksandrov, R.; Harrell, M.I.; Menon, M.;
Brough, R.; Campbell, J.; et al. Genome-Wide and High-Density CRISPR-Cas9 Screens Identify Point
Mutations in PARP1 Causing PARP Inhibitor Resistance. Nat. Commun. 2018, 9, 1849. [CrossRef]

131. Du, Y.; Yamaguchi, H.; Wei, Y.; Hsu, J.L.; Wang, H.-L.; Hsu, Y.-H.; Lin, W.-C.; Yu, W.-H.; Leonard, P.G.;
Lee, G.R., IV; et al. Blocking c-Met-Mediated PARP1 Phosphorylation Enhances Anti-Tumor Effects of PARP
Inhibitors. Nat. Med. 2016, 22, 194. [CrossRef]

132. Chaudhuri, A.R.; Callen, E.; Ding, X.; Gogola, E.; Duarte, A.A.; Lee, J.-E.; Wong, N.; Lafarga, V.; Calvo, J.A.;
Panzarino, N.J.; et al. Replication Fork Stability Confers Chemoresistance in BRCA-Deficient Cells. Nature
2016, 535, 382. [CrossRef]

133. Haynes, B.; Murai, J.; Lee, J.-M. Restored Replication Fork Stabilization, a Mechanism of PARP Inhibitor
Resistance, Can Be Overcome by Cell Cycle Checkpoint Inhibition. Cancer Treat. Rev. 2018, 71, 1–7. [CrossRef]

134. Rondinelli, B.; Gogola, E.; Yücel, H.; Duarte, A.A.; van de Ven, M.; van der Sluijs, R.; Konstantinopoulos, P.A.;
Jonkers, J.; Ceccaldi, R.; Rottenberg, S.; et al. EZH2 Promotes Degradation of Stalled Replication Forks by
Recruiting MUS81 through Histone H3 Trimethylation. Nat. Cell Biol. 2017, 19, 1371. [CrossRef]

135. Meghani, K.; Fuchs, W.; Detappe, A.; Drané, P.; Gogola, E.; Rottenberg, S.; Jonkers, J.; Matulonis, U.;
Swisher, E.M.; Konstantinopoulos, P.A.; et al. Multifaceted Impact of MicroRNA 493-5p on Genome-
Stabilizing Pathways Induces Platinum and PARP Inhibitor Resistance in BRCA2-Mutated Carcinomas.
Cell Rep. 2018, 23, 100–111. [CrossRef]

136. Gogola, E.; Duarte, A.A.; de Ruiter, J.R.; Wiegant, W.W.; Schmid, J.A.; de Bruijn, R.; James, D.I.; Llobet, S.G.;
Vis, D.J.; Annunziato, S.; et al. Selective Loss of PARG Restores PARylation and Counteracts PARP
Inhibitor-Mediated Synthetic Lethality. Cancer Cell 2018, 33, 1078–1093.e12. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41467-018-03917-2
http://dx.doi.org/10.1038/nm.4032
http://dx.doi.org/10.1038/nature18325
http://dx.doi.org/10.1016/j.ctrv.2018.09.003
http://dx.doi.org/10.1038/ncb3626
http://dx.doi.org/10.1016/j.celrep.2018.03.038
http://dx.doi.org/10.1016/j.ccell.2018.05.008
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	PARP Inhibitors as Therapeutic Intervention 
	Selective Cytotoxicity of PARP Inhibitors 

	BRCAness and Homologous Recombination Deficiency (HRD) 
	Predictive Biomarkers in Breast Cancer 
	Sequencing-Based Methods 

	PARP Inhibitors as a Single Agent 
	Combination Strategies with PARP Inhibitors 
	Clinical Development of PARP Inhibitors in Breast Cancer 
	Veliparib (ABT-888)—AbbVie 
	Monotherapy 
	Combination Strategies 

	Niraparib (MK4827)—Tesaro 
	Monotherapy 
	Combination Strategies 

	Olaparib (AZD2281, Ku-0059436, Lynparza)—AstraZeneca 
	Monotherapy 
	Combination Strategies 

	Rucaparib (AG-014699, PF-01367338)—Clovis Oncology 
	Monotherapy 
	Combination Strategies 

	Talazoparib (BMN-673)—Pfizer, BioMarin, Medivation 

	Acquired Resistance to PARP Inhibitors 
	Conclusions 
	References



