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Clinical efficacy of PARP inhibitors in breast cancer
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Abstract

BRCAT1 and BRCA2 are key tumor suppressor genes that are essential for the homologous recombination DNA repair
pathway. Loss of function mutations in these genes result in hereditary breast and ovarian cancer syndromes, which com-
prise approximately 5% of cases. BRCA1/2 mutations are associated with younger age of diagnosis and increased risk of
recurrences. The concept of synthetic lethality led to the development of PARP inhibitors which cause cell cytotoxicity
via the inhibition of PARPI, a key DNA repair protein, in cells with germline BRCA1/2 mutations. Although still poorly
understood, the most well-acknowledged proposed mechanisms of action of PARP1 inhibition include the inhibition of
single strand break repair, PARP trapping, and the upregulation of non-homologous end joining. Olaparib and talazoparib
are PARP inhibitors that have been approved for the management of HER2-negative breast cancer in patients with germline
BRCA1/2 mutations. This review article highlights the clinical efficacy of PARP inhibitors in patients with HER2-negative

breast cancer in early and advanced settings.
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Introduction

Poly (ADP-ribose) polymerases, also known as PARP, are
a versatile group of 17 proteins involved in a myriad of
cellular processes ranging from cellular stress response to
chromatin remodeling, DNA repair, and apoptosis [1]. In a
typical cell, DNA single-strand break repair (SSBR) path-
ways and double-strand break repair (DSBR) pathways are
the means through which damaged DNA is uncovered and
repaired [2]. PARP1 is the most heavily involved of this fam-
ily of 17 proteins in such DNA repair [1, 2], participating in
both SSBR and DSBR pathways. SSBR pathways include
DNA mismatch repair (MMR), nucleotide excision repair
(NER), and the detection and repair of single-stranded DNA
breaks, while DSBR pathways include homologous recombi-
nation (HR) and non-homologous end joining (NHEJ) [1, 2].
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Normal HR repair is highly dependent on PARP1 and
PARP?2 activity as well as adequate BRCA1 and BRCA2
function. Mutations in BRCA1/2 lead to HR deficiency [3,
4] and indirectly increase cellular reliance on PARP1 and
PARP2. While PARP proteins are able to largely detect ensu-
ing DNA damage and recruit the appropriate repair proteins,
over time these homologous recombination-deficient (HRD)
cells have increased malignant potential. Specifically, defi-
ciencies in the HR repair pathway increase the likelihood of
developing various epithelial malignancies, including the
hereditary breast and ovarian cancer syndromes [3]. Among
those at higher risk of harboring this autosomal dominant
mutation are patients of Ashkenazi Jewish descent, male
patients with breast cancer, patients with a strong family
history of breast cancer, and patients with breast cancer who
are less than 30 years old [3, 4].

In BRCA1/2 mutated HRD cells, despite the loss of func-
tionality in BRCA1/2, the cell remains viable, due to the role
of PARP. Cell death only occurs with the simultaneous loss
of function in both BRCA1/2 and PARP, a concept known
as synthetic lethality. This synthetically lethal relationship
between the inhibition of PARP and mutated or depleted
BRCA was first observed in 2005 [1]—namely, when both
SSBR and HR repair pathways are simultaneously inhibited
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and the more error-prone NHEJ pathway is upregulated, a
cell’s survival would be greatly inhibited [1, 2]. Nearly a
decade later, olaparib became the first PARP inhibitor to be
approved for clinical use [1]. In breast cancer, olaparib and
talazoparib have been approved for the treatment of breast
cancer in women with BRCA1/2 mutations.

Since its initial approval, the use of PARP inhibitors has
greatly expanded. In this article, we will briefly review the
role of PARP inhibitors in early-stage and metastatic breast
cancers.

Mechanism of action

PARP1 is integral to both SSBR and DSBR pathways. In
the SSBR pathway, PARP detects DNA damage and then
quickly binds itself to the single strand breaks (SSB) [1,
2, 5]. Subsequently, the auto-inhibitory domain of PARP1
is suppressed while the ADP-ribosyltransferase catalytic
domain of PARPI is activated [1, 2]. This activation pro-
motes rapid SSBR component recruitment and/or stabi-
lization at the SSB [5]. One essential protein in SSBR is
XRCCl, a scaffold protein for other SSBR proteins includ-
ing DNA ligase 3, DNA polymerase 3, and PNKP. It is
through the recruitment of such proteins that DNA repair is
stimulated [5]. Once DNA repair is complete, PARP1 under-
goes auto-PARylation resulting in the dissociation of PARP1

@ Springer

Mutations in BRCA1/2,

PALB2 and RAD51 leads
to HR deficiency '

SINGLE STRAND/DOUBLE STRAND
BREAK in HRD cells

death occurs with simultaneous loss of both BRCA 1/2 and PARP.
BER base excision repair; HR homologous recombination; NHEJ non
homologous end joining

from DNA and the restoration of PARP1’s auto-inhibitory
state [1, 2] (Fig. 1).

While PARP inhibitors have demonstrated clinical benefit
in numerous tumor types, their mechanism is not well under-
stood. Multiple mechanisms have been postulated, all of
which ultimately induce synthetic lethality. SSBR inhibition
and PARP trapping represent the most commonly accepted
mechanisms of PARP inhibition [1, 6]. By hampering the
repair process of DNA SSB, an accumulation of damaged
DNA results and hence the replication fork collapses [1]. In
a HRD state, such as that seen in BRCA-mutated cells, a cell
is unable to use its HR repair pathway to effectively repair
DNA DSB [2, 7]. Thereby, in such a cell, a damaged rep-
lication fork cannot be repaired and thus apoptosis results.
Meanwhile, PARP trapping is the action PARP inhibitors
take in preventing the dissociation of PARP1 from damaged
DNA, creating a DNA—protein complex (DPC) which acts as
areplication barrier [2, 5, 6]. As PARP1 is involved in both
protecting and restarting stalled replication forks, PARP1
trapping results in fork collapse via both the formation of
DPC replication barriers as well as via the destabilization
of replication forks by preventing fork restart. In a HRD
state, BRCA-deficient cells cannot repair such DNA breaks,
resulting in cell death [5].

Alternative means by which PARP inhibitors induce syn-
thetic lethality are being actively explored. Among these,
NHEJ upregulation has been postulated [1]. As PARP1
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typically acts to inhibit NHEJ, when PARP1 is inhibited,
NHEJ is upregulated, and thus genomic instability and
subsequent cell death ensue [1]. Another theory implicates
PARP inhibition in increasing the speed of replication fork
progression, resulting in both a higher frequency of DSB as
well as single-stranded DNA gaps [1]. It is also hypothesized
that PARPI is involved in regulating the transcription of
p53 and other proteins integral to cancer cell survival, and
thereby PARP inhibition may prevent oncogenic expression
and, by extension, carcinogenesis [1].

Clinical activity of PARP inhibitors

The clinical development of PARP inhibitors stemmed from
two key preclinical studies, in which BRCA-mutated cells
demonstrated up to 1000-fold increased susceptibility to
PARP inhibition [8, 9]. These discoveries, demonstrating
proof-of-concept of synthetic lethality, paved the way for
the first in-human phase I trial of olaparib, an orally active
potent PARP inhibitor. In this trial, 9 of 19 patients in a
cohort of BRCA-mutated advanced solid tumors achieved
a complete or partial response to the maximally tolerated
dose of 400 mg twice daily [10]. In a subsequent phase II
study of 54 patients with germline BRCA mutated breast
cancer, those receiving olaparib 400 mg twice daily had
a 41% overall response rate (ORR), while those receiving
olaparib 100 mg twice daily still had a 22% ORR [11].

Today, two PARP inhibitors, olaparib and talazoparib,
are approved in BRCA mutated breast cancer. Talazoparib
has shown excellent PARP-trapping potential in preclini-
cal models, with 100-fold increased cytotoxic activity as
compared to olaparib [12]. In a phase I trial of 18 patients
with germline BRCA mutated advanced breast cancer, tala-
zoparib demonstrated a 50% ORR and 86% clinical benefit
rate at 24 weeks [13], and in the phase I ABRAZO study,
talazoparib showed 21% ORR in a cohort of germline BRCA
mutated metastatic breast cancer patients who previously
had a response to platinum chemotherapy, and a 37% ORR
in another germline BRCA mutated metastatic breast can-
cer cohort that had received at least three prior cytotoxic
therapies [14].

Role of PARP inhibitors in metastatic breast cancer

Early phase trial results of both olaparib and talazoparib
have prompted investigative phase III studies in germline
BRCA mutated breast cancers. These orally available agents
were both initially evaluated in the metastatic setting.

The OLYMPIAD trial sought to compare the efficacy of
olaparib with that of standard single-agent chemotherapy
among patients with germline BRCA-mutated metastatic
HER2-negative breast cancer. This randomized, open-label,
international multicenter phase III trial assigned just over

300 eligible patients from April 2014 to November 2015 in
a 2:1 ratio to receive olaparib or physician’s choice of single-
agent chemotherapy [15]. Patients were stratified based on
hormone receptor status, prior exposure to platinum-based
therapy, and whether they had received prior chemotherapy
for metastatic disease [15]. At the time of initial analysis, the
primary end point of median progression-free survival (PFS)
was 7 months in the olaparib group, significantly longer than
the 4.2 months in the standard therapy group, with those
receiving olaparib having an overall response rate twice
that of the standard therapy group [15]. There was a general
trend toward improved outcomes across all subgroups with
olaparib, and even suggestion at initial analysis that olaparib
benefited patients with triple negative breast cancer (TNBC)
more than patients with hormone-receptive positive breast
cancer (HR+BC) [15]. No significant overall survival bene-
fit was noted at the interim or final analysis, and though sub-
group analysis showed no difference in survival amongst the
TNBC and HR+ BC cohorts, there was a potentially mean-
ingful benefit for olaparib in patients who had not received
chemotherapy for metastatic disease [15, 16]. Based on
these results, olaparib received FDA approval for use with
germline BRCA-mutated, HER2-negative metastatic breast
cancer for patients previously treated with chemotherapy in
the neoadjuvant, adjuvant, or metastatic setting.

The EMBRACA trial, designed similarly to the OLYM-
PIAD trial, compared the efficacy of talazoparib with that
of standard single-agent chemotherapy among patients
with germline BRCA-mutated metastatic HER2-negative
breast cancer. This randomized, open-label, international
multicenter phase III trial, enrolled 431 patients from Octo-
ber 2013 to April 2017, with 2:1 randomization to receive
talazoparib or physician’s choice of single-agent chemo-
therapy, with stratification according to hormone-receptor
status, number of prior chemotherapy regimens received
for advanced disease, and prior history of CNS metastasis
[17]. As in the OLYMPIAD study, the primary end point
of median PFS was significantly longer with talazoparib
(8.6 months) as compared to standard therapy (5.6 months)
[17]. The risk of disease progression in all clinically relevant
subgroups was lower with talazoparib than with standard
therapy [17]. Though this study, unlike OLYMPIAD, was
powered to identify a difference in OS, talazoparib did not
significantly improve OS over chemotherapy at final OS
analysis [18]. Furthermore, no significant OS benefit was
noted amongst clinically relevant subgroups [18]. Based
on these results, talazoparib received FDA approval for use
in germline BRCA-mutated, HER2 negative, advanced or
metastatic breast cancer (Table 1).

Owing to their deficient HR repair pathway, prior studies
have shown that BRCA-mutated tumors are more genomi-
cally unstable than HR-proficient tumors, particularly when
treated with PARP inhibition [19, 20]. These tumors may
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also be more immunogenic, as preclinical models have indi-
cated that PARP inhibitors might elicit an antitumor immune
response [21, 22]. As such, combining PARP inhibition with
immunotherapy represents a novel and promising approach
to treatment.

The MEDIOLA trial was a phase I/II study assessing the
efficacy of olaparib combined with the anti-PDL1 inhibitor
durvalumab in patients with advanced solid malignancies
[20]. Prior anthracycline or taxane therapy was required,
and prior platinum-based chemotherapy was allowed, unlike
OLYMPIAD or EMBRACA. Of the 30 patients enrolled
with HER2-negative, germline BRCA-mutated advanced
breast cancer, the primary endpoint of 12-week disease con-
trol rate was 80%, with median OS (21.5 months) and ORR
(63%) similar to those reported in OLYMPIAD (19.3 months
and 60%, respectively) [20]. The combination was overall
well tolerated, without increase in immune-related adverse
events, grade >2 nausea or neuropathy, or incidence of pneu-
monitis, myelodysplastic syndromes, or second malignan-
cies [20].

The JAVELIN phase I/II trial, designed similar to the
MEDIOLA trial, sought to assess the activity of talazoparib
combined with the anti-PDL1 inhibitor avelumab in patients
with germline BRCA-mutated advanced or metastatic breast
cancer. Talazoparib 1 mg daily was administered in combi-
nation with avelumab 800 mg every 2 weeks until disease
progression or unacceptable toxicity. Preliminary results
showed antitumor activity and manageable safety profile
[23].

Role of PARP inhibitors in early-stage breast cancer

The clinical benefit seen with PARP inhibition in patients
with germline BRCA-mutated metastatic breast cancers
spurred investigation of these therapies in those with earlier
stage disease, where presence of BRCA1/2 mutations also
portents increased risk of disease recurrence with aggres-
sive features.

The OLYMPIA study was a phase III double-blinded
randomized clinical trial investigating adjuvant olaparib
after completion of local treatment and either neoadjuvant
or adjuvant chemotherapy in high-risk HER2-negative ger-
mline BRCA mutated early-stage breast cancers. High-risk
disease connoted at least pathologic T2 or nodal disease, or
incomplete pathologic response to neoadjuvant therapy in
the TNBC cohort, and at least four positive lymph nodes or
an incomplete pathologic response to neoadjuvant therapy
in the HR+BC cohort [4]. In total, over 1800 patients, strati-
fied by hormone-receptor status, BRCA1 versus BRCA2
mutation, neoadjuvant versus adjuvant prior chemotherapy,
and prior platinum chemotherapy, were randomized 1:1 to
receive either 1 year of adjuvant olaparib or placebo [4].
The primary end point of invasive disease-free survival was

85.9% at 3 years in those receiving olaparib, significantly
longer than the 77.1% invasive disease-free survival in the
placebo group [4]. Distant disease-free survival, a second-
ary end point, was also longer at 3 years in the olaparib
group as compared to the placebo group (87.5% vs 80.4%,
respectively) [4]. Treatment effect was consistent, without
evidence of significant heterogeneity across major subgroups
[4, 24]. At the second planned interim analysis, at a median
follow up of 3.5 years, adjuvant olaparib demonstrated over-
all OS benefit with limited manageable toxicity [24]. Based
on these results, olaparib received FDA approval for use
as adjuvant treatment in germline BRCA-mutated, HER2-
negative high-risk early-stage breast cancer for patients pre-
viously treated with neoadjuvant or adjuvant chemotherapy.
While the OLYMPIA study investigated adjuvant olaparib
in early-stage BRCA mutated breast cancer, the NEOTALA
study explored neoadjuvant PARP inhibitor monotherapy
with talazoparib in patients with early invasive HER2 nega-
tive breast cancer and germline BRCA mutation. In this
non-randomized multicenter phase II study, 61 patients were
treated with talazoparib 1 mg daily for 24 weeks prior to
breast surgery, with primary endpoint being pathologic com-
plete response (pCR) rate [25]. pCR rates approached 50%
in both evaluable and intention-to-treat populations, com-
parable to those observed with combination anthracycline
and taxane-based chemotherapy regimens [25]. Overall, this
regimen was very well tolerated, with the most common
toxicities being fatigue, nausea, and alopecia [25].

Role of PARP inhibitors in TNBC and breast cancers
with high HRD scores

While germline BRCA mutated breast cancers have clini-
cally demonstrated susceptibility to PARP inhibition, the
role for PARP inhibition in other HR repair pathway genes
is not fully elucidated [26]. The TBCRC 048 trial sought to
better understand the role olaparib within this subpopula-
tion. This single-arm phase II study assessed 54 metastatic
breast cancer patients with either germline mutations in
non-BRCA HR-related genes or somatic mutations within
any HR-related genes, including BRCA1/2 [27]. Those eli-
gible received olaparib 300 mg twice daily until disease
progression [27]. While ORR in the germline non-BRCA
HR-related gene mutation group was just 33%, all patients
harboring germline PALB2 mutations responded to olapa-
rib, with 82% ORR and PFS of 13.3 months [27]. Similarly,
despite 31% ORR in the somatic HR-related gene mutation
group, those with somatic BRCA1/2 mutations had 50%
ORR and PFS of 6.3 months [27]. Meanwhile, no responses
were observed in patients with either ATM or CHEK2
mutations [27]. Together, these results suggested efficacy
of PARP inhibition in patients with germline PALB2 or
somatic BRCA1/2 mutations, expanding the population of
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breast cancer patients gaining benefit from PARP inhibition
[27].

The GEPEROLA trial studied PARP inhibition in a
similar subpopulation of early-stage breast cancer patients,
through the utilization of a HRD score, created to quantify
chromosomal structural instability and by extension help
predict tumors with higher susceptibility to PARP inhibi-
tion in the absence of germline BRCA1/2 mutations [28].
This randomized phase II study investigated olaparib in
combination with paclitaxel versus carboplatin/paclitaxel,
in early-stage HRD, HER2-negative breast cancer [29]. Both
arms received 12 weeks on therapy, followed by 12 weeks
of standard-of-care epirubicin/cyclophosphamide, with pri-
mary endpoint being pCR rate [29]. Of the 107 total patients
enrolled on study, those receiving olaparib plus paclitaxel
had pCR rates of 55.1% compared to 48.6% in the carbopl-
atin/paclitaxel control arm, with better overall tolerability
[29].

The PARTNER trial also sought to expand the role of
PARP inhibition in breast cancer, taking advantage of the
fact that basal TNBCs show phenotypic and molecular
resemblance to germline BRCA mutated breast cancers
[30]. This randomized phase II/III trial offered neoadjuvant
carboplatin and paclitaxel, with or without Olaparib, for
4 cycles followed by physician’s choice standard-of-care
anthracycline-based regimen to basal TNBC patients and/
or germline BRCA mutated breast cancer patients [30]. The
addition of olaparib to standard-of-care neoadjuvant chemo-
therapy showed an acceptable toxicity profile with efficacy
data yet to come [30].

Other PARP inhibitors in development for breast
cancer

While olaparib and talazoparib are the only PARP inhibitors
with current FDA approval in breast cancer, a number of
other PARP inhibitors are in development. Of these, veli-
parib and niraparib are presently most promising in breast
cancer.

Veliparib is a PARP inhibitor which specifically inhib-
its PARP1 and PARP2 [31]. While its inhibitory effects on
PARP catalytic activity are similar to olaparib, veliparib
appears to have less “PARP trapping” potential; its overall
decreased efficacy in PARP trapping allows for its use in
combination with conventional chemotherapeutics without
unmanageable toxicity [31]. Phase I studies of veliparib in
germline BRCA mutated TNBC established a 400 mg twice
daily monotherapy dose with 60% ORR [32], with a subse-
quent phase II study showing 14% and 36% ORR in patients
with BRCA1 and BRCA2 mutations, respectively, with a
PES of 5.2 months [33].

Veliparib was first evaluated with chemotherapy in the
I-SPY2 study, in which TNBC patients, independent of

@ Springer

BRCA mutation status, received weekly paclitaxel with
or without carboplatin and veliparib, followed by doxo-
rubicin and cyclophosphamide in the neoadjuvant setting
[34]. In this study, pCR rates were 51% in the Veliparib
arm, compared to 26% in the control arm [34], leading to
the randomized phase III BRIGHTNESS study. This study
evaluated outcomes of TNBC patients in three groups: those
receiving neoadjuvant veliparib, carboplatin, and paclitaxel,
those receiving carboplatin and paclitaxel, and those receiv-
ing paclitaxel alone; each of these comparator arms went to
receive standard doxorubicin and cyclophosphamide chemo-
therapy [35]. Ultimately, the addition of veliparib to carbo-
platin/paclitaxel failed to show pCR improvement (53.2%
versus 57.5%, respectively) [35, 36].

Niraparib, another highly selective PARP1 and PARP2
inhibitor, has also shown promising efficacy in advanced
or metastatic TNBC, particularly in those harboring BRCA
mutations. In the single-arm phase II TOPACIO trial, among
47 patients eligible for efficacy evaluation, combination nira-
parib and pembrolizumab achieved 21% ORR and 49% dis-
ease control rate, with median duration of response still not
having been met [37]. Meanwhile, several trial evaluating
the role of niraparib in early-stage breast cancer are currently
ongoing. The phase II TBCRC 056 trial is evaluating the role
of preoperative niraparib combined with the anti-PD1 mono-
clonal antibody dostarlimab in early-stage BRCA-mutated or
PALB2-mutated, HER2-negative breast cancers, while the
phase III ZEST study is assessing the efficacy of niraparib
in patients with either TNBC or BRCA-mutated, HER2-
negative breast cancer with molecular disease based on the
presence of circulating tumor DNA.

Toxicity profile

Although quite versatile, PARP inhibitors have many
adverse effects, most commonly myelosuppression, gastro-
intestinal toxicities and fatigue [6, 38, 39]. While largely
grade 1 or 2, higher grade toxicities can be seen, particularly
hematologic [6, 39]. PARP inhibitors are additionally tera-
togenic [39] (Fig. 2).

Neurologic (headache, dizziness, and insomnia), res-
piratory (dyspnea, cough, pneumonitis), musculoskeletal
(arthralgia and back pain), cutaneous (photosensitivity,
pruritus, rash, and peripheral edema), and cardiovascular
(hypertension, tachycardia, and palpitations) toxicities are
infrequently seen [38, 39]. Rarely, the use of PARP inhibi-
tors can lead to the development of secondary acute mye-
loid leukemia (AML) or myelodysplastic syndrome (MDS)
[6]. These secondary malignancies have an incidence of
0.5-1.4% and typically occur after long-term treatment
[39]. In the OLYMPIA trial, there was notably no differ-
ence in frequency of development of AML or MDS observed
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Fig.2 Toxicity profile of PARP inhibitors

between the olaparib and placebo groups, though median
follow-up was short (2.5 years) [4].

In comparing between PARP inhibitors, olaparib car-
ries a higher risk of nausea and vomiting than talazoparib
[38, 40], while talazoparib has a higher risk of hematologic
events and alopecia than olaparib [38, 40]. Talazoparib, with
greater PARP1 trapping ability and by extension increased
cytotoxic potency [1, 2, 39], is initially dosed as a daily 1 mg
capsule, while olaparib is initially dosed at 300 mg twice
daily [6].

Conclusion

The inhibition of PARP1 in cells with defective HR repair
mechanisms results in the accumulation of single and dou-
ble-strand DNA breaks, creating genomic instability that
leads to cell death. While the exact mechanism by which
PARP inhibitors precipitate this cell death remains poorly
understood, its efficacy in doing so has therapeutic relevance
in the management of patients with BRCA mutations.

The OLYMPIAD and EMBRACA trials were ground-
breaking in demonstrating the benefit of PARP inhibitors
in advanced HER2-negative breast cancers in patients with
germline BRCA1/2 mutations, highlighting the importance
of germline mutation testing in all patients with recurrent
or metastatic breast cancer. If present, strong consideration
must be given to frontline PARP inhibition among those in
the HR+BC cohort who are refractory to endocrine ther-
apy or in visceral crisis, and among the TNBC cohort with
PDL1 combined positive score (CPS) less than 10, whereas
second-line consideration, following chemoimmunotherapy,
should be given to TNBC with PDL1 CPS greater than 10.
The OLYMPIA study expanded the role for olaparib to
early-stage disease as an adjuvant therapy. Meanwhile, the

TBCRC 048 trial and others have attempted to elucidate the
role for PARP inhibition in other HR repair pathway genes.

Presently, olaparib and talazoparib are the only FDA
approved PARP inhibitors in breast cancer, though other
PARP inhibitors, namely veliparib and niraparib, offer great
promise. The toxicities associated with PARP inhibitors are
generally manageable with supportive care but require close
monitoring of hematologic parameters and gastrointestinal
side effects; special consideration must be given considering
their teratogenicity.
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