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1. ABSTRACT

The Poly(ADP-ribose) polymerase-1 (PARP1) 
is a multifunctional nuclear protein involved in a variety 
of cellular functions. Recently, its role in the onset, 
progression and therapy resistance of cancers in 
general and reproductive cancers in particular has been 
recognised. The PARP associated signaling is perceived 
to play a key role in the development, sustenance and 
relapse of reproductive cancers. This has led to the 
preclinical and clinical assessment of PARP inhibitors 
as targeted therapeutic agents in reproductive cancers. 
In the first part of this review, we have summarized 
the current status of PARP in the onset, progression 
and therapy resistance of reproductive cancers. In 
the second part of the review, we have discussed 
the translational applications of PARP inhibitors, 
underscoring the perceived therapeutic opportunities, 
bottlenecks and the utility of the ongoing clinical trials.

2. INTRODUCTION

The increase in the incidence of reproductive 
cancers in recent times is associated with the changes 
in lifestyle, diet and environment. Reproductive cancers 
start in the male and female reproductive organs and 
often acquire aggressive and metastatic attributes. 
Besides lower quality of life and mortality, infertility is 
also a major issue associated with reproductive cancers. 
Among the female reproductive cancers breast, 
ovarian, cervical and endometrial are more common 
while the vaginal, fallopian and choriocarcinomas are 
rare but have registered increased incidence in the last 
decade. Breast cancer is the leading cause of cancer 
deaths while cervical cancer is the third most common 
reproductive cancer among females. The mortality: 
incidence ratio for cervical cancer is 52 percent 
whereas it reaches 26 percent for endometrial and 62 
percent for ovarian cancer (1). Prostate cancer has 
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second highest incidence and ranks fifth in mortality 
rate worldwide, while it is third major cancer causing 
death in developed countries. Incidence of testicular 
cancer is relatively lower and is commonly diagnosed 
in patients of 20–35 years of age. In reproductive 
cancers the clinical and pathological features are 
distinct in germline and sporadic types as the gene 
specific mutations are varied. Although early diagnosis 
and therapeutic options have vastly improved, the 
prognosis of majority of these cancers remains poor. 
According to an International Agency for Research on 
Cancer survey, the annual increase in new cancers 
cases in the last decade was 14.1 million with 8.2 
million deaths. The expected increment in these cases 
by 2030 is projected at a staggering 21.7 and 13.0 
million respectively. Thus it is imperative to understand 
the mechanisms of cancer onset, progression and 
relapse and identify critical regulators of oncogenesis 
for devising improved therapeutic strategies.

3. ETIOLOGY AND GENETICS OF  
REPRODUCTIVE CANCERS

3.1. Breast cancer

In majority of cases inheritance of mutations in 
two vulnerable genes is responsible for breast cancer 
progression. Around 10 percent of all reported cases 
of breast cancer are due to germline mutations in the 
BRCA1/2 genes. Among diverse subtypes, invasive 
ductal carcinoma represents 80 percent of all invasive 
breast cancers, which is further sub-classified into three 
categories based on the expression of estrogen receptor 
(ER), progesterone receptor (PR) and human epidermal 
receptor 2 (HER2). Another subtype known for high 
chemoresistance is the triple negative breast cancers 
(TNBCs), lacking expression of all the three hormonal 
receptors. Sporadic, BRCA1/BRCA2 deficient tumors 
display different gene expression profiles and hormone 
receptors compared to that of the BRCA1 deficient 
tumors which are primarily hormone receptor negative 
tumors. Mutations in the BRCA1 gene leads to the 
activation of stress related genes like MSH2 (involved 
in DNA repair) and PDCD5 (involved in apoptosis). 
For BRCA2 negative patients, increased expression of 
cyclin D1 was observed compared to that of the BRCA1 
mutations. Thus, such differential expression of certain 
set of genes is used to identify subtype of tumor in 
patients for further diagnosis and treatment (2).

3.2. Endometrial cancer

Endometrial cancer is the fourth most 
common cancer of the female reproductive tract. 
The major types of endometrial cancers based on 
pathological and molecular profiling include estrogen 
dependent, low grade type 1 tumors found in almost 
80 percent of the cases. Type 2 cancers have serous 
papillary or clear cell histology with poor prognosis (3).

3.3. Cervical cancer

In cervical cancers around 80 percent of 
all cases are reported from the developing countries 
(4). Infection with one of the 15 genotypes of 
carcinogenic human papillomavirus (HPV) results in 
the onset of almost all cases of cervical cancer. Most 
of the squamous cervical cancers are identified by the 
presence of HPV DNA. The E6 and E7 transcriptional 
units encode proteins required for viral replication. E6 
binds and inactivates p53 by subjecting it to proteasomal 
degradation leading to disruption of cell cycle check point 
whereas, the E7 oncoprotein binds to and inactivates 
products of the retinoblastoma gene, pRb, leading to 
unchecked cell cycle progression (5–7). Cervical cancer 
is triggered via the infection of the cervical epithelium 
at the transformation zone, persistence of the viral 
infection, progression of infected epithelium to cervical 
pre-cancer and invasion through the epithelial basement 
membrane. Infection is quite common in young women 
in their first decade of sexual activity. Patients receiving 
immunosuppressive agents, multiple sexual partners, 
history of genital warts and HIV coinfection are at high 
risk of developing cervical cancer (4).

3.4. Ovarian cancer

Ovarian cancers are the most lethal and 
alone accounts for over 50 percent of gynecologic 
cancer deaths, attributed to diagnosis at later stage. 
The invasive mucinous ovarian cancers metastasize 
to the gastrointestinal tract, including the colon and 
stomach. Endometrioid and clear cell ovarian cancers 
are associated with regressive menstruation from the 
endometrium. High grade serous ovarian cancers arise 
from the surface of the ovary and the distal fallopian tube 
(8). Disease is diagnosed at advanced stages and only 
treatment regimen is surgery along with carboplatin 
and paclitaxel chemotherapy. The malignancy is prone 
to platinum derived drugs with response rates of 70 to 
90 percent in previously untreated patients, but only 
30 percent are eventually treated through surgical 
intervention and chemotherapy (9). Most ovarian 
cancer patients suffer from therapy resistance, disease 
relapse and poor prognostic outcomes (10,11). As the 
first line of treatment, maintenance chemotherapy has 
only limited therapeutic value, it is imperative to look 
for targeted therapeutics (12,13).

4. PARP1 ASSOCIATED SIGNALING IN  
REGULATION OF REPRODUCTIVE  
CANCERS

The Poly(ADP-ribose) polymerase (PARP1) 
utilizes NAD as a substrate and transfers its product 
ADP-ribose units to target nuclear proteins for post-
translational modification (14). Being a multifunctional 
regulator, it is involved in DNA repair, transcriptional 
and post-transcriptional modulation of gene 
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expression, angiogenesis, inflammation, differentiation 
and the regulation of cell death (15). The PARP 
family constitutes of seventeen members but PARP1 
accounts for 90 percent of the total enzymatic activity 
(16). PARP1 and PARP2 sense DNA damage and 
recruit repair proteins thus linking the DNA single 
strand breaks with repair pathways. Understanding the 
function of PARP1 in BRCA1/2 associated and non-
associated reproductive cancers is critical as PARP1 
is involved in DNA repair pathways and plays a crucial 
role in cancer progression. Following section describes 
the PARP1 expression and its role in regulating 
different reproductive cancers. An overview of role of 
PARP1 in reproductive cancers is depicted in Figure 1.

4.1. PARP1 in breast cancer

Differential expression of PARP1 was 
reported in different histological subtypes of breast 
cancer commonly in infiltrating ductal (IDC) and 
lobular carcinomas. Furthermore, PARP1 expression 
has been reported to be 30 percent higher in IDC 
breast tumors negative for ER, PR, and /or HER2, 
including TNBCs compared to that of the receptor 
positive subtypes (17). A recent study has highlighted 
the interesting relationship of BRCA1, PARP1 and 
NAD where BRCA1 regulates PARP1 expression in 
ER dependent manner (18). Majority of the BRCA1 
associated breast cancers have high nuclear PARP1 
expression except for sporadic invasive breast 
cancers, although few BRCA1 associated patients 
do have very low PARP1 expression. PARP1 
association with DNA repair proteins varies according 
to tumor subtypes and genotypes. Studying PARP1 
correlation with DNA repair marker proteins and tumor 
types could help in identifying the target genes as 
predictive markers for PARP inhibitor therapy (19). 
Recent studies have established that the elevated 
levels of PARP1 and phospho-p65 in Her2 positive 
breast cancer patients make cells sensitive to PARP 
inhibitors via modulating NFkB activity (20). Differential 

PARP activity in various cancers could increase the 
sensitivity of PARP inhibitors to chemotherapy. One of 
the possible reasons for increase in the PARP activity 
is its interaction with chromatin remodelling complex 
component NuA4 thus influencing the downstream 
pathways (21). Expression of Heterochromatin Protein 
(HP1) family members varies in certain cancers and 
also with different grades. It regulates BRCA1 and thus 
is involved in homologous recombination (HR) repair. 
HP1 expression also affects PARP inhibitor therapy 
response and thus could be one of the potential 
prognostic markers for breast cancer (22).

Recent studies have indicated that mutations 
in several genes involved in DNA repair could also 
result in the increased PARP activity23. Enhanced PARP 
activity was observed in the vicinity of the replication fork, 
where PARP1 mediates Mre11 dependent replication 
restart and stalled replication fork can further enhance 
activation of PARP1 (23). Further, BRCA2 also has 
a major role in the repair of stalled replication fork by 
binding with Rad51 and thus protecting the degradation 
of the replication fork. Mutations in BRCA2 or Rad51 
or Mre11 blocks the stalled replication fork and could 
probably increase the activity of PARP1 (23–25).

4.2. PARP1 in endometrial cancer

The mechanisms leading to the progression 
of endometrial cancer and its regulation by PARP 
associated signaling are yet to be fully understood. A 
recent study has reported the role of PARP1 in non-
neoplastic and neoplastic endometrial cancers in 
human. The study reported that PARP1 expression 
varies according to the phase of menstrual cycle and 
there is a gradual increase in the expression of PARP1 
from endometrial hyperplasia to grade I endometrial 
carcinomas (ECs) with a sharp decrease in the 
advanced stages of Ecs (26). Interestingly, change in 
the expression is proportional to the expression level of 
progesterone receptor since PARP1 is known to regulate 

 Table 1. Comparative role of PARP1 in various cancer and PARP inhibitors in combination with other drugs
in clinical trials

Cancer types Subtypes PARP levels PARP inhibitors in clinical trial References

Breast cancer Infiltrating ductal 
carcinoma (ER-/PR-/
HER2-/TNBC

Very High Olaparib, Olaparib in combination with PI3K inhibitor or 
AXL inhibitor

43,45

Ovarian cancer Adenocarcinoma, 
papillary serous type

High Olaparib, Veliparib in combination with doxorubicin or 
topotecan

50

Prostate cancer Adenocarcinoma Low compared to 
ovarian & breast 
cancer

Rucaparib in case of radiosensitized prostate cancer cells 
deficient in PTEN

59

Endometrial cancer Uterine adenocarcinoma High Olaparib in PTEN deficient cancers 57

Cervical cancer Squamous epithelial 
carcinoma

High Olaparib in combination with carboplatin, Veliparib in 
combination with topotecan, Veliparib in combination with 
paclitaxel

56
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the progesterone receptor expression. In epithelial 
endometrial carcinoma, loss of PTEN (phosphatase 
and tensin homolog) function is the most prevalent 
molecular aberration. It is involved in the HR pathway 
of DNA repair through the transcriptional regulation of 
RAD51 (27). It has been reported that PTEN deficiency 
in endometrial cancer regulates sensitivity towards 
PARP inhibitor (28). Loss of PTEN function results in the 
defect in homologous recombination pathway of DNA 
repair thus making cells sensitive to PARP inhibitors and 
thus PARP inhibitors could be a good therapeutic option 
for a subset of endometrial cancers. The precise role 
of PARP associated signaling regulating progesterone 
and progesterone receptor in endometrial cancer 
progression through antagonizing the estrogen driven 
endometrial proliferation is yet to be elucidated (29).

4.3. PARP1 in cervical cancer

In a study to find any rationale between 
HPV (human papilloma virus) infection and PARP1 

expression during cervical cancer progression, a recent 
investigation analyzed the expression level of PARP1 
in low as well as high grade intraepithelial bruises as 
well as in invasive squamous cell carcinomas of the 
cervix and verified its interaction with HPV infection. 
The study reported a significant association between 
PARP1 expression and HPV positivity in thehigh 
grade squamous intraepithelial lesions (HSILs) group 
suggesting that PARP1 could be useful to differentiate 
HSIL HPV-related and squamous cell carcinomas 
(SCCs) (30). Statistical analysis of cervical cancer 
patients for the occurrence of PARP1 Val762Ala 
polymorphism suggested it to be a genetic risk factor 
for the occurrence of cervical cancer (31).

4.4. PARP1 in ovarian cancer

Out of all ovarian cancer patients, 10 
percent cases carry a BRCA1 or BRCA2 mutations, 
leading to a high susceptibility of acquiring ovarian 
cancer. Patients with stage III and stage IV of 

Figure 1. A Schematic view of change in PARP1 expression and reported mutations in reproductive cancers.
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ovarian cancer cases have a greater degree of 
therapeutic resistance and relapse and mortality 
even though ovarian cancers with BRCA mutations 
have better response towards chemotherapy and 
increased survival rates than those having sporadic 
cancers. Till date, information regarding the BRCA 
mutation status has not brought any significant 
success in selection of particular therapy for ovarian 
cancer (32). Mice models having compromised 
ability for repair of double strand DNA breaks by 
the HR pathway are sensitive towards inhibition of 
ssDNA (single stranded) breaks by PARP inhibitors 
thus giving a basis for synthetic lethal approach to 
treat various cancers. Occurrence of strong and 
lethal synergy between two otherwise non-lethal 
events forms the basis of synthetic lethality. As 
a result, PARP inhibition in such lethal condition 
causes lesions in DNA that gets even more severe 
in combination with tumour restricted loss of gene 
function for DNA repair pathways. PARP inhibition is 
quite effective against cells having biallelic loss for 
BRCA1 or BRCA2, hence making PARP inhibitors 
effective for tumours having BRCA mutations. As a 
result, the toxic effects in untransformed healthy cell 
would be minimized and thus maintaining the normal 
homologous recombination process (32).

4.5. PARP1 in other reproductive cancer

The PARP1 expression in prostate cancer 
is relatively low compared to the ovarian and breast 
cancers (17). Expression levels do not change 
significantly in prostate cancer but there are evident 
changes observed in the PARP protein in the nuclear 
matrix and matrix attachment regions (MAR) in the 
prostate tissue samples. Barboro et al. reported that 
PARP1 expression in the nuclear matrix increases 
with tumor aggressiveness. PARP inhibition in such 
cells reduces the MAR loop size, cell migration, 
invasion and histone acetylation, thus involved in 
cancer progression through chromatin modulation 
and gene transcription (33). Certain nuclear hormone 
receptors are transcriptionally regulated by PARP1 
and hence PARP1 could be involved in androgen 
receptor target genes expression. A recent study has 
shown a decrease in the AR recruitment to promoters 
of its target genes in presence of PARP inhibitors 
(34). PARP1 and DNA–PKcs interaction with 

prostate specific transcription factor ERG activates 
transcription of EZH2, a highly expressed gene in 
metastatic prostate cancer (35). One of the many 
reasons for the onset and progression of prostate 
cancer is the constitutive activation of the NFkB 
signaling pathway and this activation of NFkB is 
regulated by PARP1 by either directly interacting with 
the p300/CBP proteins or PARylation of the inhibitory 
subunits of NFkB (36,37).

5. CURRENT STATUS OF PARP INHIBITORS 
FOR TREATMENT OF BRCA ASSOCIATED 
AND NON-ASSOCIATED REPRODUCTIVE 
CANCERS

In spite of the improved chemo-radiotherapy 
and targeted therapeutic strategies, there is little 
improvement in the overall survival of reproductive 
cancer patients. Besides these treatment modalities 
there exist long term consequences on reproductive 
health of patients leading to subfertility or infertility 
and other associated disorders in both males and 
females. Therefore, there is an ever growing need 
for targeted therapeutics with lesser side effects. 
In this context, based on the recent studies, PARP 
inhibitors are perceived as promising therapeutic 
agents for cancers in general and hereditary 
cancers in particular. As discussed above, PARP 
inhibitors are competitive inhibitors which compete 
with NAD for binding to PARP1 and thus inhibit 
PARP activation. Besides the competitive inhibitory 
mechanism, some PARP inhibitors also exhibit 
synthetic lethality by trapping PARP1/2 on to DNA 
and the potency of trapping is inhibitor specific. 
PARP-DNA complex trapping is most efficiently done 
by BMN673 followed by olaparib and then veliparib. 
The PARP-DNA complex is more cytotoxic than the 
single stranded breaks produced by the catalytic 
inhibition of PARP (38,39). Moreover, differential 
response is also observed with the chemotherapeutic 
drugs in combination with the PARP inhibitors. PARP 
inhibitors induced PARP trapping sensitizes cells to 
temozolomide while catalytic inhibitors are effective 
for combinations with camptothecin.

PARP1 is reported to be involved in tumor 
transformation to metastasis and thus PARP 
inhibitors target the metastatic cascade (40). As 

Table 2. PARP inhibitors in clinical trials

Drug combination Cancer type Mode of administration Clinical status References

Iniparib (BSI-201) + Carboplatin, gemcitabine Triple-negative breast cancer IV Phase 2 76

Iniparib + Carboplatin, gemcitabine Ovarian cancer IV Phase 2 77

Olaparib (200 mg bid) + weekly paclitaxel Triple-negative breast cancer Oral Phase 3 78

Veliparib (ABT-888) + cyclophosphamide breast cancer, ovarian cancer Oral Phase 1 Ongoing 79

Veliparib + TMZ Metastatic breast cancer Oral Phase 2 80
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evident from the recent studies, PARP inhibitors 
have potent effect as single agent, in combination 
and as adjuvant in the metastatic setting. Seven 
PARP inhibitors are in various stages of clinical trials 
for treatment of different cancers. In the following 
section we have summarized the use of PARP 
inhibitors in the treatment of BRCA associated and 
non-associated reproductive cancers and their 
advancement in clinical trials.

5.1. PARP inhibitors in breast cancer treatment

PARP inhibitors are promising anti-cancer 
agents for the treatment of BRCA1/2 mutated tumors 
due to synthetic lethality in HR defective cells with 
similar efficacy in certain sporadic TNBCs harboring 
BRCAness phenotype due to epigenetic silencing 
of the BRCA gene. Various studies with different 
PARP inhibitors have assessed the safety, efficacy 
and maximum tolerated doses for BRCA1/2 mutated 
tumors. A study by Tutt and colleagues has shown 
that Olaparib at two different dose regimes exhibit 
favorable therapeutic index in patients carrying 
BRCA1/2 mutations (41).

PARP inhibitors have also been studied in 
combination with conventional drugs and targeted 
inhibitors. A study performed by Cruz et al. reported 
that breast cancer cells proficient in BRCA/FA (fanconi 
anemia) can be sensitized to PARP inhibitor therapy 
by inhibiting the p21 activated kinase (PAK1) (42). 
Similarly, inhibition of AXL, a receptor tyrosine kinase 
sensitizes TNBC cells to PARP inhibition by targeting 
the DNA repair pathway. AXL is overexpressed in 
certain cancer cells including breast cancer and 
is known to play a critical role in the metastatic 
progression and is thus correlated to the markers of 
epithelial-mesenchymal transition (43). AXL and PARP 
inhibition exerts synergistic effect on TNBC cells. 
TNBCs characterized by the aberrant PI3K signaling 
and defective HR repair capability show enhanced 
vulnerability to PARP inhibition (44). Juvekar and 
colleagues have reported synergistic effects of PI3K 
and PARP inhibitor combination in BRCA deficient 
cells via mechanisms mediated through the DNA 
protein kinase (45).

5.2. PARP inhibitors for ovarian cancer treatment

Clinical studies with PARP inhibitors in ovarian 
cancer therapy have evolved from in vitro studies 
assessing functional activity of these inhibitors as a 
single agents in BRCA-deficient cancer cells to that 
of multiple phase III clinical trials. Olaparib (AZD2281) 
is a PARP1 and PARP2 inhibitor that has undergone 
the most extensive clinical trials in ovarian cancer. It 
has been tested in phase I and II studies; as a single 
agent, showing anti-cancer activity in BRCA mutated 
ovarian cancer in addition to sporadic high grade serous 

carcinomas without known germline BRCA mutations 
(32,46,47). A recent study reported that patients with 
platinum-sensitive chronic serous ovarian cancer 
having BRCA mutations are most likely to be benefited 
from single agent olaparib treatment (48).

Another PARP inhibitor veliparib (ABT888) has 
undergone extensive testing in combination with various 
chemotherpeutic agents and is recently being studied in 
phase II clinical trial as a single drug in recurrent BRCA 
associated ovarian cancer (49). Combinations of veliparib 
with doxorubicin, topotecan or cyclophosphamide has 
been tested in phase I trials (50).

Rucaparib is another PARP1 and PARP2 
inhibitor being tested in a clinical trial for the treatment 
of recurrent ovarian cancers and has shown anti-
ovarian cancer activity both in vitro and in vivo. It 
has shown potent anti-cancer responses in ovarian 
cancers exhibiting platinum resistance and recurrence 
(51–53).

Similarly, BMN 673 is another PARP inhibitor 
that has undergone phase I clinical trial in an open 
label study of once daily, oral administration in patients 
harbouring advanced or recurrent solid tumors. 
Currently, there is a phase III study testing BMN673 
in patients with metastatic breast cancers, however, 
no phase III clinical trial for ovarian cancer have been 
initiated (54).

Niraparib (MK4827) is a selective PARP 
inhibitor being tested in phase I trial in both patients 
with chronic BRCA mutated and sporadic BRCA-
proficient ovarian cancers. Recently, NOVA, a phase 
III study using niraparib versus placebo has been 
initiated for assessing its efficacy as a maintenance 
therapy in ovarian cancers (55).

5.3. PARP inhibitors for cervical and endometrial 
cancer treatment

A phase I pharmacokinetic/pharmacodynamic 
study with a combination of PARP inhibitor olaparib 
and carboplatin is being tested in refractory or 
recurrent endometrial cancers. A phase II clinical trial 
using veliparib in combination with topotecan is being 
carried out currently for treating persistent or recurrent 
cervical squamous and non-squamous carcinomas. 
Furthermore, a phase I/II limited access trial of veliparib 
in combination with paclitaxel is also in pipeline for the 
treatment of advanced persistent carcinoma of the 
cervix (56). PTEN inactivation has frequently been seen 
in majority of endometrial cancers and phosphatase 
independent roles of PTEN is crucial for homologous 
recombination pathways of DNA repair. Recently the 
anti-tumor activity of olaparib, and its sensitivity with 
PTEN status in endometrial cancer cell lines has been 
assessed. The results of this study indicated PARP 
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inhibitors as a promising tools for treatment of PTEN 
deficient endometrial cancers (57).

5.4. PARP inhibitors in treatment of other  
reproductive cancer

Prostate cancers have a relatively lower 
percentage of BRCA deficient tumors and therefore 
PARP inhibition therapy is not perceived to be effective 
based on its synthetic lethal approach. However, with 
discovery of the novel functional roles of PARP1 in cell 
signaling, its importance in the treatment of BRCA non 
associated cancers is increasing. Besides its role in 
the DNA repair pathway, PARP1 plays a significant 
role in the transcriptional regulation seen in androgen 
receptor (AR) positive prostate cancer cells. PARP1 is 
shown to elicit premalignant phenotype by regulating 
the AR activity in prostate cancer cells (58). PARP 
inhibition sensitizes prostate cancer cells to DNA 
damaging agents or radiotherapy via the DNA repair 
pathway and through the inhibition of AR activity. 
Chatterjee and colleagues have reported that the 
PARP inhibitor rucaparib radio sensitized prostate 
cancer cells deficient in PTEN and overexpressing 
the ETS gene fusion protein TMPRSS2-ERG. This 
synergistic interaction induces senescence in cancer 
cells and reduces clonogenicity (59). PARP1 is shown 
to interact with the ETS fusion protein, ERG and 
regulate the ERG mediated signaling including cell 
invasion and progression. Targeting the ETS positive 
prostate cancers with PARP inhibitors inhibits ERG 
mediated invasion and potentiate DNA damage (60).

6. RESISTANCE TO PARP INHIBITORS IN 
REPRODUCTIVE CANCERS

PARP inhibitors as single agent or in 
combination with drugs targeting the DNA repair 
pathway have been exploited but there are reports of 
resistance being developed to these inhibitors (61,62). 
There are several potential mechanisms proposed for 
the PARP inhibitor resistance, including restoration of 
BRCA1 function in the BRCA1/2 mutated cancers, up-
regulation of efflux pumps like pgp transporters, loss of 
53BP1 upon restoration of homologous recombination 
and loss of functional PARP1 (63–65).There could 
be a possibility of unidentified factors responsible for 
resistance to PARP inhibitors. Chances of resistance 
increases upon progression and advanced stages 
of the disease. Therefore, it is imperative to devise 
strategies and identify agents that may overcome 
resistance to PARP inhibitors. A promising drug 
showing efficacy in the treatment of BRCA1 defective 
advanced tumors resistant to PARP inhibitors is 
‘6-thioguanine’ (66). Another combinatorial approach 
using ABT-888 and vorinostat (a histone deacetylase 
inhibitor) has shown promising results in the preclinical 
setting. Vorinostat sensitizes PARP inhibitor resistant 
cell lines to 6-thioguanine and this effect was attributed 

to the increase in the phosphorylation status of 
eIF2alpha (67).

Another possible mechanism proposed for 
the resistance to PARP inhibitors is the presence 
of hypomorphic RAD51C mutants. Mutation in 
RAD51C increases error prone NHEJ pathway and 
less proficient HR pathway, thus targeting PARP1 
will induce toxicity in cancer cells (25). During HR 
deficiency, double strand breaks (DSBs) are forced 
to be repaired by error prone NHEJ, which leads to 
chromosomal instability and apoptosis. Utilizing this 
principle for cancer therapy would assist in overcoming 
resistance developed due to continuous exposure to 
the PARP inhibitors. Inducing DSBs with low dose of 
ionizing radiations in combination with PARP inhibitors 
would drive tumors to cell death and hence synergistic 
toxicity approach would be effective therapy for HR 
deficient tumors.

Major proteins and kinases involved in the 
DNA repair pathways can be targeted to overcome the 
PARP inhibitor induced resistance. During replicative 
damage, cell cycle is regulated by one such kinase, 
ATR and recent report suggests that ATR inhibition 
can sensitize resistant cells to PARP inhibitors (68).
The kinase, ataxia telangiectasia mutated (ATM) 
protein is also a DNA damage responsive protein and 
maintains genomic stability. Hence, ATM-deficient 
cells are sensitive to PARP inhibitors. Hong and 
colleagues have shown that 53BP1 depletion in ATM 
deficient cells provide resistance to PARP inhibitors 
(69). Thus gain- and loss-of function of various DNA 
damage responsive proteins need to be further studied 
to understand resistance mechanism and devise ways 
to overcome PARP inhibitor resistance.

7. GLARING GAPS IN KNOWLEDGE AND 
PERSPECTIVES

There are seventeen members in the PARP 
family and out of them a few are structurally and 
biochemically characterized till date. Still the structure 
and functional roles of many members have not been 
elucidated. Although PARP1 is a major protein and 
constitutes 90 percent of the total PARP activity, there 
is a possibility of other family members like PARP2 
regulating critical cellular functions. Other PARP family 
members could be involved in signaling pathways 
involved in cancer progression, which could affect 
the therapeutic potential of PARP inhibitors. Recently 
identified function of PARP3 in epithelial-mesenchymal 
transition and stemness upon TGF beta (transforming 
growth factor) mediated ROS production also suggest 
that other PARP family members apart from PARP1 
regulate cancer progression (70). Vyas and colleagues 
have reported four categories of PARPs based on 
domains and have identified diverse functions of 
PARPs. They are reported to be essential for cell 
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viability, cytoskeleton maintenance and focal adhesion 
(PARP14) (71). Thus other PARPs could be involved 
in regulating carcinogenesis. Further research of the 
other PARPs might help us find new drug targets.

PARP1 is reported to be involved in 
progression of several cancers by targeting different 
signaling pathways while in some cancer types it 
is tumor suppressive. Genetic disruption of PARP1 
in permutation with p53 knockout increases the 
cancer incidence in mice, underscoring the role of 
PARP1 as a tumor suppressor (72). PARP1 inhibition 
could conceivably increase the risk of secondary 
malignancies, especially in combination with genotoxic 
drugs. Potential way to overcome this problem is 
through the combination of low dose of PARP inhibitors 
with the genotoxic drugs. Consequences of dual drug 
combination strategy and use of multiple drugs and 
their long term effects on healthy cells needs to be 
critically studied.

PARP inhibitors against ovarian and breast 
cancers in clinical studies seems to be promising. 
Besides other safety issues, level of PARP1 inhibition 
for clinical response and the adverse effects of long term 
treatment have to be addressed (73,74). PARP1 and 
PARP2 are inhibited by the current generation inhibitors, 
but their effects on other members of this family needs 
to be elucidated. Exploring the role of these inhibitors 
on other PARP family members might shed light on side 
effects of these inhibitors. Different PARP1 inhibitors 
have off shoot targets and might have different outcomes 
upon inhibition. The mechanism of each inhibitor has to 
be considered before use in cancer therapy. Involvement 
of PARP1 in other cellular functions raises concern that 
PARP inhibitors may have toxic effects. Also, the risk of 
secondary cancers arising from inhibition of DNA repair 
requires a careful consideration if these agents have to 
be used for longer periods.

PARylation plays a pivotal role during DNA 
damage response, whereby several proteins of repair 
pathway gets PARylated and PAR residues provide a 
platform for recruiting other DNA repair proteins. BRCT 
domains of repair proteins facilitates recognition of 
PAR moieties and further repair of damaged DNA (75). 
PAR residues are regulated by degrading enzyme poly 
ADP-ribose glycohydrolase (PARG) in a cell and thus 
PARG activity needs to be considered for effective 
therapeutic approach of PARP inhibitors, as PARG 
could have important role in developing resistance to 
PARP inhibitors.

Extensive studies finding the efficacy and 
safety of PARP inhibitors in combination with DNA 
damaging drugs, cytotoxic chemotherapy and as 
monotherapy are required. Further clinical trials will 
help elucidate the real potential of PARP inhibitors 
in cancer treatment chemotherapy and toxicity 

parameters associated with metabolic functions. 
There is an urgent need to identify biomarkers related 
to PARP1 for different cancers which will be useful in 
identifying and deciding the type of chemotherapy. 
Thus PARP inhibitors provide a promising avenue 
for the treatment of BRCA deficient and proficient 
reproductive cancers in the future.

8. ACKNOWLEDGEMENTS

JR acknowledge the support from Department 
of Biotechnology (DBT) for the DBT Bio-CARe 
fellowship. NS acknowledges the senior research 
fellowship from the Indian Council of Medical Research 
(ICMR). We wish to apologize to all colleagues whose 
work, because of lack of space, could not be cited. We 
thank all the members of the DP Mishra laboratory for 
helpful discussions. This work was supported by the 
grants from Department of Biotechnology (GAP0187) 
to DP Mishra. The CSIR-CDRI manuscript No is 9446.

9. REFERENCES

1.	 Weiderpass E, LabrÃ¨che F: Malignant tumors 
of the female reproductive system. Safety and 
health at work 3(3), 166–180 (2012)
DOI: 10.5491/SHAW.2012.3.3.166

2.	 Hedenfalk I, Duggan D, Chen Y, Radmacher 
M, Bittner M, Simon R, Meltzer P, Gusterson 
B, Esteller M, Raffeld M: Gene-expression 
profiles in hereditary breast cancer. New 
Engl J Med 344(8), 539–548 (2001).
DOI: 10.1056/NEJM200102223440801

3.	 Bruchim I, Sarfstein R, Reiss A, Flescher E, 
Werner H: IGF1R tyrosine kinase inhibitor 
enhances the cytotoxic effect of methyl 
jasmonate in endometrial cancer. Cancer 
lett 352(2), 214–219 (2014)
DOI: 10.1016/j.canlet.2014.06.013

4.	 Waggoner SE: Cervical cancer. The Lancet 
361(9376), 2217–2225 (2003)
DOI: 10.1016/S0140-6736(03)13778-6

5.	 Scheffner M, Huibregtse JM, Vierstra RD, 
Howley PM: The HPV-16 E6 and E6-AP 
complex functions as a ubiquitin-protein 
ligase in the ubiquitination of p53. Cell 75(3), 
495–505 (1993)
DOI: 10.1016/0092-8674(93)90384-3

6.	 Scheffner M, Werness BA, Huibregtse JM, 
Levine AJ, Howley PM: The E6 oncoprotein 
encoded by human papillomavirus types 16 
and 18 promotes the degradation of p53. 
Cell 63(6), 1129–1136 (1990)
DOI: 10.1016/0092-8674(90)90409-8

https://doi.org/10.5491/SHAW.2012.3.3.166
https://doi.org/10.1056/NEJM200102223440801
https://doi.org/10.1016/j.canlet.2014.06.013
https://doi.org/10.1016/S0140-6736(03)13778-6
https://doi.org/10.1016/0092-8674(93)90384-3
https://doi.org/10.1016/0092-8674(90)90409-8


PARP1 signaling in reproductive cancers

351 © 1996-2017

7.	 Werness BA, Levine AJ, Howley PM: 
Association of human papillomavirus types 
16 and 18 E6 proteins with p53. Science 
248(4951), 76–79 (1990)
DOI: 10.1126/science.2157286

8.	 Vaughan S, Coward JI, Bast RC, Berchuck A, 
Berek JS, Brenton JD, Coukos G, Crum CC, 
Drapkin R, Etemadmoghadam D: Rethinking 
ovarian cancer: recommendations for 
improving outcomes. Nat Rev Cancer 
11(10), 719–725 (2011)
DOI: 10.1038/nrc3144

9.	 Pothuri B: BRCA1-and BRCA2-related 
mutations: therapeutic implications in 
ovarian cancer. Annals of oncol 24(suppl 
8):viii22-viii27 (2013)

10.	 Fung-Kee-Fung M, Oliver T, Elit L, Hirte HW, 
Bryson P: Optimal chemotherapy treatment 
for women with recurrent ovarian cancer. 
Current Oncol 14(5) (2007)
DOI: 10.3747/co.2007.148

11.	 Pujade-Lauraine E, Wagner U, Aavall-
Lundqvist E, Gebski V, Heywood M, Vasey 
PA, Volgger B, Vergote I, Pignata S, Ferrero 
A: Pegylated liposomal doxorubicin and 
carboplatin compared with paclitaxel and 
carboplatin for patients with platinum-
sensitive ovarian cancer in late relapse. J 
Clin Oncol 28(20), 3323–3329 (2010)
DOI: 10.1200/JCO.2009.25.7519

12.	 Markman M, Liu PY, Moon J, Monk 
BJ, Copeland L, Wilczynski S, Alberts 
D: Impact on survival of 12 versus 3 
monthly cycles of paclitaxel (175 mg/m 2) 
administered to patients with advanced 
ovarian cancer who attained a complete 
response to primary platinum-paclitaxel: 
follow-up of a Southwest Oncology Group 
and Gynecologic Oncology Group phase 
3 trial. Gynecol oncol 114(2), 195–198 
(2009)
DOI: 10.1016/j.ygyno.2009.04.012

13.	 Ledermann J, Harter P, Gourley C, 
Friedlander M, Vergote I, Rustin G, Scott 
C, Meier W, Shapira-Frommer R, Safra T: 
Olaparib maintenance therapy in platinum-
sensitive relapsed ovarian cancer. New Engl 
J Med 366(15), 1382–1392 (2012)
DOI: 10.1056/NEJMoa1105535

14.	 de Murcia G, Menissier de Murcia J: 
Poly(ADP-ribose) polymerase: a molecular 

nick-sensor. Trends Biochem Sci 19(4), 
172–176 (1994)
DOI: 10.1016/0968-0004(94)90280-1

15.	 He JX, Yang CH, Miao ZH: Poly(ADP-
ribose) polymerase inhibitors as promising 
cancer therapeutics. Acta Pharmacol Sin 
31(9), 1172–1180 (2010)
DOI: 10.1038/aps.2010.103

16.	 Drew Y, Plummer R: PARP inhibitors in 
cancer therapy: two modes of attack on the 
cancer cell widening the clinical applications. 
Drug Resist Updat 12(6), 153–156 (2009)
DOI: 10.1016/j.drup.2009.10.001

17.	 Ossovskaya V, Koo IC, Kaldjian EP, Alvares 
C, Sherman BM: Upregulation of Poly (ADP-
Ribose) Polymerase-1 (PARP1) in Triple-
Negative Breast Cancer and Other Primary 
Human Tumor Types. Genes Cancer 1(8), 
812–821 (2015)
DOI: 10.1177/1947601910383418

18.	 Li D, Bi F-F, Chen N-N, Cao J-M, Sun W-P, 
Zhou Y-M, Li C-Y, Yang Q: A novel crosstalk 
between BRCA1 and poly (ADP-ribose) 
polymerase 1 in breast cancer. Cell Cycle 
13(21), 3442–3449 (2014)
DOI: 10.4161/15384101.2014.956507

19.	 Green AR, Caracappa D, Benhasouna 
AA, Alshareeda A, Nolan CC, Macmillan 
RD, Madhusudan S, Ellis IO, Rakha EA: 
Biological and clinical significance of PARP1 
protein expression in breast cancer. Breast 
Cancer Res Treat 149(2), 353–362 (2015)
DOI: 10.1007/s10549-014-3230-1

20.	 Stanley J, Klepczyk L, Keene K, Wei S, 
Li Y, Forero A, Grizzle W, Wielgos M, 
Brazelton J, LoBuglio AF, Yang ES: PARP1 
and phospho-p65 protein expression is 
increased in human HER2-positive breast 
cancers. Breast Cancer Res Treat 150(3), 
569–579 (2015)
DOI: 10.1007/s10549-015-3359-6

21.	 Krukenberg KA, Jiang R, Steen JA, Mitchison 
TJ: Basal activity of a PARP1-NuA4 complex 
varies dramatically across cancer cell lines. 
Cell Rep 8(6), 1808–1818 (2014)
DOI: 10.1016/j.celrep.2014.08.009

22.	 Lee Y-H, Liu X, Qiu F, O Connor TR, Yen 
Y, Ann DK: HP1β is a biomarker for breast 
cancer prognosis and PARP inhibitor 
therapy. PLoS One 10(3), e0121207 (2015)

https://doi.org/10.1126/science.2157286
https://doi.org/10.1038/nrc3144
https://doi.org/10.3747/co.2007.148
https://doi.org/10.1200/JCO.2009.25.7519
https://doi.org/10.1016/j.ygyno.2009.04.012
https://doi.org/10.1056/NEJMoa1105535
https://doi.org/10.1016/0968-0004(94)90280-1
https://doi.org/10.1038/aps.2010.103
https://doi.org/10.1016/j.drup.2009.10.001
https://doi.org/10.1177/1947601910383418
https://doi.org/10.4161/15384101.2014.956507
https://doi.org/10.1007/s10549-014-3230-1
https://doi.org/10.1007/s10549-015-3359-6
https://doi.org/10.1016/j.celrep.2014.08.009


PARP1 signaling in reproductive cancers

352 © 1996-2017

23.	 Bryant HE, Petermann E, Schultz N, Jemth 
AS, Loseva O, Issaeva N, Johansson F, 
Fernandez S, McGlynn P, Helleday T: PARP 
is activated at stalled forks to mediate 
Mre11-dependent replication restart and 
recombination. EMBO J 28(17), 2601–2615 
(2009)
DOI: 10.1038/emboj.2009.206

24.	 Schlacher K, Christ N, Siaud N, Egashira A, 
Wu H, Jasin M: Double-strand break repair-
independent role for BRCA2 in blocking 
stalled replication fork degradation by 
MRE11. Cell 145(4), 529–542 (2011)
DOI: 10.1016/j.cell.2011.03.041

25.	 Somyajit K, Saxena S, Babu S, Mishra A, 
Nagaraju G: Mammalian RAD51 paralogs 
protect nascent DNA at stalled forks and 
mediate replication restart. Nucleic Acids 
Res 43(20), 9835–9855 (2015)
DOI: 10.1093/nar/gkv880

26.	 Ghabreau L, Roux JP, Frappart PO, 
Mathevet P, Patricot LM, Mokni M, Korbi 
S, Wang ZQ, Tong WM, Frappart L: Poly 
(ADP-ribose) polymerase 1, a novel partner 
of progesterone receptors in endometrial 
cancer and its precursors. Intl J Cancer 
109(3), 317–321 (2004)
DOI: 10.1002/ijc.11731

27.	 Shen WH, Balajee AS, Wang J, Wu H, Eng 
C, Pandolfi PP, Yin Y: Essential role for 
nuclear PTEN in maintaining chromosomal 
integrity. Cell 128(1), 157–170 (2007)
DOI: 10.1016/j.cell.2006.11.042

28.	 Dedes KJ, Wetterskog D, Mendes-Pereira 
AM, Natrajan R, Lambros MB, Geyer FC, 
Vatcheva R, Savage K, Mackay A, Lord 
CJ: PTEN deficiency in endometrioid 
endometrial adenocarcinomas predicts 
sensitivity to PARP inhibitors. Science transl 
med 2(53), 53ra75 (2010)
DOI: 10.1126/scitranslmed.3001538

29.	 Kim JJ, Kurita T, Bulun SE: Progesterone 
action in endometrial cancer, endometriosis, 
uterine fibroids, and breast cancer. 
Endocrine rev 34(1), 130–162 (2013)
DOI: 10.1210/er.2012-1043

30.	 Hassumi-Fukasawa MK, Miranda-Camargo 
FA, Zanetti BR, Galano DF, Ribeiro-Silva 
A, Soares EG: Expression of BAG-1 and 
PARP-1 in precursor lesions and invasive 
cervical cancer associated with human 

papillomavirus (HPV). Pathol & Oncol Res 
18(4), 929–937 (2012)
DOI: 10.1007/s12253-012-9523-y

31.	 Roszak A, Lianeri M, Sowiska A, Jagodziski 
PP: Involvement of PARP-1 Val762Ala 
polymorphism in the onset of cervical cancer 
in caucasian women. Mol diag & therapy 
17(4), 239–245 (2013)
DOI: 10.1007/s40291-013-0036-5

32.	 Audeh MW, Carmichael J, Penson RT, 
Friedlander M, Powell B, Bell-McGuinn 
KM, Scott C, Weitzel JN, Oaknin A, Loman 
N: Oral poly (ADP-ribose) polymerase 
inhibitor olaparib in patients with BRCA1 
or BRCA2 mutations and recurrent ovarian 
cancer: a proof-of-concept trial. The Lancet 
376(9737), 245–251 (2010)
DOI: 10.1016/S0140-6736(10)60893-8

33.	 Barboro P, Ferrari N, Capaia M, Petretto A, 
Salvi S, Boccardo S, Balbi C: Expression 
of nuclear matrix proteins binding matrix 
attachment regions in prostate cancer. 
PARP-1: New player in tumor progression. 
Int J Cancer 137(7), 1574–1586 (2015)
DOI: 10.1002/ijc.29531

34.	 Wang Q, Li W, Zhang Y, Yuan X, Xu K, 
Yu J, Chen Z, Beroukhim R, Wang H, 
Lupien M: Androgen receptor regulates a 
distinct transcription program in androgen-
independent prostate cancer. Cell 138(2), 
245–256 (2009)
DOI: 10.1016/j.cell.2009.04.056

35.	 Brenner JC, Ateeq B, Li Y, Yocum AK, Cao 
Q, Asangani IA, Patel S, Wang X, Liang 
H, Yu J, Palanisamy N, Siddiqui J, Yan 
W, Cao X, Mehra R, Sabolch A, Basrur V, 
Lonigro RJ, Yang J, Tomlins SA, Maher 
CA, Elenitoba-Johnson KS, Hussain M, 
Navone NM, Pienta KJ, Varambally S, 
Feng FY, Chinnaiyan AM: Mechanistic 
rationale for inhibition of poly(ADP-ribose) 
polymerase in ETS gene fusion-positive 
prostate cancer. Cancer Cell 19(5), 664–
678 (2011)
DOI: 10.1016/j.ccr.2011.04.010

36.	 Hassa PO, Buerki C, Lombardi C, Imhof R, 
Hottiger MO: Transcriptional coactivation 
of nuclear factor-ÎºB-dependent gene 
expression by p300 is regulated by poly 
(ADP)-ribose polymerase-1. J Biol Chem 
278(46), 45145–45153 (2003)
DOI: 10.1074/jbc.M307957200

https://doi.org/10.1038/emboj.2009.206
https://doi.org/10.1016/j.cell.2011.03.041
https://doi.org/10.1093/nar/gkv880
https://doi.org/10.1002/ijc.11731
https://doi.org/10.1016/j.cell.2006.11.042
https://doi.org/10.1126/scitranslmed.3001538
https://doi.org/10.1210/er.2012-1043
https://doi.org/10.1007/s12253-012-9523-y
https://doi.org/10.1007/s40291-013-0036-5
https://doi.org/10.1016/S0140-6736(10)60893-8
https://doi.org/10.1002/ijc.29531
https://doi.org/10.1016/j.cell.2009.04.056
https://doi.org/10.1016/j.ccr.2011.04.010
https://doi.org/10.1074/jbc.M307957200


PARP1 signaling in reproductive cancers

353 © 1996-2017

37.	 Stilmann M, Hinz M, Arslan S, Zimmer 
A, Schreiber Vr, Scheidereit C: A nuclear 
poly (ADP-ribose)-dependent signalosome 
confers DNA damage-induced IÎºB kinase 
activation. Mol cell 36(3), 365–378 (2009)
DOI: 10.1016/j.molcel.2009.09.032

38.	 Murai J, Huang SY, Das BB, Renaud A, 
Zhang Y, Doroshow JH, Ji J, Takeda S, 
Pommier Y: Trapping of PARP1 and PARP2 
by Clinical PARP Inhibitors. Cancer Res 
72(21), 5588–5599 (2012)
DOI: 10.1158/0008-5472.CAN-12-2753

39.	 Murai J, Huang SY, Renaud A, Zhang Y, Ji J, 
Takeda S, Morris J, Teicher B, Doroshow JH, 
Pommier Y: Stereospecific PARP trapping 
by BMN 673 and comparison with olaparib 
and rucaparib. Mol Cancer Ther 13(2), 433–
443 (2014)
DOI: 10.1158/1535-7163.MCT-13-0803

40.	 Rodrguez MI, Majuelos Melguizo J, Mart 
Martn, Consuegra JM, Ruiz de Almodvar M, 
Lpez Rivas A, Javier Oliver F: Deciphering 
the Insights of Poly (ADP-Ribosylation) in 
Tumor Progression. Med res rev 35(4), 678–
697 (2015)
DOI: 10.1002/med.21339

41.	 Tutt A, Robson M, Garber JE, Domchek 
SM, Audeh MW, Weitzel JN, Friedlander M, 
Arun B, Loman N, Schmutzler RK: Oral poly 
(ADP-ribose) polymerase inhibitor olaparib 
in patients with BRCA1 or BRCA2 mutations 
and advanced breast cancer: a proof-of-
concept trial. The Lancet 376(9737), 235–
244 (2010)
DOI: 10.1016/S0140-6736(10)60892-6

42.	 Villamar-Cruz O, Prudnikova T, Johnson N, 
Chernoff J, Romero LEA: Reduced Pak1 
activity sensitizes FA/BRCA-proficient breast 
cancer cells to PARP inhibition. Cancer Res 
76(14 Supplement), 1876–1876 (2016)
DOI: 10.1158/1538-7445.AM2016-1876

43.	 Balaji K, Vijayaraghavan S, Diao L, Tong 
P, Fan Y, Carey JPW, Bui TN, Warner 
S, Heymach JV, Hunt KK: AXL Inhibition 
Suppresses the DNA Damage Response 
and Sensitizes Cells to PARP Inhibition in 
Multiple Cancers. Mol Cancer Res 0157 
(2016)

44.	 Ibrahim YH, Garca-Garca C, Serra V, He L, 
Torres-Lockhart K, Prat A, Anton P, Cozar P, 
Guzm¡n M, Grueso J: PI3K inhibition impairs 
BRCA1/2 expression and sensitizes BRCA-

proficient triple-negative breast cancer 
to PARP inhibition. Cancer Discov 2(11), 
1036–1047 (2012)
DOI: 10.1158/2159-8290.CD-11-0348

45.	 Juvekar A, Burga LN, Hu H, Lunsford EP, 
Ibrahim YH, Balmana J, Rajendran A, Papa 
A, Spencer K, Lyssiotis CA, Nardella C, 
Pandolfi PP, Baselga J, Scully R, Asara JM, 
Cantley LC, Wulf GM: Combining a PI3K 
inhibitor with a PARP inhibitor provides an 
effective therapy for BRCA1-related breast 
cancer. Cancer Discov 2(11), 1048–1063 
(2012)
DOI: 10.1158/2159-8290.CD-11-0336

46.	 Gelmon KA, Tischkowitz M, Mackay H, 
Swenerton K, Robidoux A, Tonkin K, Hirte H, 
Huntsman D, Clemons M, Gilks B: 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. The Lancet Oncol 12(9), 852–861 
(2011)
DOI: 10.1016/S1470-2045(11)70214-5

47.	 Kaye SB, Lubinski J, Matulonis U, Ang 
JE, Gourley C, Karlan BY, Amnon A, Bell-
McGuinn KM, Chen L-M, Friedlander M: 
Phase II, open-label, randomized, multicenter 
study comparing the efficacy and safety of 
olaparib, a poly (ADP-ribose) polymerase 
inhibitor, and pegylated liposomal doxorubicin 
in patients with BRCA1 or BRCA2 mutations 
and recurrent ovarian cancer. J Clin Oncol 
30(4), 372–379 (2012)
DOI: 10.1200/JCO.2011.36.9215

48.	 Ledermann J, Harter P, Gourley C, 
Friedlander M, Vergote I, Rustin G, Scott 
CL, Meier W, Shapira-Frommer R, Safra T: 
Olaparib maintenance therapy in patients 
with platinum-sensitive relapsed serous 
ovarian cancer: a preplanned retrospective 
analysis of outcomes by BRCA status in a 
randomised phase 2 trial. The Lancet Oncol 
15(8), 852–861 (2014)
DOI: 10.1016/S1470-2045(14)70228-1

49.	 Penning TD, Zhu G-D, Gandhi VB, Gong 
J, Liu X, Shi Y, Klinghofer V, Johnson EF, 
Donawho CK, Frost DJ: Discovery of the 
poly (ADP-ribose) polymerase (PARP) 
inhibitor 2-((R)-2-methylpyrrolidin-2-yl)-1 
H-benzimidazole-4-carboxamide (ABT-888) 
for the treatment of cancer. J med chem 
52(2), 514–523 (2008)
DOI: 10.1021/jm801171j

https://doi.org/10.1016/j.molcel.2009.09.032
https://doi.org/10.1158/0008-5472.CAN-12-2753
https://doi.org/10.1158/1535-7163.MCT-13-0803
https://doi.org/10.1002/med.21339
https://doi.org/10.1016/S0140-6736(10)60892-6
https://doi.org/10.1158/1538-7445.AM2016-1876
https://doi.org/10.1158/2159-8290.CD-11-0348
https://doi.org/10.1158/2159-8290.CD-11-0336
https://doi.org/10.1016/S1470-2045(11)70214-5
https://doi.org/10.1200/JCO.2011.36.9215
https://doi.org/10.1016/S1470-2045(14)70228-1
https://doi.org/10.1021/jm801171j


PARP1 signaling in reproductive cancers

354 © 1996-2017

50.	 Kummar S, Chen A, Ji J, Zhang Y, Reid 
JM, Ames M, Jia L, Weil M, Speranza G, 
Murgo AJ: Phase I study of PARP inhibitor 
ABT-888 in combination with topotecan 
in adults with refractory solid tumors and 
lymphomas. Cancer Res 71(17), 5626–
5634 (2011)
DOI: 10.1158/0008-5472.CAN-11-1227

51.	 Ihnen M, Eulenburg C, Kolarova T, Qi 
JW, Manivong K, Chalukya M, Dering 
J, Anderson L, Ginther C, Meuter A: 
Therapeutic potential of the poly (ADP-
ribose) polymerase inhibitor rucaparib for 
the treatment of sporadic human ovarian 
cancer. Mol cancer therapeutics 12(6), 
1002–1015 (2013)
DOI: 10.1158/1535-7163.MCT-12-0813

52.	 Kristeleit R, LoRusso P, Patel M, Giordano 
H, Evans J: Phase I study of continuous 
oral rucaparib: analysis of patient subgroup 
with ovarian/peritoneal cancer. Int J Gynecol 
Cancer 23(8 Suppl 1), S564 (2013)

53.	 Shapiro G, Kristeleit R, Middleton M, Burris 
H, Molife LR, Evans J, Wilson R, LoRusso 
P, Spicer J, Dieras V: ABSTRACT A218: 
Pharmacokinetics of orally administered 
rucaparib in patients with advanced solid 
tumors. Mol cancer therapeutics 12(11 
Supplement), A218-A218 (2013)
DOI: 10.1158/1535-7163.TARG-13-A218

54.	 Shen Y, Rehman FL, Feng Y, Boshuizen J, 
Bajrami I, Elliott R, Wang B, Lord CJ, Post 
LE, 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 19(18), 5003–5015 (2013)
DOI: 10.1158/1078-0432.CCR-13-1391

55.	 Sandhu SK, Schelman WR, Wilding G, 
Moreno V, Baird RD, Miranda S, Hylands 
L, Riisnaes R, Forster M, Omlin A: The poly 
(ADP-ribose) polymerase inhibitor niraparib 
(MK4827) in BRCA mutation carriers and 
patients with sporadic cancer: a phase 1 
dose-escalation trial. The Lancet Oncol 
14(9), 882–892 (2013)
DOI: 10.1016/S1470-2045(13)70240-7

56.	 Kotsopoulos IC, Kucukmetin A, 
Mukhopadhyay A, Lunec J, Curtin NJ: 
Poly (ADP-Ribose) Polymerase in Cervical 
Cancer Pathogenesis: Mechanism and 
Potential Role for PARP Inhibitors. Int J 
Gynecol Cancer 26(4), 763–769 (2016)
DOI: 10.1097/IGC.0000000000000654

57.	 Miyasaka A, Oda K, Ikeda Y, Wada-Hiraike 
O, Kashiyama T, Enomoto A, Hosoya N, 
Koso T, Fukuda T, Inaba K: Anti-tumor 
activity of olaparib, a poly (ADP-ribose) 
polymerase (PARP) inhibitor, in cultured 
endometrial carcinoma cells. BMC cancer 
14(1), 1 (2014)
DOI: 10.1186/1471-2407-14-179

58.	 Schiewer MJ, Goodwin JF, Han S, Brenner 
JC, Augello MA, Dean JL, Liu F, Planck JL, 
Ravindranathan P, Chinnaiyan AM: Dual 
roles of PARP-1 promote cancer growth and 
progression. Cancer Discov 2(12), 1134–
1149 (2012)
DOI: 10.1158/2159-8290.CD-12-0120

59.	 Chatterjee P, Choudhary GS, Sharma A, 
Singh K, Heston WD, Ciezki J, Klein EA, 
Almasan A: PARP inhibition sensitizes to 
low dose-rate radiation TMPRSS2-ERG 
fusion gene-expressing and PTEN-deficient 
prostate cancer cells. PLoS One 8(4), 
e60408 (2013)
DOI: 10.1371/journal.pone.0060408

60.	 Brenner JC, Ateeq B, Li Y, Yocum AK, Cao 
Q, Asangani IA, Patel S, Wang X, Liang H, 
Yu J: Mechanistic rationale for inhibition of 
poly (ADP-ribose) polymerase in ETS gene 
fusion-positive prostate cancer. Cancer Cell 
19(5), 664–678 (2011)
DOI: 10.1016/j.ccr.2011.04.010

61.	 Lord CJ, Ashworth A: Mechanisms of 
resistance to therapies targeting BRCA-
mutant cancers. Nat Med 19(11), 1381–
1388 (2013)
DOI: 10.1038/nm.3369

62.	 Bouwman P, Jonkers J: Molecular pathways: 
how can BRCA-mutated tumors become 
resistant to PARP inhibitors? Clin Cancer 
Res 20(3), 540–547 (2014)
DOI: 10.1158/1078-0432.CCR-13-0225

63.	 Edwards SL, Brough R, Lord CJ, Natrajan 
R, Vatcheva R, Levine DA, Boyd J, Reis-
Filho JS, Ashworth A: Resistance to therapy 
caused by intragenic deletion in BRCA2. 
Nature 451(7182), 1111–1115 (2008)
DOI: 10.1038/nature06548

64.	 Rottenberg S, Jaspers JE, Kersbergen A, 
van der Burg E, Nygren AO, Zander SA, 
Derksen PW, de Bruin M, Zevenhoven J, 
Lau A, Boulter R, Cranston A, O’Connor 
MJ, Martin NM, Borst P, Jonkers J: High 
sensitivity of BRCA1-deficient mammary 

https://doi.org/10.1158/0008-5472.CAN-11-1227
https://doi.org/10.1158/1535-7163.MCT-12-0813
https://doi.org/10.1158/1535-7163.TARG-13-A218
https://doi.org/10.1158/1078-0432.CCR-13-1391
https://doi.org/10.1016/S1470-2045(13)70240-7
https://doi.org/10.1097/IGC.0000000000000654
https://doi.org/10.1186/1471-2407-14-179
https://doi.org/10.1158/2159-8290.CD-12-0120
https://doi.org/10.1371/journal.pone.0060408
https://doi.org/10.1016/j.ccr.2011.04.010
https://doi.org/10.1038/nm.3369
https://doi.org/10.1158/1078-0432.CCR-13-0225
https://doi.org/10.1038/nature06548


PARP1 signaling in reproductive cancers

355 © 1996-2017

tumors to the PARP inhibitor AZD2281 alone 
and in combination with platinum drugs. 
Proc Natl Acad Sci USA 105(44), 17079–
17084 (2008)
DOI: 10.1073/pnas.0806092105

65.	 Jaspers JE, Kersbergen A, Boon U, Sol W, van 
Deemter L, Zander SA, Drost R, Wientjens E, 
Ji J, Aly A, Doroshow JH, Cranston A, Martin 
NM, Lau A, O’Connor MJ, Ganesan S, Borst 
P, Jonkers J, Rottenberg S: Loss of 53BP1 
causes PARP inhibitor resistance in Brca1-
mutated mouse mammary tumors. Cancer 
Discov 3(1), 68–81 (2013)
DOI: 10.1158/2159-8290.CD-12-0049

66.	 Issaeva N, Thomas HD, Djureinovic T, Jaspers 
JE, Stoimenov I, Kyle S, Pedley N, Gottipati 
P, Zur R, Sleeth K, Chatzakos V, Mulligan 
EA, Lundin C, Gubanova E, Kersbergen A, 
Harris AL, Sharma RA, Rottenberg S, Curtin 
NJ, Helleday T: 6-thioguanine selectively kills 
BRCA2-defective tumors and overcomes 
PARP inhibitor resistance. Cancer Res 
70(15), 6268–6276 (2010)
DOI: 10.1158/0008-5472.CAN-09-3416

67.	 Yalon M, Tuval-Kochen L, Castel D, Moshe 
I, Mazal I, Cohen O, Avivi C, Rosenblatt 
K, Aviel-Ronen S, Schiby G: Overcoming 
Resistance of Cancer Cells to PARP-
1 Inhibitors with Three Different Drug 
Combinations. PloS one 11(5), e0155711 
(2016)
DOI: 10.1371/journal.pone.0155711

68.	 Murai J, Feng Y, Yu GK, Ru Y, Tang SW, 
Shen Y, Pommier Y: Resistance to PARP 
inhibitors by SLFN11 inactivation can be 
overcome by ATR inhibition. Oncotarget 
(2016)
DOI: 10.18632/oncotarget.12266

69.	 Hong H, Jiang L, Lin Y, He C, Zhu G, Du 
Q, Wang X, She F, Chen Y: TNF-alpha 
promotes lymphangiogenesis and lymphatic 
metastasis of gallbladder cancer through 
the ERK1/2/AP-1/VEGF-D pathway. BMC 
Cancer 16, 240 (2016)
DOI: 10.1186/s12885-016-2259-4

70.	 Karicheva O, Rodriguez-Vargas JM, Wadier 
Ng, Martin-Hernandez K, Vauchelles 
R, Magroun N, Tissier As, Schreiber Vr, 
Dantzer Fo: PARP3 controls TGFβ and ROS 
driven epithelial-to-mesenchymal transition 
and stemness by stimulating a TG2-Snail-
E-cadherin axis. Oncotarget 7(39), 64109–
64123 (2016)

71.	 Vyas S, Matic I, Uchima L, Rood J, Zaja 
R, Hay RT, Ahel I, Chang P: Family-wide 
analysis of poly (ADP-ribose) polymerase 
activity. Nat commun 5, (2016)

72.	 Tong WM, Ohgaki H, Huang H, Granier 
C, Kleihues P, Wang ZQ: Null mutation 
of DNA strand break-binding molecule 
poly(ADP-ribose) polymerase causes 
medulloblastomas in p53(-/-) mice. Am J 
Pathol 162(1), 343–352 (2003)
DOI: 10.1016/S0002-9440(10)63825-4

73.	 Ricks TK, Chiu HJ, Ison G, Kim G, McKee 
AE, Kluetz P, Pazdur R: Successes and 
Challenges of PARP Inhibitors in Cancer 
Therapy. Front Oncol 5, 222 (2015)
DOI: 10.3389/fonc.2015.00222

74.	 Rajawat J, Vohra I, Mir HA, Gohel D, Begum 
R: Effect of oxidative stress and involvement 
of poly(ADP-ribose) polymerase (PARP) in 
Dictyostelium discoideum development. 
Febs J 274(21), 5611–5618 (2007)
DOI: 10.1111/j.1742-4658.2007.06083.x

75.	 Wei H, Yu X: Functions of PARylation in 
DNA Damage Repair Pathways. Genomics 
Proteomics Bioinfo 14(3), 131–139 (2016)
DOI: 10.1016/j.gpb.2016.05.001

76.	 O’Shaughnessy J, Schwartzberg L, Danso 
MA, Miller KD, Rugo HS, Neubauer M, 
Robert N, Hellerstedt B, Saleh M, Richards 
P, Specht JM, Yardley DA, Carlson RW, Finn 
RS, Charpentier E, Garcia-Ribas I, Winer EP: 
Phase III study of iniparib plus gemcitabine 
and carboplatin versus gemcitabine and 
carboplatin in patients with metastatic triple-
negative breast cancer. J Clin Oncol 32(34), 
3840–3847 (2014)
DOI: 10.1200/JCO.2014.55.2984

77.	 Birrer MJ, Konstantinopoulos P, Penson 
RT, Roche M, Ambrosio A, Stallings TE, 
Matulonis U, Bradley CR: A phase II trial 
of iniparib (BSI-201) in combination with 
gemcitabine/carboplatin (GC) in patients 
with platinum-resistant recurrent ovarian 
cancer. J Clin Oncol 29(15_suppl), 5005 
(2011)

78.	 Dent RA, Lindeman GJ, Clemons M, 
Wildiers H, Chan A, McCarthy NJ, Singer 
CF, Lowe ES, Watkins CL, 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 

https://doi.org/10.1073/pnas.0806092105
https://doi.org/10.1158/2159-8290.CD-12-0049
https://doi.org/10.1158/0008-5472.CAN-09-3416
https://doi.org/10.1371/journal.pone.0155711
https://doi.org/10.18632/oncotarget.12266
https://doi.org/10.1186/s12885-016-2259-4
https://doi.org/10.1016/S0002-9440(10)63825-4
https://doi.org/10.3389/fonc.2015.00222
https://doi.org/10.1111/j.1742-4658.2007.06083.x
https://doi.org/10.1016/j.gpb.2016.05.001
https://doi.org/10.1200/JCO.2014.55.2984


PARP1 signaling in reproductive cancers

356 © 1996-2017

cancer. Breast Cancer Res 15(5), R88 
(2013)
DOI: 10.1186/bcr3484

79.	 Tan AR, Toppmeyer D, Stein MN, Moss 
RA, Gounder M, Lindquist DC, Ji JJ, Chen 
AP, Egorin MJ, Kiesel B: 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 29(15_suppl), 3041 (2011)

80.	 Isakoff SJ, Overmoyer B, Tung NM, Gelman 
RS, Giranda VL, Bernhard KM, Habin KR, 
Ellisen LW, Winer EP, Goss PE: A phase II 
trial of the PARP inhibitor veliparib (ABT888) 
and temozolomide for metastatic breast 
cancer. J of Clin Oncol 28(15_suppl), 1019 
(2011)

Abbreviations: PARP: Poly ADP-ribose 
polymerase-1, HR: homologous recombination, 
TNBC: Triple negative breast cancer, ER: 
Estrogen receptor, PR: Progesterone receptor, 
HER: Human epidermal receptor, AR: Androgen 
receptor

Key Words: PARP, Reproductive cancers, PARP 
inhibitors, Drug Resistance, Clinical Trial, Review

Send correspondence to: Durga Prasad Mishra, 
Cell Death Research Laboratory, Endocrinology 
Division, CSIR-Central Drug Research Institute, 
B.S. 10/1, Sector-10, Jankipuram Extension 
Lucknow, Uttar Pradesh-226031, India, Tel: 91-
522-2612411-18, Fax: 91-522-2623405, E-mail: 
dpm@cdri.res.in

https://doi.org/10.1186/bcr3484
mailto:dpm@cdri.res.in
mailto:dpm@cdri.res.in

