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ABSTRACT The poly (ADP-ribose) polymerase 1 (PARP1) enzyme is one of the promising molecular targets for 
the discovery of antitumor drugs. PARP1 is a common nuclear protein (1–2 million molecules per cell) serving 
as a “sensor” for DNA strand breaks. Increased PARP1 expression is sometimes observed in melanomas, breast 
cancer, lung cancer, and other neoplastic diseases. The PARP1 expression level is a prognostic indicator and is 
associated with a poor survival prognosis. There is evidence that high PARP1 expression and treatment-resist-
ance of tumors are correlated. PARP1 inhibitors are promising antitumor agents, since they act as chemo- and 
radiosensitizers in the conventional therapy of malignant tumors. Furthermore, PARP1 inhibitors can be used as 
independent, effective drugs against tumors with broken DNA repair mechanisms. Currently, third-generation 
PARP1 inhibitors are being developed, many of which are undergoing Phase II clinical trials. In this review, we 
focus on the properties and features of the PARP1 inhibitors identified in preclinical and clinical trials. We also 
describe some problems associated with the application of PARP1 inhibitors. The possibility of developing new 
PARP1 inhibitors aimed at DNA binding and transcriptional activity rather than the catalytic domain of the 
protein is discussed.
KEYWORDS PARP1 inhibitors, poly (ADP-ribose) polymerase 1, antitumor agents.
ABBREVIATIONS PARP1 – poly (ADP-ribose) polymerase 1; BER – base excision repair; NER – nucleotide excision 
repair; MMR – mismatch repair; HR –homologous recombination; NHEJ –non-homologous end joining; SSB – 
single-strand break; DSB – double-strand break; TMZ – temozolomide; Topo I – topoisomerase 1; CT – clinical 
trial; PLD – potentially lethal damage.

INTRODUCTION
Modern drug discovery and design are based on mo-
lecular targeting. The poly (ADP-ribose) polymerase 
1 (PARP1) enzyme is one of the targets used in anti-
cancer drug design. It is involved in many cellular 
processes, from DNA repair to cell death [1]. Recent-
ly, recognition of DNA breaks by the PARP1 enzyme 
was demonstrated to be one of the earliest events that 
occur upon DNA damage. Once DNA strand breaks oc-
cur, in particular due to alkylating agents and radia-
tion, PARP1 binds to the break sites using the so-called 
“zinc fingers” located in the DNA-binding domain of 
PARP1 and simultaneously synthesizes oligo-(ADP-ri-
bose) or poly-(ADP-ribose) chains, which are covalent-
ly bound to various acceptor proteins or the PARP1 
molecule, by transferring an ADP-ribose moiety from 
NAD+. This leads to chromatin decondensation at the 
break site, facilitating access for repair enzymes. Modi-
fied poly-(ADP-ribosyl)ated chromatin proteins attract 
chromatin remodeling factors. One of the key mecha-
nisms of PARP1-dependent decondensation is based on 
the fact that an activated PARP1 facilitates the remov-
al of the H1 linker histone from transcription initiation 
sites. Removal of H1 leads to chromatin decondensa-

tion, which allows repair enzymes to attack the dam-
aged DNA sites. It should be noted that DNA repair 
with active involvement of PARP1 occurs only upon 
minimal genotoxic damage. Stronger damage triggers 
apoptosis, while more extensive DNA damage results in 
overactivation of PARP, leading to cell necrosis.

There is abundant data on the involvement of 
PARP1 in carcinogenesis. Loss of PARP1 leads to dis-
turbances in the DNA repair process and inhibition 
of the transcription of several genes involved in DNA 
replication and cell cycle regulation. Underexpression 
of PARPI leads to genome shuffling and chromosomal 
abnormalities and may contribute to overall genome 
instability. At the same time, increased PARP1 ex-
pression is observed in melanomas and lung and breast 
tumors [2–7]. In this case, the increased expression is 
considered to be a prognostic feature associated with a 
poor survival prognosis [8]. A high level of PARP1 ex-
pression was shown to correlate with a more aggressive 
phenotype of breast cancers (BCs) (estrogen-negative 
BC) [9]. PARP1 expression may correlate with tumor 
resistance to therapy [10]. This higher “malignancy” is 
apparently due to the fact that the increased PARP1 
expression facilitates damaged DNA repair and, there-
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by, overcoming the genetic instability characteristic of 
transformed cells.

There are various mechanisms of the pro-tumor ac-
tivity of PARP1. In some cases, they are mediated by 
various tumor-associated transcription factors. Car-
cinogenesis can be caused by PARP1-dependent de-
regulation of the factors involved in the cell cycle and 
mitosis, as well as the factors regulating the expression 
of the genes associated with the initiation and develop-
ment of tumors [11]. The relationship between PARP1 
and the NF-kB factor has been revealed. PARP1 was 
found to co-regulate the NF-kB activity and lead to 
increased secretion of pro-metastatic cytokines. The 
NF-kB signaling cascade is known to be essential for 
tumor growth [12]. Inhibition of PARP1 disables a pro-
invasive phenotype [13, 14]. PARP1 is known to control 
the expression of heat shock protein 70 (HSP70) [15, 
16], which significantly contributes to the survival of 
tumor cells and their resistance to antitumor agents 
[17]. PARP1 interacts with the p21 protein, which 
controls the cell cycle. This may also promote a tumor 
phenotype [18]. The p21 protein directly interacts with 
PARP1 during DNA repair, and p21 knockdown leads 
to an increased enzymatic activity of PARP1. Expres-
sion of p21 in tumors is often suppressed due to p53 
regulation [19], which may explain the possible role of 
PARP1 in carcinogenesis. PARP1 was also found to be 
involved in the hormone-dependent regulation of car-
cinogenesis. In prostate cancer cells expressing the an-
drogen receptor (AR), PARP1 is recruited to the sites of 
AR localization and stimulates AR activity [20]. Similar 
chromatin-dependent mechanisms with the participa-
tion of PARP1 are involved in the estrogen-dependent 
regulation of gene expression in breast cancer (BC).

Since PARP1 is a key enzyme regulating certain car-
cinogenic changes in the cell, it is regarded as an impor-
tant molecular target for designed antitumor agents 
and PARP1 inhibitors are considered to be promising 
anticancer drugs.

THE HISTORY OF PARP1 INHIBITOR DESIGN
Since the effect of radiation therapy and many chem-
otherapeutic approaches to cancer is determined by 

DNA damage, PARP1 inhibitors can be used to en-
hance conventional methods and act as chemosensitiz-
ers and radiosensitizers. In cells treated with anticancer 
agents, PARP1 inhibition suppresses the repair of po-
tentially lethal damage and may lead to the destruction 
of abnormal cells. Similarly, PARP1 inhibitors in some 
cases increase the efficacy of DNA-alkylating agents 
(e.g., Temozolomide) and topoisomerase I inhibitors 
(e.g., topotecan), as well as ionizing radiation. PARP1 
inhibitors are also effective in radiosensitization of tu-
mor cells. Along with the synergistic effect of PARP1 
inhibitors and other DNA-damaging antineoplastic 
agents, a direct toxic effect of PAPR1 inhibitors is ob-
served in some tumor cells.

The first generation of typical PARP1 inhibitors, 
nicotinamide analogues, was developed about 30 years 
ago based on observations that nicotinamide, a second 
product of the PARP1-catalyzed reaction, causes mod-
erate inhibition of the reaction (Fig. 1). In first-genera-
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tion PARP1 inhibitors, the heterocyclic nitrogen atom 
at the third position was replaced by a carbon atom, 
which led to the development of a class of benzamide 
analogues [21]. Substitution at the third position led to 
improved drug solubility (Fig. 2). Investigation of the 
activity of 3-substituted benzamides (e.g., 3-aminoben-
zamide, 3-AB) provided a better understanding of the 
PARP1 function. These drugs turned out to have a cy-
totoxic effect on tumor cells when used concomitantly 
with genotoxic stress agents [22]. Despite the encour-
aging results in the investigation of first-generation 
PARP1 inhibitors, benzamides proved ineffective in 
practice. In preclinical trials in cell cultures, they had to 
be used at millimolar concentrations, which made them 
inappropriate for trials in animals. Furthermore, ben-
zamides inhibited other cellular pathways [23]. Nev-
ertheless, they provided the basis for developing more 
effective drugs. Virtually all currently used PARP1 in-
hibitors comprise the nicotinamide/benzamide phar-
macophore group.

In the 1990s, more effective second-generation 
PARP1 inhibitors were developed based on quinazoline 
analogues (in particular, 1,5-dihydroisoquinoline). This 
group of compounds includes isoquinolines, quinazolin-
ediones, phthalazinones, and phenanthridinones. Sec-
ond-generation PARP1 inhibitors were more effective 

and target-specific [24]. Some of these compounds be-
came the basis for further development of various drug 
groups (Fig. 3). In particular, the production of phenan-
thridinones led to the development of PJ-34, which was 
further used in clinical trials (CTs) [25]. An alternative 
approach (chemical synthesis based on the analysis of 
the structure and activity relationship, SAR) led to the 
identification of 3,4-dihydro-5-methyl-1-[2H]-isoquin-
olinone (PD128763) and 8-hydroxy-2-methylquinazo-
lin-4-[3H]-one (NU1025). Both of these compounds are 
~50 times more effective PARP1 inhibitors than 3-AB.

Later on, more potent inhibitors were developed on 
the analogy with existing ones. All of them contained a 
carboxamide group of the benzamide pharmacophore 
in the second aromatic ring. This was the modification 
that proved crucial for increasing the activity of inhib-
itors. The reasons explaining the relationship between 
these structural features and the increased activity 
became apparent after structural studies. Crystalliza-
tion of PARP1 inhibitors showed that the carboxamide 
group forms several important hydrogen bonds with 
Ser904-OG and Gly863-N in the catalytic domain of 
PARP1, which improves the interaction between the 
heterocycle of these inhibitors and the protein [26]. In 
this case, the amide group of more effective inhibitors 
(PD128763, 4ANI, and NU1025) is restricted in the het-
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ever, the appearance of damages causes its immediate 
and significant (up to 500 times) activation. PARP1 finds 
DNA breaks, acting as a sensor and providing a rapid 
recruitment of repair proteins to the break site. PARP1 
controls several DNA repair pathways, including base 
excision repair (BER), nucleotide excision repair (NER), 
mismatch repair (MMR), and repair of double-strand 
breaks through homologous recombination (HR) and 
non-homologous end-joining (NHEJ) [39].

Inhibition of PARP leads to inactivation of the re-
pair system and retention of spontaneous single-strand 
breaks (SSBs) (Fig. 5A), which may induce the sub-
sequent formation of double-strand DNA breaks 
(DSBs). DSBs can be repaired in two ways, either by 
“error-free DNA repair” using HR, or by repair with 
possible replacement of the nucleotides in a sequence 
by NHEJ [40, 41]. In some tumor cells with disruption in 
the homologous recombination system (e.g., BRCA-mu-
tated cells), the NHEJ system can be turned on. How-
ever, the use of NHEJ in these tumors leads to destabi-
lization of the genome and, eventually, cell death due to 
rapid accumulation of genetic errors [42–44].

In 2005, there was a breakthrough in the research 
of PARR1 inhibitors. Two independent groups of re-
searchers demonstrated that BRCA1- and BRCA2-de-
ficient cell lines are sensitive to the direct action of 
PARP inhibitors. It was the first evidence that PARP1 

Fig. 4. Struc-
tures of 
third-generation 
PARP1 inhibi-
tors. A nicotina-
mide pharma-
cophore group 
is shown in red Rucaparib
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erocyclic ring. The significance of aromatic (π-π) inter-
actions between a phenolic group of PARP1 inhibitors 
and a phenolic group of Tyr907 of the PARP1 protein 
was also revealed. On the basis of the structural analy-
sis of NU1085 binding, several tricyclic lactam indoles 
and benzimidazoles were developed in which a carbox-
amide group was introduced in a favorable orientation 
by its inclusion into a 7-membered ring [27–30]. These 
compounds (for example, AG14361) are capable of 
forming crucial hydrogen bonds with Gly863, Ser904, 
and Glu988 of the PARP1 protein [31].

Further search led to the development of more 
potent third-generation PARP inhibitors, the first 
characterized representative of which was rucaparib 
(K

i
 = 1.4 nM) [32]. At present, a number of benzimida-

zole-based PAPP1 inhibitors of the third generation 
have been synthesized. Many of them (e.g., rucapar-
ib, iniparib, olaparib, veliparib, niraparib, talazoparib, 
CEP-9722, and E7016) are currently undergoing clini-
cal trials (see reviews [33–38], Fig. 4, table).

MECHANISMS OF ACTION OF PARP1 
INHIBITORS: DIRECT ANTITUMOR ACTION
PARP1 inhibition leads to failure of DNA repair. PARP1 
is known to bind to single-strand and double-strand 
DNA breaks in response to DNA damage [39]. In the ab-
sence of damage, the PARP1 activity is minimal. How-
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inhibitors can act as independent remedies in the case 
of tumors in which certain DNA repair pathways 
are disrupted [45, 46]. The tumor-associated BRCA1 
gene is known to play an important role in the repair 
of double-strand breaks through the HR mechanism. 
BRCA1-deficient cells are characterized by less effec-
tive HR, and DNA repair in these cells mainly occurs 
via the BER system. BRCA2 interacts with the RAD51 
protein and also plays a significant role in HR. Cells 
with mutations in the BRCA2 region responsible for 
binding to RAD51 exhibit hypersensitivity to DNA 
damage and chromosomal instability [47]. For example, 
10–15% of serious ovarian cancers are hereditary and 

caused by a mutation in the BRCA1 or BRCA2 gene. 
HR repair defects arising from mutations in RAD51, 
DSS1, RPA1, or CHK1 were shown to cause increased 
sensitivity of cells to PARP1 inhibition [48]. In the case 
of homologous recombination deficiency, inhibition of 
DNA damage repair leads to cell death due to the ina-
bility to fix all DNA damage.

The direct action of PARP1 inhibitors on tumor cells 
may also be explained by another mechanism. Because 
of inhibitor action, PARP1 is believed to remain bound 
to damaged DNA, and, therefore, it cannot dissociate 
from the DNA and “clear” the area for PARP1-de-
pendent repair enzymes (Fig. 5B).
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Fig. 5. Direct cytotoxic effect of PARP1 inhibitors. A – inhibition of PARP1 leads to inactivation of a repair system and 
preservation of spontaneously occurring single-strand breaks (SSBs), which causes formation of double-strand breaks. 
B – because of the action of PARP1 inhibitors, PARP1 remains bound to damaged DNA and, thus, cannot dissociate 
from it and clear the area for PARP1-dependent repair enzymes. C – in the presence of PARP inhibitors, mutant BRCA1 
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The third model of the direct action of PARP1 inhib-
itors is based on the observations of Li and Yu [49], who 
showed that mutant BRCA1 is less accumulated at the 
DNA damage site in the presence of PARP1 inhibitors 
(Fig. 5C).

A fourth model of the direct action of PARP1 inhibi-
tors (Fig. 5D) was also proposed. According to this mod-
el, double-strand breaks in HR-deficient cells result in 
activation of another NHEJ system [44]. As previously 
shown, key proteins in this system (Ku70, Ku80, and 
DNA-PKcs) have PARP1-binding motifs and can be 
controlled via ADP-ribosylation [50, 51].

In clinical studies, olaparib monotherapy resulted 
in inhibition of tumors with mutations in BRCA1 or 
BRCA2 (breast cancer and ovarian cancer) [52, 53]. In 
this case, BRCA1- or BRCA2-deficient cells were 57 
or 133 times more sensitive to PARP1 inhibition, re-
spectively [46]. However, the efficacy of this therapy 
was low; a positive response was observed in less than 
50% of patients [54]. Therefore, it is very important to 
correctly identify the prognostic markers of PARP1 in-

hibitor therapy. Mutations in the RAD51, NBS1, ATM, 
ATR, Chk1, Chk2, Rad54, FANCD2, FANCA, 53BP1, 
PALB2, FANCC, and PTEN genes may serve these 
markers [39, 55–59].

Terminal mutations of the BRCA1 or BRCA2 gene 
in tumor cells lead to defects in the homologous DNA 
recombination system whose normal activity involves 
both BRCA proteins. In this case, tumor cells become 
extremely dependent on one of the five other repair 
systems, with PARP1 being involved in each of them. 
In the case of homologous recombination deficiency, 
PARP1 inhibition leads to cell apoptosis because of the 
impossibility to repair all DNA damage. This process is 
called “synthetic lethality.” Several studies have shown 

Fig. 6. The structure of iniparib

Iniparib

Table. Clinical trials of PARP1 inhibitors. Data were borrowed from reviews [42, 43]

Name Therapy Tumors CT phase
Rucaparib AG014699 Monotherapy BRCA mutant lung cancer, ovarian cancer 2

Rucaparib +temozolomide Solid tumors, melanoma 2
Rucaparib +carboplatin Solid tumors 1
Olaparib Monotherapy Solid tumors, BRCA, TNBC/HGSOC carriers 2
Olaparib +topotecan Solid tumors 1
Olaparib +dacarbazine Solid tumors 1
Olaparib +bevacizumab Solid tumors 1
Olaparib +paclitaxel Ovarian Cancer 2
Olaparib +paclitaxel Stomach cancer 2
Olaparib +cisplatin Solid tumors 1

Veliparib ABT-888 Monotherapy Solid tumors 1
Veliparib +topotecan Solid tumors 1
Veliparib +carboplatin Solid tumors 1
Veliparib +temozolomide Solid tumors, liver tumors, prostate cancer 2
Veliparib +cyclophosphamide Solid tumors and lymphomas 2
INO-1001 +temozolomide Melanoma 1
МK4827 Monotherapy Solid tumors and lymphoma 2
MK4827 +temozolomide Ovarian cancer/glioblastoma 1
MK4827 +doxorubicin Ovarian cancer/glioblastoma 1

CEP-9722 Monotherapy Solid tumors 1
CEP-9722 +temozolomide Lymphomas 1
BMN-673 Monotherapy Solid tumors 1

Iniparib (BSI-201) +gemcitabine
+carboplatin mTNBC 2

Iniparib +gemcitabine
+cisplatin Lung cancer 2

Iniparib +gemcitabine
+carboplatin mTNBC 3
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that administration of PARP1 inhibitors is a promising 
treatment in patients with tumors arising from defects 
in the BRCA genes.

MECHANISMS OF ACTION OF PARP1 
INHIBITORS: SYNERGISTIC ACTION
PARP1 inhibitors do not always have a direct cytotox-
ic effect on tumor cells. In these cases, the desired ef-
fect can be achieved by concomitant administration of 
PARP1 inhibitors and other DNA-damaging drugs.

SYNERGISTIC ACTION OF PARP1 INHIBITORS 
AND DNA METHYLATING AGENTS
As early as in the 1980s, it was shown by the exam-
ple of 3-AB that PARP inhibitors enhance the action 
of DNA-methylating agents [22]. DNA-methylating 
agents, such as dacarbazine (DTIC) and temozolomide 
(TMZ), are currently widely used in the treatment 
of brain tumors and melanomas. These drugs are ca-
pable of methylating DNA at the O6 and N7 positions 
of guanine and the N3.position of adenine. Removal 
of N-methylpurines (N7-MEG and N3-MEA) leads to 
the emergence of SSBs, while inhibition of PARP1 
inactivates repair of this damage [60]. Early studies 
demonstrated that PD128763 and NU1025 enhance 
TMZ-induced DNA damage and increase TMZ cy-
totoxicity 4–7 times when used at lower TMZ con-
centrations (50–100 times) [61]. Improved efficacy of 
TMZ (up to 6 times) in the presence of NU1085 was 
observed in 12 different human tumor lines, independ-
ent of their tissue origin and p53 status [62]. A series of 
benzimidazoles and tricyclic lactam indoles, including 
AG14361 at a concentration as low as 0.4 µM, enhances 
TMZ-induced inhibition of LoVo (human colon can-
cer) cell growth by a factor of 5.3 [30]. This synergistic 
action of inhibitors of PARP and Topo I was observed 

in numerous studies in vitro. It should be emphasized 
that PARP1 inhibitors were found to increase the cy-
totoxicity of TMZ primarily in the S-phase, which is 
indicative of the synergistic action mechanism. The in-
hibitors are most likely to cause accumulation of DSBs 
during replication [63, 64]. An enhanced antitumor ac-
tivity of TMZ in the presence of various PARP inhib-
itors in vivo was demonstrated in many experiments. 
Here are some examples. Combined treatment with 
NU1025 and TMZ increases the survival rate of mice 
with brain lymphomas [65]. The GPI 15427 inhibitor 
enhances the TMZ-induced inhibition of tumor growth 
and the antimetastatic activity in a B16 melanoma 
model [66]. Veliparib enhances the activity of TMZ in 
subcutaneous, orthotropous, and metastatic models of 
human xenografts, including lymphomas and ovarian, 
lung, pancreatic, breast, and prostate cancers [67]. In-
terestingly, both GPI 15427 and veliparib pass through 
the blood-brain barrier and enhance the antitumor ac-
tivity of TMZ in mice with intracranial melanomas, gli-
omas, and lymphomas [68]. In children tumor models, 
rucaparib enhances the antitumor activity of TMZ in 
neuroblastoma and medulloblastoma xenografts [69]. 
Complete tumor regression caused by treatment with 
TMZ and CEP-6800 was observed in mice bearing xen-
ografts U251MG (human glioblastoma) [70] and SW620 
(human colon cancer) [32, 71]. These and other data ob-
tained in experiments in vivo gave rise to clinical trials 
of PARP inhibitors together with DNA methylating 
agents (see table).

SYNERGISTIC ACTION OF INHIBITORS OF 
PARP1 AND TOPOISOMERASE I (TOPO I)
Topo I activity is known to be enhanced in some tumors 
[72]. Topo I inhibitors are used against various forms of tu-
mors. For example, topotecan is used in the treatment of 

Fig. 7 . Structural and functional organization of PARP1. The PARP1 structure is composed of three main functional do-
mains: N-terminal DNA-binding domain, internal automodification domain, and C-terminal catalytic domain [108, 109], as 
well as additional functional sites
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small-cell lung cancer, ovarian cancer, and cervical cancer. 
Irinotecan is used in the treatment of colon cancer. Topo 
I introduces temporary damage to DNA to remove the 
stress accumulated in the DNA during transcription and 
replication. Topo I inhibitors, e.g., camptothecins, stabilize 
the Topo I-DNA cleavage complex at a stage where DNA 
breaks occur. Repair of Topo I-induced damage involves 
BER/SSB. In this case, cells lacking the key BER protein, 
XRCC1, are hypersensitive to camptothecin. PARP en-
zymes are believed to be involved in this process, recruit-
ing XRCC1 to Topo I-dependent DNA breaks [73], which, 
in turn, recruit tyrosyl-DNA-phosphodiesterase (TDP 
1), which removes Topo I from DNA [74]. Furthermore, 
PARP1 is capable of interacting with Topo I and repairing 
Topo I-dependent SSBs [75]. Several studies have demon-
strated the potentiation of topoisomerase I inhibitors in 
the presence of PARP inhibitors [30, 32, 71]. Here are some 
examples. In 1987, Mattern M.R. et al. were the first to use 
PARP inhibitors as potential enhancers of Topo I inhibi-
tors. They showed that 3-AB increases the cytotoxicity of 
Camptothecin in L1210 cells [76]. Later on, the synergis-
tic action of Topo I and PARP1 inhibitors was extensive-
ly studied. It was shown in 12 human tumor cell lines that 
NU1025 and NU1085 enhance the cytotoxicity of topote-
can, regardless of the tissue origin of these lines and p53 
status [62]. CEP-6800 and GPI 15427 enhance the chemo-
sensitivity of colon cancer cell lines to Topo I inhibitors [70, 
77]. Encouraging results were also obtained in in vivo ex-
periments studying the combined effect of PARP and Topo 
I inhibitors. CEP-6800 increased the irinotecan-dependent 
inhibition of tumors in mice bearing HT29 xenografts by 
60% [70], while olaparib increased the toxicity of topotecan, 
so that its dose could be reduced by a factor of 8 [78]. These 
and other results of in vivo experiments gave rise to clini-
cal trials of a combined application of PARP inhibitors and 
Topo I inhibitors (table).

SYNERGISTIC ACTION OF PARP1 
INHIBITORS AND RADIOTHERAPY
Ionizing radiation causes various damage to DNA, 
modification of bases, SSBs, and DSBs; the latter are 
believed to be the most cytotoxic ones. Sensitization of 
cells which have been treated with PARP inhibitors to 
ionizing radiation is less significant than their sensitiza-
tion to chemical compounds and typically increases the 
cytotoxicity by less than two times. However, given the 
large number of patients subjected to radiation thera-
py, this combination may be reasonable. Early studies 
demonstrated that inhibition of PARP leads to radio-
sensitization of mammalian cells [79]. Later on, it was 
shown that various PARP inhibitors (ANI, NU1025, 
olaparib, and E7016) enhance the radiosensitization ef-
ficacy in various cell lines by a factor of 1.3–1.7 [80]. In 
some studies, PARP inhibitors selectively induced radi-

osensitization of actively replicating cells in the S-phase 
[24]. This suggested a mechanism by which PARP in-
hibition increases the sensitivity to ionizing radiation. 
The inhibition prevents the repair of SSBs, converting 
them into DSBs during the movement of the replication 
fork in the S-phase [81]. This hypothesis is supported 
by the observation that PARP inhibition leads to the 
formation of additional γH2AX and RAD51 foci (which 
is indicative of an increased frequency of homologous 
recombination repair (HRR) at the stalled replication 
fork). The ability of cells to recover after potentially 
lethal damage (PLD) is a predisposing factor for radi-
ation resistance in vivo. However, there is a chance for 
preservation of radioresistant tumor cells that can re-
produce the tumor after radiation therapy [82]. PARP1 
inhibitors (e.g., PD128763, NU1025, and AG14361) were 
shown to prevent recovery of tumor cells after PLD 
[63]. A number of studies have revealed the effective-
ness of radiosensitization by PARP1 inhibitors in vivo. 
The PD128763 inhibitor induced a threefold increase 
in the therapeutic activity of X-rays in mice bearing 
SCC7, RIF-1, and KHT sarcomas [83]. Preclinical stud-
ies demonstrated that veliparib significantly enhances 
the antitumor activity of ionizing radiation in xenograft 
models of human colon, lung, and prostate cancers [68, 
84, 85].

PARP1 INHIBITOR EFFECT IN COMBINATION 
WITH OTHER CYTOTOXIC DRUGS
There is some evidence of the ability of PARP inhibi-
tors to enhance the effect of other antitumor cytotox-
ins. For example, 6(5H)-phenanthridinone enhances the 
cytotoxicity of carmustine in mice lymphoma [86]. PJ34 
increases the cytotoxicity of doxorubicin in HeLa cells, 
presumably due to an increased level of topoisomer-
ase II [87]. A similar compound, INO-1001, enhances 
the antitumor activity of doxorubicin in xenografts of 
MDA-MB-231 and MCA-K lung cancer cells [88]. Re-
ports of the synergistic action of PARP inhibitors and 
platinum compounds, such as cisplatin and carboplatin, 
are contradictory. Nevertheless, some studies demon-
strated that PARP1 is activated by cisplatin-induced 
DNA damage [89], which gave rise to clinical trials of 
PARP inhibitors combined with cisplatin derivatives 
(table).

APPLICATION ISSUES OF EXISTING PARP1 INHIBITORS 
AND PROSPECTS FOR NEW INHIBITOR DISCOVERY
Almost all existing PARP1 inhibitors are nicotinamide 
mimetics, i.e. aimed at binding to the catalytic domain 
of PARP1 and competition with NAD+. In experiments 
in vitro, as well as in a variety of preclinical and some 
clinical trials, PARP1 inhibitors showed quite good re-
sults as antitumor agents. However, a number of prob-
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lems were uncovered in more systematic, controlled, 
extensive clinical trials of PARP1 inhibitors. First, 
compounds inhibiting NAD+ binding have a rather 
low specificity for PARP1 and also block other enzy-
matic pathways involving NAD+. It should be noted 
that NAD+ is a cofactor that interacts with many en-
zymes involved in a number of cellular processes, and, 
therefore, competition with NAD+ leads to high tox-
icity. Second, enzymatic PARP1 inhibitors activate 
viral replication and are contraindicated for patients 
infected with viruses such as the human T-cell lym-
photropic virus (HTLV) or Kaposi’s sarcoma-associated 
herpes virus (KSHV) [90–92]. Third, the safety issue in 
long-term administration of existing PARP1 inhibitors 
still remains open. Tumor cells are known to be able to 
rapidly acquire resistance to drugs used as a long-term 
monotherapy [93]. For these reasons, many PARP1 in-
hibitors did not pass long-term systematic clinical tri-
als. Trials of some PARP1 inhibitors were discontinued 
as early as at stages I and II due to high toxicity and 
some side effects. The history of iniparib (BSI-201) is 
illustrative in this respect. This drug was the most de-
veloped compared to the other PARP1 inhibitors and 
entered a phase III randomized clinical trial.

Phase III clinical trials of BSI-201 (iniparib) began 
in July 2009 to assess the efficacy of this drug in com-
bination with chemotherapy in female patients with 
metastatic triple-negative breast cancer (mTNBC). 
The study involved 519 females with mTNBC from 
109 centers in the USA. And as early as in 2013, Sa-
nofi-aventis announced the termination of clinical trials 
as no improvement in patients’ condition and overall 
survival of patients treated with iniparib and chemo-
therapy was observed compared to the control group 
(chemotherapy alone). A number of circumstances 
led to the failure of clinical trials of iniparib. The main 
cause for the failure was that preclinical experiments 
were not complete by the time of group recruitment 
for clinical trials; very little information on the iniparib 
action mechanism was gained. Iniparib had been ad-
mitted to phase I CTs before the results of preclinical 
studies were obtained [94, 95]. In this regard, one more 
fact is interesting: Bipar company, which designed in-
iparib and the project for Sanofi, did not disclose the 
compound structure for patent reasons. Later on, it 
occurred that, unlike all the other PARP1 inhibitors 

having a similar structure, only iniparib had a flexible 
carboxyl group capable of rotating around the amide 
bond, which significantly weakened binding of the in-
hibitor to PARP1 (Fig. 6). One of Sanofi's experts con-
fided that “If Bipar had provided us with the iniparib 
structure; we would probably have been able to assume 
that it would not be a good PARP1 inhibitor.” However, 
despite an insufficient description of the drug (known 
structure and pharmacodynamic data), the company 
included it in clinical trials, which cost Sanofi-aventis 
285 million dollars.

The quite high toxicity and some side effects caused 
by enzymatic PARP1 inhibitors in CTs necessitate al-
ternation in the strategy for new PARP1 inhibitor de-
velopment. Since PARR1 consists of several functional 
domains and exhibits accessory, along with enzymatic, 
activities, in particular DNA-binding and transcrip-
tional ones (Fig.7), PARP1 activity can be regulated 
by inhibiting these functional domains. In particular, 
drugs aimed at inhibiting PARP1 binding to DNA are 
being developed [96]. According to these authors, dis-
covery of compounds capable of preventing PARP1 in-
volvement in the transcription process may lead to the 
development of a new class of drugs with higher spec-
ificity and less severe side effects. More information 
about the role of PARP1 in transcriptional regulation 
can be found in [97–101]. The use of a transcriptional 
system, which was previously obtained by these au-
thors, in mononucleosome and polynucleosome systems 
enables the discovery and verification of transcription-
al inhibitors of PARP1.

In conclusion, it should be noted that PARP1 inhibi-
tors are of great interest and practical value not only in 
oncology, but also in the treatment of various inflam-
matory processes, cardiovascular and neurological dis-
eases, as well as age-related diseases. The therapeutic 
effect of PARP inhibitors in these processes was be-
yond the scope of this review (see reviews [102–107] 
for details). 
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