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A B S T R A C T

Poly(ADP-ribose) polymerase (PARP) catalyzed poly(ADP-ribosyl)ation is one of the earliest post-

translational modification of proteins detectable at sites of DNA strand interruptions. The considerable

recent progress in the science of PARP in the last decade and the discovery of a PARP superfamily (17

members) has introduced this modification as a key mechanism regulating a wide variety of cellular

processes including among others transcription, regulation of chromatin dynamics, telomere

homeostasis, differentiation and cell death. However, the most extensive studied and probably the

best characterized role is in DNA repair where it plays pivotal roles in the processing and resolution of the

damaged DNA. Although much of the focus has been on PARP1 in DNA repair, recent advances highlight

the emergence of other DNA-dependent PARPs (i.e. PARP2, PARP3 and possibly Tankyrase) in this

process. Here we will summarize the recent insights into the molecular functions of these PARPs in

different DNA repair pathways in which they emerge as specific actors. Furthermore, the DNA repair

functions of PARP1 have stimulated another area of intense research in the field with the development of

potent and selective PARP1 inhibitors to promote genome instability and cell death in tumor cells. Their

current use in clinical trials have demonstrated potentiation of antitumoral drugs and cytotoxicity in

repair deficient tumor cells.
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1. Introduction

Throughout its biological life, the genome is continuously
exposed to a variety of lesions arising from exogenous (UV
component of sunligth, genotoxic chemicals, ionizing radiation) or
endogenous origins (reactive oxygen species, abasic sites, deami-
nation-induced miscoding bases). To cope with these multiple
DNA lesions, eukaryotic cells can activate different important and
perfectly coordinated defensive mechanisms involving detection
and signaling pathways, chromatin remodeling, DNA repair
processes and cell-cycle checkpoints. Among these responses,
PARP1 catalyzed poly(ADP-ribosyl)ation appeared rapidly as a
critical post-translational modification involved in the detection,
signaling as well as organized repair of single and double-strand
breaks. The considerable efforts displayed on the biochemical and
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cellular characterization of poly(ADP-ribosyl)ation in addition to
the generation and phenotyping of PARP-loss of function mouse
models have considerably improved our understanding of the
repair associated nuclear actions of PARPs and have sparked
development of novel anti-cancer therapeutic strategies involving
PARP inhibition.

In this manuscript, we first propose to briefly review some basic
informations about the dynamic nature and the known actions of
poly(ADP-ribosyl)ation catalyzed in response to DNA damage with
a particular focus on its involvement in chromatin response. In
subsequent sections, we provide an overview of the key aspects of
PARPs biology in DNA repair pathways, and we highlight the
clinical benefits of PARP1 inhibition in cancer therapy.

2. The biological means of DNA damage-driven synthesis of
poly(ADP-ribose) (PAR)

Studies over the last decades have largely contributed to
describe PARP1-catalyzed poly(ADP-ribosyl)ation as one of the
earliest response to DNA damage that plays pivotal roles in the
processing and resolution of the damaged DNA. The widely
accepted scheme is that in response to DNA strand interruptions,
the initial role of PARP1 is to detect DNA strand breaks and catalyze
the transfer of successive units of ADP-ribose moieties using NAD+

http://dx.doi.org/10.1016/j.bcp.2012.03.018
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Fig. 1. Outline of the expanding biological functions of poly(ADP-ribosyl)ation at the site of the lesion. PARP1, PARP2 and PARP3 rapidly bind to single and/or double-strand

breaks (SSB_DSB) generated throughout the BER/SSBR process, in response to ionizing radiation or collapsed replication forks, or that accumulate spontaneously in

homologous repair (HR) deficient tumor cells.1 Activated PARPs catalyze the synthesis of poly(ADP-ribose) (PAR) using NAD+ as a substrate onto itself (automodification) or

onto histones (heteromodification).2 Poly(ADP-ribosyl)ation of histones and their release from DNA favor chromatin relaxation to accomodate more DNA repair factors.2–4

Timely, PAR production also directs the rapid local recruitment of chromatin remodeling factors and various repair proteins mediated by their PAR-binding domains3–4 (Table

1). In response to mild genotoxic stress, PARP activation facilitates repair and survival.1–5 In conditions of severe DNA damage, PARP overactivation will lead to NAD+ and ATP

depletion and consequently to cell death.6.
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as a substrate mostly onto itself in an automodification reaction
but also onto various other nuclear proteins including histones in
an heteromodification reaction (Fig. 1). This post-translational
modification is immediate but transient owing to a rapid catabolic
activity largely contributed by the poly(ADP-ribose) glycohydro-
lase PARG and possibly the ADP-ribose hydrolase ARH3 [1]. PARG
degrades the polymer with both endo- and exoglycosidic activities.
The DNA damage-dependent local synthesis of poly(ADP-ribose)
has different outcomes as detailed throughout the review: (i) the
ADP-ribosylation of histones and the poly(ADP-ribose)-dependent
recruitment of chromatin remodeling enzymes that together
provide an appropriate local chromatin state required for efficient
repair reactions; (ii) the local poly(ADP-ribose)-dependent recruit-
ment of DNA repair enzymes; both targetings are mediated by the
recognition of poly(ADP-ribose) by defined poly(ADP-ribose)-
binding domains as detailed in Table 1; (iii) to notify the extend
of DNA damage so that the cell can appropriately adapt its
response to the severity of the injury. Indeed, the PARP1 activation
has two faces. In response to mild genotoxic stress induced by
various environmental genotoxic factors or byproducts of normal
cellular metabolism, the activation of PARP1 will facilitate repair
and survival. In contrast, in pathological conditions including
many acute and chronic inflammatory disorders, the massive burst
of oxidative and/or nitrosative stress produced and the resulting
DNA strand breakage will cause a high level of PARP activation,
leading to the depletion of ATP and NAD+ and consequently to a
caspase-independent cell death termed parthanatos. In both
situations, the rationale of inhibiting PARP1 appeared rapidly as
an evidence in cancer therapy to potentialize the actions of
genotoxic antitumoral drugs or to protect against various non
malignant inflammatory disorders such as neurodegenerative
diseases, or reduction of reperfusion injury [2].

3. The emerging importance of PARP1 in remodeling damaged
chromatin

Notably, PARP1 catalyzed poly(ADP-ribosyl)ation contributes
to DNA repair in many ways as outlined below. However, perhaps



Table 1
The PAR binding motifs/domains in repair associated factors.

PAR binding motif/domain Protein Function Repairpathway Reference

PAR-bindingmotif

[HKR]xx[AIQVY][KR][AILV][FILPV]

XPA DNA repair NER Pleschke et al. [71]; Gagne et al. [51]

MSH6 MMR Pleschke et al. [71]; Gagne et al. [51]

DNA ligase III BER Pleschke et al. [71]; Gagne et al. [51]

XRCC1 BER Pleschke et al. [71]; Gagne et al. [51]

DNA polymerase e BER Pleschke et al. [71]; Gagne et al. [51]

DNA-PKCS NHEJ Pleschke et al. [71]; Gagne et al. [51]

Ku70 NHEJ Pleschke et al. [71]; Gagne et al. [51]

ERRCC-6 NER Gagne et al. [51]

MR11 DSBR Gagne et al. [51]

ATM DSBR Gagne et al. [51]

CENP-A Chromatin structure Gagne et al. [51]

Condensin 1 Gagne et al. [51]

p21 Cell Cycle Pleschke et al. [71]; Gagne et al. [51]

p53 Pleschke et al. [71]; Gagne et al. [51]

PAR-binding zinc finger [KR]xxCx[FY]

GxxCxbbxxxxHxxx[FY]xH

APLF DNA repair SSBR & DSBR Ahel et al. [72]

CHFR Cell Cycle Ahel et al. [72]

Macrodomain ALC1 macroH2A1.1 Chromatin structure Ahel et al. [73]

Timinszky et al. [6]

WWE domain RNF146 (Iduna) DNA repair BER Kang et al. [60]; Wang et al. [74]

The first motif to be identified was a 20 amino-acids PAR-binding consensus sequence characterized by a basic residue-rich cluster and a pattern of hydrophobic amino acids

interspersed with basic residues [51,71]. Prototypes of this type of interaction are the base excision repair/single-strand break repair (BER/SSBR) factors XRCC1 and DNA

ligase III. The PAR binding by the BRCT domain of XRCC1 is essential for its targeting to sites of laser-induced DNA strand breaks. The second motif is a PAR-binding C2H2 zinc

finger (PBZ) motif found as single or two tandem motifs in several DNA repair and checkpoint control proteins such as the ubiquitin ligase CHFR (checkpoint protein with FHA

and RING domains) involved in the antephase checkpoint and the histone chaperone APLF that participates in the DNA damage response [72]. Further structural analysis

identified an allosteric interaction between the two PBZ domains of APLF and suggested the existence of evolutionary conserved C(M/P)Y and CYR residues within PBZ motifs

defining a signature of PAR recognition. A third motif is a conserved 190-residue domain termed the macrodomain that was identified in a variety of chromatin-remodeling

factors including the histone macroH2A1.1 and the ATP-dependent nucleosome remodeling enzyme ALC1 [6,73]. More recently, Wang et al. [74] defined the WWE domain of

the ubiquitine ligase RNF146 (Iduna) as the fourth-PAR binding domain with the particularity to recognize the smallest internal PAR structural unit termed iso-ADP ribose.

NER, Nucleotide Excision Repair; BER, Base Excision Repair; MMR, Mismatch Repair; NHEJ, Non Homologous End Joining; DSBR, Double-strand Break Repair, SSBR, Single-

strand Break Repair.
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its ability to modulate chromatin structure and function appears as
the earliest and major event detectable at sites of DNA strand
breaks. Interestingly, the outcome of poly(ADP-ribose) synthesis in
terms of chromatin plasticity is dual and somehow paradoxical. A
widely accepted assumption is that PARP activity favors chromatin
relaxation to facilitate the access of the repair components to DNA
damage sites. This assumption was initially based on the PARP1
catalyzed poly(ADP-ribosyl)ation of core histones, histone H1 and
polynucleosomes resulting in the opening of the overall chromatin
structure to accomodate further DNA repair factors and facilitate
repair [3]. It was further supported by the more recently identified
key role of poly(ADP-ribose) in the recruitment of various
chromatin associated factors endowed with chromatin remodeling
activities (Table 1). The first example is the poly(ADP-ribose)
directed fast recruitment and activation of the ATP-dependent
chromatin remodeler Alc1 (amplified in liver cancer 1), a member
of the SNF2 ATPase superfamily that contains a macrodomain [4].
As a result, nucleosome sliding is promoted, thus increasing the
accessibility of DNA repair enzymes to facilitate DNA repair. The
second example comes from the work by Malewicz et al. [5] who
identified a PARP1 dependent translocation of the transcription
factor NR4A, a member of the nuclear orphan receptors, to IR-
induced double-strand break (DSB) foci, emphasizing an unex-
pected new role of NR4A in DNA repair. The scenario proposed
here, although speculative, is that PARP1 activity favors an open
chromatin configuration to promote the assembly of NR4A onto
DSBs, to favor its phosphorylation by DNA-PK and as such to
stimulate the associated repair process.

Paradoxally, other set of new data are in line with a significant
role of PARP1-catalyzed poly(ADP-ribosyl)ation in rather chroma-
tin compaction during repair. Timinszky et al. [6] identified a
PARP1 activation dependent recruitment of the macrodomain
containing macroH2A1.1 onto laser-induced DNA damage sites.
This recruitment of macroH2A1.1 was associated with the
accumulation of the linker histone H1, known to promote
chromatin condensation, and a transient compaction of chromatin
as visualized by intense DAPI staining detected arround the
microirradiated region.

Chou et al. [7] and Polo et al. [8] uncovered the PARP1 catalyzed
PAR-dependent targeting of at least two distinct transcriptional
repression complexes to sites of UV laser microirradiation. These
include two components of the repressive nucleosome remodeling
and deacetylase complex (NuRD): the chromodomain helicase
DNA-binding protein 4 (CHD4) and metastasis associated 1 (MTA),
and an integral component of the Polycomb repressive complex
PRC1: the Polycomb ring finger 2 (MEL18/PCGF2). According to the
role of both NuRD and Polycomb complexes in transcriptional
repression, their PAR-dependent recruitment was accompagnied
by a rapid loss of RNA and elongating RNA polymerase from these
regions. Together, these data provide evidence for a PARP-
dependent targeting of transcription inhibitory factors to inhibit
RNA polymerase II at damaged chromatin. The common outcome
although speculative might be to ensure local silencing of
transcription near DNA lesions thus favoring repair. Another
interesting example is the histone chaperone Aprataxin-PNK-like
factor (APLF) which was proposed to assemble to damaged sites by
binding to poly(ADP-ribosyl)ated PARP1 via its two PBZ motifs
(Table 1) thereby controlling the deposition and exchange of
histones and histone variants such as the chromatin silencer
histone macroH2A [9]; or to double-strand breaks in a PARP3-
dependent manner to promote the retention of XRCC4/DNA ligase
IV and accelerate ligation during NHEJ [10]. Altogether, within the
epigenetic dimension of DNA repair, poly(ADP-ribosyl)ation
emerges as an important component of the chromatin responses
induced by genotoxic stress.

4. The DNA-damage dependent PARPs in DNA repair pathways

In the past decade, bioinformatic and genomic approaches have
identified PARP1 as the founding member of a PARP family
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containing 17 proteins all endowed with a conserved catalytic
domain although not all of them catalyze poly(ADP-ribosyl)ation
[1]. Within this family, so far only PARP1, PARP2 and more recently
PARP3 have been defined as DNA-damage dependent PARPs.
Despite high structural similarities within their catalytic domains,
the three proteins display significant structural differences in their
DNA-binding domains thus reflecting selective differences in the
DNA structures activating each enzyme. Whereas PARP1 binds and
responds to multiple types of damaged DNA structures including
single-strand breaks, DNA crosslinks, stalled replication forks and
double-strand breaks [3], PARP2 has been proposed to recognize
gaps and flaps structures [11] and PARP3 was found to more
selectively respond to double-strand breaks only [10,12].

4.1. PARP1 and PARP2 in BER/SSBR: an engagement rather then a

requirement

The base excision repair and single strand break repair (BER/
SSBR) process is mostly concerned with small chemical alterations
of bases including that resulting from reactive oxygen species,
methylation, deamination and hydroxylation, and with single-
strand breaks respectively [13]. In BER, the suspected bases are
removed by DNA glycosylases resulting in the production of abasic
sites. The latter can also occur spontaneously by hydrolysis. The
abasic sites are next cleaved by APE1 endonuclease into a single-
strand break (SSB) intermediate. This SSB acts as a substrate for
PARP1. The current model involves two sub-pathways termed
short-patch and long-patch BER that are distinguished by their
repair patch sizes and the proteins involved (Fig. 2).

In the literature, PARP1 was for long recognized as an important
player of the BER/SSBR pathway. This has been initially related to
the previously described hypersensitivity of PARP1 deficient mice
and derived immortalized cells to ionizing radiation and alkylating
or oxidative damage [14,15] and was further exemplified by
defective base excision repair of single abasic sites in PARP1 null
cells [16] and a prolonged delay in DNA break resealing following
exposure to alkylating agents [15]. Accordingly, as might be
expected, PARP1 was reported to physically and/or functionally
interact with key actors of the BER/SSBR process including the DNA
glycosylase OGG1 [17], XRCC1, DNA polymerase b, DNA ligase III
[16], PCNA [18], aprataxin [19] and condensin I [20]. Many of these
binding partners have also been reported to be poly(ADP-
ribosyl)ated by PARP1 thus modulating their association with
damaged DNA or have been found to adjust PARP1 activity.

However, the exact role of PARP1 activity in this process
remains still largely discussed partly because of the well
coordinated ‘‘passing the baton’’ mode of BER as suggested by
Wilson and Kunkel [21] in which the single-strand breaks
intermediates formed are directly passed from one enzyme to
another and are as such defined as unaccessible. Probably, the most
widely accepted notion is that PARP1 acts at the first steps of the
BER/SSBR process. The poly(ADP-ribose) produced will attract the
BER/SSBR actors through their PAR-binding motif to speed the
repair process and will modulate their activity (Table 1).
Microirradiation studies revealed a feedback regulated recruit-
ment of PARP1 in which a first wave of immediate PARP1
recruitment and concomitant local synthesis of PAR generates a
second wave of PARP1 recruitment to amplify the signal for the
rapid accumulation of the core loading platform XRCC1 at DNA
lesions [22]. XRCC1 in turn functions as a molecular scaffold that
assembles, stabilizes (DNA ligase III) and/or stimulates (FEN-1) the
different actors of the short and long-patch repair pathways [23].

Several cross-linking and biochemical studies also proposed a
role of PARP1 in the recognition and processing of rather stalled
BER intermediates by promoting DNA polymerase b strand
displacement along with FEN-1 during long-patch repair [24,25].
It was also proposed that the PARP1 catalyzed poly(ADP-ribose)
serve as a unique source of ATP specifically used for the final and
rate-limiting DNA ligation step [26]. This pathway of ATP
generation is predominant under conditions of ATP shortage,
and strictly relies on the production of pyrophosphate generated
from dNTPs during the DNA synthesis step. However other
controversal research has since undermined these observations
by suggesting that PARP1 is engaged but not effectively required
for efficient BER/SSBR [27–29]. Altogether, there is still no
consensus as to its exact function, and a simple picture appears
difficult to draw (Fig. 2).

The involvement of PARP2 in BER/SSBR is also subject to debate.
PARP2 shares with PARP1 partners involved in this process such as
XRCC1, DNA polymerase b and DNA ligase III, and its absence in
mouse induced significant repair delay and increased sensitivity in
response to ionizing radiations and alkylating damage (for review
[11]). However, it likely acts at later steps of the repair process
owing to its delayed recruitment to microirradiated DNA damage
sites compared to a fast and immediate recruitment of PARP1 [22].
In human cells, PARP2 seems however dispensable for fast repair
[30]. Altogether, its precise functions remains to be elucidated.

4.2. PARP1 and PARP3 in the repair of DSB: HR versus NHEJ

Although historically the focus has been on PARP1’s roles in
BER/SSBR, studies over the past decade have revealed its
importance in double-strand break repair pathways. Indeed,
PARP1 was found to interact and/or cooperate with proteins of
the DSB response including ATM, DNA-PKcs, Ku80, MRE11 and
NBS1 [31–34]. PARP1�/�/ATM�/� and PARP1�/�/Ku80�/� mice
show early embryonic lethality associated with considerable
genomic instability [35,36]. PARP1 knockout in severe combined
immune-deficiency (SCID) mice bearing a DNA-PKcs mutation
induced dramatic growth retardation but rescued impaired V(D)J
recombination [37]. Together, these data imply an involvement of
PARP1 in the repair of DSB. There are at least three pathways that
function to repair these toxic DNA lesions: homologous recombi-
nation (HR), classical non homologous end joining (C-NHEJ) and
alternative non homologous end joining (A-NHEJ) [13]. Despite the
fundamental differences between these pathways, various lines of
evidence highlight a prominent role of PARP1 and its activity in at
least two of them.

4.2.1. PARP1 in homologous recombination

Homologous recombination that uses intact homologous DNA
sequences operates in post-replicative cells and is initiated by a 50–
30 resection at the DSB end, which is facilitated by the Mre11/
Rad50/Nbs1 (MRN), CtIP and BRCA1 complexes. The resulting
recombinogenic 30 single-strand DNA streches produced are next
coated and stabilized by replication protein A (RPA) that is
subsequently replaced by the RAD51 recombinase that with the
help of BRCA2 promotes pairing and strand invasion to complete
the process. Besides its importance for repair of DSB during
replication, HR also mediates restart of stalled replication forks
[13].

Earlier findings first demonstrated that homology-directed
repair of a single endonuclease I-induced double-strand breaks or
gene-targeted efficiency are unaffected by the inhibition or the loss
of PARP1 thus coming to the conclusion that PARP1 is not a direct
executer of HR as such [38,39]. This came in contrast with initiating
studies showing that the loss of PARP1 caused a hyper
recombination phenotype in the form of spontaneous increased
levels of sister chromatid exchange (SCE) whereas its over-
expression has been shown to suppress DNA damaged-induced
SCE rather suggesting that PARP1 influences recombination
[14,40]. More recently the studies by Bryant et al. [41] clarified



Fig. 2. Simplified overview of the events involving PARP1, PARP2 or PARP3 in DNA repair pathways. (a) Outline of the interactions of PARP1 and PARP2 with components of the

BER/SSBR pathway. PARP1 was found to interact with early actors of the BER/SSBR process such as the DNA glycosylase OGG1, the DNA adenylate hydrolase aprataxin, the

chromatin organizer condensin I and the histone chaperone APLF, but also with components of the short-patch repair such as the scaffold protein XRCC1, the DNA polymerase

b, and DNA Ligase III and a component of the long-patch repair pathway PCNA. PARP2 was described to associate with DNA polmerase b, XRCC1 and DNA ligase III but is

believed to act at later steps of the repair process. (b) Outline of the main players and key steps of homologous recombination. Both PARP1 and PARP2 are required for the

recruitment of MRE11 at hydroxyurea-induced stalled replication forks to promote DNA resection, homologous recombination and replication restart. (c) Outline of the main

players and key steps of the classical (C-NHEJ) and alternative (A-NHEJ) NHEJ processes. PARP1 promotes the prominent classical NHEJ by modulating the architecture and

function of DNA-PK dimers. When C-NHEJ is genetically or chemically compromised, cells use the alternative end-joining pathway which utilizes histone H1, PARP1, and the

complex XRCC1/DNA ligase III.
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these observations by specifying the role of PARP1 and possibly
PARP2 in HR induced at stalled replication forks by hydroxyurea
(HU). Indeed, as with DNA damaging agents, an exposure to HU,
which depletes dNTP pools and stalls replication forks, triggers a
PARP1/PARP2 dependent poly(ADP-ribosyl)ation. This response
was shown to mediate the poly(ADP-ribose) dependent recruit-
ment and activation of the MRN complex to initiate end processing
and single-strand break formation. This then allows the loading of
RAD51 and subsequent repair by the HR pathway thus promoting
replication restart. On the basis of these data, the current scheme
defines a specific role of PARP1 and may be PARP2 in HR-mediated
replication restart whereas they are dispensable for HR-mediated
repair of DSB in general (Fig. 2).

Among the speculative working hypothesis that can also be
mentioned here, a particular attention should be paid on a possible
contribution of PARP1 (and possibly PARP2) in the HR-mediated
repair of DSBs occurring within the transcriptionally inert
heterochromatic regions. Indeed, beside their well recognized
and unique contributions in the maintenance of heterochromatin
integrity [11], both PARPs have been found to interact with two
essential heterochromatin foundation factors: the co-repressor
KAP1 and the HP1 chromodomain protein [42]. Accumulating
studies have provided strong arguments toward essential func-
tions of the ATM-dependent phosphorylation of KAP1 and the
dynamic recruitment of HP1 to DNA lesions in promoting double-
strand break repair within heterochromatin [43,44]. Of note,
PARP1 activity was found to modulate the association of KAP1 and
HP1 during differentiation [42]. Whether it has also a functional
relevance in the dynamic recruitment of HP1 and KAP1 for repair
remains a fascinating issue to explore.

4.2.2. PARP1 in alternative NHEJ

It is now well documented that cells of higher eukaryotes
mainly use the classical fast NHEJ process to repair DSBs that
operates with the core components Ku and DNA-PKcs to recognize
the DSB and provide a scaffolding platform for further NHEJ
enzymes, Artemis and PNK which process the broken ends, X
family polymerases which promote microhomology and cohesion,
XRCC4-DNA ligase IV for ligation and the XLF/Cernunnos factor
[45]. However, when this pathway is chemically or genetically
compromised, cells are still able to rejoin a large part of DSBs by
activating a slowly operating backup pathway identified as the
alternative NHEJ pathway [45].

Compelling recent functional studies introduced PARP1 as a
principal actor of this alternative NHEJ process probably together
with the XRCC1-DNA ligase III complex [46,47]. PARP1 binds to
DNA ends in direct competition with Ku [46]. Its engagement in
this process is however limited by the higher affinity of Ku for DSBs
and as such becomes clearly apparent when essential components
of the classical pathway of NHEJ including Ku itself are absent.
Interestingly, biochemical studies extended the mechanistic
characterization of the A-NHEJ by inserting histone H1, a target
of PARP1 activity, in the process. Histone H1 functions as a positive
regulator of DNA ligase III and PARP1 and possibly by facilitating
the alignment of the DNA ends prior to ligation [48].

Extensive research has recently established significant contri-
bution of the A-NHEJ process in the repair of programmed DSBs
generated during physiological processes such as V(D)J recombi-
nation that takes place during B and T cells differentiation to
generate antigen specific receptors or class switch recombination
(CSR) that modulates antibody effector functions [45]. The role of
PARP1 and/or PARP2 in these pathways still remains poorly
characterized. Some clarification came from the recent report by
Robert et al. [49] that uncovered robust AID-dependent PARP
activity in stimulated primary splenic B cells or transformed CH12
lymphoma cells undergoing CSR. Whereas PARP1 was found to
favor AID-induced DSBs repair through alternative NHEJ, PARP2
was described to actively suppress AID-induced IgH/c-myc
translocations during CSR.

4.2.3. PARP1 in classical NHEJ

In contrast to the widely accepted role of PARP1 in A-NHEJ, its
potential contribution in C-NHEJ received limited attention.
However, various independent works converge toward a possible
role of PARP1 in this process as well, likely mediated by an
interplay with DNA-PK. Previous studies have shown that covalent
modification of DNA-PKcs via poly(ADP-ribosyl)ation stimulates
its kinase activity in vitro [50]. In addition, DNA-PKcs has been
identified as a member of the proteome associated with poly(ADP-
ribosyl)ated protein complexes, indicating that poly(ADP-ribosy-
l)ated DNA-PKcs exists in vivo [51]. This hypothesis is further
supported by Morrison et al. [37] who clearly demonstrated
genetic interactions and a functional overlap between PARP1 and
DNA-PK to ensure chromosomal integrity during V(D)J recombi-
nation and to prevent tumor development. Notably, a very recent
study again drawed the PARP1-dependent targeting of the
transcription factor NR4A and its phosphorylation by DNA-PK
that together promote efficient DSBs repair [5]. The in vivo data of
Spagnolo et al. [52] further substantiated these statements by
identifying a structural PARP1/DNA-PK/Ku molecular complex in
which PARP1 elicits a major architectural rearrangement of the
DNA-PK mediated synapsis.

4.2.4. PARP3, a newcomer in NHEJ

Recent results identified PARP3, the third member of the PARP
family as a newcomer in DSB repair [10,12]. PARP3 has been shown
to be recruited to laser-induced DNA damage sites. Its depletion in
human cells induced delayed kinetics of DSB resolution and
reduced their survival in response to irradiation and following the
additional inhibition of PARP1. Similarly, the double disruption of
PARP1 and PARP3 in the mouse model significantly enhanced their
radiosensitivity thus suggesting that both proteins act in concert to
promote DSB repair [12]. However, the exact molecular mecha-
nism involved remains to be characterized. One proposed scheme
is that PARP3 catalyzed poly(ADP-ribosyl)ation serves to target
APLF to DSB in a similar way as PARP1 targets APLF to SSB [10]. The
resulting recruitment of the XRCC4-DNA ligase IV complex will
facilitate DNA ligation during the classical NHEJ process. However,
given that PARP3 has been reported to interact with XRCC1, DNA
ligase III and PARP1 and was found to stimulate PARP1 activity
[53,54], it seems still plausible that PARP3 also promotes the
alternative NHEJ process. Interestingly, PARP3 was found to
regulate mitotic progression by stimulating the Tankyrase 1
(PARP5a) catalyzed auto (ADP-ribosyl)ation and hetero (ADP-
ribosyl)ation of the mitotic factor NuMA [12]. Whether PARP3
might exploit a similar mechanism based on the activation of
PARP1 to facilitate NHEJ remains an interesting issue to clarify.
Interestingly and by analogy to PARP3 in vertebrates, genetic
studies in Dictyostelium also identified a novel ADP-ribosyltrans-
ferase (ART) termed Adprt1a with key functions in accelerating
DSB repair by NHEJ [55].

4.3. Toward a role of Tankyrase in cell response to DNA damage?

In the literature Tankyrase 1 is denoted as a telomere associated
PARP involved (i) in the release of the telomeric protein TRF1 via its
PARsylation to control access and elongation of telomeres by
telomerase [56] (ii) and to resolve sister telomere cohesion before
mitosis [57]. Interestingly, Dregalla et al. [58] found that the
depletion of Tankyrase 1 in telomerase negative human fibroblasts
resulted in enhanced sensitivity to IR-induced cell death, gene
mutation and chromosomal aberrations, together suggesting a role



Table 2
Ongoing clinical studies involving third generation PARP inhibitors.

Drug Industry-Sponsor Cancer Association Phase

Ku-0059436

AZD2281

Olaparib

IC50 = 5 nM PARP1

IC50 = 1 nM PARP2

IC50 = 1.5 mM TNKS

National Cancer

Institute (NCI)

BRCA1/2 mutated breast/ovarian

cancers TNBC

Carboplatin

(Alkylating agent)

I

NCI Mixed muellerian, cervical, ovarian,

breast, primary peritoneal, fallopian,

endometrial cancers and

Carcinosarcoma

Carboplatin I

Astra Zeneca Advanced solid tumors Topocetan

(Topoisomerase I inhibitor)

I

Melanoma neoplasms Dacarbazine

(Alkylating agent)

I

Pancreatic neoplasms Gemcitabine

(Nucleoside analog)

I

Breast/Ovarian neoplasms

BRCA1/2 mutated

Single II

Cancer Research UK Glioblastoma Temozolomide

(Alkylating agent)

I

NCI Neoplasms Cisplatin/Gemcitabin I

CEP-9722 (prodrug)

IC50 = 20 nM PARP1

IC50 = 6 nM PARP2

Cephalon Advanced and metastatic

solid tumors

Single I/II

Solid tumors or mantle cell

lymphoma

Gemcitabine/Cisplatine I

Solid tumors Single + Temozolomide I

ABT-888/Veliparib

Ki = 5.2 nM PARP1

Ki = 2.9 nM PARP2

Abbott

Abbott

Solid tumors Lymphomas Topocetan

(Topoisomerase inhibitor)

I

Colorectal cancer Temozolomide II

Multiple myeloma Bortezomib (proteasome inhibitor)

Dexamethasone (corticosteroide)

I

Colorectal cancer Folfiri = Folinic acid + Fluorouracil

+ Irinotecan

I

INO-1001 Inotek pharmaceuticals Acute myocardial infarction Single II

Rucaparib

AG-014699

PF-0136738

Ki = 1.4 nmol/L

Clovis-Hoosier Oncology TNBC

with BRCA1/2 mutations

Cisplatin II

Cancer research UK BRCA1/2 mutated breast

and ovarian cancers

Single II

Clovis Oncology Advanced solid tumors Carboplatin I

BMN 673

ND

Biomarin Pharmaceuticals Solid tumors

Hematological malignancies

Single I

These drugs compete with NAD+ at the enzyme active site. The informations on the clinical trials have been obtained from http://www.clinicaltrials.gov. Only the active

studies recruiting volunteers and the complete studies are shown. Because BiPar/Sanofi recently concluded that the drug Iniparib (BSI-201; SAR240550) does not possess

properties typical of PARP inhibitors and failed to prolong survival in a phase III trial in metastatic TNBC, we decided not to mention the ongoing clinical trials using this drug

in this table. IC50 half maximal inhibitory concentration; Ki binding affinity of the inhibitor; TNBC Triple Negative Breast Cancer.
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of Tankyrase 1 in DNA repair. Further analysis of the mechanism
involved revealed that Tankyrase 1 catalyzed poly(ADP-ribosyl)a-
tion is required for the stability of the NHEJ factor DNA-PKcs. An
additional link between Tankyrase 1 and DNA repair comes from a
study in Caenorhabditis elegans showing that the orthologue PME-5
is among the most up-regulated proteins in response to ionizing
radiations although its direct role in repair remains to be
demonstrated [59]. Together, these data speculate onto DNA
repair functions of Tankyrase 1 at telomeres or possibly elsewhere,
which are independent of telomere length maintenance. However
additional proof and mechanistic analysis are required to validate
this statement. An emerging working model involves the poly(-
ADP-ribosyl)ation-directed E3 ubiquitin ligase Iduna (RNF146)
that was recently found to facilitate the base excision repair of
alkylated bases possibly through the PAR-dependent association
and ubiquitination of key actors of the process such as PARP1,
PARP2, XRCC1 and DNA ligase III [60]. A link between Tankyrase-
dependent PARsylation and Iduna-dependent ubiquitylation has
been demonstrated in the Wnt/-b-catenin signaling pathway [61].
Whether a similar link is activated during DNA repair remains a
stimulating hypothesis to consider.

5. The clinical relevance of PARPs in DNA repair

The recent remarkable and elegant progress in the biological
and mechanistic repair functions of PARP1 as outlined above, has
placed its inhibition at the forefront of therapeutic strategies
following two major schemes: (i) to potentialize the cytotoxic
action of ionizing radiation or clastogenic anti-tumoral drugs; (ii)
to sensitize HR-recombination deficient human cancers in a
synthetic lethality approach.

5.1. Potentializing chemio- and radiotherapy

Given the pivotal roles of PARP1 but also PARP2 in BER/SSBR as
discussed above, it is understandable that their inhibition will
increase the anticancer activity of chemotherapeutic drugs and
radiotherapy, both inducing lesions that would normally be
repaired by these pathways. In line with this statement, PARP
inhibitors have shown synergistic antitumoral effects when
combined with alkylating agents including temozolomide or the
platinum analogs cisplatin or carboplatine, topoisomerase inhibi-
tors such as camptothecin and ionizing radiation protocols in both
preclinical and clinical studies. These observations have consider-
ably motivated the pharmaceutical companies to develop potent
and selective PARP inhibitors. The currently used efficient third-
generation PARP inhibitors that have entered clinical studies are
derived from the 3-aminobenzamide structure and are for most of
them competitive NAD+ inhibitors. Table 2 reports the ongoing
clinical trials with the most potent drugs. Although most PARP
inhibitors currently used have been developed to target PARP1 for
cancer therapy, it is likely that they also target other PARP family
members. Ongoing structural analysis of the most commonly used
compounds are aimed to define and optimize their specificity. For
more detailed reviews on this aspect, see [62].

5.2. The synthetic lethality approach

In recent years PARP inhibition also appeared as an efficient
therapeutic option for breast, ovarian cancers with defects in
BRCA1/2 following the synthetic lethality approach. Synthetic
lethality arises when two simultaneously mutated genes leads to
cell death while mutation of either alone leaves the cell viable.
According to this scheme, the reports of Farmer et al. [63] and
Bryant et al. [64] have initially described PARP and BRCA as
synthetic lethal. The authors discovered that the inhibition or
depletion of PARP1 effectively kills BRCA defective tumor cells
owing to their defect in homologous recombination. PARP
inhibitors have still successfully entered the clinic and have
indeed demonstrated selective anti-tumor activity in patients with
mutated BRCA cancers. Where the debate remains is on the
underlying mechanism of this synthetic lethality still under
investigation. Different models are currently proposed.

The original model relies on the well-defined role of PARP1 in
BER/SSBR. This model postulates that the persistant unrepaired
single-strand breaks that accumulate after PARP inhibition, are
converted to double-strand breaks by collapsing a replication fork.
Since BRCA mutated cancer cells have defective HR, the resulting
DSB will be cytotoxic. However this model has been challenged by
the absence of detectable SSB in PARP inhibited cells [28] and the
failure to sensitize BRCA2 mutated cells to depletion of XRCC1 [65],
thus excluding the absolute requirement of the BER/SSBR process.
Part of an explanation is proposed by Patel et al. [65] who
uncovered an aberrant activation of the error-prone NHEJ after
PARP inhibition that likely contributes to the hypersensitivity of
HR-deficient cells owing to strikingly enhanced genomic instabili-
ty and lethality.

A second interesting although speculative model has been
proposed recently, based on the recent report by Strom et al. [28]
that PARP inhibitors inhibit the BER turnover by trapping the
inactive PARP onto the SSB intermediates therefore preventing
ligation rather then by targeting a direct BER activity. This trapped
complex might be particularly toxic after collision with the
replication fork. The inability of HR-deficient cells to repair such
complexes will result in the accumulation of lethal levels of DSBs.

Finally, the idea that PARP catalyzed repair and BRCA-
dependent HR function as two distinct pathways mediating
effective replication restart was also proposed as a mechanism
explaining the cytotoxicity of PARP inhibitors in HR-deficient cells
[66].

Remarkably, the sensitivity of BRCA-deficient cells has since
been extended to other HR-defective cells and PARP inhibitors
have emerged as among the most promising drugs for treating
advanced sporadic triple-negative breast cancer (TNBC) or basal-
like breast cancers especially when they express a BRCA-like
phenotype such as nonfunctional homologous recombination or an
epigenetically silenced BRCA1 gene [67].

Together these results provided additional possibilities for the
use of PARP inhibitors not only in patients bearing BRCA mutations
but for more cancers bearing deficiency in homologous recombi-
nation. In line with this idea, a recent report demonstrated that
mild hyperthermia inhibits HR by inducing degradation of BRCA2,
thus providing an other possibility to sensitize HR-proficient
tumor cells to PARP1 inhibitors [68]. Further research will now be
required to identify predictive biomarkers of response and select
the patients that will benefit from the use of PARP inhibitors. In line
with this, some studies have pointed to the increased PARP activity
observed in some HR-deficient tumor cells, revealing unusual high
levels of poly(ADP-ribose) as a predictive marker for PARP inhibitor
therapy [69].

6. Conclusion

As we have tried to draw it here, PARP-catalyzed poly(ADP-
ribosyl)ation is now recognized as one of the earliest and key
driving force in cellular response to DNA damage. PARP acts as a
DNA nick sensor and the resulting poly(ADP-ribose) is thought to
organize chromatin states and serves as a scaffold for subsequent
recruitment of repair proteins at DNA damage sites. This property
has open a new chapter in the field aimed to exploit PARP
inhibition as a therapeutic opportunity in cancer treatment.
Nevertheless, despite the exciting preclinical and clinical studies
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obtained recently with the PARP inhibitors, there are still
additional challenges and considerations that need to be explored
to optimize the therapeutic response.

A first important poorly unexplored question concerns the
emergence of acquired resistance to these inhibitors. Several
mechanisms have been identified including the upregulation of
multiple drug resistance efflux transporter, the development of
reversion mutations of the BRCA genes or the additional loss of the
DNA factor 53BP1 that was shown to reverse many aspects of the
BRCA phenotype [70].

Furthermore, there is an increasing body of evidence for
additional crucial biological properties of these PARPs in various
cellular (telomere homeostasis, transcriptional regulation, mitotic
division.) and physiological processes (lipid metabolism, sper-
matogenesis, lymphocyte maturation,. . .) that need to be consid-
ered for the safe and efficacious use of these inhibitors [1]. Finally,
given the high degree of conservation of the PARP catalytic
domains it seems still unclear how many different PARP family
members are simultaneously targeted by the PARP inhibitors.
Therefore, we believe that one of the major mission for the coming
years in the PARP field is to further dissect the biological activities
of the emerging DNA-dependent PARPs (i.e. PARP3, Tankyrase) and
to exploid their known structural features for the rationale design
of selective and potent PARP inhibitors.
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