
Pharmacological Research 52 (2005) 25–33

Chemopotentiation by PARP inhibitors in cancer therapy
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Abstract

Poly(ADP-ribose) polymerases (PARP) constitute a family of enzymes involved in the regulation of many cellular processes such as DNA
repair, gene transcription, cell cycle progression, cell death, chromatin functions and genomic stability. Among the 18 members identified
so far, PARP-1 and PARP-2 are the only proteins stimulated by DNA strand breaks and implicated in the repair of DNA injury. Therefore,
these molecules have been exploited as potential targets for the development of pharmacological strategies to increase the antitumor efficacy
of chemotherapeutic agents, which induce DNA damage.

PARP inhibitors have been shown to restore sensitivity of resistant tumors to methylating agents or topoisomerase I inhibitors, drugs
presently used for the treatment of primary and secondary brain tumors or malignancies refractory to standard chemotherapy. Interestingly,
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ARP inhibitors may also provide protection from the untoward effects exerted by certain anticancer drugs, which cause oxidative
onsequent PARP overactivation. The aim of this article is to provide a brief overview of the recent literature on preclinical studie
pecific and potent inhibitors newly synthesized.
2005 Elsevier Ltd. All rights reserved.
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Poly(ADP-ribose) polymerase (PARP) defines a family of
nzymes that cleaves NAD+ to nicotinamide and ADP-ribose

o form long and branched (ADP-ribose) polymers on glu-
amic acid residues of a number of acceptor proteins usually
ssociated with chromatin, including PARP itself. The ad-
ition of negatively charged polymers profoundly alters the
roperties and functions of the target proteins. Poly(ADP-
ibosyl)ation is involved in the regulation of many cellular
rocesses such as DNA repair, gene transcription, cell cy-
le progression, cell death, chromatin functions and genomic
tability. Besides the 7 members of the PARP family charac-
erized so far, additional 11 molecules that may have potential
ARP activity, have been fished out from the analysis of pro-

ein database[1]. In fact, all these proteins share the so-called
PARP signature”, which is located within the catalytic site.

In regard to DNA damage signalling, PARP-1, the found-
ng member, and PARP-2 are the only enzymes whose cat-
lytic activity has been shown to be promptly stimulated by
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DNA strand breakages. The role of PARP-1 in facilita
DNA repair of both single and double strand breaks has
clearly demonstrated, due to its involvement in the bas
cision repair (BER) and non-homologous end joining p
ways, respectively. In fact, PARP-1 binds to DNA str
breaks formed by ionizing radiation or through the incis
of apurinic/apyrimidinic sites during the repair of the da
age induced by monofunctional alkylating agents by mea
BER[2]. PARP-2 interacts with PARP-1 and shares com
partners involved in the single strand break repair and
pathways: X-ray repair cross-complementing 1 (XRCC
DNA polymerase� and ligase III[3]. Both enzymes dete
DNA strand interruptions acting as nick sensors, provi
rapid signals to halt transcription and recruiting the enzy
required for DNA repair at the site of damage.

Besides being involved in DNA repair, PARP may also
as a mediator of cell death. In fact, extensive DNA dam
that saturates cell repair ability, is known to trigger PA
overactivation with consequent extensive NAD consump
during the synthesis of ADP-polymers, which leads to A
depletion and induction of necrosis[4]. Extensive PARP act
vation may also results in caspase-independent program
raziani@uniroma2.it (G. Graziani).
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cell death, mediated by the translocation of apoptosis induc-
ing factor to the nucleus[5].

PARP has been extensively investigated as a target of novel
compounds, capable of inhibiting its catalytic activity, that
may be used in a broad spectrum of diseases to counter-
act PARP mediated cell death or to enhance the efficacy of
chemotherapy and radiotherapy[6].

In regard to chemopotentiation, the data obtained with
chemical inhibitors of PARP or derived from PARP-1 or
PARP-2 knock-out mice clearly indicate that suppression of
PARP activity increases cell susceptibility to DNA damaging
agents and inhibits strand break rejoining.

The vast majority of PARP inhibitors developed to date in-
teract with the nicotinamide binding domain of the enzyme
and behave as competitive inhibitors with respect to NAD+.
Structural analogues of nicotinamide, such as benzamide and
derivatives were among the first compounds to be investi-
gated as PARP inhibitors. However, these molecules have a
weak inhibitory activity and possess other effects unrelated
to PARP inhibition. Using the rational drug design approach,
more potent inhibitors of the enzyme have been synthesized,
which are specific for PARP but not selective between PARP-
1 and PARP-2. This review will focus on preclinical in vitro
and in vivo studies on PARP inhibitors used to enhance the
efficacy of anticancer chemotherapy, giving particular em-
phasis to the results obtained with the recently developed
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or no lethal effects, whereas unrepairedN3-MeA is a highly
toxic lesion, presumably because it hampers the contact be-
tween DNA polymerase and adenine in the DNA template
strand[8]. However the low percentage (∼8–12%) ofN3-
MeA generated by TMZ or dacarbazine, or by compounds
of exclusive experimental use (e.g.,N-methyl-N′-nitro-N-
nitrosoguanidine or methyl nitrosourea) is promptly repaired,
together withN7-methylguanine, by theshort patchof BER,
which substitutes a single modified nucleotide. During the
repair process, both methylated bases are excised by theN-
methylpurine DNA glycosylase (MPG) and, after hydrolysis
of theN-glycosidic bond by an apurinic/apyrimidinic (AP)
endonuclease, replacement of the damaged nucleotide takes
place by means of the co-ordinate intervention of PARP-1
and 2, DNA polymerase�, XRCC1 and ligase III[9].

Despite being produced in low amounts (∼8%),O6-MeG
is generally considered the main cytotoxic and mutagenic le-
sion produced by wide spectrum methylating compounds. In
fact, an inverse correlation has been found between sensitivity
to TMZ and the levels ofO6-alkylguanine DNA alkyltrans-
ferase (AGT), a DNA repair protein that transfers the alkyl
adduct from theO6 position of guanine to an internal cysteine
amino acid present within AGT itself[10].

If not repaired by AGT,O6-MeG inappropriately pairs ei-
ther with thymine or cytosine and the resultant mismatches
trigger the intervention of the mismatch repair system (MR).
H ized
s ines
t
t r re-
p hich
e and
g
[ ors
b
d nts,
b om-
p quent
s een
a ssue
o her-
a is-
t ri-
e nt of
s and
6

i-
t the
c
p de-
r of
P oval
o ba-
s icks
a ER
p

ompounds.

. PARP inhibitors and the wide spectrum
ethylating agent temozolomide

Monofunctional wide spectrum methylating agents
lude antitumor drugs of clinical interest such as te
olomide (TMZ) and dacarbazine. TMZ is a methylat
gent with promising antitumor activity against brain
ary tumors and metastases, including those from m
ant melanoma. Unlike its structural analogue dacarba
hich is the reference drug for the treatment of malig
elanoma, TMZ is a lipophilic compound and this prop
ccounts for its high oral bioavailability and extensive tis
istribution, which includes the brain[7]. Moreover, TMZ
pontaneously hydrolyses to give the active intermedia
3-methyltriazen-1-yl) imidazole-4-carboxamide, which
nstead generated by liver metabolic activation in the
f dacarbazine. TMZ possesses elevated tolerability, b
on-cumulative myelosuppression the most common d

imiting toxicity, which rarely requires dose delay or dr
iscontinuation[7].

The interaction of these methylating agents with D
enerates a wide spectrum of base adducts endowed
ytotoxic and/or mutagenic activity and the three m
odified bases are represented byN7-methylguanine,N3-
ethyladenine (N3-MeA) andO6-methylguanine (O6-MeG).
Even thoughN7-methylguanine is quantitatively t

revalent lesion (∼65–80%), this adduct appears to have l
owever, MR is directed exclusively to the newly synthes
trand where it removes the improperly paired pyrimid
o reinsert again a thymine or a cytosine opposite toO6-MeG
hat persists in the template strand. This would trigge
eated cycles of MR-mediated excision/resynthesis, w
ventually provoke DNA nicks with apoptosis induction
rowth arrest when the replication fork approachesO6-MeG

11,12]. In the presence of MR functional defects, tum
ecome tolerant toO6-MeG and inhibition of AGT activity
oes not enhance cell killing induced by methylating age
ut it rather increases the mutagenic activity of these c
ounds and the chances of genetic damage with conse
econdary tumors. Actually, MR functional defects have b
ssociated with familial or sporadic cancers of different ti
rigin and with secondary tumors arising after chemot
py [13,14]. Unfortunately, MR-deficient tumors are res

ant not only toO6-methylating agents, but also to a va
ty of anticancer drugs commonly used for the treatme
olid or hematological malignancies, such as cisplatin
-thioguanine[14].

In AGT-proficient or MR-deficient tumor cells, inhib
ion of PARP has been shown to restore susceptibility to
ytotoxic and antiproliferative effects of TMZ (Fig. 1, left
anel)[15,16]. The enhancement of antitumor activity
ives from the impairment of the co-ordinating function
ARP-1 and PARP-2 in the BER process after the rem
f theN-methylpurines by MPG and processing of the a
ic site by the AP endonuclease. The resulting DNA n
re no longer repaired due to the interruption of the B
rocess.
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Fig. 1. Molecular mechanisms underlying cytotoxicity induced by wide spectrum orN3-adenine selective methylating compounds, as single agents or combined
with PARP inhibitors.Left panel:Temozolomode (TMZ) generates a variety of DNA adducts such asO6-methylguanine (O6-MeG) which is repaired by high
levels ofO6-alkylguanine DNA alkyltransferase (AGT) andN7-methylguanine (N7-MeG) orN3-methyladenine (N3-MeA) which are both removed by base
excision repair (BER). In AGT-deficient cells, unrepairedO6-MeG triggers apoptosis as long as the Mismatch Repair (MR) system is functional. Inhibition of
PARP avoids recruitments of BER components involved in the repair process ofN-methylpurines; this results in generation of strand breaks and induction of
apoptosis.Right panel:The selectiveN3-A methylating agent Me-Lex provokes PARP activation and ultimately leads to necrosis; addition of PARP inhibitor
switches the modality of cell death from necrosis to apoptosis (see text for further details).

Treatment of tumor cells with different PARP inhibitors
before exposure to TMZ results in increased DNA strand
breaks, apoptosis and growth inhibition. These effects are de-
tected either in AGT-proficient or MR-deficient tumor cells
and are specifically observed with methylating agents, since
the association of PARP inhibitor with carmustine, a bifunc-
tional chloroethylating agent, does not substantially affect
cytotoxicity [17–20]. The enhanced cytotoxicity of TMZ af-
forded by inhibition of PARP activity is observed also in
tumor cells with mutated p53 and is further amplified by
over-expression of wild-type p53 through the use of aden-
oviral infection[21,22]. Moreover, it should be emphasized
that the killing effect, deriving from interruption of BER-
mediated repair process ofN-methylpurines, is already evi-
dent during the first round of cell division and occurs even
in the absence of DNA synthesis[22]. In contrast, cytotoxic-
ity deriving from the processing ofO6-methylguanine takes
place only during the second cycle of DNA replication, that
follows adduct generation[11]. Therefore, the presence of a
non-proliferating compartment in the tumor mass may limit
the efficacy of TMZ monotherapy even in the case of ma-
lignancies with functional MR and low AGT-activity. Con-
versely, PARP inhibitor and TMZ can be successfully used
also in the case of slowly proliferating tumors, which are often
poorly responsive to chemotherapy. A confirm to this find-
ing comes from our recent observation showing that PARP
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In fact, preclinical in vivo studies were hindered by the in-
trinsic toxicity of the compounds tested. For example, 3-
aminobenzamide (AB), the PARP inhibitor initially used for
in vivo chemopotentiation studies, caused marked hypother-
mic effects that complicated the interpretation of the results.
However, at non-toxic doses AB did not potentiate the activity
of antitumor drugs[26]. In the last few years, the develop-
ment of more potent and selective inhibitors of PARP, with
improved pharmacokinetics and toxicity profiles, has facili-
tated their evaluation as chemosensitizers in preclinal in vivo
models.

In the first in vivo preclinical study which tested a PARP
inhibitor in combination with TMZ, we demonstrated that
the antitumor activity of the methylating agent against brain
lymphoma is enhanced by intracerebral injection of the
PARP inhibitor NU 1025[27] (Fig. 2). However, when
NU 1025 is delivered systemically this compound does not
improve the efficacy of TMZ as a consequence of its limited
CNS penetration. Therefore, formulations of PARP inhibitor
that permeate the blood–brain barrier have been evaluated. In
particular, we tested whether systemic administration of GPI
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nhibitor and TMZ combination is active against tumors w
educed growth rate due to telomerase suppression[23].

The ability of PARP inhibitor to increase TMZ antiprol
rative and/or apopototic activity has been demonstrat
number of experimental models, including solid tumor
ifferent tissue origin (e.g., glioma, melanoma, colorecta
reast cancer) and haematological malignancies such a
hoid and non-lymphoid leukemias[17–20,24,25]. While in
itro studies on PARP inhibitors in combination with TM
tarted about 10 years ago, evidence of in vivo efficac
his therapeutic approach has been provided only rec
ig. 2. Different modality of PARP inhibitor administration to enhance
fficacy of TMZ against primary or secondary brain tumors. For precli

n vivo studies aimed at increasing the antitumor actitivity of TMZ aga
rimary brain tumors or CNS metastases from solid tumors, PARP inhi
ave been delivered selectively at the tumor site and systemically by
enous or oral administration[27–29].
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15427, a novel PARP-1 inhibitor (Guilford Pharmaceuticals
Inc., Baltimore, MD) capable of crossing the blood–brain
barrier, could enhance the efficacy of TMZ against metastatic
melanoma, glioblastoma multiforme and lymphoma growing
in the brain[28]. The results of this study indicate that in all
models, intravenous injection of GPI 15427 shortly before
TMZ significantly increases life span of tumor-bearing mice
with respect to untreated controls, or to groups treated with
either GPI 15427 or TMZ only (Fig. 2). In addition, systemic
administration of both PARP inhibitor and TMZ also limits
metastatic spreading of malignant melanoma to the lung,
suggesting that this drug combination can be particularly
effective for the treatment of this malignancy, which has the
ability to metastasise to almost any organ site[28]. Actually,
besides the brain, lungs represent one of the most frequent
sites of metastatic penetration by melanoma.

Moreover, we have recently proved the efficacy of GPI
15427 as chemosensitizer also when administered per os
[29]. In fact, upon oral dosing GPI 15427 is rapidly absorbed
and reaches in the brain tissue concentrations capable of en-
hancing the antitumor efficacy of TMZ against malignant
melanoma and lymphoma located at the CNS site (Fig. 2).
Among the PARP inhibitors tested so far in preclinical in vivo
models, this is the first agent that has been shown to possess
a good oral bioavailability, all the other compounds requiring
administration solely by parenteral routes.
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cell death induced byN3-MeA adduct. Me-Lex is highly toxic
especially in leukemic cells with defective or low levels of
MPG, which initiates the BER process cleaving the glycosyl
bond of theN-methylpurine. Differently from TMZ, sensi-
tivity to theN3-A methylating agent is not influenced by the
functional status of MR since Me-Lex induces comparable
growth inhibition in MR-deficient or MR-proficient cell lines
[34–37].

Necrosis is the prevalent cell death modality induced by
Me-Lex and is likely the result of PARP activation, which
occurs few minutes after drug exposure before the early loss
of mitochondrial membrane potential. In fact, pre-treatment
with PARP inhibitors blocks ADP-ribose polymer forma-
tion, preserves mitochondrial membrane integrity and pre-
vents necrosis[37] (Fig. 1, right panel).

The mechanism underlying Me-Lex-mediated PARP ac-
tivation, which results in cell death rather than in DNA re-
pair, still needs to be clarified. While in MPG-proficient cells
theN3-MeA adducts generated by Me-Lex are promptly re-
moved by the glycosylase and the resulting AP repaired by the
other BER components, in the presence of low levels of MPG
activity a high number ofN3-MeA persists in DNA. Since
N3-MeA blocks DNA polymerase, this would cause stalling
of the replication fork in proximity of the methyl adduct,
leaving theN3-MeA in the unreplicated strand. Noteworthy,
N-methlypurines located in single strand DNA are highly un-
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Other studies have identified novel potent PARP inhib
Pfizer/Agouron Pharmaceuticals, La Jolla, CA, USA)
nhance the growth inhibitory effects induced by TMZ
R-deficient colorectal cancers and one of them is u

valuation in clinical trials. For instance, AG 14361 a
ntraperitoneal administration shows a good distributio
umor xenografts implanted subcutaneously, where it
oundly inhibits PARP activity[30]. Interestingly, this com
ound also increases the sensitivity of tumor xenograf
adiation therapy.

Finally, subcutaneous administration of another PARP
ibitor (CEP-6800) developed by Cephalon (West Che
A, USA) has been shown to potentiate the antitumo

ivity of TMZ per os against a subcutaneous glioblasto
enograft. However, it should be pointed out that the tu
sed in this model is highly sensitive to TMZ monother

31].

. PARP inhibitor and selectiveN3-adenine
ethylating agents

The only agent capable of generating almost ex
ively N3-MeA (>99%) is MeOSO2(CH2)2–lexitropsin
Me-Lex), a methyl sulfonate ester tethered toN-
ethylpyrrolecarboxamide dipeptide that targets A/T rich
uences located in the DNA minor groove[32,33]. While the
echanisms involved in the cytotoxic and mutagenic act
f O6-MeG have been extensively investigated, few stu
ave addressed the biochemical pathways leading to t
table and give rise to AP sites, which are not substrate o
ndonuclease and are not further processed and repai
ER [8]. Therefore, it can be speculated that the resu
NA nicks eventually yield to double strand breaks tha

urn may cause PARP overactivation (Fig. 3).
Activation of PARP by Me-Lex is followed few hou

ater by a marked decrease in nuclear PARP-1 expre
nd nuclear factor-�B activity (NF-�B). This transcription

actor has been involved in cellular response to DNA d
ge: NF-�B inhibition would promote cell death, where

ts activation following treatment with anticancer drugs
enerally regarded as a hallmark of tumor resistance. S
ARP-1 has been shown to act as NF-�B co-activator throug
direct protein–protein interaction, it is conceivable tha
ecrease of PARP-1 protein in the nucleus observed in
ex treated cells may be responsible for the impairme

he DNA binding activity of NF-�B, which in turn would
ontribute to silence gene transcription in cells underg
ecrosis[37]. Interestingly, Me-Lex provokes a marked
rease of telomerase in the cytosol that is accompanie
transient up-regulation of activity in the nucleus, as a

equence of nuclear translocation of telomerase in res
o genotoxic damage. It is well known that telomerase i
olved in cellular immortalization, but telomerase plays
role in cellular response to DNA damage and chromos
ealing[38]. Since Me-Lex is capable of inducing chrom
ome damage in leukemia cells, it can be hypothesized
roken chromosomes might mimic dysfunctional telom
nd recruit telomerase activity in the nucleus in an attem
epair the damage.
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Fig. 3. Schematic drawing to explain PARP activation induced byN3-MeA.
In the presence of low levels of MPG activity a high number ofN3-MeA
persists in DNA. During DNA replication, DNA polymerase is blocked by
the methyl adduct.N3-MeA adducts located in the unreplicated single strand
DNA are highly unstable and give rise to apurinic sites which are not further
processed and repaired by BER[8]. The resulting DNA nicks, in proximity
of stalled replication fork, eventually generate double strand breaks that may
cause PARP activation.

Although PARP inhibition prevents the appearance of
necrosis induced by Me-Lex, it does not protect the cells
from dying. In fact, the combination of Me-Lex and PARP
inhibitor induces a profound growth inhibitory effect, associ-
ated with marked down-regulation of c-Myc, increased gen-
eration of DNA single strand breaks and apoptosis[35]. Thus,
the addition of PARP inhibitor simply switches the modal-
ity of cell death from necrosis to apoptosis due to disruption
of methylpurine repair mediated by BER process (Fig. 2,
right panel). The apoptotic effect deriving from PARP in-
hibitor + Me-Lex is especially evident in tumor cells with
high levels of MPG which are resistant to necrosis induced
by theN3-A methylating agent[35].

In conclusion, in the case of theN3-A selective methy-
lating compound, which can be exploited for the treatment
of tumors unresponsive to classical wide spectrum methy-
lating agents, the association of PARP inhibitors is useful to
sensitize MPG-proficient tumors, which efficiently repairN3-
MeA. It should be also noted that in MPG-deficient tumors,
which undergo necrosis in response to Me-Lex, inhibition of
PARP is not detrimental since cells eventually die for apop-
tosis.

3. PARP and topoisomerase I inhibitors
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Topoisomerase I is an essential enzyme that relaxes
upercoiling, through the generation of transient single s
icks, favouring DNA replication and RNA transcriptio
uring these processes, topoisomerase I covalently bin
ouble stranded DNA and forms a short-lived intermed
ith the nick (cleavable complex), allowing rotation
NA around the non-cleaved strand and relaxation of
NA torsional strain. Finally, re-ligation of strand bre

estores the integrity of DNA and is followed by the enzy
issociation from the double helix. Topoisomerase inhib
on covalently bind to topoisomerase I-DNA, stabilize
leavable complex and inhibit the re-ligation step. S
his interaction is reversible, cytotoxicity occurs only wh
he replication fork encounters a cleavable complex, w
s thereafter converted into a permanent double st
reak.

The first demonstration that down-regulation of PARP
ivity can sensitize human tumor cell lines to topoisome
inhibitors comes from a report showing that AB is able
nhance responsiveness to camptothecin of resistant su
erived from the human oral squamous cell carcinoma

ine [39]. This finding was confirmed and extended to o
xperimental models using more specific PARP inhib
nd topotecan, a water-soluble camptothecin derivativ
roved for clinical use[40–42]. Treatment with camptothec
as been shown to activate PARP and inhibition of PARP
reases the number of DNA strand breaks and consequ
ytotoxicity [41]. Preclinical in vivo studies demonstra
hat recently developed inhibitors of PARP significantly
rease the antitumor activity of irinotecan (the first ca
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tothecin derivative to enter clinical trials) in subcutaneous
models of colon cancer xenografts[31,42].

While the enhancing effect of PARP inhibition on TMZ
toxicity seems to be clearly related to the interruption of
BER pathway, few studies have addressed the role of ADP-
ribosylation in modulating the efficacy of topoisomerase I
poisons. It has been demonstrated that PARP-1 and PARP-2
act as carriers of (ADP-ribose) polymers, which bind to spe-
cific domains of topoisomerase I. This interaction results in
disjoining of topoisomerase I-DNA covalent complex, which
favours the resealing of strand breaks by the ligase activity
of topoisomerase I. In the presence of camptothecin (ADP-
ribose) polymers accelerate DNA re-ligation, counteracting
the action of the poison[43]. Therefore, it is conceivable that
the enhancement of camptothecin cytotoxicity induced by
PARP inhibitors may be due to the impairment of the strand
break re-joining mediated by topoisomerase I itself (Fig. 4).

4. PARP and topoisomerase II inhibitors

In regard to possible synergistic interactions between
PARP and topoisomerase II inhibitors, the data reported in the
literature are controversial. Topoisomerase II reduces DNA
supercoiling by making transient breaks in both strands, al-
lowing the passage of DNA duplex through the double-strand
b DNA
c lly
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Fig. 4. PARP inhibition and sensitization to DNA damage induced by topoi-
somerase I poisons. The figure illustrates a simplified model on how PARP
inhibition may increase cytotoxcity of topoisomerase I inhibitors. PARP-1
and PARP-2 act as carriers of (ADP-ribose) polymers, which bind to spe-
cific domains of topoisomerase I, favouring the resealing of strand breaks
by the ligase activity of topoisomerase I. In the presence of topoisomerase
I inhibitor double strand breaks are generated when the replication fork
encounters a cleavable complex. During this process, accelerated DNA re-
ligation mediated by (ADP-ribose) polymers would counteract the action
of the antitumor drug. Addition of PARP inhibitor may impair strand break
re-joining mediated by topoisomerase I itself, increasing DNA double strand
break formation.

The PARP inhibitor 4-amino-1,8-naphthalimide has been
shown to sensitize p53-deficient breast cancer cell lines
to apoptosis induced by doxorubicin, an anticancer drug
commonly used for adjuvant therapy of breast cancer[49].
Doxorobucin is an antitumor anthracycline antibiotic that,
besides producing reactive hydroxyl radicals, interacts with
topoisomerase II, leading to DNA breakage. Although the
mechanism by which PARP inhibition facilitates doxorubicin
efficacy has not been completely elucidated, the authors
attributed this result to accelerated apoptosis. Actually, other
authors reported a detrimental effect that would come from
abrogation of PARP activity, showing that cells with de-
creased PARP activity are resistant to doxorubicin. This effect
was attributed to up-regulation of the multidrug resistance
reak. Topoisomerase II poisons stabilize the enzyme-
leavable complex and inhibit DNA re-ligation, eventua
enerating permanent strand breaks. Resistance to to
erase II inhibitor is generally associated with mutation
ecreased expression of the enzyme.

In regard to the classical topoisomerase II inhibitors
ived from the plant toxin podophyllotoxin, it has be
emonstrated that PARP inhibitors do not provide any
itization of tumor cells to etoposide[41]. In line with this
nding are the results showing that PARP inhibitor prot
ells from apoptosis induced by GL331, a novel cong
f etoposide[44]. Moreover, PARP-1 null mouse fibrobla
xhibit reduced susceptibility to etoposide, which has b
ttributed to down-regulation of topoisomerase II activity
iving from a decreased expression of its� isoform[45,46].
inally, an inverse correlation has been found between P

evels and resistance to etoposide in a panel of lung c
ell lines[47].

Recently, it has been shown that cells lacking functi
ARP-1 are extremely sensitive to the antiproliferative

ects of C-1305, a novel triazoloacridone compound cap
f inhibiting the catalytic activity of topoisomerase II and
owed with low direct cytotoxicity[48]. On the other hand

he authors also observed that amsacrine, a classical
opoisomerase II inhibitor is highly cytotoxic in mouse c
ndependently of their intrinsic PARP-1 status. The hig
ensitivity of PARP-1 mutant cells to C-1405 is essentially
esult of prolonged G2 arrest rather than increased DNA da
ge or apoptosis induction, suggesting that PARP-1 s
ight be essential for the control of the duration of G2 arrest
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gene productP-glycoprotein that reduces drug accumulation
in tumor cells[50].

5. PARP inhibitors and platinum compounds

Platinum compounds are among the most widely used and
effective anticancer drugs. Cisplatin and its analogue carbo-
platin, which generate similar platinum DNA adducts, are
used for the treatment of germ cell tumors, gynaecologic can-
cers, lung, bladder and head/neck cancer, whereas oxaliplatin
is used for the treatment of colon cancer. These agents inter-
act with DNA generating preferentially intra-strand cross-
links that, if not removed by the nucleotide excision repair,
are highly cytotoxic. Moreover, MR appears to play a role
in apoptosis triggering upon binding of the hMSH2/hMSH6
heterodimer to the adducts generated by cisplatin or carbo-
platin [14]. In fact, MR-deficient cells are two- to three-fold
more resistant to cisplatin induced cell killing with respect to
MR-proficient cells.

In regard to the use of PARP inhibitors as enhancer of
platinum compounds efficacy, a previous in vivo study in-
dicated that combined treatment with nicotinamide and cis-
platin significantly increases survival of animals bearing a
cisplatin-resistant ovarian cancer cell line with respect to cis-
platin monotherapy[51]. The results obtained with the more
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that PARP activation occurs downstream from the generation
of oxidant species.

PARP inhibition has been also shown to protect animals
against nephrotoxicity of cisplatin without affecting its an-
titumor efficacy[53]. Cisplatin-induced nephrotoxicity is a
serious adverse effect that is characterized by reduced renal
blood flow and proximal tubule injury. Prevention of kid-
ney damage generally relies on intensive intravenous hydra-
tion in combination with forced diuresis. Moreover, various
free radical scavengers such as compounds containing thiol
groups (i.e., amifostine, glutathione, or sodium thiosulfate)
have shown some protective effect. However, no treatment
provides complete protection especially against long-term
damage and nephrotoxicity is still a major limit of cancer
chemotherapy with cisplatin.

Although the mechanism underlying cisplatin-induced
nephrotoxicity has not been completely clarified, activation
of PARP has been implicated in kidney tubular injury. It
is known that cisplatin generates reactive oxygen species,
which in turn cause DNA single strand breaks and PARP
activation. In fact, poly(ADP-ribosyl)ation followed by
ATP depletion has been demonstrated in renal tubular cells
exposed to cisplatin and both effects were reversed by the
PARP inhibitor AB[54]. The in vivo nephroprotective effect
of PARP inhibition has been shown in tumor-bearing mice
treated with the nicotinic amidoxime derivative BGP-15,
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pecific PARP inhibitor CEP-6800 in a model of non-sm
ell lung carcinoma Calu-6 xenograft appear to be co
ent with those reported with nicotinamide[31]. However
he Calu-6 cell line is extremely sensitive to cisplatin and
ntity of chemopotentiation, even though statistically sig
ant, is modest. Conversely, a recent study points out th
ovel PARP inhibitor AG14361 does not sensitize to cisp
ny of the ovarian cancer cell lines tested, characterize
ifferent MR functional status and resistance pattern[25].

. PARP inhibitors to counteract toxicity induced by
nticancer drugs

Another application of PARP inhibitors regards their
n combination with doxorubicin to reduce drug-induced
iac toxicity by avoiding necrotic cell death. The clini
se of doxorubicin is limited by its serious dose-depen
ardiotoxicity, which leads to irreversible degenerative
iomiopathy and heart failure. It has been demonstrated

he impairment of cardiac function in doxorubicin-induc
eart failure is due to oxidative stress. Increased form
f hydrogen peroxide and peroxynitrite causes single s
reaks that in turn trigger PARP activation within the he
he PARP inhibitor PJ34 exerts protective effects agains
iac disfunction and PARP-1−/− animals are more resista

o the cardiotoxicity of the antitumor agent with respec
heir PARP-1+/+ counterparts[52]. However, PARP inhibi
ion does not prevent metalloproteinase activation, whi
ependent on oxidative stress and plays an important r
ongestive heart failure and reperfusion injury. This sugg
PARP inhibitor capable of providing protection aga
schemia-reperfusion injury[53]. Oral administration o
GP-15 shortly before cisplatin treatment prevented d

nduced renal failure without reducing the antitumor effic
f the chemotherapeutic agent. Interestingly, BGP
as a protective effect also against peripheral neurop
ssociated with cisplatin or with the antimicrotubule ag

axol [55]. In this case, it has been speculated that
europrotective effect of the PARP inhibitor is based on
revention of free radical damage that causes the chan
erve conduction velocity induced by both drugs.

. Conclusions

From the above reported data, the advantage of th
f PARP inhibitors in cancer therapy is two-fold: to enha

he efficacy of DNA damaging anticancer drugs or, in
ected cases, to protect normal tissues from the toxic ef
f chemotherapy. Although apparently contradictories, t

wo indications clearly depend on the type of DNA dam
rovoked by the anticancer agent to be combined with P

nhibitor. The first indication applies to chemotherape
gents that directly induce genotoxic damage, which req
ARP for its repair. On the other hand, the use of PARP
ibitors to counteract the untoward effects of chemothe
oncerns anticancer agents that provoke cell death gene
xidative stress and consequent PARP overactivation.

Presently, a large amount of experimental data suppo
se of PARP inhibitors as chemosensitizers and the pro
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ing results of the preclinical studies on their combination with
TMZ provide the biological rational basis to start phase I/II
clinical trials for the treatment of resistant tumors. However,
especially in the case of tumors with an elevated metastatic
potential to the brain such as malignant melanoma, the phar-
macokinetics properties of PARP inhibitors should be care-
fully evaluated. In particular, brain penetration of the PARP
inhibitor appears to be an essential requisite, since brain
metastases are frequent and lead to patient death in few
months, even after treatment with TMZ. A recent multicen-
ter phase II trial demonstrated that TMZ is well tolerated but,
as a single agent, possesses modest antitumor activity for
the treatment of melanoma brain metastases[56]. Since the
limited efficacy of TMZ, that easily crosses the blood–brain
barrier, is likely due altered expression or functional status
of molecules involved in DNA repair, the PARP inhibitors
selected for clinical trials to revert resistance to TMZ should
reach sufficient concentrations in the brain to inhibit PARP
activity at the tumor site.

A major concern deriving from the treatment of cancer
patients with PARP inhibitor combined with chemotherapy
remain systemic toxicity, since inhibition of DNA repair in
normal tissues may increase sensitivity to the genotoxic dam-
age provoked by the antitumor agents. In particular, the com-
bination of PARP inhibitor and TMZ has shown to be toxic
also against non-proliferating cells. Finally, due to the in-
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