aspet’

0026-895X/03/6405-1007-1014$7.00

MOLECULAR PHARMACOLOGY

Copyright © 2003 The American Society for Pharmacology and Experimental Therapeutics
Mol Pharmacol 64:1007-1014, 2003

Vol. 64, No. 5
2743/1091664
Printed in U.S.A.

MINIREVIEW

Pharmacological Modulation of Poly(ADP-ribose) Polymerase-
Mediated Cell Death: Exploitation in Cancer Chemotherapy

PAUL A. NGUEWA, MIGUEL A. FUERTES, CARLOS ALONSO, and JOSE M. PEREZ

Departamento de Parasitologia, Facultad de Farmacia, Universidad de La Laguna, Tenerife, Spain (P.A.N.); Centro de Biologia Molecular
“Severo Ochoa”, Consejo Superior de Investigaciones Cientificas-Universidad Autdnoma de Madrid, Madrid, Spain (M.A.F., C.A.); and
Departamento de Quimica Inorganica, Facultad de Ciencias, Universidad Autdnoma de Madrid, Cantoblanco, Madrid, Spain (J.M.P.)

Received June 17, 2003; accepted July 31, 2003

This article is available online at http://molpharm.aspetjournals.org

Poly(ADP-ribose) polymerases (PARPs) are defined as a
family of cell-signaling enzymes present in eukaryotes, which
are involved in poly(ADP-ribosylation) of DNA-binding pro-
teins. PARP enzymes are activated in response to DNA dam-
age induced by ionizing radiation, oxidative stress, and DNA-
binding antitumor drugs (Lindahl et al., 1995; D’Amours et
al., 1999). Poly(ADP-ribose) polymerase-1 (PARP-1; EC
2.4.2.30), also known as poly(ADP-ribose) synthetase and
poly(ADP-ribose) transferase, is the main member of the
PARP enzyme family. PARP-1 is an abundant and highly
conserved chromatin-bound enzyme that binds to nicked
DNA as a homodimer [molecular weight = 2 X 113 kDa] and
mediates protection against DNA damage. Upon binding to
DNA breaks, activated PARP-1 cleaves NAD™ into nicotin-
amide and ADP-ribose moieties and polymerizes the latter
onto nuclear acceptor proteins and PARP-1 itself. When DNA
is moderately damaged, PARP-1 participates in the DNA
repair process and the cell survives. However, in the case of
extensive DNA damage, PARP-1 overactivation induces a
decrease of NAD" and ATP levels, leading to cell dysfunction
or even to necrotic cell death (Martin et al., 2000). PARP-1
and other poly(ADP-ribosyl) transferases are localized not
only in the nucleus but also in the mitochondria. In fact, it
has been recently reported that intramitochondrial poly-
(ADP-ribosylation) contributes to NAD* depletion and cell
death induced by oxidative stress in neurons (Du et al.,
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2003). Overactivation of PARP-1 have been implicated in the
pathogenesis of several diseases, including stroke, myocar-
dial infarction, diabetes, shock, neurodegenerative disorder,
allergy, and several other inflammatory processes (Tentori et
al., 2002). Therefore, PARP-1 may be considered a potential
target for pharmacological intervention against various
pathophysiological states. In addition, because of PARP-1
involvement in cell death, pharmacological modulation of
PARP activity may constitute a suitable target to enhance
the activity of antitumor drugs. In fact, several adjuvant
strategies directed to modulate PARP activity, such as the
use of PARP-1 inhibitors (Southan and Szabd, 2003) or ATP-
depleting agents (Martin et al., 2000), have been recently
reported. The present review gives an update of the pharma-
cological modulation of PARP activity in cancer therapy and
tries to shed further light on this important subject.

Structure and Activity of PARP-1

Structural Data. PARP-1 consists of three main domains
(Fig. 1A): The N-terminal DNA-binding domain (DBD; MW,
46 kDa), which contains two zinc fingers; the automodifica-
tion domain (MW, 22,000 kDa); and the C-terminal region
(MW, 54 kDa) accommodating the catalytic center (de Murcia
and Menissier de Murcia, 1994; de Murcia et al., 1994; Virag
and Szabd, 2002). In the DBD, two zinc fingers are respon-
sible for DNA binding and some protein-protein interactions.
This domain (DBD), a DNA nick sensor, also contains a
nuclear localization signal within which the caspase-cleavage
site (DEVD) can be found. The automodification domain, a
central regulating segment, contains a breast cancer suscep-
tibility protein C terminus motif, which is common in many

ABBREVIATIONS: 6-AN, 6-aminonicotinamide; BEC, bioenergetics cellular; Da, dalton; g-F1-ATPase, B subunit of the mitochondrial H*-ATP
synthase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Hsp, heat shock protein; IP5, inositol 1,4,5-triphosphate; MAP regime, 6-meth-
ylmercaptopurine riboside + 6-aminonicotinamide + N-(phosphonacetyl)-L-aspartic acid; MW, molecular weight; PALA, N-(phosphonacetyl)-L-
aspartic acid; PARG, poly(ADP-ribose) glycohydrolase; PARP, poly(ADP-ribose) polymerase; PARP-CF, poly(ADP-ribose) polymerase catalytic

fragment.
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DNA repair and cell cycle proteins. Through this motif (i.e.,
the breast cancer susceptibility protein C terminus), PARP-1
participates in various protein-protein interactions. There is
high homology in the primary structure of the PARP-1 en-
zyme, with the catalytic domain showing the highest degree
of amino acid sequence homology between different species.
This catalytic domain, found in the C-terminal part of the
protein, contains the active site, which is highly conserved in
eukaryotes. The active site, also known as “the PARP signa-
ture”, is formed by a sequence of 50 amino acids that shows
100% homology among vertebrates (Virag and Szabd, 2002).
The C-terminal region (54 kDa) can be cut down to a 40-kDa
C-terminal polypeptide without losing the basal catalytic
activity (Simonin et al., 1993). The PARP catalytic fragment
(PARP-CF) is included within the catalytic domain and com-
prises residues 655 to 1014 (human numbering). PARP-CF is
composed of two parts: a purely a-helical N-terminal domain
of residues 662 to 784 and a C-terminal domain of residues
785 to 1010 bearing the putative NAD™ binding site (Ruf et
al., 1996). The N-terminal domain is formed by an up-up-
down-up-down-down motif of helices in which the connec-
tions are 9 to 14 residues long. The core of C-terminal region
consists of a five-stranded antiparallel B-sheet and four-
stranded mixed B-sheet. These two sheets are connected via
a single pair of hydrogen bonds between two strands that run
at an angle of 90°. The sheets are consecutive. The central
B-sheets are surrounded by five a-helices, three 3,-helices,
and by a three- and a two-stranded B-sheet in a 37-residue

A
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domain domain
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Caspase
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Human PARP-1

Fig. 1. Structure of poly(ADP-ribose) polymerase-1 (PARP-1). A, sche-
matic representation of the modular organization of human PARP-1
(hPARP-1), the location of some modules is indicated by amino acid
numbering. B, ribbon representation of chicken’s PARP-1 catalytic frag-
ment (C-terminal end, amino acids 662 to 1014), which was cocrystallized
with the NAD analog carba-NAD. The ribbon diagram shows the inter-
action of carba-NAD (inhibitor substrate analog) with the NAD *-binding
site of PARP-CF. The observed bound ADP moiety of carba-NAD is
shown; it marks the acceptor site. (Adapted from Ruf A, Rolli V, de
Murcia G, and Schulz GE (1998) The mechanism of the elongation and
branching reaction of poly(ADP-ribose) polymerase as derived from crys-
tal structures and mutagenesis. J Mol Biol 278:57—65. Copyright © 1998
Academic Press. Used with permission.) C, structure of carba-NAD: the
ring oxygen of the nicotinamide ribose is replaced by a methylene group,
which prevents ADP-ribosyl transfer and hydrolysis of the nicotinamide
moiety by cleavage of the B-glycosidic bond.

excursion between two central B-strands (Ruf et al., 1996).
The block of 50 amino acids (residues 859-908) that is iden-
tical for all PARP-1 sequences of vertebrates is contained in
a segment formed by a B-sheet, an a-helix, a 3,,- helix, a
B-sheet, and an «a-helix, consecutively. Both His-862 on a
B-strand and Glu-988 on another B-strand are involved in
NAD *-binding or catalysis (Marsischky et al., 1995; Masson
et al., 1995). Some PARP enzymes (PARP-1 and -2; Vault
PARP (vPARP); Tankyrases —TANKI1 and 2—) show differ-
ences in the domain structures (Virdg and Szabé, 2002).

PARP-1 inhibitors are very useful tools for studying the
biological functions of the PARP enzyme. Moreover, PARP
inhibitors may have additional applications as anticancer
agents and therapeutic agents against many other diseases
(Southan and Szabd, 2003). Most PARP inhibitors act as
competitive inhibitors of the enzyme, blocking NAD™" binding
to the catalytic domain of PARP. In addition, a common
structural feature of PARP inhibitors is the presence of ei-
ther a carboxamide or an imide group built in a polyaromatic
heterocyclic skeleton or a carbamoyl group attached to an
aromatic ring (Virdg and Szabé, 2002). The oxygen atom from
the carbonyl group seems to function as a hydrogen acceptor,
and the hydrogen atom from the amide or imide groups acts
as a proton donor in the hydrogen-bond interaction with
PARP (Virag and Szabé, 2002). Nicotinamide, the smaller
cleavage product of NAD*, and 3-aminobenzamide were the
first reported PARP inhibitors. Both compounds inhibit
PARP with a low potency, have limited intracellular accumu-
lation, and exert a variety of nonspecific actions, including
antioxidants effects (Farber et al., 1990). The inhibitory ef-
fect of nicotinamide on PARP-1 allows negative feedback
regulation of the enzyme. In recent years, several potent and
selective PARP inhibitors have been synthesized. Figure 1B
shows the binding of the NAD™ analog carba-NAD to the
NAD™-binding site of the C-terminal of the PARP-1 catalytic
fragment. As shown in Fig. 1C, carba-NAD has a methylene
group that replaces the ring oxygen of the nicotinamide ribo-
side of NAD™ so that ADP-ribosyl transfer and hydrolysis of
the nicotinamide moiety cannot take place, thereby inhibit-
ing PARP activity (Ruf et al., 1998).

Mechanisms of PARP-1 Activation. PARP-1 catalyzes
the cleavage of NAD™ into nicotinamide and ADP-ribose and
then uses the latter to synthesize branched nucleic acid-like
polymers of poly(ADP-ribose) covalently attached to nuclear
acceptor proteins (de Murcia et al., 1994; de Murcia and
Menissier de Murcia, 1994; Lindahl et al., 1995; Biirkle,
2001a). As shown in Fig. 2, in response to DNA breaks
produced by genotoxic stimuli, PARP catalyzes the covalent
attachment of ADP-ribose units from NAD™ to itself (auto-
modification) and to a limited number of nuclear DNA-bind-
ing proteins (heteromodification) such as histones, adaptor
factors, and DNA repair effectors (Lautier et al., 1993; Ruf et
al., 1996). The reaction is NAD* + X — X — 1'-ribose-5'-ADP
+ nicotinamide, where X is a side chain of a protein to be
modified (generally a glutamate, chain initiation, the 2'- or
3'-OH group of the ADP moiety of monomeric or polymeric
ADP-ribose (chain elongation or branching), or water (hydro-
lysis). When PARP-1 is activated through binding to DNA
breaks, the enzyme acts as a transferase, the so-called poly-
(ADP-ribose) transferase, adding ADP-ribose units to car-
boxyl groups of aspartic and glutamic residues. This reaction
continues ahead by a short-lived (¢,,, = 1 min) polymeriza-
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tion of ADP-riboses [i.e., poly(ADP)-ribosylation (Kupper et
al., 1990; Satoh et al., 1994)]. If DNA damage is repaired,
then the cell survives. However, in the event of irreparable
DNA damage, PARP-1 is overactivated, producing depletion
of both NAD™ and ATP stores, and then the cell may die by
necrosis. As also shown in Fig. 2, poly(ADP-ribosylation) is a
dynamic process in which poly(ADP-ribose) polymers are de-
graded by poly(ADP-ribose) glycohydrolase (PARG). PARP ac-
tivation leads to automodification through poly(ADP-ribosyla-
tion), resulting in PARP inhibition. So, removal of inhibitory
poly(ADP-ribose) units by PARG enzyme from the automodifi-
cation domain of PARP is required to reactivate PARP and to
allow for continuous NAD™ turnover (Davidovic et al., 2001).
PARP may be also activated through a signal transduction
pathway linked to phospholipase C—inositol 1,4,5-triphos-
pate (IP;)—calcium route. In fact, some evidence for a fast
activation of nuclear PARP-1 by electrical activity generated
from high [K*]-induced depolarization on the cell membrane
of brain cortical neurons has been reported (Homburg et al.,
2000). This novel mode of signaling to the cell nucleus may be
an alternative mechanism of PARP-1 activation that would
not involve the formation of DNA breaks. PARP-1 would be
activated by intracellular Ca®* mobilization into the nucleo-
plasm from IP;-gated stores. Hence, IP;-induced Ca®* re-
lease into the nucleoplasm would be a possible mechanism
for the depolarization-induced activation of PARP-1. In this
sense, it is interesting to point out that an increase in intra-
cellular [Ca®"] together with an enhanced IP; production has
been detected in neurons during membrane depolarization
(Al-Mohanna et al., 1994). Therefore, it has been hypothe-
sized that PARP-1 might be a downstream target of phospho-
lipase C that would modulate, through poly(ADP-ribosyla-
tion), the activity of transcription factors in response to
signals promoting phosphoinositides turnover and phosphati-
dyl-inositol 4,5-bisphosphate hydrolysis (Fruman et al., 1998;
Toker, 1998). Moreover, the role of PARP-1 in DNA repair and
transcription might underlie the effect of depolarization in pro-

(Genotoxic sticnnli
(Y -radiation, 0)(|dant5 drugs)

PARP
automodification

N;"-\D+ NAD’

ADP rivosylation
cf nuclaar protains
[haterumadlllcallon]

(ADP-ribose) -PARP
(INACTIVE)

PAR

VADmoveT

ADP-ribose

SuccessfuhD NA repair

I

Cell suryival

PARP and Cancer Chemotherapy 1009

tecting growth factor-deprived neurons from apoptotic cell
death (D’'Mello et al., 1993; Galli et al., 1995). However, the
physiological relevance of the phospholipase C-IP;—calcium
pathway in PARP-1 activation remains unclear.

PARP-1 Involvement in the Mechanisms of
Cell Death

In the 1990s, cell biologists used the expression “death
substrate” (Tewari et al., 1995) to name PARP-1, one of the
first identified substrates of caspases, the main executioners
of apoptosis (Kaufmann et al., 1993). Therefore, a role for
PARP-1 in the regulation of apoptosis has been suggested.
Some data in the literature point toward a possible role of
PARP-1 in apoptosis; however, more convincing evidence
suggests the involvement of PARP-1 in necrosis. In this re-
gard, it is important to know the role that PARP-1 plays in
these two main pathways of cell death.

Role of PARP-1 in Apoptotic Pathways. Apoptosis,
also called “programmed cell death” or “cell suicide”, is con-
sidered a controlled biochemical pathway of cell demise. The
apoptotic process is generally divided in three main phases
(initiation, effector, and execution) and requires ATP (Gonza-
lez et al., 2001). The last phase of the apoptotic process is a
common irreversible execution stage in which cysteine pro-
teases called caspases digest cellular proteins. Proteins that
are cleaved by caspases during apoptosis include, among
others, pro-caspase-3 and pro-caspase-7, Bcl-2 family pro-
teins (Bid, BcL-X;, and Bcl2), structural proteins (actin, cy-
tokeratin, and focal adhesion kinase), neural cell adhesion
molecules, signal-transduction proteins (e.g., Ca®* /calmod-
ulin-dependent protein kinase), and DNA repair and cell
cycle regulatory proteins (PARP, DNA polymerase-¢, cyclin
D, and p53) (Orrenius et al., 2003). At the end of the execu-
tion phase, the cell is dismantled through the formation of
apoptotic bodies, and nuclear DNA is cleaved into oligonu-
cleosomal fragments by an endonuclease. During apoptosis,

211 e DNA breaks

Fig. 2. Activation of PARP-1 through the
formation of DNA strand breaks after
genotoxic stimuli. DNA damage causes
PARP activation and subsequent cleav-
age of NAD" into nicotinamide and ADP-
ribose. ADP-ribose units are polymerized
onto nuclear acceptor proteins (hetero-
modification). Poly(ADP-ribosylation) al-
lows DNA repair and cell survival. PARP
activation also leads to automodification
of PARP by ADP-ribosylation, which re-
sults in PARP inhibition. By removing
poly(ADP-ribose) from PARP, PARG reac-
tivates PARP and allows NAD™ turnover.
Severe DNA damage leads to overactiva-
tion of PARP, leading to NAD* and ATP
depletion and subsequent necrotic cell
death.
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PARP-1 is cleaved into two fragments, p89 and p24, by the
caspase-3,-6,-7 complex (Germain et al., 1999), which recog-
nizes the DEVD motif in the nuclear localization signal of
PARP-1 (Lazebnik et al., 1994). Caspase cleavage at this site
separates the DBD from the catalytic domain, resulting in
the inactivation of PARP. Cleavage fragments contribute to
the suppression of PARP activity because p89 and p24 inhibit
homoassociation and DNA binding of intact PARP-1, respec-
tively (Kim et al., 2000; D’Amours et al., 2001). This is a
positive feedback loop in caspase-mediated PARP-1 inactiva-
tion, which suggests that blocking PARP-1 activation is vital
for the proper function of the apoptotic machinery. So, PARP
cleavage aims at preventing the activation of PARP by the
ensuing DNA fragmentation and thereby aims at preserving
cellular energy for certain ATP-sensitive steps of apoptosis
(Virag and Szab6, 2002). In conclusion, PARP cleavage seems
to be vital for the appropriate function of apoptosis.

Role of PARP-1 in Necrotic Cell Death. Considering
that cell death takes place in a tissue or organ, necrosis may
not be simply regarded as an accidental type of cell demise
but rather as a form of cell death more severe than apoptosis.
(Leist et al., 1997). There are several biochemical and mor-
phological differences between apoptosis and necrosis; how-
ever, the most distinctive characteristic of necrosis is the
disintegration of the plasma membrane, as opposed to the
compaction of apoptotic cells (Eguchi et al., 1997). During
apoptosis, cells are rapidly cleared from the tissues by mac-
rophages, whereas in necrosis, the leakage of cell content
from necrotic cells into the surrounding tissue may contrib-
ute to organ injury (Golstein et al., 1991). It has been pro-
posed that apoptosis and necrosis are at two ends of a con-
tinuum of possible modes of cell death in which apoptosis and
necrosis are triggered by mild and by severe genotoxic stim-
uli, respectively (Bonfoco et al., 1995; Nicotera et al., 1999).
Moreover, it has also been suggested that ATP is an impor-
tant determinant of the mode of cell death, especially in
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oxidatively injured cells or in cells treated with DNA-binding
antineoplastic drugs such as cisplatin, doxorubicin, and eto-
poside (Nicotera et al., 1998; Leist et al., 1999; Ran et al.,
1999; Crowley et al., 2000; Fuertes et al., 2003b). The reason
is that severe ATP depletion, which causes necrosis, is
brought about by the fall in mitochondrial permeability tran-
sition induced by cytotoxic stimuli. Fall in mitochondrial
permeability transition produces inhibition of mitochondrial
oxidative phosphorylation that generates ATP so that ATP
depletion blocks caspase cleavage of PARP, leading to con-
tinued PARP activity. PARP overactivation results in NAD™
depletion and further ATP depletion (Green and Reed, 1998).
Therefore, it is likely that PARP, as a NAD-catabolizing
enzyme, may serve as a molecular switch between apoptosis
and necrosis. Several groups have reported that inhibition of
PARP activity induces protection against necrotic cell death.
However, PARP inhibition does not protect cells from apo-
ptosis (Palomba et al., 1999; Szabé et al., 2001; Tentori et al.,
2001). Thus, a role of PARP activation in necrosis is consis-
tent with the fact that the inhibition or absence of PARP
provides the most remarkable protection in disease models
such as stroke, myocardial infarction, or mesenteric isch-
emia-reperfusion injury, which are characterized predomi-
nantly by necrotic-type cell death (Miesel et al., 1995). PARP
moderately activated may decrease cellular NAD™ content
without being fatal to the cells. In these conditions, cellular
energetics, moderately compromised, may cause cell dysfunc-
tion. It seems that pharmacological inhibition of PARP, by
improving cellular energetics, may rescue dysfunctional cells
and thereby can restore cell function.

Drug-Induced DNA Damage and PARP-Mediated
Cellular Responses. As shown in Fig. 3, it is currently
accepted that cells exposed to DNA-damaging drugs and
other genotoxic stimuli may undergo three pathways depend-
ing on the intensity of the DNA injury (Virdg and Szabg,
2002). Thus, a mild DNA damage activates PARP-1, which
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Fig. 3. The fate of a tumor cell after ex-
posure to a DNA-binding drug depends on
the degree of DNA damage as well as on
the availability of energy and the meta-
bolic condition of the cell. Mild DNA dam-
age induces PARP activation and efficient
DNA repair (cell survival pathway). In-
tense DNA damage may activate p53-de-
pendent (or independent) apoptosis after
DNA repair failure (apoptotic pathway).
Very intense DNA damage may induce
PARP overactivation and subsequent de-
pletion of NAD™" and ATP stores, leading
to necrotic cell death. Necrotic and apo-
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a cell that initiates the apoptotic program
may finally die by necrosis if during the
course of apoptosis ATP levels descend to
cell death-inducing levels. Conversely, if
PARP overactivation does not decrease
ATP levels to cell death-inducing levels,
then the cell may die by apoptosis.
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subsequently interacts via its zinc-finger domains with sev-
eral proteins involved in DNA repair (i.e., XXRCC1, polymer-
ase 3, and DNA ligase III) and modifies these repair proteins
through poly(ADP-ribosylation). If DNA repair proceeds suc-
cessfully, then the cell survives. Alternatively, if DNA dam-
age is too severe to be repairable, p53-dependent (or even
independent) apoptosis takes place, so that the caspase-3,-
6,-7 complex cleaves PARP-1. Hence, by inactivating PARP,
the caspase-3,-6,-7 complex relieves necrosis-mediated cell
death by virtue of preventing the depletion in NAD* and ATP
(Green and Reed, 1998; Herceg and Wang, 1999). A third path-
way may be induced by extensive DNA breakage in which
overactivation of PARP cleaves NAD™ into nicotinamide and
ADP-ribose moieties and polymerizes the latter onto nuclear
acceptor proteins. Decrease of NAD ™" levels inhibits production
of ATP through oxidative phosphorylation, leading to ATP de-
pletion and necrotic cell death (Martin et al., 2000).

It is known that certain types of cancer cells, when exposed
to antineoplastic drugs, show features such as internucleo-
somal DNA degradation, blebbing of the cell surface, and cell
shrinkage, which are consistent with apoptosis as a form of
cell death (Henkels and Turchi, 1997). In contrast, other cell
lines, particularly those with resistance to chemotherapy,
show characteristic features of necrosis (Guchelaar et al.,
1998; Pérez et al., 1999). Besides, it has been reported that in
the same population of cancer cells treated with antitumor
drugs (i.e., cis- and trans-platinum compounds), necrotic and
apoptotic cell death may take place together (Montero et al.,
2002). Apoptosis and necrosis have been usually considered
morphologically and mechanistically separate pathways of
cell death (Wyllie, 1987). In the 1980s, necrosis was consid-
ered the mode of cell death induced by DNA-damaging anti-
cancer drugs because of the activity of PARP (Tanizawa et
al., 1989). However, by the 1990s, apoptosis was thought to
be the usual form of cell death induced by most clinically
effective anticancer agents that bind to DNA (Eastman,
1999). The end of the 1990s saw these two hypotheses unified
by the discovery that intracellular ATP levels dictate
whether antitumor drugs induce cell death by necrosis or
apoptosis and that both processes of cell death are intercon-
nected. Thus, ATP depletion is the cause of necrosis, whereas
ATP is necessary for the execution of the apoptotic program. As
shown in Fig. 3, if DNA damage is unrepaired and ATP levels
are sufficient to maintain caspase activity, PARP-1 is cleaved
and antitumor drug-induced cell death may proceed through
apoptosis. Conversely, if ATP levels are too low to maintain
apoptosis, then the cell dies by necrosis (Eguchi et al., 1997).

Pharmacological Modulation of PARP in
Cancer Chemotherapy

As mentioned above, it is currently believed that within a
population of tumor cells, necrosis and apoptosis may take
place together (but in different cells) in response to cytotoxic
drugs. One reason is that different drug concentrations reach
different cancer cells; low concentrations induce apoptosis,
and higher concentrations produce necrotic cell death. How-
ever, the particular mode of cell death induced after drug
treatment is dependent not only on the drug and its concen-
tration but also on the particular cell line and the metabolic
status (mainly ATP levels) of the cell (Gonzélez et al., 2001).
On the other hand, occurrence of resistance is a common
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drawback of cancer chemotherapy. Drug resistance in tumor
cells is often multifactorial, including decreased drug accu-
mulation, intracellular drug detoxification, enhanced DNA
repair/tolerance, and failure of apoptotic pathways (Fuertes
et al., 2003a). In certain cases of drug resistance, apoptotic
cell death pathways may be inhibited. Highly resistant tu-
mor cells may bear genetic alterations of caspases or they
may contain endogenous caspase inhibitors (Schimmer et al.,
2003). Moreover, highly resistant tumor cells may prevent
apoptosis because of a drastic reduction of the bioenergetic
cellular (BEC) index (Cuezva et al., 2002). The BEC index is
a nondimensional ratio that expresses the mitochondrial ac-
tivity (oxidative phosphorylation), as indirectly evaluated by
the B-F1ATPase:70-kDa heat shock protein ratio, relative to
the cellular glycolytic potential as assessed from the amount
of GAPDH (Cuezva et al., 2002). This index is an indirect
measure of the energetic status of the cell and therefore of
the cellular ATP levels. Cancer cells with low BEC indices
(i.e., low cellular ATP levels) may be highly resistant to
programmed cell death because apoptosis is an energy-de-
pendent biochemical pathway. Therefore, it is very likely
that antitumor drugs provoke cell death by necrosis in most
cancer cell lines with low BEC indices. Taking into account
all the above-mentioned considerations about the degree of
sensitivity of the tumor to cancer chemotherapy, several ap-
proaches may be taken to enhance the cytotoxic effect of
antitumor drugs through pharmacological modulation of
PARP activity.

PARP Inhibitors as Adjuvant Drugs in Cancer Che-
motherapy. It has been reported that PARP-1 activity may
show an inverse correlation with the degree of cell differen-
tiation, meaning that most tumors would have accelerated
poly(ADP-ribose) metabolism. For instance, increased PARP
activity has been found in hepatocellular tumors in compar-
ison with healthy liver cells (Shiobara et al., 2001). Some
studies have reported that PARP inhibitors such as 6(5H)-
phenanthridinone or 4-iodo-3-nitrobenzamide may have a
direct cytotoxic effect on tumor cells (Weltin et al., 1994;
Mendeleyev et al., 1995). However, most studies have focused
on the synergistic cytotoxic effect of PARP inhibitors in com-
bination with y-radiation or DNA-binding drugs, including
alkylating agents and topoisomerase inhibitors (Bowman et
al., 1998; Tentori et al., 2002). DNA-binding antitumor drugs
directly damage DNA, inducing DNA breaks and subsequent
PARP activation. As may be deduced from Fig. 3, inhibition
of PARP in cells exposed to DNA-damaging drugs would
decrease DNA repair and would induce apoptotic cell death,
decreasing necrotic cell death and preventing the pathologi-
cal side effects of necrosis. It is interesting to note that PARP
inhibitors might be more effective against tumor cells than
against normal cells. For example, in low-grade malignant
non-Hodgkin lymphoma cells and hepatocellular carcinomas,
increased PARP-1 activity has been reported compared with
healthy lymphocytes or hepatocytes (Shiobara et al., 2001).
Therefore, PARP inhibition may render tumor cells more
sensitive to cytotoxicity induced by DNA-damaging antitu-
mor drugs. For instance, it has been recently reported that
PARP inhibitors 3-aminobenzamide or NU1025 increase ap-
optosis and reduce necrosis induced by the DNA minor
groove binder MeOSO,(CH,),-lexitropsin (Me-Lex) (Tentori
et al., 2001). Then, the use of PARP inhibitors in combination
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with DNA-binding drugs may result in the enhancement of
the apoptotic activity of this type of antitumor drugs.
ATP-Depleting Agents as Adjuvant Therapy in Anti-
tumor Drug-Induced PARP Overactivation. Tumors
usually contain neoplastic cells with high resistance to the
anticancer drugs. In addition, highly resistant tumors are
usually treated with high doses of chemotherapy (Mueller et
al., 2003). Intensive chemotherapy induces severe DNA dam-
age, which leads to PARP overactivation, resulting in the
depletion of NAD " and ATP and consequently in necrotic cell
death. During necrosis, cellular contents are released into
the tissue, exposing neighboring cells to potential damage by
proteases and other released factors (Golstein et al., 1991).
Although necrotic cell death induces local toxic effects in the
body, annihilation of tumor cells resistant to chemotherapy
may prevent not only a tumor recurrence but also the forma-
tion of metastases from the primary tumor site. On the other
hand, it is known that after exposure of a resistant tumor to
high doses of antitumor drugs, the PARP overactivation-
induced reduction in levels of both NAD* and ATP may drop
overall but will still be elevated in a few subpopulations of
highly-resistant cells. Therefore, intensive chemotherapy
may not be enough to kill these highly resistant tumor cells
(Martin et al., 2000). Moreover, other subpopulations of
highly resistant tumor cells may be able to survive under
severe conditions of ATP depletion, meaning that they may
be injured sublethally and may recover after drug treatment.
In both cases, pharmacological manipulation of tumor cell
energy to further depress NAD* and ATP to levels suffi-
ciently low to cause necrotic death may provoke the killing of
highly resistant tumor cells (Nord et al., 1997). In fact, it has
been recently reported that a concomitant ATP-depleting
strategy, called MAP regime, enhances antitumor drug-in-
duced cell killing in sublethally injured cancer cells through
activation of the PARP-associated biochemical mechanism of
necrotic cell death. This therapeutic strategy was based on
data showing that extensive drug-induced DNA damage
leads to overactivation of the PARP enzyme (Martin et al.,
2000). The MAP regime is a combination of 6-methylmercap-
topurine riboside plus 6-aminonicotinamide (6-AN) plus N-
(phosphonacetyl)-L-aspartic acid (PALA). Whereas 6-AN, a
NAD™ antagonist, inhibits glycolytic production of ATP
(Street et al., 1996), 6-methylmercaptopurine riboside is an
inhibitor of de novo purine biosynthesis that limits adenine
supplies for ATP production (Shantz et al., 1973). PALA
inhibits aspartate transcarbamylase and selectively lowers
pyrimidine nucleotide levels in tumors (Martin et al., 1983,
Fuertes et al., 2003b). The MAP regime not only depletes
ATP levels but also affects the pyridine nucleotide pool
(NAD*/NADH plus NADP*/NADPH). ATP depletion to le-
thal levels by MAP regime prevents caspase activity from
completing anticancer drug-induced apoptosis because the
caspase-3,-6,-7 complex cannot cleave PARP (Martin et al.,
2000). Then, ATP depletion is further continued via PARP-
induced NAD™ depletion so that the cell is forced to die by
necrosis because there is not enough energy to support apo-
ptosis (Boulares et al., 1999). Interestingly, the MAP regime
has shown to improve the antitumor activity of several antitu-
mor agents (i.e., doxorubicin, etoposide, paclitaxel, 5-fluoroura-
cil, and cisplatin) in mice bearing human tumor xenografts
(Martin et al., 2001). In addition, it should be mentioned that
the combination of PALA with some drugs does not provoke

severe toxicity in animals. Moreover, 6-AN, as a single agent,
has been safely administered to patients with disseminated
cancer in phase I clinical trials (Martin et al., 2000).

Summary and Outlook

Preclinical studies have shown that pharmacological mod-
ulation of PARP-1 activity may represent a useful tool to
treat cancer cells with different degrees of sensitivity to
DNA-binding antitumor drugs. In sensitive tumor cells, the
use of PARP inhibitors may avoid efficient DNA repair, al-
lowing low doses of anticancer drug to induce the elimination
of tumor cells by apoptosis. Moreover, it is interesting to note
that PARP inhibitors might be more effective against some
type of tumor cells than against normal cells. For instance, in
low-grade malignant non-Hodgkin lymphoma cells and hep-
atocellular carcinomas, increased PARP-1 activity has been
reported compared with healthy lymphocytes or hepatocytes
(Wielckens et al., 1980; Shiobara et al., 2001). In addition, it
has also been found that the sensitivity of certain tumor cells
to chemotherapeutic regimens is higher than that of normal
cells because of an inappropriate overexpression of onco-
genes. In fact, overexpression of E1A and c-myc oncogenes
increases tumor cell susceptibility to apoptosis induced by
several DNA-binding anticancer agents, including etoposide,
doxorubicin, 5-fluorouracil, and cisplatin (Lowe and Lin,
2000). Neoplastic cell populations usually contain tumor cells
of variable sensitivity to antineoplastic drugs. In addition,
when a tumor relapses, it usually becomes highly resistant to
chemotherapy (acquired resistance). Moreover, some tumors
are highly resistant to cancer chemotherapy (intrinsic resis-
tance). Therefore, in drug-resistant tumors, the use of ATP-
depleting agents as potentiators of the effect of PARP over-
activation may induce the killing of sublethally injured cells
through necrosis, increasing the chances of complete tumor
regression (Martin et al., 2000, 2001). From a biochemical
point of view, specific differences in the BEC index may be
the key determinants of sensitivity to antitumor drug-in-
duced genotoxic stimuli (Fuertes et al., 2003b). Because the
BEC index is directly correlated with the cellular ATP levels,
tumor cells with low BEC index (low ATP levels), such as
liver, kidney, and colon carcinomas, are usually highly resis-
tant to the execution of programmed cell death in response to
antitumor drugs (Cuezva et al., 2002). Thus, in highly resis-
tant tumors with a low BEC index, the use of anticancer
drugs in combination with ATP-depleting agents might fur-
ther depress ATP levels to cell death-inducing levels without
jeopardizing the viability of normal cells (Martin et al., 2000).
We think that the use of PARP inhibitors (apoptotic tumor
cell death) and of ATP-depleting regimes (necrotic tumor cell
death) as complementary anticancer therapies merits future
clinical exploration. Figure 4 summarizes these two thera-
peutic strategies of modulation of PARP activity, taking into
account the degree of tumor cell resistance. However, in
terms of the overall host immune response to dying tumor
cells, apoptotic destruction of tumor cells might have immu-
nological advantages for cancer patients relative to necrotic
tumor cell death. It is known that the host tries to fight
against an established tumor through presentation of anti-
gens from peripheral tumor cells to CD8 cytotoxic T cells, a
process known as “cross-presentation (den Haan et al., 2000).
Interestingly enough, it has been recently reported that in-
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duction of tumor cell apoptosis in mice may increase the
efficiency of cross-presentation and the response of tumor
specific cytotoxic T cells (Nowak et al., 2003).

Recently, several additional enzymes catalyzing poly(ADP-
ribosylation) have been identified. Taking into account their
intracellular localization and dependence or independence
for activation on DNA damage, these new members of the
PARP-family may have specific biological functions (Biirkle,
2001b). Therefore, future research must be also focused on
how PARP inhibitors may affect the function of these other
PARP isoforms and its potential pharmacological exploita-
tion in cancer and other diseases.

It has been hypothesized that cancer cells and trypano-
somes may share some basic molecular mechanism of prolif-
eration and/or cell survival. Thus, indirect evidence suggests
the presence of a PARP activity in Trypanosoma cruzi (Isola
et al., 1987). On the other hand, the isolation and partial
purification of a PARP-like enzyme from the trypanosomatid
protozoan Crithidia fasciculata has been recently reported
(Villamil et al., 2001). Of interest was the observation that
this PARP-like enzyme was inhibited by the lipophilic drug
o-naphthoquinone B-lapachone, which induces PARP cleav-
age in cancer cells and PARP inhibition in Chinese hamster
ovary cells (Vanni et al., 1998; Pink et al., 2000). Hence, inhi-
bition of PARP activity might be also exploited in the future to
increase the antiparasitic effect of DNA-binding drugs such as
pentamidine and related analogs. In summary, PARP enzymes
are pharmacological targets that offer several opportunities of
intervention to increase the cytotoxic activity of chemotherapy
against cancer and other proliferative malignancies.
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