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The Editor

Csaba Szabé, M.D., Ph.D., Vice President for Research, Inotek Corporation, is a
pharmacologist, physiologist, and cell biologist. He received his M.D. degree at the
Semmelweis University Medical School in Hungary, and obtained a Ph.D. degree
in physiology at the Hungarian Academy of Sciences. He next completed a 3-year
tenure with Nobel Laureate Sir John Vane at the William Harvey Research Institute
in London, England, and has many major publications in the pathophysiology of
shock and inflammation to his credit, including highly cited papers on the role of
nitric oxide in endotoxic and hemorrhagic shock. He also identified several classes
of nitric oxide synthase inhibitors selective toward the inducible isoform of nitric
oxide synthase.

He was only 26 when he was initially recruited by Cincinnati’s Children’s
Hospital to lead the research program of the Division of Critical Care, where he
worked between 1994 and 1999 as an assistant and, later, as an associate professor
and established one of the country’s preeminent research programs for pediatric
critical care.

Currently, Dr. Szab6 holds an M.D. and two Ph.D. degrees, and, in addition to
his position as Vice President for Research at Inotek Corporation, he has an adjunct
full professorship (surgery) at the University of Medicine and Dentistry of New
Jersey. He is recognized internationally as a leader in the field of the pathophysio-
logical roles of nitric oxide, and has pioneered the field of the role of poly(ADP-
ribose) synthetase activation in various forms of shock, inflammation, and reperfu-
sion injury. His expertise ranges from reperfusion injury of the brain and heart,
through local and systemic inflammatory conditions, septic and hemorrhagic shock,
diabetes mellitus, to neuroimmunology of the inflammatory response. He is author
of over 200 peer-reviewed original publications, author of numerous invited reviews
and book chapters, a frequent invited lecturer at national and international meetings,
a reviewer for over 30 major journals, and an invited grant reviewer for the National
Institutes of Health, the Welcome Foundation, and other organizations. He has
numerous issued and pending patents and patent applications in the areas of nitric
oxide synthase inhibitors, nitric oxide donors, and poly(ADP-ribose) synthetase.

Dr. Szabé is spearheading diverse in-house basic research and preclinical devel-
opment programs at Inotek, and collaborating with over 30 research groups world-
wide. Over the last 5 years, he has attracted substantial extramural research funding
from the National Institutes of Health, the American Heart Association, the American
Lung Association, the Juvenile Diabetes Foundation, and other institutions. He is a
member of the editorial boards of the British Journal of Pharmacology, Shock, and
the International Journal of Molecular Medicine. He has been awarded a number
of scientific awards, including the Pro Scientia Award (1989), the Lloyd’s of London
Tercentenary Foundation Award (1992), the Servier Young Investigator Award



(1994), the Hans Selye Award (1997), and the Peroxynitrite Award (1998). At the
age of 31, he was elected the youngest ever Doctor of the Academy of Sciences in
his native Hungary.

Dr. Szabé is married and has a 1-year-old daughter, Lili Szabd.
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Introduction

Cell Death by Energy
Depletion: AReemerging
Concept via the Nitric
Oxide Connection

Csaba Szabo and Solomon H. Snyder

Poly(ADP-ribose) polymerase (PARP), also termed poly(ADP-ribose) synthetase
(PARS), is a nuclear enzyme with a wide range of functions including regulation of
DNA repair, cell differentiation, and gene expression.!> More than a decade after
the identification of PARP-like enzymatic activities in mammalian cells, Dr. Nathan
Berger and colleagues®* proposed a novel role for this enzyme, mediating a suicidal
mechanism triggered by DNA strand breakage. As summarized in 1995 by Berger,
“when DNA strand breaks are extensive or when breaks fail to be repaired, the
stimulus for activation of poly(ADP-ribose) persists and the activated enzyme is
capable of totally consuming cellular pools of NAD. Depletion of NAD and conse-
quent lowering of cellular ATP pools, due to activation of poly(ADP-ribose) poly-
merase, may account for rapid cell death before DNA repair takes place and before
the genetic effects of DNA damage become manifest.” 3 This hypothesis has since
become a controversial centerpiece of the PARP field. In many experimental systems,
the PARP suicide theory has been confirmed and extended. For instance, in the mid
1980s, Dr. Charles Cochrane and his group carried out a detailed characterization
of the PARP suicide pathway in white blood cells stimulated with hydrogen perox-
ide.5® Furthermore, in the early 1980s, a role of PARP was proposed in conjunction
with streptozotocin-induced islet cell death and diabetes mellitus.®!

The theoretical and practical implications of the PARP suicide pathway were
not exploited extensively until the 1990s; in the 1980s only a handful of pathophys-
iologically relevant studies, almost exclusively focusing on diabetes mellitus, had
been completed in conjunction with the pathway (e.g., References 11 and 12). What
accounts for this “lag phase”? One factor was a shift of attention toward investiga-
tions into molecular mechanisms of PARP cleavage and its role in apoptosis. Another
reason may have been the limited availability of potent and specific PARP inhibitors,

0-8493-2267-7/00/$0.00+$.50
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2 Cell Death: The Role of PARP

and the lack of PARP-deficient cells and animals. The fact that the field was lacking
a pathophysiologically relevant stimulus of DNA single-strand breakage and PARP
activation may also have played an important role.

In the early 1990s, one of our laboratories>!> and a group of diabetes researchers
in Diisseldorf, Germany, led by Dr. Hubert Kolb, provided evidence that nitric oxide
(NO), a labile free radical with multiple roles in physiology and pathophysiology,
can activate a pathway leading to cell death (neuronal cell death and pancreatic cell
death, respectively).'>!* Peroxynitrite, a reactive oxidant species produced from the
reaction of NO and superoxide free radicals, has subsequently been established by
one of the authors' as an endogenously produced trigger of DNA single-strand
breakage and PARP activation (overviewed in Reference 16). Peroxynitrite, rather
than NO is the likely trigger of cell death in stroke,!” as well as in various other
forms of reperfusion and inflammation.'8

Appreciation of the NO connection introduced new investigators (mainly from
the NO field) to the field of PARP, many of them with interest in pathophysiology
and in vivo models of disease. About this time, the first line of knockout mice,
lacking functional PARP, was generated.!? Cells from the PARP knockout mice were
found to be resistant to various forms of oxidant injury.?-?> Using the PARP-deficient
mice, it was also demonstrated that lack of PARP confers protection against a wide
range of insults including animal models of stroke,?!-?3 brain trauma,?* myocardial
ischemia-reperfusion injury,-?" colitis,”® endotoxic shock,? diabetes,’*-3? and Par-
kinson’s disease.*® The findings in knockout animals have also been reproduced in
animals treated with pharmacological inhibitors of PARP (e.g., References 21
through 36). PARP rapidly became a target for drug development for the experi-
mental therapy of various forms of inflammation and reperfusion injury.

Recent investigations have now clarified the mode of oxidant-induced cell death
affected by PARP. Exposure to massive amounts of DNA-damaging mediators leads
to correspondingly massive levels of DNA damage, with consequent massive syn-
thesis of poly(ADP-ribose) polymer and loss of cellular NAD. It is now clear that
the PARP suicide pathway, the process of “DNA single-strand breakage — PARP
activation — energy depletion” does not directly induce apoptosis, but rather triggers
necrotic cell death characterized by rapid cell injury, changes in membrane integrity,
and release of intracellular content evidenced by increases in the plasma levels of
various necrotic markers, such as lactate dehydrogenase.!42921-37-3% Pharmacological
inhibition or genetic inactivation of PARP protects against cell necrosis. In some
systems, e.g., in cells challenged with high levels of peroxynitrite or hydrogen
peroxide, inhibition of PARP can divert the mode of cell death from the necrotic
toward the apoptotic mode by providing energy to apoptosis (apoptosis being an
energy-dependent, active process). The fact that cell necrosis can be influenced by
pharmacological means can be considered a key revelation, because necrotic cell
death is not generally considered to be amenable to pharmacological or therapeutic
interventions. Necrotic cell death is a key component of many pathophysiological
conditions. For example, in the reperfused myocardium, or the failing liver, necrotic
cells lose the integrity of the plasma membrane and release their intracellular con-
tents. Indeed, the release of intracellular enzymes from specific tissues has long been
used as a clinical diagnostic tool; examples are the measurement of the plasma levels
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of creatine kinase isoforms specific for the heart in the diagnosis of myocardial
infarction and the detection of various hepatic transaminase enzymes in the plasma
in the diagnosis of liver injury. Similarly, in various forms of stroke, neuronal necrosis
is a dominant part of the histological picture. Inhibitors of PARP may represent one
of the first pharmacological means to prevent cell necrosis. The “PARP activation
— cell necrosis” pathway has also transformed the conventional wisdom regarding
the role of PARP cleavage in the process of cell death: according to recent studies,
PARP cleavage can be considered a protective mechanism, which prevents cell
necrosis (because cleaved PARP is catalytically inactive and cannot trigger NAD*
and ATP depletion) and thereby helps the completion of the apoptotic process.*’

The current status of the field of PARP and cell death is well represented in this
book. Investigators from the diverse fields of neuroinjury, myocardial injury, diabe-
tes, shock, and inflammation have contributed. In addition, the area of PARP and
apoptosis, PARP and DNA repair, PARP and regulation of gene expression are well
represented. Furthermore, separate chapters focus on developments in the respective
areas of pharmacological inhibition of PARP, and on novel ways of measuring PARP
activation and PARP cleavage. Finally, the novel, emerging field of PARP isoforms
is presented, with their potential role in cell death.

Tremendous progress has been made in the area of PARP and cell death. It is
also clear that the area of PARP research will grow further in the future, and may
ultimately enter the clinical arena. Nevertheless, many controversies remain to be
clarified, and many recent discoveries and observations need to be further developed
and explored. We hope that the current volume not only will present a state-of-the
art overview of the field, but also will provide some help for this quest.
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1.1 INTRODUCTION

Mechanisms of neural damage have been of considerable clinical concern long before
the augmented interest in programmed cell death, apoptosis, as a sequence of defined
steps that can be approached through selective modulation of individual genes. Much
of this interest involved efforts to deal therapeutically with stroke and neurodegen-
erative diseases such as Alzheimer’s disease, Huntington’s disease, and Parkinson’s
disease. As most strokes are caused by occlusion of cerebral blood vessels, it was
thought for many years that neural damage simply involved infarction of tissue due
to absence of blood flow so that no therapeutic intervention would be feasible. In the
case of neurodegenerative diseases, whose specific causes remain largely unknown,
there was little to be done about the inexorable process of cell death. This line of
thinking began to change with evidence that, following stroke, only a limited amount
of tissue is infarcted due to total ischemia, while the major neural damage proceeds
gradually over a day or two following toxic insult to tissue that was only partially
hypoxic. Numerous toxic chemicals are released as a result of ischemia, including
products of lipid peroxidation and assorted oxygen free radicals. A particularly large
augmentation of glutamate release into the extracellular space occurs following vas-
cular occlusion with 50-fold or greater increases detected by microdialysis.!
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Glutamate is of interest because of evidence from the late 1970s that glutamate can
be a neurotoxin. Indeed, the considerable potency of various rigid glutamate analogues
has led to their use as the preferred means of producing brain lesions that selectively
destroy neurons while leaving glia and other supporting cells intact.?

Glutamate neurotoxicity is particularly notable, because glutamate is a physio-
logical excitatory neurotransmitter that acts at specific receptors so that pharmaco-
logical agents can be developed to perturb its effects. Glutamate acts at two major
types of receptors, metabotropic receptors, which are coupled to G proteins and act
through cyclic AMP or inositol 1,4,5-trisphosphate (IP;), and ionotropic receptors.
There are two major classes of ionotropic receptors, those selectively stimulated by
N-methyl-p-aspartate (NMDA) and those activated by (o-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA). All of the subtypes of glutamate appear
to play some role in neurotoxicity. However, the greatest attention has been focused
upon NMDA receptors. The NMDA receptor—associated ion channel admits sodium
and calcium. It is also voltage activated so that a neuron must be partially depolarized,
usually by AMPA receptor activation, before a physiological block of the NMDA
channel by magnesium is relieved. The NMDA receptor is also unique in that it
requires two agonists for physiological activation. A so-called glycine site of the
receptor must be activated in addition to the glutamate recognition site. Recent
evidence indicates that the predominant endogenous ligand for the glycine site is in
fact p-serine formed by an enzyme, serine racemase colocalized in astrocytes adja-
cent to NMDA receptors, which converts L-serine to p-serine.?

Drugs acting at all the various subtypes of glutamate receptors influence neuro-
toxicity. Most extensively studied have been agents affecting NMDA receptors.
Drugs blocking either the glutamate or “glycine” sites of the receptor prevent
neurotoxicity in multiple models of neuronal culture and diminish stroke damage in
intact animals. Agents blocking AMPA receptors are also therapeutic, as are drugs
influencing metabotropic sites. These pharmacological data have provided the most
persuasive evidence for a role of glutamate excess in neurotoxicity and stroke.
Models of neurodegenerative disease are difficult to assess. However, the destruction
of dopamine neurons by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is
regarded as a meaningful model mimicking salient features of Parkinson’s disease.
Various glutamate antagonists prevent MPTP neurotoxicity (see Chapter 2 by
Dawson and Dawson).

1.2 NITRIC OXIDE

Nitric oxide (NO) was first identified as a physiological modulator of cellular activity
through its actions as endothelial-derived relaxing factor in blood vessels and its
role in mediating the ability of activated macrophages to kill tumor cells and bacteria.
Garthwaite and associates* detected a substance with activity resembling NO in
cerebellar cultures, suggesting that NO might also be a messenger molecule in the
brain. In blood vessels, NO relaxes smooth muscle by stimulating the activity of
guanylyl cyclase to synthesize cyclic GMP. In the brain, the highest levels of cyclic
GMP occur in the cerebellum of young rats. NMDA receptor activation elicits a
rapid ten-fold increase in cyclic GMP levels. This increase was found to be associated
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with a concomitant tripling of NO synthase (NOS) activity that occurs within a
matter of a few minutes.’> Both the augmentation of NOS activity and of cyclic GMP
levels could be blocked by arginine derivatives that are inhibitors of NOS.6 Purifi-
cation of neuronal NOS (nNOS) showed that it requires calmodulin and associated
calcium for activity.” This explains the abrupt augmentation of nNOS activity fol-
lowing NMDA receptor activation, as the calcium entry into cells through the NMDA
channel stimulates nNOS. This mode of calcium entry is selective as general
increases in calcium elicited by augmentation of intracellular IP; do not activate
nNOS. Instead, NMDA receptors are physically linked to nNOS by the postsynaptic
density protein, PSD-95, which binds both to the NMDA receptor and to nNOS.%°

Purification of nNOS permitted the development of antisera and immunohisto-
chemical mapping of NO neurons as well as cloning of nNOS and, subsequently,
separate forms of the enzyme derived from distinct genes, endothelial NOS (eNOS),
and macrophage or inducible NOS (iNOS).!%!7 nNOS neurons comprise only about
1% of neuronal cell bodies in the cerebral cortex and most other parts of the brain.
However, their extensively branched processes ramify to so great an extent that it
seems likely that virtually every neuron in the brain is in proximity to an nNOS
neuronal process.!?

The possibility that NO might influence a wide range of neuronal cells in the
brain suggests that, just as NO mediates effects of glutamate on cyclic GMP, perhaps
it mediates the neurotoxic actions of glutamate. Cerebral cortical cultures have been
a valuable system for exploring the neurotoxicity, especially by NMDA activation.
Exposure of cortical cultures to glutamate or NMDA itself for a brief period is
followed 24 h later by death of the majority of neurons. The ability of drugs to block
neurotoxicity in this model correlates well with their antistroke actions in intact
animals. NOS inhibitors block NMDA neurotoxicity in these cultures.!” Subse-
quently, cultures from mice with targeted deletion of nNOS were shown to be
markedly protected from NMDA neurotoxicity."”

Evidence for NO as a mediator of neurotoxicity has been translated into direct
demonstrations for a major role of NO in stroke damage. Numerous laboratories
showed that NOS inhibitors substantially reduce stroke damage even when admin-
istered after ligation of the middle cerebral artery.?! The extent of protection of stroke
damage with NOS inhibitors is comparable to what one obtains with glutamate
receptor antagonists. nNOS~~ mice are also protected against stroke damage although
the protection is less than with NOS inhibitors.?? This discrepancy may be related
to the fact that the nNOS~- animals employed in these studies are deficient only in
the major form of the enzyme, nNOS-o, while two alternatively spliced forms,
nNOS-B and nNOS-y, are retained in the knockout mice.?* Evidence that these
alternatively spliced forms of the enzyme are functional in intact animals comes
from immunohistochemical staining with antibodies generated against citrulline,
which is formed stoichiometrically with NO by NOS.>* The staining pattern for
citrulline in intact brain resembles that for nNOS. In nNOS~~ mice, citrulline staining
is abolished in some areas such as the cerebellum. However, in other brain regions
such as the cerebral cortex and corpus striatum, citrulline staining levels are 30 to
50% of control values. This fits with studies monitoring catalytic activity of nNOS
in homogenates from various brain regions of nNOS~~ animals.?
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The citrulline staining technique provided an approach to direct examination of
the hypothesis that strokes do elicit a major augmentation in NO production, which
had been hypothesized but never directly demonstrated, except in very preliminary
efforts. Occluding the middle cerebral artery in rats does indeed markedly stimulate
citrulline staining. However, the area stained does not correspond to infarcted, dead
brain tissue. Instead, citrulline staining is most intense in penumbra areas, which
are partially hypoxic but in which neurons are still alive.?® By contrast, nitrotyrosine
staining is most evident in infarcted zones. Nitrotyrosine reflects the actions of
peroxynitrite, formed by the combination of NO and superoxide. These findings thus
establish that NO alone is insufficient for eliciting stroke damage. Rather, it must
combine with superoxide, leading to the formation of peroxynitrite, which then
degenerates to the very toxic hydroxyl free radical.

The citrulline staining studies provide insight to the cellular dynamics of NO
turnover in the brain.?® In control brains, citrulline staining cells represent only a
small portion of the total number of nNOS staining cells, generally only about 20%.
However, following cerebral artery occlusion, all nNOS cells stain for citrulline.
Thus, about 80% of the nNOS neurons in the brain can be regarded as “quiescent,’
in that they presumably are not actively forming NO under normal circumstances.
In this way, one might regard NO somewhat as a “stress neurotransmitter” formed
and released in large amounts only in response to marked perturbations.

1.3 RELATIONSHIP OF NITRIC OXIDE TO
POLY(ADP-RIBOSE) POLYMERASE (PARP)

A variety of evidence suggests that cyclic GMP, while mediating actions of physi-
ological levels of NO, is not responsible for the neurotoxic effects of large amounts
of released NO. Cyclic GMP derivatives that penetrate into cells fail to produce
neurotoxicity, and inhibitors of guanylyl cyclase fail to prevent toxicity. This led to
a search for other targets of NO action. As a free radical molecule, NO is highly
reactive and so can influence a wide range of potential targets. Extensive attention
has been devoted to the ability of NO to nitrosylate cysteine groups in proteins, and
there is good evidence that this mechanism may account for the influence of NO in
activating Ras and thereby influencing nuclear events in cells.?’” NO can bind to the
glycolytic enzyme cis-aconitase, which also functions as an iron regulatory protein
altering the stability of the messenger RNA for the iron regulatory proteins ferritin
and the transferrin receptor.?® This mechanism physiologically mediates NMDA
receptor activation upon iron dynamics in cells. NO binds to a variety of mitochon-
drial proteins as well.

Our focus on PARP arose out of an interest in identifying targets of NO in
addition to soluble guanylyl cyclase. We had noted a report that NO stimulates the
ADP-ribosylation of a 36 to 38-kDa protein.?’ Because the molecular weight was
similar to that of G proteins, which are well known to be ADP-ribosylated, the
authors had suggested that G proteins may be a target of NO stimulated ADP-
ribosylation. Because a substantial number of different G proteins exists, we won-
dered what might be the exact identity of the ADP-ribosylated protein. To isolate
it, we developed a biotin-linked derivative of NAD, the substrate for ADP-ribosy-



Nitric Oxide and Poly(ADP-Ribose) Polymerase in Neuronal Cell Death 11

lation. We then purified and sequenced the protein, which turned out not to be a G
protein at all but instead glyceraldehyde-3-phosphate dehydrogenase (GAPDH).3%3!
Other groups independently identified the apparent ADP-ribosylation of GAPDH.3233
Certain investigators developed evidence that instead of attaching only an ADP-
ribose group to GAPDH, what might be involved is the attachment of the entire
NAD molecule to GAPDH.?#* The exact nature of the modified GAPDH has not
been resolved, and it may be that both NAD attachment and ADP-ribosylation can
take place. The ADP-ribosylation is an auto-ribosylation in that NO mixed with pure
GAPDH results in ADP-ribosylation, which involves a single cysteine at the active
catalytic site of the enzyme.3!'%3” The exact function of the auto-ADP-ribosylation
of GAPDH is not altogether clear. Some studies suggest that GAPDH catalytic
activity in cells is diminished by NO effects on the enzyme so that this process may
be a way of decreasing glycolytic metabolism. However, GAPDH has functions
other than glycolysis. GAPDH can translocate to the nucleus*3° and bind to DNA
and RNA as well as other proteins.**#? Indeed, during several modes of cell death
in neuronal and non-neuronal systems GAPDH synthesis is markedly
augmented’®**#3 and the “new” GAPDH appears in the nucleus.’®* Antisense to
GAPDH, which blocks this augmented synthesis, also prevents cell death.33394546
Conceivably, NO and auto-ADP-ribosylation of GAPDH influence this process.

Utilizing the biotin-linked NAD, we sought other proteins whose ADP-ribosy-
lation might be augmented by NO. We isolated a 110-kDa protein, which we showed
to be poly(ADP-ribose) polymerase (PARP).*” PARP is an abundant nuclear enzyme
activated by DNA strand breaks and implicated in facilitating the DNA repair
process. PARP utilizes NAD as its substrate and attaches branched chains of 50 to
200 ADP-ribose groups to a variety of nuclear proteins including histones, topoi-
somerases, and PARP itself. In brain extracts exposed to NO, we found that PARP
itself is virtually the sole target for NO-activated ADP-ribosylation.

Berger and associates®® hypothesized that radiation might exert a major portion
of its cell-killing activity by DNA damage and PARP overactivation. The over-
activation of PARP leads to depletion of its substrate NAD, and, in efforts to
resynthesize NAD, cellular ATP is depleted and the cell dies from energy loss (Figure
1.1). We wondered whether such a mechanism might account for NMDA neurotox-
icity in cortical cultures. In studies in collaboration with the Dawsons, we found
that benzamide-related PARP inhibitors blocked NMDA neurotoxicity in cultures
in rough proportion to their potencies as PARP inhibitors, while agents that inhibited
only mono-ADP-ribosylation and not PARP were ineffective.*’ Independently, Cosi
et al.* explored the role of PARP in glutamate toxicity in cerebellar granule cells
in culture. These workers observed an increase in levels of the poly(ADP-ribose)
polymer following glutamate treatment and showed that benzamide-related PARP
inhibitors diminished toxicity.

1.4 USE OF PARP KNOCKOUT MICE TO CLARIFY

NEUROTOXICITY

Benzamide-related inhibitors of PARP have provided hints of a role for PARP in
neurotoxicity. However, one must be extremely cautious about interpreting results
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FIGURE 1.1 The mechanism of PARP activation in mediating excitotoxicity. Excess release
of glutamate (Glu) binds to and opens the postsynaptic NMDA receptor (NMDA-R). The
influx of calcium (Ca?*) combines with calmodulin (CaM) to activate nNOS, which is coupled
to the NMDA receptor through PSD-95 (postsynaptic density protein 95 kDa). Large amounts
of NO are produced by nNOS using arginine (Arg) as a substrate with citrulline (Cit) as a
by-product. The released NO and superoxide (O*) form peroxynitrite (ONOO-), which
damages DNA either by itself or through its decomposition to the reactive hydroxy radicals
(OH:). Overactivation of PARP by extensive DNA damage causes depletion of NAD which
contributes to neuronal death.

with such agents, as they are weak inhibitors of PARP with ICs, values around 10
to 100 uM. Most studies of their effects on neurotoxicity have employed much higher
concentrations. Virtually any compound used in millimolar concentrations will exert
many different effects. In the case of benzamide derivatives, a number of these
effects have been characterized and might account for inhibition of neurotoxicity in
various systems. For instance, benzamides at high concentration were found to affect
glucose metabolism and DNA synthesis.?® They also inhibit the expression of iNOS
as well as cell adhesion receptors that could be relevant to neurotoxicity. Such effects
may relate to their ability to inhibit gene expression for many agents including
various transcription factors. Nicotinamide has also been employed as a PARP
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inhibitor and is even less potent than benzamide analogues.’! Nicotinamide is also
an oxygen free radical scavenger. Because it is the precursor of NAD, any neuro-
protective effects of nicotinamide might derive from augmenting NAD levels that
were being depleted by neurotoxicity. More recently, more potent agents have been
developed with greater selectivity but with various problems. For instance, 3,4-
dihydro-5-[4-1(1-piperidynil)buthoxy]-1(2H)-isoquinolinone (DPQ) inhibits PARP
in low micromolar concentrations. It provides stroke protection in rats, but at higher
doses loses neuroprotection, which suggests that this drug exerts other actions
besides inhibition to PARP.>

Much greater selectivity can be obtained with targeted deletion of genes. Three
separate groups have developed mutant mice lacking PARP (PARP).53-5 In brain
tissue of these mice, PARP activity appears to be abolished. However, some residual
PARP activity and protein can be demonstrated in fibroblasts from PARP knockout
mice.’® These findings led to the suggestion that there might exist genes encoding
other forms of PARP. Quite recently, two separate PARP genes have been identified,
and they are distinct from the original form of PARP, which is designated PARP,.57-6
The two new forms of PARP are only about half the molecular weight of PARP,.
In terms of amino acid sequence, PARP, and PARP; display 40 and 31% sequence
identity to the catalytic C-terminal domain of PARP,. Although they both lack the
zinc-finger DNA-binding domain that occurs in the N-terminus of PARP, and they
also lack the central automodification domain which is where ADP-ribose groups
are attached to PARP, at least PARP, still displays auto-ADP-ribosylation activity
in a DNA-dependent manner.5° The PARP, DNA-binding domain resides in the first
64 amino acids at the N-terminus. Unlike PARP,, PARP, does not modify purified
histones by ADP-ribosylation.®® About 90% of DNA damage—induced poly(ADP-
ribose) synthesis can be accounted for by PARP, activity, with PARP,, and perhaps
PARP;, contributing the rest. In PARP, 7~ cells, only 5 to 10% residual activity was
detected, which might reflect lesser catalytic activity for PARP, and PARP,.>® Dif-
ferences between PARP, and PARP, can be explained by their intrinsic catalytic
properties. The K,, for PARP, is 2.6-fold lower than that for PARP, and the &_,/K,,
ratio for PARP, is 18 times higher than that for PARP,.% It appears that severe DNA
damage is required to activate PARP,, since only high doses of DNA damaging
agents stimulate poly(ADP-ribose) synthesis in PARP,” cells, while lower doses,
known to activate PARP,, do not influence PARP,.%° Taken together, these results
suggest that PARP, is the dominant isoform responsible for the majority of
poly(ADP-ribose) synthesis and the depletion of NAD. Like PARP,, PARP, and
PARP; occur in a wide range of peripheral tissues and in the brain. The three forms
of PARP derive from distinct genes and occur on different chromosomes, with PARP,
being on human chromosome 1g42, while PARP, and PARP; are on chromosomes
14q11.2-q12 and 3p21.1-p22.2, respectively.

The existence of PARP, and PARP; raises a number of questions about studies
utilizing PARP-- animals, which in fact are only deficient in PARP,. For instance,
because of the role of PARP in DNA repair, most researchers assumed that PARP-~
mice would be extremely susceptible to the development of tumors. However, there
appears to be no increased incidence of tumors in any of the three strains of PARP-
animals, even though some of them have been followed for up to 2 years. Definite
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abnormalities in sister chromatid exchange have been observed as well as suscepti-
bility to lethal dose of X-ray irradiation. Otherwise, PARP-- animals appear to be
healthy with normal tissue morphology and locomotor activity. Whether their appar-
ently normal physical and behavioral function reflects compensation by PARP, and
PARP; is not clear. No augmented expression of PARP, was detected in PARP, -
mice.’®% Creating PARP, and PARP; knockout mice should help elucidate the
physiological roles of PARP isozymes.

Although the existence of PARP, and PARP; makes it necessary to be cautious
in interpreting any results with PARP,”~ animals, nonetheless these animals have
been of considerable help in elucidating the biological functions of PARP. In eval-
uating energy depletion following overactivation of PARP, the PARP, knockout mice
should be meaningful models because of the dominant role of PARP, in poly(ADP-
ribose) synthesis and NAD depletion. In the brain, evidence is quite strong that
PARP, accounts for essentially all PARP catalytic activity.

Initial studies focused on the role of PARP in neurotoxicity in cerebral cortical
cultures.®! Toxicity elicited by oxygen—glucose depletion, NMDA stimulation, or
NO are all abolished in cultures from PARP-- animals. Cultures from heterozygote
PARP*- animals display about a 70% reduction in neurotoxicity in all of these
conditions, corresponding to a 50 to 70% reduction in PARP protein and catalytic
activity. These findings indicate that 30 to 50% of normal PARP activity is not
sufficient to provide the NAD depletion that would be neurotoxic. This suggests
that the PARP overactivation that kills cells requires stimulation of almost all of
the PARP that occurs normally in cells. If PARP inhibitor drugs are to be therapeutic,
then presumably one would not need to inhibit all PARP activity to obtain a
beneficial effect.

Studies of cerebral focal ischemia in intact animals have shown impressive
therapeutic effects. In one study PARP-- animals manifested an 80% reduction in
the extent of neural damage following middle cerebral artery occlusion.®! In this
study PARP*- animals displayed about 50% protection. In another study utilizing
the same PARP-- mice, only about 50% reduction of stroke damage was observed.®?
Discrepancies between those two studies may derive from the genetic background
of the knockout mice, one of which is of Sv129 after several generations of
backcrossing,®' and the other of Sv129xC58B16 mixed background.® It is well
known that susceptibility to stroke damage varies considerably among different
strains of mice.%

PARP inhibitors also reduce stroke damage in both permanent and transient
models of cerebral ischemia in rodents. DPQ inhibits neural damage following
middle cerebral artery occlusion in rats with significant effects at as little as 5 mg/kg
when administered prior to the occlusion.” At 10 mg/kg stroke damage is reduced
by more than 50%. Interestingly, at 20 and 40 mg/kg, protection against damage is
lessened, suggesting that DPQ itself elicits some sort of toxic effect distinct from
its inhibition of PARP. The adverse effect appears to be compound specific rather
than PARP related, since another PARP inhibitor, GPI 6150, offers substantial
neuroprotection against stroke in rats without exhibiting diminished effect at higher
dose.% In the transient cerebral ischemia model, the level of protection afforded by
GPI 6150 treatment approaches the maximal protective level in PARP~ mice.®! In
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FIGURE 1.2 PARP inhibitor diminishes poly(ADP-ribose) accumulation in the ischemic
region of rat brain. Immunohistochemistry staining of poly(ADP-ribose) reveals a substantial
increase of nuclear poly(ADP-ribose) synthesis in the ischemic tissues (a), compared with
the contralateral side (b). Administration of DPQ, a PARP inhibitor, to the rats strongly inhibits
the formation of poly(ADP-ribose) in the ischemic region (c) without affecting the contralat-
eral area (d). All photographs are from layer V of the frontoparietal cortex. (From Takahashi,
K. et al., Brain Res., 46, © 1999. With permission from Elsevier Science.)

other studies to mimic clinical situations, DPQ was administered to rats 30 min after
blood vessel occlusion and still produced substantial reduction in stroke damage.®
Similarly, GPI 6150 given at 1 h postischemia achieves the same level of infarct
reduction as in pretreatment. Both DPQ and GPI 6150 diminish poly(ADP-ribose)
accumulation in the ischemic area, suggesting that the neuroprotective effect of the
compounds is due to PARP inhibition (Figure 1.2).65-60

Stroke damage is not the only neural insult linked to PARP. MPTP destruction
of dopamine neurons is virtually abolished in PARP~~ mice," fitting with the pro-
tective effects against MPTP damage observed previously with PARP inhibitors.%%
In an animal model of traumatic brain injury, neural lesion in the cortex is associated
with an acute PARP activation.”” PARP inhibition by GPI 6150 treatment in the rats
significantly attenuates the extent of the trauma-induced lesion area.” In a controlled
cortical impact model of traumatic brain injury, PARP~~ mice demonstrated
improved motor and memory function after the impact, compared with litter mates,
although there was no difference of the contusion volumes between PARP-- mice
and their littermates.”

The possibility that overactivity of PARP is involved in the pathophysiology of
stroke and neurodegenerative diseases comes from recent neuropathological studies.
In one study, patients with global cerebral ischemia following cardiac arrest dem-
onstrated augmented levels of PARP protein and the poly(ADP-ribose) polymer
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compared with individuals who died by mechanisms that did not appear to involve
cerebral ischemia.”> The same investigators similarly found increased poly(ADP-
ribose) polymer and PARP protein in brains of patients with Alzheimer’s disease
compared with the controls.”

1.5 CONCLUSIONS: THERAPEUTIC RELEVANCE

Possible clinical application for PARP inhibitors is especially tantalizing in light of
the dramatic protection afforded in animal models of stroke. The 80% reduction in
neural damage in PARP-- mice in one study substantially exceeds the level of
protection that has been provided by any other therapeutic intervention, including a
wide range of glutamate receptor antagonists and calcium channel blockers. This
level of protection may not be surprising if one regards PARP overactivation as a
final common pathway for eliciting stroke damage. Glutamate overflow triggering
the release of NO, which combines with supreroxide to form peroxynitrite, is one
way in which free radicals can lead to DNA damage and PARP activation. However,
free radicals can be formed independently of glutamate and NO and also activate
PARP. Massive calcium entry into cells activates proteases, which indirectly damage
DNA, as well as calcium-dependent DNA cleaving enzymes.

One might ask why DNA damage, PARP activation, and energy depletion seem
to be a final downstream mediator of cell death as contrasted to other forms of
cellular insult, such as lipid peroxidation of cellular membranes, the destruction of
numerous proteins by calcium-activated proteases, and mitochondrial damage by
calcium and other substances. One answer might relate to the time course of events.
DNA damage provides almost instant activation of PARP. PARP is highly abundant,
accounting for 2% of nuclear protein, and poly(ADP-ribose) has a high turnover
rate. Accordingly, PARP activation and consequent NAD and ATP depletion occur
quite early. Thus, while other molecular alterations may, in principle, be serious
enough to kill cells, the PARP-associated energy depletion takes place so rapidly
that it suffices to provide a rate-limiting lethal insult and so is an ideal target for
therapeutic intervention.

The fact that PARP is downstream of a number of toxic events, such as glutamate
release, might provide an augmented therapeutic window for administering PARP
inhibitors. At present, the only widely used antistroke drugs are clot-dissolving
agents such as tissue plasminogen activator (TPA). To achieve therapeutic benefit,
TPA must be administered within 3 h following the initial stroke symptoms. Unfor-
tunately, most patients with clinical stroke are slow to appreciate the significance of
initial symptoms, such as dizziness. They reach emergency rooms of hospitals much
later than patients suffering from myocardial infarction. If PARP inhibitors could
be employed as long as 12 to 16 h following the initial symptoms, the number of
patients with stroke who are candidates for treatment would be greatly augmented.

In the therapy of neurodegenerative diseases one would want to administer PARP
inhibitors chronically, perhaps for years. Such chronic use would require evidence
of safety. One might be leery about administering on a chronic basis a drug that
inhibits an enzyme that is associated with DNA repair. However, thus far there does
not appear to be major damage in animals with chronic total deletion of PARP. As
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already indicated, one might need only about 50 to 60% inhibition to produce major
clinical benefit. Conceivably, almost total inhibition might be required to elicit
adverse effects associated with DNA repair.

Because PARP is ubiquitous, one might anticipate that its overactivation would
be involved in other clinical situations. Indeed, myocardial infarction is associated
with PARP overactivation and PARP-- mice are protected from PARP damage, while
PARP inhibitors also provide similar protection.”>’® Additionally, PARP gene
knockout>>7-7® and PARP inhibitors” protect from diabetic damage associated with
pancreatic insults.
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2.1 CELL DEATH

Cell death is the fundamental biological process that is relevant to both the steady-
state kinetics of healthy adult tissue,' as well as the pathogenesis of tissue damage
in disease.” In the central nervous system, cell death plays a major role in the
normal growth and differentiation of the developing nervous system.>’ During devel-
opment, a large number of neurons die in a process that is thought to be responsible
for matching neuronal populations to target areas. Once the developing nervous
system matures, neurons become postmitotic, and no longer have the ability to
reenter the cell cycle and undergo mitosis and cell division. Pathological insults,
which result in neuronal cell death, can have devastating consequences on the central
nervous system due to the loss of neurons and the inability of the tissue to replace
these cells adequately. In the human brain and spinal cord, neurons degenerate after
acute insults, including stroke and trauma. Neuronal degeneration also occurs during
progressive, adult-onset diseases such as Parkinson’s disease and Alzheimer’s dis-
ease. Glutamate receptor—mediated excitotoxicity has been implicated in many neu-
rological conditions.® Nevertheless, effective approaches to prevent or limit neuronal
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FIGURE 2.1 PARP in apoptosis and necrosis. Apoptosis and necrosis are two forms of cell
death with distinct morphologic features. The biochemical pathways that mediate these forms
of cell death are under intense investigation, and there may be significant overlap in the
molecules that execute each of these death mechanisms. PARP may be a critical molecule
that directs the cell toward apoptosis or necrosis. In apoptosis, PARP is cleaved by caspases
and inactivated. Cellular energy is maintained until the end of the death program. In necrosis,
PARP is not cleaved but rather activated. PARP rapidly consumes NAD and subsequently
ATP. Cellular energy is impaired early in the necrotic death cycle.

damage in these disorders remain elusive, due largely to an incomplete understanding
of neuronal death pathways in vivo. Recently, poly(ADP-ribose) polymerase (PARP)
has been indentified as an important mediator of neuronal cell death.®!?

Cell death traditionally has been classified as being one of two distinct types:
apoptotic or necrotic, each of which clearly has distinct morphologic features (Figure
2.1). The biochemical distinction between apoptosis and necrosis is becoming less
distinct. As cell death is examined in detail in the central nervous system, this binary
scheme is clearly not sufficient to describe the various types of cell death that occur
with degeneration of neurons.

Apoptosis is a distinctive morphologic alteration in the cell!? for which some
biochemical pathways recently have been described.'*!” In apoptosis, the chromatin
condenses into sharply delineated, uniformly dense masses within the nucleus.
Nucleolar disintegration also occurs early during this process. The cytoplasm con-
denses, and the cell shrinks in size while the plasma membrane and mitochondrial
function remain intact. Subsequently, the nuclear and plasma membranes become
convoluted and the cell undergoes a process termed budding.'* During this process,
the nucleus and organelles become fragmented and dissociated with bits of con-
densed cytoplasm forming cellular debris, termed apoptotic bodies. Eventually, this
cellular debris is phagocytosed by resident cells, typically without generating an
acute inflammatory response.'* Biochemical studies have delineated the importance
of various protein families in mediating this elegant and organized mechanism of
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cell death. In particular, a group of cysteine proteases termed caspases, in concert
with mitochondrial proteins and endonucleases, mediate many components of apo-
ptosis.'® One of the target proteins for caspase cleavage is PARP. Proteolytic cleavage
of PARP is such a common target for caspase activation that PARP cleavage has
become a biochemical hallmark for identification of cells undergoing apoptosis.
However, the reason for this cleavage remains unclear. The rate of apoptosis and
the intensity of the signal necessary to induce apotosis are not altered between wild-
type and PARP null tissues following exposure to anti-Fas, tumor neurosis factor-c,
v irradiation, dexamethasone,' topoisomerase I inhibitor CPT-11, or by interleukin-
3 removal, but exposure of PARP null tissue to alkylating agents accelerates apoptotic
injury.?>2! A caspase uncleavable mutant PARP (D214A-PARP) introduced into
PARP- fibroblasts delays the rate of apoptosis following exposure to anti-CD95 or
an alkylating agent.” A similar point mutation into the cleavage site (DEVD) of
PARP also renders PARP resistant to caspase cleavage in vitro and in vivo.?> Treat-
ment with tumor necrosis factor-at of fibroblasts expressing this caspase-resistant
PARP mutant results in accelerated cell death. This enhanced cell death is due to
the induction of necrosis and increased apoptosis.?? Depletion of NAD* and ATP
was observed in cells expressing caspase-resistant PARP. 3-Aminobenzamide, a
PARP inhibitor, prevented NAD* depletion and concomitantly inhibited necrosis,
but increased apoptosis. These data suggest that PARP is a key regulator, controlling
the cellular switch that determines whether a cell will die by apoptosis or necrosis.

Necrosis is a form of cell death that is perhaps at the extreme opposite of the
cell death spectrum from apoptosis. In contrast to the well-organized cellular dis-
mantling that occurs in apoptosis, following a severe pathological insult, cell death
can occur through necrosis with morphology reflecting in part the initial damage or
dysfunction.!® In necrosis, both the nucleus and cytoplasm show ultrastructural
changes, with the main features including clumping of chromatin, swelling and
degeneration of organelles, destruction of membrane integrity, immediate inhibition
of mitochondrial function, and eventual dissolution of the cell.? Nuclear pyknosis
with condensation of chromatin into irregularly shaped clumps sharply contrasts
with the formation of few, uniformly dense, and regularly shaped chromatin aggre-
gates that occurs in apoptosis. Furthermore, in cellular necrosis, the nuclei of dying
cells do not bud to form discrete membrane-bound fragments, but rather the nucleus
condenses.? These different morphologic features of nuclear structure, pyknotic
condensed nuclei vs. nuclei-containing apoptotic bodies, are considered diagnostic
and hallmark features to distinguish between pure apoptosis and necrosis. A further
characteristic of cellular necrosis is that its rate of progression depends on the initial
severity of the insult. In contrast, apoptosis is an all-or-none phenomenon and does
not follow the clear “dose—response” principle. In the nervous system, excitotoxicity
and ischemic injury have most of the major hallmarks of necrosis. In these models,
inhibition or deletion of PARP results in neuronal survival.

2.2 EXCITOTOXICITY

In the nervous system, neuronal death can be induced by excitotoxicity (Figure 2.2),
a concept coined by Olney?*-?’ that subsequently has been implicated in a variety of
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FIGURE 2.2 PARP mediated excitotoxicity. Acting via NMDA receptors, glutamate triggers
an influx of Ca?*, activating mitochondria and, in nNOS neurons, inducing the production of
NO. Mitochondrial activation results in an increase in superoxide anion (O3) production. NO
is a diffusible molecule that combines with superoxide to form peroxynitrite (ONOO").
Peroxynitrite damages mitochondrial enzymes, decreasing mitochondrial respiration and the
production of ATP, and damages MnSOD, further increasing the production of superoxide
anion. Peroxynitrite has limited diffusion across membranes and can leave the mitochondria
and enter the nucleus where it damages DNA and activates PARP. Massive activation of PARP
leads to ADP-ribosylation and depletion of NAD. ATP is depleted in an effort to resynthesize
NAD. In the setting of impaired energy generation due to mitochondrial dysfunction, this
loss of NAD and ATP leads to cell death.

neurological disorders. Excitotoxicity is mediated by excessive glutamate acting on
glutamate-gated ion channel receptors with subsequent activation of voltage-depen-
dent ion channels. Glutamate elicits its actions by acting on a series of postsynaptic
receptors, including the N-methyl-p-aspartate receptors (NMDA), non-NMDA
receptors, and metabotropic glutamate receptors. Activation of these receptors
increases cytosolic free calcium and results in the activation of a host of calcium-
dependent processes including calcium-sensitive proteases, protein kinases, protein
phosphatases, phospholipases, and endonucleases.?®?® Additionally, the influx of
calcium results in changes in mitochondrial function and activation of neuronal nitric
oxide (NO) synthase (nNOS).3%3! The most rapid and severe excitotoxic damage is
mediated largely through glutamate activation of the NMDA receptor. Calcium
fluxing through the NMDA receptor results in subsequent activation of nNOS in
generation of NO.323 NO is an important biological messenger molecule, but when
generated in the presence of superoxide anion, it can form the potent oxidant,
peroxynitrite.3® Activation of NMDA receptors often stimulates superoxide anion
generation from the mitochondria, setting the stage for peroxynitrite generation.*
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Peroxynitrite can oxidize and damage most cellular constituents and, in particular,
DNA.3» DNA damage is subsequently recognized by PARP, leading to PARP acti-
vation and consumption of NAD due to the ribosylation of nuclear proteins and
PARP itself. For every mole of NAD that is consumed by PARP, four free-energy
equivalents of ATP are required to restore or maintain NAD levels within the cell.*
3 Mitochondrial proteins are also a target for peroxynitrite attack.3**? During exci-
totoxic injury, mitochondrial function is impaired and oxidative phosphorylation
cannot restore cellular levels of NAD and ATP. In this setting PARP activation can
contribute to a rapid cellular energy depletion. In vitro inhibition of PARP blocks
excitotoxicity and NO-mediated toxicity. Genetic deletion of PARP results in neu-
rons that are exquisitely resistant to excitotoxicity, as well as NO-mediated neuro-
toxicity.>!® Expression of PARP by viral-mediated transfection of PARP knockout
cultures restores the sensitivity of neurons to excitotoxicity, indicating that the
resistance to excitotoxicity is due to the lack of PARP activity rather than a com-
pensatory mechanism following the genetic deletion of PARP (W.J. Herring, T.M.
Dawson, and V.L. Dawson, unpublished observations). Furthermore, PARP knockout
mice are resistant to excitotoxicity following direct intrastriatal injection of NMDA.
NMDA lesions are reduced over 94% in comparison with wild-type mice experi-
encing intrastriatal injection of NMDA. The lesion size in PARP knockout mice is
not significantly different from that observed in vehicle injected control mice (A.S.
Mandir, M. Poitras, V.L. Dawson, and T.M. Dawson, unpublished observations).
These data indicate that activation of PARP is somehow critically involved in the
process of excitotoxic neuronal cell death.

2.3 ISCHEMIC INJURY

Cessation of blood flow to the brain for even a few minutes results in neuronal injury
due to both oxygen and nutrient deprivation and the subsequent initiation of a cascade
of secondary mechanisms (Figure 2.3). The neurotoxic cascade involves derange-
ments in both normal metabolic and physiological functions, as well as recruitment
of other cell-death processes. Ischemic events result in reduction of the resting
membrane potential of both glia and neurons in the brain. Leakage of potassium
depolarizes neurons leading to a massive release of neurotransmitters including
glutamate.** A major component of neuronal injury following ischemic insult is due
to glutamate acting on its receptors. Glutamate-mediated injury is largely mediated
via activation of NMDA receptors and subsequent activation of nNOS and generation
of NO. In animal models of experimental stroke in which the middle cerebral artery
is occluded for 2 h followed by 22 h of reperfusion, the NMDA antagonist, MK801,
effectively reduces between 30 and 50% of the infarct volume.** Selective nNOS
inhibitors, as well as nNOS knockout mice, result in a similar amount of protection
in these experimental stroke models.*#” Because PARP activation following NO
production is thought to mediate in large part excitotoxic neuronal damage, a role
for PARP in ischemic injury was investigated. Ischemic injury can be induced in
primary neuronal cultures by removal of oxygen and glucose for up to 60 min.*®
This ischemic insult particularly results in 60 to 80% neuronal cell death. In cortical
cultures derived from PARP knockout mice or in wild-type cortical cultures treated
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FIGURE 2.3 Ischemic activation of PARP. Ischemia induces a multitude of cellular events.
PARP activation leading to cell death would fit into the known schema as follows: Ischemic
events result in alterations in pH, ATP, and ionic gradients, leading to the reduction of the
resting membrane potential of glia and neurons in the brain that causes a massive release of
glutamate and other neurotransmitters. Acting via NMDA receptors and non-NMDA recep-
tors, glutamate triggers rapid elevations in intracellular calcium, which activates a variety of
signal cascades that can elevate intracellular free radicals and reactive oxygen species, as well
as trigger apoptotic cascades. In particular, glutamate triggers a release of NO that combines
with superoxide to form peroxynitrite. Peroxynitrite damages DNA, activating PARP. Massive
activation of PARP leads to ADP-ribosylation and depletion of NAD. ATP is depleted in an
effort to resynthesize NAD, leading to cell death. Abbreviations: CBF, cerebral blood flow;
VSCC, voltage dependent calcium channels; NMDA-R, N-methyl-p-aspartate receptor; O3,
superoxide anion; nNOS, neuronal nitric oxide synthase; PLA,, phospholipase A, ; PKC,
protein kinase C; ROS, reactive oxygen species.
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with a PARP inhibitor, ischemic damage is virtually abolished.” These observations
have been extended to in vivo models of experimental stroke. Following middle
cerebral artery occlusion (MCAOQ), infarct volume can be reduced up to 80% in the
PARP knockout mice.>!'® Immunohistochemistry in wild-type mice demonstrates
dramatic activation of PARP in the ipsilateral, but not the contralateral, hemisphere,
indicating that PARP is activated following ischemic insult.”*->2 Immunohistochem-
ical detection of poly(ADP-ribose) was not observed in the PARP knockout mice,
confirming the genotype and phenotype of these animals.’ Interestingly, the forma-
tion of poly(ADP-ribose) observed during reperfusion is attenuated in nNOS knock-
out mice.”® Similar, but not as dramatic, protection following experimental stroke
has been made with the PARP inhibitors: 3-aminobenzamide, 5-iodo-6-amino-1,2-
benzopyrone (INH2BP), or 3,4-dihydro-5-[4-(1- piperidinyl)butoxy]-1(2H)-isoquin-
olinone (DPQ).#25455 The difference observed with inhibitors vs. genetic deletion
of PARP may be due largely to the dosing paradigm, bioavailability of the inhibitors,
the specificity and potency of the inhibitors, and their mechanisms of action. In
particular, 3-aminobenzamide, a prototype first-generation PARP inhibitor, which is
commonly used because of its solubility in biological solutions, inhibits PARP but
also inhibits protein, RNA and DNA synthesis, and DNA repair.’*%° These secondary
actions of 3-aminobenzamide, independent from inhibition of PARP, can confound
observations. 3-Aminobenzamide is useful for acute studies, but due to inhibition
of DNA repair, it is not useful for evaluation of chronic experiments. PARP inhibition
may also limit excitotoxicity during ischemic injury by attenuating glutamate release.
3-Aminobenzamide inhibition of PARP in rats prevents NMDA-induced efflux of
glutamate following MCAO.5! Lowering extracellular glutamate levels is beneficial
in limiting excitotoxicity. Secondary damage to the neural tissue following ischemic
insult results from neutrophil infiltration to the site of injury.®? Neutrophil recruitment
is mediated by upregulation of adhesion receptors and molecules. In PARP null
mice, there is reduced endothelial expression of P-selectin and intracellular adhesion
molecule-1 (ICAM-1) following myocardial ischemia and reperfusion.®® Neutrophil
infiltration is diminished in the PARP null mice or in animals treated with PARP
inhibitors in experimental models of inflammation®% or myocardial ischemia and
reperfusion.® It is possible that inhibition of PARP or genetic deletion of PARP also
protects the nervous system by a similar mechanism of limiting neutrophil infiltration
and subsequent secondary injury. Both genetic deletion of PARP and pharmacolog-
ical inhibition of PARP clearly demonstrate that PARP activation is a critical feature
in the pathogenesis of ischemic injury.

One puzzling observation in this series of studies is that the protection observed
with PARP inhibition or PARP knockout is much greater than the protection observed
by inhibiting glutamate receptor activation or inhibiting NOS activity. This may be
explained by the hypothesis that DNA damage and PARP activation compose the
choke point of a final common pathway for ischemic injury. NMDA receptor acti-
vation and NOS stimulation are among several upstream activities that can subse-
quently damage DNA and result in neuronal injury following ischemic insult. Such
a conclusion is merely conjecture and somewhat surprising because, in addition to
DNA damage, increases in intracellular calcium and production of reactive oxygen
species can disrupt a diverse array of metabolic and cellular processes, resulting in
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damage of lipid and proteins. The next step in the ischemic injury signal cascade
following PARP activation that results in neuronal cell death is not known. It is
thought that energy depletion may play a key role, but this is yet to be confirmed.
The present data implicate PARP as the key mediator; however, its actions in the
central nervous system currently are unknown, but under intensive investigation.

2.4 TRAUMATIC NEURONAL INJURY

Mechanical trauma to the brain and spinal cord triggers a series of sequential events
that ultimately lead to secondary neuronal destruction. The precise pathophysiolog-
ical changes in cellular signaling that occur following mechanical injury are not
completely understood. However, a role for free radicals and activation of endonu-
cleases with subsequent DNA damage has been observed.’’-! In experimental animal
models, excitotoxicity and production of DNA-damaging agents have been impli-
cated in the pathogenesis of traumatic injury to both the brain and spinal cord.%7>74
In addition to excitotoxicity, traumatic injury can induce the expression of nNOS
that can participate in a secondary NO/peroxynitrite-mediated neuronal injury.’”>7
In this setting, one might expect that PARP would play an important role in traumatic
neuronal injury. In fact, activation of both nNOS and PARP can be detected in the
spinal cords of rats following mechanical injury.’®’!’® PARP activity is detected in
lateral fluid percussion traumatic brain injury in rats within 30 min of insult.”’
Inhibitors of PARP suggest that PARP activation mediates, in part, the neuronal
death following traumatic brain injury. PARP inhibition protects hippocampal slices
against percussion-induced loss of CA1 pyramidal cells evoked response in vitro,
implicating PARP activation with loss of neuronal function following mechanical
injury.®® In the controlled cortical impact model of mechanical traumatic injury,
PARP knockout mice show protection from functional deficits in both motor function
tests and memory acquisition tests.®! However, in this model, contusion volume was
not significantly different when comparing wild-type vs. PARP knockout mice. This
may be in part due to the model chosen, as the controlled cortical impact model is
a severe traumatic injury model that initiates a cascade of events that result in acute
energy failure, release of excitatory amino acids, direct cellular disruption, local
ischemia, and inflammation. In this model, PARP plays a key role, but it does not
appear to be the choke point of the final common pathway.?!

2.5 PARKINSON'’S DISEASE

Parkinson’s disease (Figure 2.4) is a chronic progressive neurological disorder that
affects over 500,000 men and women in the United States alone. Typically, the
clinical signs include tremor, slowness of movement, and muscular rigidity, which
appear in the second half of life. Underlying the clinical symptoms of Parkinson’s
disease is the degeneration of the neuromelanin-containing dopaminergic neurons
predominantly located in the substantia nigra.?? It is unknown why the neurons in
the substantia nigra die. Current medical therapy involves replacement of the neuro-
transmitter dopamine, whose levels drop due to loss of neuronal innervation of the
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FIGURE 2.4 PARP activation in the MPTP model of Parkinson’s disease. MPTP is converted
to MPP+ by MAO. MPP+ is actively transported into dopaminergic neurons of the substantia
nigra by the dopamine transporter and then transported into the mitochondria. MPP+ inhibits
mitochondrial respiration, resulting in superoxide anion formation and decreased ATP forma-
tion. Decreased ATP can result in the depolarization of nigral neurons, increasing the need
for ATP while further depleting ATP. Increased superoxide anion can react with locally
produced NO, forming peroxynitrite (ONOO"). Peroxynitrite can damage DNA, activating
PARP, protein ribosylation, and NAD and ATP consumption. Peroxynitrite can also damage
MnSOD and mitochondrial respiration, further compromising mitochondrial function and
production of ATP, resulting ultimately in neuronal cell death. Dead and dying neurons will
stimulate and activate local glia, inducing the expression of iNOS and increasing the local
generation of NO, thus contributing to further neuronal damage.

striatum from the substantia nigra. Unfortunately, this therapy is palliative and does
not address the underlying mechanisms of disease. The progressive neuronal degen-
eration proceeds, and eventually the pharmacological therapy fails.

A synthetic heroin analogue, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), can selectively damage neurons in the nigrostriatal dopaminergic pathway
and has provided an experimental model for parkinsonism in nonhuman primates
and mice.?*% MPTP induces irreversible and severe motor abnormalities that are
indistinguishable from those observed in Parkinson’s disease. In monkeys and mice,
MPTP exposure induces many of the biochemical and neuropathological features
of nigrostriatal dopaminergic degeneration that are observed in postmortem studies
of human Parkinson’s disease. These changes include a marked reduction in striatal
dopamine content and dopamine metabolites, as well as reductions in the number
of dopamine cell bodies in the substantia nigra.33-%5 In the nervous system, MPTP
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is oxidized to MPP+ by monoamine oxidase B (MAQOy), which is then taken up by
dopamine-containing neurons via the high-affinity dopamine transporter. Once
inside the cell, MPP+ is actively transported into mitochondria where it blocks
mitochondrial respiration, resulting in increased formation of superoxide anion.8-%
Superoxide anion can react with NO to form the potent oxidant, peroxynitrite. While
substantia nigra neurons do not express nNOS, their terminals are physically asso-
ciated with nNOS-containing nerve terminals. Increased nitration of protein has
been observed following MPTP exposure of mice, suggesting that peroxynitrite
formation occurs.”! Additionally, the selective nNOS inhibitor 7-nitroindazole (7-
NI) provides neuroprotection against MPTP-induced neurotoxicity in a time- and
dose-dependent fashion.?®? Further, mutant mice that lack the nNOS gene are also
resistant to MPTP-induced neurotoxicity when compared with wild-type littermate
controls.”? MAOQOj activity is unimpaired by either 7-NI or deletion of the nNOS
gene, implicating a direct role for nNOS activation in MPTP-induced neurotoxic-
ity.”2 The protection observed with 7-NI was greater than that observed in the nNOS
knockout mice. 7-NI is selective for nNOS over endothelial NOS (eNOS), but has
some effect on the catalytic activity of inducible NOS (iNOS). Studies performed
in iNOS knockout mice show protection against MPTP toxicity, implicating a second
NOS isoform, iNOS, in MPTP neurotoxicity.”* Since peroxynitrite can effectively
damage DNA, it is possible that PARP activation plays a key role in MPTP toxicity.
In fact, PARP knockout mice are dramatically protected against MPTP neurotoxic-
ity.”” Similar results have been observed with pharmacological inhibition of PARP
with 3-aminobenzamide,’*"’ but, because the pharmacokinetics of this agent are not
known in the nervous system and 3-aminobenzaminde has other cellular targets,
definitive conclusions could not be drawn. In wild-type mice, immunohistochemistry
for poly(ADP-ribose) indicates that PARP is activated in vulnerable dopamine-
containing neurons of the substantia nigra neurons following MPTP injection.”> No
PARP immunohistochemistry is observed in both the nNOS knockout mice and the
PARP knockout mice, indicating in the MPTP model that NO and, likely, perox-
ynitrite are the major activators of PARP. On counting the number of substantia
nigra neurons, there is no loss of neurons in the PARP knockout mice exposed to
MPTP as compared with wild-type mice injected with saline. In contrast, there is
a significant loss of substantia nigra pars compacta neurons in wild-type mice
exposed to MPTP. Additionally, MPTP elicits a novel pattern of poly(ADP-ribo-
syl)ation of nuclear proteins that completely depends on neuronally derived NO.%
Thus, NO, DNA damage, and PARP activation play a critical role in MPTP-induced
parkinsonism and suggest that inhibitors of PARP may have protective benefit in
the treatment of Parkinson’s disease.

2.6 ALZHEIMER’S DISEASE

Alzheimer’s disease (Figure 2.5) is the most common neurodegenerative disease
worldwide. It is a chronic, progressive dementing illness and results in death in
many cases. Alzheimer’s disease is characterized by the progressive accumulation
of neuritic plaques and neurofibrillary tangles and by selective neuronal cell death.*®
While a role for abnormal amyloid protein processing is implicated by both genetic
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FIGURE 2.5 PARP activation in Alzheimer’s disease. The role of glial inflammatory processes
in Alzheimer’s disease has been highlighted by recent postmortem studies and investigations
of amyloid- actions on microglia as well as the use of indomethacin to slow progression of
Alzheimer’s disease. Chronic activation of glial inflammatory processes by amyloid-f8 could
set in motion a cytokine cycle of cellular and molecular events, which ultimately result in
neuronal dysfunction and degeneration. The production of inflammatory and neuroactive mol-
ecules can increase reactive oxygen species (ROS) formation leading to chronic oxidation.
Increased tissue oxidation could lead to DNA damage and PARP activation, resulting in the
increased poly(ADP-ribose) expression observed in Alzheimer’s disease brain tissue.

studies and experimental modeling,” the pathogenic processes that result in Alzhe-
imer’s disease are not known. In human postmortem studies, oxidative damage to
DNA and other macromolecules has been reported in Alzheimer’s disease.!?” PARP
activation has been investigated in Alzheimer’s disease by assessment of poly(ADP
ribose) formation. Immunohistochemical staining for poly(ADP-ribose) was evalu-
ated in the frontal and temporal lobe of patients with Alzheimer’s disease and
compared with controls. An increase in expression of PARP, as well as increased
poly(ADP-ribosyl)ation was detected in Alzheimer’s disease tissue when compared
with control brain tissue.!”! Double labeling for poly(ADP-ribose) and markers for
neuronal, astrocytic, and microglial cells indicated that most of the cells expressing
increased poly(ADP ribosyl)ation were neurons. Most of these were small pyramidal
neurons in cortical laminae 3 and 5. A few of the cells containing poly(ADP-ribose)
were astrocytes. No poly(ADP-ribose) accumulation was detected in microglia.
However, the cells with increased poly(ADP ribosyl)ation were not found within
tangles and very few occurred within senile plaques.!®® While there is enhanced
PARP activity observed in Alzheimer’s disease, the role of PARP in Alzheimer’s
disease is not yet known.

2.7 CONCLUSIONS

Diverse forms of neuronal injury lead to neuronal cell death by PARP activation.
Most of these neuronal cell death pathways involve increased reactive oxygen
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species formation, in particular, formation of NO and superoxide anion. In many
situations, mitochondrial activity is impaired, preventing restoration of the NAD
and ATP that is being depleted by PARP activity. In animal models of neuronal
injury, inhibition of PARP or genetic deletion of PARP protects against excitotox-
icity, ischemic injury, traumatic brain injury, and MPTP-induced parkinsonism.
These protective effects may be due to limiting excitotoxic and free radical-induced
injury, as well as to limiting secondary injury from infiltrating neutrophils. The
development of selective PARP inhibitors is a new and exciting area of investigation
for future clinical therapeutics.
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3.1 INTRODUCTION

In clinical therapy of acute myocardial infarction, coronary reperfusion has proved
to be the only way to limit infarct size by restoring the fractional uptake of oxygen
in the heart to maintain the rate of cellular oxidation. However, restoration of flow
is accompanied by detrimental manifestations known as “reperfusion injury,” thus
directly influencing the degree of recovery.! Reperfusion injury refers to extremely
complex situations that had not occurred during the preceding ischemic period and
are mainly recognized as reperfusion arrhythmias, postischemic contractile dysfunc-
tion, and lethal cell injury (i.e., necrosis and/or apoptosis).”? The existence of such
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damage has clinical relevance, as it would imply the possibility of improving recov-
ery with specific interventions applied only at the time of reperfusion. Experimental
research has been directed toward establishing the precise sequence of biochemical
events of reperfusion, as such knowledge could lead to rational treatments designed
to prevent or delay myocardial cell death. At the present time, there is no simple
answer to the question of what determines cell death and the failure to recover cell
function after reperfusion.

Recent experimental reports have suggested that the dysfunction is triggered by
the endothelial and myocyte generation of a large burst of oxidant molecules and
amplified by accumulation of neutrophils into injured tissue.? A candidate pathway
of oxidant-induced injury involves the nuclear enzyme poly(ADP-ribose) poly-
merase (PARP), also termed as poly(ADP-ribose) synthetase (PARS) and poly(ADP-
ribose) transferase (pPPADPRT).>* Once activated, in response to nicks and breaks
in the strand DNA, PARP initiates an energy-consuming, inefficient repair cycle by
transferring ADP ribose units to nuclear proteins. This process rapidly depletes the
intracellular NAD+ and ATP energetic pools, which slows the rate of glycolysis and
mitochondrial respiration leading to cellular dysfunction and death.>’ The objective
of this chapter is to provide an overview of the experimental evidence implicating
PARP as a pathophysiological modulator of myocardial ischemia and reperfusion
in vivo, to discuss the activation of PARP by reactive metabolites of oxygen and
nitrogen, to examine the role of the enzyme in the modulation of leukocyte—endot-
helial cell interactions, and to discuss how these mechanisms may be involved in
the pathophysiology of ischemic heart disease.

3.2 POLY(ADP-RIBOSE) POLYMERASE ACTIVATION:
A PATHWAY OF CELLULAR DAMAGE AND
DYSFUNCTION

PARP is a chromatin-associated nuclear enzyme, which possesses putative DNA
repair function in the nucleus of eukaryotic cells. The enzyme is composed of three
functional domains: an N-terminal DNA-binding domain that binds to DNA strand
breaks, a central automodification domain containing auto-poly(ADP-ribosyl)ation
sites, and a C-terminal catalytic domain. Binding of the N-terminal domain to DNA
nicks and breaks activates the C-terminal catalytic domain that, in turn, cleaves
NAD* into ADP-ribose and nicotinamide. PARP covalently attaches ADP-ribose to
various proteins, including the automodification domain of PARP itself, and then
extends the initial ADP-ribose group into a nucleic acidlike polymer, poly(ADP)-
ribose.>” As reported in other chapters of this book, the process of DNA damage
and PARP activation leads to intracellular NAD* depletion and alteration in high-
energy phosphates, and progresses to a loss of cellular viability postulated as a
“suicide phenomenon.”® Numerous in vitro studies in several cellular types have
demonstrated that such a suicidal mechanism is responsible for cellular injury in
response to oxygen-derived free radicals, nitric oxide (NO) and peroxynitrite.>!? In
the past several years, much evidence has provided for the involvement of oxygen-
and nitrogen-derived reactive species in the pathological events associated with in
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vivo inflammatory processes. It is therefore conceivable to propose PARP as plau-
sible mechanism of injury in diseases characterized by an overwhelming burst of
free radicals and oxidants. As widely demonstrated in other chapters of this book,
experimental reports have proposed that DNA damage due to reactive species gen-
eration leads to PARP activation and cellular energy exhaustion, and underlies the
pathogenesis of diabetes, arthritis, and neuroinjury.'%-1* Recently, gene-targeted ani-
mals have been developed in which the gene encoding PARP has been disrupted.
These deficient mice appear to be resistant to neural damage following vascular
stroke, ' to chemical-induced parkinsonism,!® and to pancreatic beta-cell destruction
and diabetes development.!” Other studies from the author’s laboratory established
that activation of PARP also plays a crucial role in in vivo vascular and energetic
failure in cardiovascular shock and inflammation (the reader is also referred to the
other chapters in this book).>!825

3.3 OXIDATIVE AND NITROSATIVE STRESS AND
PARP ACTIVATION IN MYOCARDIAL ISCHEMIA
AND REPERFUSION

The concept that myocardial ischemia and reperfusion injury are the result of del-
eterious actions of reactive oxygen- and nitrogen-derived species has been widely
accepted. The production of oxyradicals starts early in the ischemic period in mito-
chondria with altered redox balance and is further enhanced during reperfusion by
a massive activation of xanthine oxidase in endothelial cells, and NADPH oxidase
in infiltrated neutrophils.?® A plethora of nitrogen derivatives, highly reactive and
capable of oxidation, are also formed during the early phase of reperfusion and may
contribute to tissue injury. A characteristic marker of the occurring nitrosative stress
is represented by the chemical alteration of the myocardial protein structure due to
nitration of tyrosine residues.!*?”-?® A number of chemical reactions with NO deriv-
atives can yield nitrotyrosine formation. Nitrotyrosine can be formed from the
reaction of peroxynitrite, the reaction of nitrite with hypochlorous acid, or the
reaction of nitrite with myeloperoxidase and hydrogen peroxide.?-3? The cytotoxic
effects of these reactive species are further increased since an impaired cellular
mechanism of the antioxidant network coexists, i.e., such as alteration of superoxide
dismutase, glutathione peroxidase, and catalase.>?¢ In this highly reactive milieu,
DNA has been shown to be a target for free radical attack, as demonstrated by the
occurrence of fragmentation®® and the formation of 8-hydroxydeoxyguanosine,
which increases steadily and progressively as a function of reperfusion time in
previously ischemic hearts.* Therefore, the phenomenon of reperfusion represents
an ideal trigger for PARP activation by DNA damage. The extraordinary protection
afforded by PARP inhibition in several experimental models of myocardial ischemia
and reperfusion proves this hypothesis substantially (see Table 3.1 for references).
We evaluated the role of PARP activation in an in vivo acute model of myocardial
reperfusion injury in the rat.! We demonstrated that peroxynitrite was formed, as
evidenced by plasma oxidation of dihydrorhodamine 123 and massive formation of
nitrotyrosine in the reperfused tissue. Myocardial ischemia and reperfusion resulted
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TABLE 3.1
Protection against Myocardial Ischemia and Reperfusion Injury by Inhibition
of PARP In Vivo

Animal
Species Mode of PARP Inhibition Effect of PARP Inhibition Ref.
Rat 3-aminobenzamide, Reduction of infarct size, reduction of 19, 35
GPI6150 plasma creatine phosphokinase levels,
improved myocardial ATP, reduction
of neutrophil infiltration, reduction of
peroxynitrite formation, reduction of
poly(ADP-ribose) formation
Rabbit 3-Aminobenzamide, Reduction of infarct size, improved 36

4-amino-benzamide, contractile function
4-amino-1,8-naphtalimide,
1,5-dihydroxy-isoquinoline
Pig 3-Aminobenzamide Reduction of infarct size, improved 37
contractile function
Mice Disruption of PARP gene Prevention of myocardial damage, 20
at exon 2 reduction of plasma creatine
phosphokinase levels, prevention of
ICAM-1 and P-selectin expression,
reduction of neutrophil infiltration,
reduction of peroxynitrite formation

in a marked cellular injury, as measured by an increase of plasma creatine phospho-
kinase activity and a large infarcted area, and was associated with reduction of the
cardiac concentration of ATP. Pharmacological inhibition of PARP activity improved
the outcome of myocardial dysfunction, as evidenced by a reduction in plasma levels
of creatine phosphokinase and infarct size, and preservation of the ATP pools.
Cardiac myeloperoxidase activity and peroxynitrite formation were also reduced by
treatment with the PARP inhibitor, thus suggesting a reduction of infiltration of
neutrophil granulocytes and the consequent release of reactive species into the
reperfused myocardium." In a similar rat model, the activation of PARP has been
documented by a massive poly(ADP-ribosyl)ation of reperfused postischemic myo-
cardium only, but not the nonischemic zone. The accumulation of poly(ADP-ribose)
correlated with myocardial cell death, whereas PARP inhibition reduced poly(ADP-
ribose) formation and was highly effective in decreasing infarct size.3> Other inves-
tigators have confirmed these results in similar experimental models of myocardial
ischemia and reperfusion. In rabbit and pig models of myocardial infarction,
Thiemermann and colleagues?®37 have demonstrated that pharmacological inhibitors
of PARP, such as nicotinamide and 3-aminobenzamide, given immediately before
reperfusion of the ischemic myocardium, dramatically reduced the infarct size. The
cardioprotection afforded by the PARP inhibitors was due to a selective inhibition
of PARP, since the structurally related but inactive agents, such as 3-aminobenzoic
acid and nicotinic acid, did not cause a reduction in infarct size.3¢-3’
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FIGURE 3.1 After 1-h occlusion and 1-h reperfusion of the left anterior descendant coronary
artery (LAD-IR), a marked disruption of the myocardial structure characterized by the appear-
ance of extensive necrosis and contraction bands (arrows) was demonstrated in cardiac
sections from PARP+** mice (A). In the PARP-+ mice subjected to LAD-IR, myocardial
architecture appeared normal (B). Original magnification x400. (From Zingarelli, B. et al.,
Circ. Res., 83, 85, 1998. With permission.)

The development of transgenic mice deprived of a functional gene for PARP
has offered a unique opportunity to support the pathophysiological role of the enzyme
in myocardial infarction and to unravel some of the cellular mechanisms underlying
this disease. Using a murine model of myocardial injury after early reperfusion, we
found that absence of a functional PARP gene resulted in a significant prevention
of reperfusion injury. Wild-type mice subjected to ligation (1-h) and reperfusion
(1-h) of the left anterior descending branch of the coronary artery exhibited high
plasma levels of creatine phosphokinase activity and a massive myocardial necrosis
associated with neutrophil infiltration as demonstrated by increase in myeloperoxi-
dase activity.”? When reperfusion after 1-h ischemia was prolonged, wild-type mice
also experienced high mortality (only 46% of animals out of 15 survived at 6 h after
reperfusion; B. Zingarelli, unpublished observations). In PARP-- mice, plasma levels
of creatine phosphokinase activity were significantly reduced; the histological fea-
tures of myocardium were typical of a normal architecture or a mild localized
necrosis along with a reduction in neutrophil infiltration at 1-h reperfusion (see
Figure 3.1 for histology).?’ Survival was markedly improved at prolonged reperfu-
sion: 95% of mice out of 15 survived at 6 h after reperfusion (Z. Yang, B. Zingarelli,
and C. Szabd, unpublished observations).

The inhibition of PARP activity and the energy recovery appears also to reverse
the hemodynamic dysfunction caused by reperfusion in isolated hearts.36-40
Thiemermann and colleagues®®3® have reported that pharmacological inhibitors of
PARP significantly reduced the impairment in left ventricular developed pressure and
the rise in left ventricular end diastolic pressure in isolated rabbit and rat hearts
subjected to no-flow global ischemia and reperfusion. Similar protective effects on
myocardial function have been afforded when PARP is genetically disrupted.’*#° At
the end of the reoxygenation, in hearts from wild-type animals there was a significant
suppression in the rate of intraventricular pressure development and in the rate of
relaxation. In contrast, in the hearts from the PARP knockout animals, no significant
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suppression of the rate of intraventricular pressure development and relaxation was
found when compared with the response to the wild-type hearts (Figure 3.2).%°
Consistent with these findings, it has been reported that poly(ADP-ribose) accumu-
lated in hearts from wild-type animals after in vitro global ischemia and reperfusion
and was associated with a significant NAD* and ATP depletion and contractile dys-
function. Genetic deficiency of PARP preserved the cellular energy pools and
improved the recovery of myocardial function.** Thus, the extraordinary protection
afforded by PARP deletion implies that DNA damage is a crucial event in myocardial
dysfunction and death.

In addition to myocardial infarction, PARP is also relevant to other forms of
ischemic damage (see Table 3.2 for references). For example, a pathological role
for the peroxynitrite—PARP pathway was observed in a rat model of splanchnic
ischemia and reperfusion. We found that the production of peroxynitrite was
increased at reperfusion, but not during ischemia alone. This increase was associated
with increased activity of PARP in intestinal epithelial cells and accumulation of
polymorphonuclear cells in the injured tissue. Treatment with the PARP inhibitor
3-aminobenzamide significantly ameliorated the cardiovascular alterations, tissue
damage, and neutrophil infiltration associated with splanchnic artery occlusion
shock.?* We also found that 3-aminobenzamide significantly reduced postintubation
laryngeal injury in the rat.*! Furthermore, pharmacological inhibition of PARP dra-
matically reduces neuronal damage in retinal ischemia elicited by elevating intraoc-
ular pressure.*> Animal and in vitro studies also suggest that overactivation of PARP,
with resulting depletion of NAD*, in response to oxidative damage makes a sub-
stantial contribution to cell death after brain ischemia.">*** It is mandatory to
emphasize that the oxidant/PARP pathway also has an important pathophysiological
relevance in humans, as neuronal accumulation of poly(ADP-ribose), the end product
of PARP activity, has been demonstrated after brain ischemia and Alzheimer’s
disease in humans.*46

3.4 PARP ACTIVATION AND ENERGY SUBSTRATE
METABOLISM DURING MYOCARDIAL ISCHEMIA
AND REPERFUSION: THE ROLE OF
MITOCHONDRIA

The myocardial contraction process is regulated by an efficient conversion of chem-
ical into mechanical energy. At the core of the system are rates of oxidative phos-
phorylation of adenosine diphosphate (ADP) in the respiratory chain that exactly
match rates of adenosine triphosphate (ATP) hydrolysis. Because of the high energy
turnover in heart muscle, the cell volume occupied by mitochondria in myocardial
cells is greater than in other tissues.*’ Since a linear relation exists between mito-
chondrial mass and heart rate or myocardial oxygen consumption, it is conceivable
that structural and functional damage to mitochondria represent the major deleterious
consequences of ischemia.*® Intact mitochondria maintain a large (up to 180 mV)
negative membrane potential across the mitochondrial inner membrane. A decrease
in mitochondrial transmembrane potential followed by an intense reactive oxygen
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FIGURE 3.2 Effect of the functional integrity of PARS on the changes in myocardial con-
tractility in perfused hearts subjected to hypoxia-reoxygenation in vitro. (A) The maximal
rates of pressure development (+dP/dt, mmHg/s, left panels) and the maximal rates of relax-
ation (—dP/dt, mmHg/s, right panels) in wild-type and PARS knockout hearts in control
conditions (“before hypoxia”) and after 30 min of hypoxia and 30 min of reperfusion (“after
hypoxia”). (B) The times to peak pressure (TPP, ms/mmHg, left panels), and the /> times to
relaxation (RT'/2, ms/mmHg, right panels) in wild-type and PARS knockout hearts in control
conditions (“before hypoxia”) and after 30 min of hypoxia and 30 min of reperfusion (“after
hypoxia”). Data represent mean = SEM values for n = 5 hearts in each group. *p < 0.05, **p
< 0.01, and ***p < 0.001 represent significant differences between the respective wild-type
and PARS deficient groups and ##p < 0.01 and ###p < 0.001 represent significant differences
between the respective values before and after hypoxia. (From Grupp, I. L. et al., J. Mol.
Cell. Cardiol., 31, 297, 1999.)
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TABLE 3.2
Effect of Inhibition of PARP Activity in Tissue Injury Induced by Ischemia and
Reperfusion In Vivo

Tissue or
Organ Mode of PARP Inhibition Effect of PARP Inhibition Ref.
Rat small bowel 3-Aminobenzamide Amelioration of intestinal damage, 24
reduction of epithelial hypermeability,
reduction of neutrophil infiltration,
reduction of peroxynitrite formation
Rabbit skeletal 3-Aminobenzamide, nicotinamide, Reduction of muscle necrosis 36
muscle 1,5-dihydroxyisoquinoline
Rat retina 3-Aminobenzamide Reduction of inter-nucleosomal 42
degradation of retinal DNA, reduction
of inner retinal tickness
Rat brain 3,4-Dihydro-5-[4-(1-piperidinyl)-  Reduction of infarct size 43
butoxy]-1(2H)-isoquinolinone
Murine brain 5-Iodo-6-amino-1,2-benzopyrone, ~ Amelioration of neuronal necrosis, 44, 15
disruption of PARP gene atexon2  reduction of infarct size
Rat larynx 3-Aminobenzamide Amelioration of laryngeal damage, 41

reduction of neutrophil infiltration,
reduction of peroxynitrite formation

intermediate production and a reduction of mitochondrial mass has been shown to
occur during ischemia and reperfusion.*®#° During ischemia, the acceleration of
anaerobic metabolism is not sufficient to compensate for the marked reduction of
aerobic metabolism with a consequent marked degradation of the adenine nucleotide
pool, thus leaving the mitochondrial carriers in a more fully reduced state. This
condition causes an increase of electron leakage from the respiratory chain that leads
to the production of superoxide radicals by reacting with molecular oxygen of the
inner mitochondrial membrane. Although the restoration of oxygen supply during
reperfusion reenergizes the mitochondria, the electron transport is still altered
because of the lack of adenine dinucleotides resulting in a larger amount of free
radical production in the presence of the ample availability of molecular oxygen.>*®
Free radical production from the mitochondrial enzymes will be even more pro-
nounced, since mitochondrial superoxide dismutase is inactivated during reperfu-
sion.?0° Disruption of mitochondrial function, generation of protons, and subsequent
oxidative stress are often followed by an elevated intracellular Na* and Ca®* levels,
and progressive intracellular acidosis, which will affect the fundamental processes
of contraction and excitability. Intracellular Ca?* also activates a number of enzymes
(proteases, phospholipase, myofibrillar ATPase), disrupts lysosomal membranes, and
further affects mitochondrial oxidative phopshorylation. >!

In the context of this metabolic derangement, PARP overactivation is expected
to mediate an amplification of mitochondrial damage, potentially by accelerating the
exhaustion of the cellular energy pool. In vitro studies have proved this hypothesis,
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clearly showing that PARP activation contributes to the mitochondrial alterations in
cultured myocytes and other cellular types exposed to oxidants. For example, expo-
sure of thymocytes to hydrogen peroxide, authentic peroxynitrite, and peroxynitrite-
generating compounds induces a time- and dose-dependent decrease in mitochondrial
transmembrane potential (AY,,), which is associated with increase in secondary
reactive oxygen intermediate production and loss of cardiolipin, an indicator of
mitochondrial membrane damage. Inhibition of PARP by 3-aminobenzamide or 5-
iodo-6-amino-1,2-benzopyrone attenuates peroxynitrite-induced AY,, reduction,
secondary reactive oxygen intermediate generation, cardiolipin degradation, and
intracellular calcium mobilization. Similarly, thymocytes from PARP-deficient ani-
mals appear to be protected against the peroxynitrite- and hydrogen peroxide—induced
functional and ultrastructural mitochondrial alterations.>?

In simulated in vitro conditions of ischemia and reperfusion, we have also
demonstrated that activation of PARP is a major determinant of mitochondrial
damage and the consequent myocardial oxidant injury. We have shown that peroxy-
nitrite, hydrogen peroxide, and the NO donor compounds S-nitroso-N-acetyl-DL-
penicillamine (SNAP) and diethyltriamine NONOate all cause a dose-dependent
reduction of the mitochondrial respiration of rat cardiac myoblasts. Peroxynitrite
and hydrogen peroxide, but not the NO donors, cause activation of cellular PARP
activity. The suppression of mitochondrial respiration by peroxynitrite and hydrogen
peroxide, but not by the NO donors, is ameliorated by pharmacological inhibition
of PARP.3 In an additional set of experiments we have found that rat myoblasts
subjected to hypoxia (1-h) and reoxygenation (1- to 24-h) had a marked increase in
PARP activity (at 1 h after reoxygenation) and a reduction in mitochondrial respi-
ration (with maximal inhibition at 6 h), which were reversed by treatment with
3-aminobenzamide. Hypoxia alone did not induce changes in PARP activity or in
mitochondrial respiration (Figure 3.3). These results were confirmed using fibro-
blasts derived from genetically deficient of PARP (PARP-) and wild-type mice. In
response to hypoxia in wild-type fibroblasts there was an increase in PARP activity,
which was further enhanced after reoxygenation and followed by a significant
inhibition of the cellular respiration. On the contrary, PARP-- fibroblasts did not
show PARP activation or changes in mitochondrial respiration.>?

Thiemermann and colleagues>* have also examined the role of PARP in human
cell lines, thus providing useful information relevant to human myocardial infarction.
Exposure of human cardiac myoblasts to hydrogen peroxide caused a time- and
concentration-dependent reduction in mitochondrial respiration, an increase in cell
death, and an increase in PARP activity. The PARP inhibitors, 3-aminobenzamide,
1,5-dehydroxyisoquinoline, or nicotinamide, attenuated the cell injury and death, as
well as the increase in PARP activity caused by hydrogen peroxide, whereas the
inactive analogues 3-aminobenzoic acid or nicotinic acid were without effect.>*

Endogenous ADP-ribosylation reactions also appear to be crucial determinants
in other forms of oxidant-dependent cardiotoxicity. In this regard, overactivation of
PARP, with consequent accelerated NAD* catabolism and damaged mitochondrial
energy production, has been proposed to mediate the structural and functional
changes of the cardiomyopathy induced by zidovudine.>
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FIGURE 3.3 Effect of hypoxia (H, 1-h) and reoxygenation (H/R) on mitochondrial respira-
tion on PARP activation (A) and mitochondrial respiration (B) in rat myocytes. Solid bars
represent values in the presence of vehicle; hatched bars represent data in the presence of the
PARP inhibitor 3-aminobenzamide (1 mM). *p < 0.01 represents significant changes elicited
by hypoxia and reoxygenation when compared with unstimulated controls; fp < 0.01 repre-
sents protective effects provided by 3-aminobenzamide. (From Gilad, E. et al., J. Mol. Cell.
Cardiol., 29, 2585, 1997.)
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3.5 PARP ACTIVATION AND LEUKOCYTE-
ENDOTHELIAL INTERACTIONS DURING
MYOCARDIAL ISCHEMIA AND REPERFUSION:
THE ROLE OF ADHESION MOLECULES

It is now well appreciated that infiltration of neutrophils is a crucial event for
ischemia and reperfusion injury. In the earliest stages of reperfusion after ischemia,
neutrophils moving out of the circulation into inflamed tissue play a physiological
role in the destruction of foreign antigens and remodeling of injured tissue. Never-
theless, neutrophils may augment the damage to vascular and parenchymal cellular
elements by the release of proteolytic enzymes, free radicals, and proinflammatory
mediators.®® A growing body of experimental data suggests that overactivation of
PARP is an important modulator of leukocyte—endothelial cell interactions. A con-
sistent biological effect of the genetic or pharmacological inhibition of PARP during
an inflammatory process has been, in fact, represented by the reduction of neutrophil
infiltration in the site of injury. This biological event has been reported not only in
myocardial ischemia and reperfusion, but also in other experimental models of
inflammation such as zymosan- or carrageenan-induced paw edema, pleurisy, arthri-
tis, peritonitis, and colitis.'®-?1:2324 In these studies reduction of neutrophil infiltration
is always associated with the reduction of the resultant oxidative and nitrosative
stress and with amelioration of tissue damage. The mechanism of regulation of
neutrophil trafficking by PARP appears multiple and may involve the maintenance
of endothelial integrity and the regulation of the expression of adhesion molecules.

We have found that during experimental myocardial ischemia and reperfusion
injury, genetic ablation of PARP inhibits the release of P-selectin from the preformed
pools on the endothelial surface and the upregulation of intercellular adhesion
molecule-1 (ICAM-1), thus preventing the rolling and the firm adhesion of neutro-
phils along the endothelium.? Therefore, accumulation of neutrophils into the site
of injury was markedly reduced in PARP-- mice, as evidenced by reduction of
myeloperoxidase activity (Figure 3.4). In vitro experiments confirmed that inhibition
of PARP might directly influence the endothelial-neutrophil interaction by affecting
endothelial expression of adhesion molecules. Incubation of human endothelial cells
with peroxynitrite or immunostimulation with TNF-o induced the expression of P-
selectin and upregulation of ICAM-1, respectively. Pharmacological inhibition of
PARP by 3-aminobenzamide inhibited the oxidant-dependent expression of P-selec-
tin and the cytokine-mediated upregulation of ICAM-1 (Figure 3.5). The role of
PARP activation in adhesion molecule expression was further confirmed with exper-
iments using murine fibroblasts lacking the gene for PARP (PARP) or fibroblasts
with a normal genotype (PARP**). Stimulation with cytokines induced a significant
expression of ICAM-1 in a concentration-dependent manner in PARP**, while it
elicited a very weak response in PARP--. Pharmacological inhibition of PARP by
3-aminobenzamide in normal fibroblasts reduced the cytokine-mediated expression
of ICAM-1.20

Using an intravital microscopic technique, we have evaluated the kinetics of
leukocyte migration into the mesenteric vasculature during an inflammatory pro-
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FIGURE 3.4 Neutrophil infiltration after coronary occlusion and reperfusion is reduced in
PARP-- mice. Myeloperoxidase, an enzyme present in neutrophils, was measured as an index
of neutrophil infiltration into the injured tissue. Tissue myeloperoxidase activity was signif-
icantly enhanced in PARP++ mice subjected to myocardial injury (LAD-IR) in comparison
with sham-operated PARP++ animals (*p < 0.001). In contrast, in PARP-- mice subjected to
myocardial injury, the increase of myeloperoxidase was significantly reduced when compared
with PARP+*+ animals (#p < 0.001). Each data point is the mean + SEM of six animals for
each group. (From Zingarelli, B. et al., Circ. Res., 83, 85, 1998. With permission.)

cess induced by intraperitoneal injection of the phlogogen agent zymosan in mice.??
Polymorphonuclear cells accumulated in response to zymosan at a high rate of
influx. Administration of 3-aminobenzamide reduced cell recruitment in a dose-
dependent fashion. Zymosan also induced a marked increase in emigrated leuko-
cytes in mouse mesenteric postcapillary venules at 4 h after intraperitoneal injec-
tion. Treatment with 3-aminobenzamide significantly reduced the number of cells
emigrated outside the postcapillary venules. These findings were further supported
by data obtained in PARP-deficient animals. Relative to wild-type controls, PARP--
mice had reduced intestinal myeloperoxidase activity in response to intraperitoneal
zymosan administration.?

The regulation of neutrophil recruitment and expression of adhesion molecules
by PARP activation also occurs in cell types other than endothelial cells. For example,
inhibition of PARP by nicotinamide and 3-aminobenzamide inhibited cytokine- or
mitogen-induced ICAM-1 expression on thyroid cells.’” Poly(ADP-ribosyl)ation of
nuclear proteins in activated granulocytes was associated with an increase of adhe-
sion, which was markedly reduced or even abolished by 3-aminobenzamide treat-
ment.”® Genetic blockade of PARP also inhibited neutrophil recruitment, oxidant
generation, and mucosal injury in murine colitis by reducing upregulation of ICAM-
1 in endothelial and intestinal epithelial cells.?!
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FIGURE 3.5 Pharmacological inhibition of PARP reduces expression of P-selectin (A) and
ICAM-1 (B) in human umbilical vein endothelial cells. Expression of P-selectin was induced
by 1-h incubation of cells with peroxynitrite (0.1 to 100 umol/1); expression of ICAM-1 was
induced by 4-h incubation with TNF-o (1 to 1000 U/ml). *p < 0.05 represents significant
effect of 3-aminobenzamide (3-AB, 1 mmol/l) on expression of the adhesion molecules, as
determined by a cell surface enzyme immunoassay. Data are expressed as means + SEM of
n =6 to 12 wells of at least 3 separate experiments. mOD,,; = milliunits of optical density
recorded spectrophotometrically at 405 nm. (From Zingarelli, B. et al., Circ. Res., 83, 85,
1998. With permission.)
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Potential mechanisms have been postulated to explain the reduction of neutrophil
influx after PARP inhibition. PARP-related changes in cellular energetics®®° and
related processes involving calcium sequestration, biosynthetic processes, and main-
tenance of the normal cell shape and adherence may be involved. Alternatively, or
in addition to the energetic changes, poly(ADP-ribosyl)ation may directly play a
role in gene expression. In this regard, it has been demonstrated that in in vitro
human endothelial cells inhibition of PARP activity by 3-aminobenzamide blocked
oxidant-induced binding activity of the transcription factor activator protein-1 to the
promoter of ICAM-1.%

The suppression of neutrophil infiltration and/or the direct inhibition of gene
expression may also explain the beneficial effects provided by the absence of func-
tional PARP against the delayed inflammatory response in the late stage of reper-
fusion. In a murine model of late reperfusion injury (24 h) after a short period of
ischemia (30 min), genetic inhibition of PARP exerted cardioprotective effects asso-
ciated with reduced release of cytokines, such as TNF-o and IL-10, and reduced
activity of the inducible NO synthase.®® These findings are in line with other exper-
imental observations, which propose PARP as a pleiotropic modulator of the gene
expression. There is strong evidence, in fact, that poly(ADP-ribosyl)ation is a process
of post-translational modification of chromatin proteins in the cell nucleus.®! It is
suggested that it leads to relaxation of chromatin with the consequence that genes
become more accessible to the RNA polymerase.>®? In this regard, in synovial
fibroblasts 3-aminobenzamide, a specific inhibitor of PARS, inhibits the expression
of collagenase by IL-1(3.9 Inhibition of PARS activity blocks oxidant-induced tran-
scription of ¢-fos,% inhibits induction of major histocompatibility class I,* down-
regulates DNA-methyltransferase, protein kinase C, and inhibits expression of the
ras gene in endothelial cells.®*%7 Inhibition of PARP activity also blocks endotoxin-
induced expression of mRNA for the inducible NO synthase in immunostimulated
macrophages by reducing the binding of nuclear factor kB to its target sequence.%®%

3.6 CONCLUSION

The analysis of the current experimental data suggests the existence of a self-
amplifying vicious cycle in myocardial ischemia and reperfusion governed by the
nuclear enzyme PARP (see representative scheme in Figure 3.6). Early production
of oxidants by dysfunctional mitochondria after reperfusion leads to DNA damage
and activation of PARP, which in turn causes further derangement of cellular ener-
getic status and induces endothelial injury and activation of adhesion molecules.
The loss of the endothelial barrier function is then responsible for the infiltration of
neutrophils, which represent a source of more oxidant production. In this positive
feedback cycle, reactive species maintain the futile energy-consuming repair cycle
by inducing further DNA injury and activation of PARP. The energy dysmetabolism
and/or the poly(ADP-ribosyl)ation of important nuclear proteins appear also to affect
the post-translation and transcriptional regulatory events of the inflammatory
response. The current research has raised the exciting prospect that pharmacological
inhibition of PARP may ameliorate the endothelial and myocardial dysfunction by
interrupting the vicious cycle at the level of energetic failure, neutrophil infiltration,
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FIGURE 3.6 Representative scheme of the PARP pathway during myocardial ischemia and
reperfusion injury. The reduction of oxygen supply during ischemia alters the mitochondrial
function, leading to the production of reactive oxidant species. The highly reactive species
induce breakage of DNA strands with consequent initiation of poly(ADP-ribosyl)ation by
PARP. The activation of PARP rapidly depletes the cellular NAD* and ATP pools. The cellular
energy exhaustion maintains the mitochondria in a reduced state, thereby allowing a further
production of reactive oxidants at the reperfusion. Furthermore, depletion of NAD* and ATP
leads to cellular dysfunction, i.e., alteration of the mechanism of relaxation and contraction
in the myocytes and alteration of the endothelial adhesiveness. The loss of the endothelial
barrier function results in accumulation of neutrophils into the site of injury, which represent
an important source of reactive species. The cellular dysfunction is further enhanced by the
concomitant poly(ADP-ribosyl)ation of nuclear chromatin, leading to altered gene expression
of proinflammatory and adhesion molecules, and culminates in cell death.
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and related oxidative damage. It must be noted, however, that the predictability of
in vivo experimentation in animals and its extrapolation to humans is a function of
the genetic kinship. Therefore, additional questions, whether PARP activation has a
role in the immunoregulatory and inflammatory process in humans and whether
PARP inhibitors may significantly reduce the incidence of fatal and nonfatal myo-
cardial infarction, remain to be addressed.
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4.1 INTRODUCTION

Poly(ADP-ribose) polymerase (PARP) is an abundant nuclear enzyme present
throughout the phylogenetic spectrum.! Although traditionally regarded as a DNA-
repair enzyme, the precise physiological roles of PARP remain undefined.? At low
basal levels, PARP appears to play diverse roles, participating in DNA repair,>#
chromatin relaxation,® cell differentiation,® DNA replication,’ transcriptional regu-
lation,? control of cell cycle,’ p5S3 expression and apoptosis,'® and transformation.!!
Recent data support the novel concept that under pathological conditions, PARP
plays a crucial role in the regulation and generation of the inflammatory response.
This chapter summarizes the evidence favoring this new role for PARP and proposes
therapeutic opportunities afforded by PARP inhibition.

4.2 STIMULANTS OF PARP ACTIVATION
4.2.1 RoLe ofF Nitric OXIDE

Under pathological conditions of inflammation, free radicals and oxidants are formed
by parenchymal cells and infiltrating leukocytes. Two principal free radical species,
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nitrogen centered and oxygen centered, play a key role as effectors of tissue injury.
In addition, oxidants are generated by the conversion of oxygen-centered free rad-
icals to hydrogen peroxide and hydroxyl radical and by the interaction of superoxide
anion and nitric oxide (NO) to form peroxynitrite. All of these species are formed
during inflammation and play varied roles in the activation of PARP and the medi-
ation of tissue damage.

The nitrogen-centered free radical NO is synthesized from the guanidino group
of L-arginine by a family of enzymes termed NO synthases (NOS). Three isoforms
have been described and cloned: endothelial cell NOS (ecNOS), brain NOS (bNOS),
and an inducible macrophage type NOS (iNOS).'? Whereas ecNOS (produced by
the endothelial cells) is responsible for many physiological effects (e.g., maintaining
basal vasodilator tone, inhibiting platelet and neutrophil adhesion and activation),
many pathophysiological conditions are associated with the production of large
amounts of NO, produced by the inducible isoform of NOS (iNOS), with consequent
cytotoxic effects.!>!# iNOS, which generates NO for longer periods of time (several
hours to days) and at rates several orders of magnitude greater than the constitutive
isoforms,'3 is not present in most tissues to any significant extent under resting
conditions, but the enzyme is newly synthesized in response to infection and proin-
flammatory cytokines.!6?° Upregulation of NO synthesis has been associated with
functional derangements in multiple cell types: iNOS induction produces injury in
endothelial cells,?! induces apoptosis in macrophages,? inhibits cellular respiration
in vascular smooth muscle cells,? and has been associated with apoptosis in necro-
tizing enterocolitis.?*

4.2.2 RoLE OF SUPEROXIDE ANION

In addition to the nitrogen-centered free radical NO, the oxygen-centered free radical
superoxide anion appears to play a major role in the pathogenesis of inflammatory
injury. Superoxide anion is generated by xanthine oxidase (XO) and NADPH oxidase
from the partial reduction of molecular oxygen. Neutrophils and macrophages are
known to produce superoxide free radicals and hydrogen peroxide, which normally
are involved in the killing of ingested or invading microbes.?> Under physiological
conditions XO is ubiquitously present in the form of a dehydrogenase (XDH). In
mammals, XDH is converted from the NAD-dependent dehydrogenase form to the
oxygen-dependent oxidase form, either by reversible sulfhydryl oxidation or irrevers-
ible proteolytic modification.?® XO then no longer uses NAD* as an electron acceptor,
but transfers electrons onto oxygen, generating superoxide radical, peroxide, and
hydroxyl radical as purines are degraded to uric acid.?’-?® Inflammatory activation
converts XDH to XO, mainly by oxidizing structurally important sulthydryls. Inflam-
mation also markedly upregulates the conversion of xanthine dehydrogenase.?

The level of XO increases markedly during various types of inflammation (>400-
fold in bronchoalveolar fluid in pneumonitis), ischemia-reperfusion injury, and
atherosclerosis.’*3! Plasma levels of XO, due to the spillover of tissue XO into the
circulation, may be detected in adult respiratory distress syndrome, ischemia—rep-
erfusion injury, arthritis, sepsis, hemorrhagic shock, and other inflammatory condi-
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tions.?63233 Inflammatory-induced histamine release by mast cells and basophils
lowers the K, values for XO substrates, thereby enhancing the activity of X0O.3*

Superoxide radical has been associated with tissue injury in a variety of states
in which XDH to XO conversion occurs. Oxygen radicals are involved in the
microvascular and parenchymal cell injury associated with organ transplant rejection,
circulatory shock, stroke, myocardial infarction, zymosan-induced systemic inflam-
mation, intestinal ischemia, and autoimmune disease.?’->%¢ Extremely elevated levels
of XO have been recorded in adult respiratory distress syndrome, influenza, and
other inflammatory diseases.?>3° Superoxide is also readily catalyzed to form the
oxidants hydrogen peroxide and hydroxyl radical, which mediate cellular injury to
a greater extent than superoxide anion per se. In addition, superoxide readily reacts
in a diffusion-limited manner with the nitrogen-centered free radical NO, producing
peroxynitrite. Although all oxidants have been implicated in DNA strand breakage,
and subsequent activation of PARP, the role of peroxynitrite has received particular
attention in various inflammatory processes.

4.2.3 RoLE OF PEROXYNITRITE

In vitro and in vivo data demonstrate that NO and superoxide anion may not be the
relevant final effector species in a variety of forms of inflammatory injury.?223:37-41
Peroxynitrite, formed from their interaction, appears rather to be the proximate cause
of cytotoxicity and tissue injury.*' Peroxynitrite is formed in inflammatory conditions
such as inflammatory bowel disease, as well as other inflammatory disorders, as
evidenced by the formation of nitrotyrosine, a product of the reaction of peroxynitrite
with tyrosine residues.*? Peroxynitrite has been shown to have a wide variety of toxic
actions, including damage to membranes, oxidation of intracellular proteins, and
nitrosation of critical tyrosine residues. Both exogenous and endogenously generated
peroxynitrite have also been shown to induce DNA strand breaks potently in a variety
of cell types, including macrophages,?>?* vascular smooth muscle cells,* pulmonary
epithelial cells,”® and intestinal epithelial cells.** In contrast to the potent effects of
peroxynitrite on the production of DNA single-strand breaks, its precursor NO has
no such effects.?>?337 The existence of DNA single-strand breaks has now been
confirmed in experimental models of inflammation, and in the clinical setting. In
colonic biopsies of patients with ulcerative colitis, for example, there are significantly
increased levels of 8-hydroxyguanine, 2-hydroxyadenine, 8-hydroxyadenine, and 2,6-
diamino-5-formamido-pyrimidine,*® providing indirect evidence of DNA injury.

4.3 DNA SINGLE-STRAND BREAKAGE AND PARP
ACTIVATION

Under basal conditions in vivo, PARP activity is relatively quiescent. Under condi-
tions of redox stress, the N-terminal domain of PARP recognizes oxidant-induced
DNA single-strand breaks, resulting in a conformational change that activates its C-
terminal catalytic domain.*” Activated PARP cleaves the substrate NAD* into ADP-
ribose and nicotinamide. During this process, PARP covalently attaches ADP-ribose
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to various proteins, including an automodification domain of PARP itself, and then
extends the initial ADP-ribose group into a branched nucleic acidlike homopolymer,
poly(ADP-ribose).*® Simultaneously, poly(ADP-ribose) is degraded by various
nuclear enzymes, including poly(ADP-ribose) glycohydrolase

The catalysis of poly(ADP-ribose) results in depletion of NAD, inhibition of
glycolysis and mitochondrial respiration, and the ultimate reduction of intracellular
high-energy phosphates.?>383%:41.49-58 The coincident activities of PARP and
poly(ADP-ribose) glycohydrolase may be regarded functionally as an NADase. Loss
of intracellular energetic stores has deleterious consequences on a broad range of
cellular activities, which may be substantially delayed (hours) from the time of
oxidant exposure.

This PARP-dependent loss of intracellular energetics and cellular function has
been well demonstrated in studies of multiple cell types. Recently, we investigated
the role PARP in intestinal epithelial barrier function, an active process that is highly
dependent upon cellular ATP concentration.”® Exposure of human Caco-2BBe
enterocyte cell monolayers to peroxynitrite rapidly induced DNA strand breaks and
triggered an energy-consuming pathway catalyzed by PARP.* The consequent reduc-
tion of cellular stores of ATP and NAD* was associated with the development of
hyperpermeability of the epithelial monolayer to a fluorescent anionic tracer. Phar-
macological inhibition of PARP activity had no effect on the development of per-
oxynitrite-induced DNA single-strand breaks, but attenuated the decrease in intrac-
ellular stores of NAD and ATP and the functional loss of intestinal barrier function.
Similar studies, in which peroxynitrite has been generated by the endogenous pro-
duction of superoxide anion and NO, have implicated PARP activation as a major
pathway of oxidant-induced cellular necrosis.

4.4 REGULATION OF PROINFLAMMATORY
SIGNALING PATHWAYS BY PARP

Initial studies of the role of PARP in experimental models of reperfusion injury
focused on its effects on intracellular energetics and resultant cellular dysfunction.
In the last several years, however, a new series of in vivo investigations has revealed
that inhibition of PARP activation, or its genetic deficiency, has unexpected actions
in oxidant-driven diseases that are not associated with reperfusion injury. These
effects, which are demonstrated in a broad range of inflammatory conditions, appear
to be incidental to the effect of PARP activation on intracellular energetics.

PARP activity directly influences inflammation by its effect on the expression,
activation, and nuclear translocation of key proinflammatory genes and proteins. The
absence of PARP or its pharmacological inhibition has been shown to suppress the
activation of MAP kinase,> AP-1 complex,® and NF-xB.%® Consequently, PARP
inhibition interferes with the expression of proinflammatory genes, such as iNOS®
and ICAM-1,%° that are dependent upon these signaling pathways. These observations
have been revealed in both in vitro systems, examining a broad range of cell types,
and in various experimental models of inflammation.
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In an experimental model of enterocolitis, PARP knockout mice have nearly
total suppression of inflammatory-induced upregulation of ICAM-1 expression. Sim-
ilarly, PARP inhibition blocks ICAM-1 expression in cultured endothelial cells
stimulated in vitro by a combination of proinflammatory cytokines.®® We have also
observed that PARP inhibition attenuates IL-1[3 mediated induction of C3 in cultured
intestinal enterocytes. Because C3 is an early component of the complement pathway
that generates the potent chemotaxin C5a, PARP inhibition may reduce neutrophil
recruitment into inflammatory foci. Experimental evidence indeed demonstrates that
PARP inhibition suppresses neutrophil infiltration in experimental models of endo-
toxicosis, carrageenan-induced pleurisy, and splanchnic ischemia-reperfusion
injury.#>>1-33 These findings have also been replicated in models of inflammation
utilizing a genetic approach to eliminate PARP activity.%

The underlying mechanism by which PARP activation alters gene expression is
unknown, but may involve the poly(ADP-ribosyl)ation of transcription factors or
the repair of DNA strand breaks which interfere with transcription. PARP may also
alter the activation of proinflammatory pathways via its influence on the expression
of AP-1, a heterodimer composed of c-fos and jun factors. High levels of transcrip-
tional activation of human ICAM-1, C3, and c-fos require AP-1 binding to 5" flanking
regulatory regions.®® In cultured cells, PARP inhibition blocks oxidant-induced c-
fos mRNA expression and AP-1 activation.®’ Since the c-fos promoter contains an
AP-1 consensus site,® c-fos activation could trigger a positive-feedback cycle of gene
expression. Superoxide anion has also been reported to induce the post-translational
poly(ADP-ribosyl)ation of c-fos.?

In addition to its effect on transcription factor activation, PARP inhibition attenu-
ates IL-1B-mediated iNOS expression in rodent pancreatic beta islet cells and in
activated macrophases.®”% Similar anti-inflammatory effects have been noted in vitro
in murine macrophages and in vivo in rats. PARP inhibition has been shown, for
example, to suppress endotoxin-induced expression of TNF-o, IL-6, iNOS, and
cyclooxygenase-22 and to elevate the expression of the anti-inflammatory cytokine
IL-10.52 These effects are associated with the near total blockade of endotoxin-medi-
ated induction of MAP kinase activity.’> Since MAP kinase plays a major role in the
pleiotropic transduction of intracellular inflammatory cascades, the anti-inflammatory
effects of PARP inhibition may be accounted for at this level of gene regulation. One
may also expect that PARP-dependent regulation of NF-«xB activation®®” has a pleio-
tropic effect on the expression of proinflammatory genes, given the broad role that
NF-xB plays in the transcriptional activation of cytokine and chemokine genes.

4.5 ROLE OF PARP ACTIVATION IN LOCAL
INFLAMMATORY RESPONSES

The effect of PARP inhibition, or PARP deficiency, on the expression of proinflam-
matory genes and signaling pathways in vitro led us to explore the potential role of
PARP activation on in vivo inflammation. These studies have included a broad range
of models, ranging from carrageenan-induced paw edema, colitis, arthritis, and
endotoxic shock. Pharmacological studies, using diverse inhibitors, have consistently
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DAMAGE SCORE

CONTROL TNBS TNBS+3AB

FIGURE 4.1 Effect of 3-AB treatment on the damage score in a rodent model of TNBS-
induced colitis. Drug treatment (10 mg/kg twice a day, intravenously) was started 24 h before
intracolonic administration of TNBS and continued until the animals were sacrificed. Colonic
damage was scored on a 0 (normal) to 10 (severe) scale by four independent observers. Results
are mean + SE of 8 rats for each group. *Significantly different from control rats (p < 0.05).
#Significantly different from untreated rats subjected to TNBS colitis (p < 0.05).

supported data from murine gene deletion models, providing confirmatory support
for the role of PARP in the inflammatory process. Our data clearly demonstrate that
PARP activation is a critical regulatory step in these experimental models of inflam-
matory injury.

To examine the role of PARP in a local prototypic inflammatory condition, we
pretreated male Wistar rats (250 to 300 g) with the moderately potent PARP inhibitor
INH,BP (5-iodo-6-amino-1,2-benzopyrone) before the injection of carrageenan. This
model is characterized by a rapid influx of neutrophils and the formation of edema.
Subplantar injection of carrageenan into the rat paw led to a time-dependent increase
in paw volume with a maximal response at 3 h. The carrageenan-induced paw edema
was significantly reduced by treatment with INH,BP by 45 £ 3,48 +7,53 + 9, and
44 + 8% at 1, 2, 3, and 4 h, respectively (p < 0.01; n = 6).

To confirm that PARP plays a relevant role in intestinal inflammatory injury and
dysfunction we evaluated the biological effect of in vivo pharmacological inhibition
of PARP activity in a rat model of trinitrobenzenesulfonic acid (TNBS)-induced
colitis, a classic model of hapten-induced autoimmune inflammatory bowel disease.
Treatment with the PARP inhibitor 3-aminobenzamide (3-AB) reduced tissue injury
(Figure 4.1), as evaluated by the improvement in histology and body weight, reduc-
tion in colonic myeloperoxidase activity and prostaglandin levels, and preserved
ATP concentration.

The cecum, colon, and rectum showed evidence on gross examination of mucosal
congestion, erosion, and hemorrhagic ulcerations 4 days after intracolonic adminis-
tration of TNBS. The histopathological features included transmural necrosis and
edema and a diffuse leukocytic cellular infiltrate in the submucosa. Inhibition of
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PARP activation by intraperitoneal administration of 3-AB decreased the extent and
severity of the colonic damage. The inflammation of the intestinal tract was also
accompanied by a significant loss in body weight in comparison with control rats.
PARP inhibition significantly reduced the loss in body weight, which correlated well
with the amelioration of colonic injury. Treatment with 3-AB reduced leukocytic
infiltration and the elevation of 6-keto-Prostaglandin F (PGF),, levels, indicative of
activation of the inflammatory response by cyclooxygenase. Treatment with 3-AB
also reduced the extent of ATP depletion in colonic tissue (Figure 4.2).

Although 3-AB is not a direct scavenger of peroxynitrite (unpublished observa-
tions), it reduced the degree of tyrosine nitration in the injured colon in the 3-AB-
treated animals. These observations suggest that inhibition of PARP by 3-AB, in an
indirect way, influences the quantity of reactive peroxynitrite produced. To exclude
a pharmacological effect of 3-AB on oxidant generation, independent of its role as
a PARP inhibitor, we utilized a PARP-deficient strain of mice in an experimental
model of colitis.

Colitis in PARP~~ mice and their littermate wild-type controls was induced by
intraluminal administration of TNBS/ethanol, a procedure that induces colonic epi-
thelial injury with ulceration in mice.®*% PARP** mice appeared markedly more
sensitive to the injurious effects of TNBS: all developed bloody diarrhea, 50% died
within 4 days, and 78% within 7 days after TNBS administration. In contrast, PARP-~
mice appeared healthy, with a very mild diarrhea; only 20% died within 7 days.
Weight loss was more pronounced in wild-type than in PARP~ mice (Figure 4.3).
There were multiple sites of grossly visible colonic mucosal congestion, erosion,
and hemorrhagic ulcerations in wild-type animals 4 days after TNBS treatment,
whereas the colons of most of the TNBS-treated PARP~~ mice were indistinguishable
from those of mice treated with 50% ethanol only. At the histological level, TNBS-
treated wild-type mice evidenced mucosal erosions, edema, large stretches of
denuded epithelia, and a diffuse leukocyte infiltration in the submucosa. The histo-
logical features of TNBS-treated PARP~ mice were typical of normal or healing
mucosa with an intact epithelium (Figures 4.4 and 4.5).%8

Colonic injury in PARP** animals was also associated with increased neutrophil
infiltration into the inflamed tissue.®® The level of myeloperoxidase activity, a marker
of neutrophil infiltration, paralleled the increase of tissue malondialdehyde, an
indicator of lipid peroxidation (Figure 4.3B). Moreover, a positive staining for
nitrotyrosine, a marker of nitrosative injury, was present throughout the inflamed
colon in PARP** animals.®® TNBS-treated PARP”~ mice had substantially less
infiltration of neutrophils and formation of malondialdehyde and nitrotyrosine (Fig-
ures 4.4 and 4.5).%8

The diminished neutrophil infiltration in the PARP** animals implicated PARP
in the regulation of proinflammatory signaling pathways.3667 In support of this
concept, TNBS-treated wild-type mice showed immunoreactivity for the neutrophil
adhesion molecule ICAM-1 in the endothelium in the submucosal vasculature.’® In
contrast, TNBS-treated PARP”- mice did not reveal upregulated expression of
ICAM-1, which was constitutively expressed in the endothelium along the vascular
wall.®® Thus, PARP activation appears to mediate neutrophil recruitment via its effect
on the expression of adhesion molecules.



68 Cell Death: The Role of PARP

A. 200 *
%3
< B
T 92
5% ¢
5 E 100
£8
25
SE
0
Control TNBS TNBS+3-AB
*
B. ,q—; 140 4
f§ 120 |
2 ; 100 -
é £ 80
28 601
© G 40
£ 20
o L]
Control TNBS TNBS+3-AB
C. 30 - #
c
3 1
e 20 ¢
s 1
Eo
<€
g 10
£
0 I

Control TNBS TNBS+3-AB

FIGURE 4.2 Effect of 3-AB treatment on myeloperoxidase activity in a rodent model of
TNBS-induced colitis. (A) 6-keto-PGF,, and (B) ATP levels (C) 4 days after intracolonic
administration of TNBS. Drug treatment (10 mg/kg twice a day, intravenously) was started
24 h before instillation of TNBS and continued until the animals were sacrificed. Results are
mean + SE of 8 rats for each group. *Significantly different from control rats (p < 0.05).
#Significantly different from untreated rats subjected to TNBS colitis (p < 0.05).

The production and role of free radicals and oxidants is also well established in
the pathophysiology of autoimmune arthritis.*®7! Upregulated expression of iNOS
and production of toxic quantities of NO have been measured ex vivo in chondrocytes
obtained from experimental animals and clinical biopsies.”>’® In addition, plasma
levels of nitrite/nitrate (the breakdown products of NO) and plasma and synovial
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FIGURE 4.3 Severity of TNBS-induced colitis is reduced in PARP-~ mice. (A) Survival is
significantly improved in TNBS-treated PARP-~ mice in comparison to the high mortality
rate of the wild-type group. (B) Weight loss (expressed as percent of initial body weight lost)
is significantly reduced after TNBS in PARP~- mice. (C) Colon damage was scored on a 0
(normal) to 8 (severe) scale by two independent observers and was markedly reduced in
PARP mice. Each data point is the mean £ SEM of 4 to 20 animals for each group.
*Significantly different from TNBS-treated wild-type mice (p < 0.05). Open squares, PARP++;
closed squares, PARP--. (From Zingarelli, B. et al., Gastroenterology, 116, (2), 335, 1999.
With permission.)
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FIGURE 4.4 Time course of changes in colonic architecture after TNBS administration in
PARP** mice. (A) Representative colonic sections from nontreated mice showed normal
architecture (day 0). At days (B) 1 and (C) 2 after TNBS administration, a marked disruption
of the structure occurred starting from the epithelium toward the submucosa. At days (D) 3
and (E) 4, the extensive mucosal necrosis was associated with a massive infiltration of
inflammatory cells. At days (F) 5, (G) 6, (H) 7, edema and inflammatory cells were still
present in the submucosa, whereas a healing process started in the epithelium. Numbers
indicate days after TNBS treatment. A similar pattern was seen in five to six different tissue
sections in each experimental group (original magnification, 100x). (From Zingarelli, B. et
al., Gastroenterology, 116, (2), 335, 1999. With permission.)

levels of nitrotyrosine are increased in clinical disease.”” Experimental studies in a
murine model of collagen-induced arthritis have also demonstrated increased nitro-
tyrosine formation.”® Given the existence of redox stress in experimental and clinical
arthritis, we hypothesized that PARP activation could represent a final common
effector mechanism of injury. Similar to the findings in enterocolitis, there are now
direct experimental data demonstrating that PARP activation plays a role in the
pathophysiology of joint inflammation. Blockade of PARP activity with the weak
inhibitor nicotinamide, or with nicotinic acid amide, reduced the onset of the disease
in a murine model of arthritis.””#' In experimental systems, PARP inhibitors have
been shown to prevent both the incidence of joint inflammation as well as the
progression of established collagen induced arthritis.”®” Furthermore, treatment with
the PARP inhibitor 5-iodo-6-amino-1,2-benzopyrone produced substantial protection
in a murine model of collagen-induced arthritis and reduced the incidence and
severity of joint disease.”® Vehicle-treated arthritic animals, in contrast, revealed
signs of severe suppurative arthritis, with massive infiltration of neutrophils, mac-
rophages, and lymphocytes. PARP inhibition markedly reduced the extent of neu-
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FIGURE 4.5 Time course of changes in colonic architecture after TNBS administration in
PARP mice. (A) Representative colonic sections from nontreated mice showed normal
architecture (day 0). At days (B) 1, (C) 2, and (D) 3 after TNBS administration, a disruption
of the structure occurred at the epithelium. At days (E) 4, (F) 5, (G) 6, and (H) 7, the mucosal
and submucosal architecture appeared normal and/or typical of a healing process. Numbers
indicate days after TNBS treatment. A similar pattern was seen in five to six different tissue
sections in each experimental group (original magnification, 100x). (From Zingarelli, B. et
al., Gastroenterology, 116, (2), 335, 1999. With permission.)

trophil infiltration into the larger joints, and decreased necrosis and hyperplasia of
the synovium.”® Taken together, these data provide strong support for the concept
that PARP activation mediates the leukocytic trafficking and end-organ damage in
models of inflammatory joint disease.

In addition to the important role of PARP activation in mediating tissue injury
in inflammatory diseases, PARP-independent processes (neutrophil activation, com-
plement activation, fibrinolysis, platelet-activating factor production, free radical
independent cytotoxic effects of cytokines, etc.) undoubtedly contribute to the patho-
physiology of inflammatory diseases. The experimental data in rodent models
strongly suggest, however, that PARP inhibition represents a broadly effective ther-
apeutic approach to the management of inflammation. On theoretical grounds as
well, inhibition of PARP is likely to have a therapeutic advantage of targeting final
common effectors of tissue injury, rather than proximal initiating triggers.
Approaches (e.g., glucocorticoids) that block early steps in the inflammatory process
are often incompletely effective because their mode of action requires a near total
blockade of the signaling cascade. Parallel pathways of injury that are missed may
be capable of substituting for the blocked pathways. Inhibition of the PARP activity,
in contrast, interferes with both multiple early signaling pathways and a final com-
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mon effector pathway of injury, and may therefore have a more comprehensive and
effective anti-inflammatory action.

4.6 DEVELOPMENT OF A WORKING HYPOTHESIS
RELATING PARP AND INFLAMMATION

We propose the following working hypothesis to place PARP activation in the context
of inflammatory injury: Proinflammatory cytokines stimulate free radical formation
by stimulating XO activity and de novo iNOS expression and by recruiting activated
neutrophils that express NADPH oxidase. As a consequence, the oxidants peroxyni-
trite, hydrogen peroxide, and hydroxyl radical are formed from the interaction of
superoxide and NO and by iron-catalyzed oxidation of superoxide. Oxidant stress
induces AP-1 formation and generates DNA single-strand breaks. DNA strand breaks
then activate PARP, which in turn potentiates NF-xB activation and AP-1 expression,
resulting in greater expression of the AP-1 and NF-xB dependent genes, such as
iNOS, ICAM-1, TNF-a, and C3. Generation of C5a (derived from C3), in combi-
nation with increased endothelial expression of ICAM-1, recruits more activated
leukocytes to inflammatory foci, producing greater oxidant stress. The cycle is thus
renewed as the increase in oxidant stress triggers more DNA strand breakage. The
proposed cycle of inflammatory activation will be augmented in systems where
PARP-dependent MAP kinase activation and NF-kB translocation contribute impor-
tantly to free radical and oxidant formation and granulocyte recruitment. According
to this proposed model, which still requires validation but is supported by multiple
lines of evidence, PARP occupies a critical position in a positive-feedback loop of
inflammatory injury.

NAD depletion induced by PARP activation is likely to accelerate this positive-
feedback cycle by preventing the energy-dependent reduction of oxidized glu-
tathione, the chief intracellular antioxidant and most abundant thiol in eukaryotic
cells.32 NAD is the precursor for NADP, a cofactor that plays a critical role in
bioreductive synthetic pathways and the maintenance of reduced glutathione pools.®?
Depletion of reduced glutathione, as a consequence of intracellular energetic failure
or overwhelming oxidant exposure,® leaves further oxidant stress unopposed, result-
ing in greater DNA strand breakage.

Based on the above experimental in vitro and in vivo data, PARP appears to
occupy a critical position in a self-amplifying cycle of oxidant-driven damage. It is
appropriate then to ask whether PARP inhibition is a candidate for clinical treatment
of inflammation. A variety of PARP inhibitors are in preclinical development, many
with potency that greatly exceeds the prototypic agents used in experimental proof-
of-concept studies of inflammation. A debate is ongoing as to the appropriate type
of inflammation that may be best suited to PARP inhibitory therapy. PARP inhibitors
may be particularly useful in the treatment of acute inflammatory disorders, such as
circulatory shock, where issues of potential toxicity related to chronic administration
are unimportant. Although the exact physiological role of PARP is still unclear, and
remains a matter of dispute, it is logical to suppose it plays an important role since
it is one of the most abundant proteins in the nucleus. PARP has been implicated
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in many physiological housekeeping functions, such as gene repair, transcription,
and cell cycling. Until such time as its true physiological functions are more precisely
defined, there should exist considerable caution in the long-term administration of
PARP inhibitors to humans. Chronic in vitro administration of high doses of the
PARP inhibitor nicotinamide, for example, has been shown in experimental models
to reduce P-islet cell function.®> Because nicotinamide is a weak inhibitor, and has
other activities beyond PARP inhibition, these data do not directly imply that chronic
inhibition of the enzyme is problematic. PARP inhibition has also been associated
with an increase in sister chromatid exchange,? a concerning finding that raises the
risk of malignant transformation. PARP activation clearly leads to cell death, and
some have argued that its physiological role is to eliminate genetically damaged
cells, thereby reducing oncogenic potential.®” Indeed, PARP inhibition has been
shown to facilitate the rapid ligation of DNA excision-repair patches®® and to sup-
press malignant transformation in cells with DNA damage induced by irradiation
and chemical carcinogens.® Whether chronic PARP inhibition predisposes to cancer
is open to question, and we are not aware of any data showing that the PARP-
deficient murine strain has a greater risk of malignancy. Perhaps this conclusion
would be different in the setting where PARP deficiency or inhibition was associated
with a long period of chronic inflammation, redox stress, and associated DNA single-
strand breakage. These questions must be properly addressed prior to the long-term
use of a PARP inhibitor to treat chronic inflammatory conditions, such as diabetes,
arthritis, and enterocolitis, among others.

As with all anti-inflammatory therapies, the use of PARP inhibitors could inter-
fere with the appropriate recruitment of the immune response to eradicate bacterial
pathogens. Studies to evaluate the effect of PARP inhibition, or its deficiency, on
the course of live bacterial infection are currently under way. Given the broad effects
of PARP inhibition on proinflammatory cytokine and chemokine expression, it will
be critical, prior to clinical introduction of a PARP inhibitor, to gauge accurately
the potential for PARP inhibition to increase infectious risk.

ACKNOWLEDGMENT

This work was supported by a grant from the National Institutes of Health (RO10-
M57407).

REFERENCES

1. Lautier, D., Lageux, J., Thibodeau, J., Ménard, L., and Poirier, G.G., Molecular and
biochemical features of poly (ADP-ribose) metabolism. Mol. Cell. Biochem.,
122:171-193, 1993.

2. Wang, Z.Q., Auer, B., Sting, L., Berghammer, H., Haidacher, D., Schweiger, M., and
Wagner, E.F., Mice lacking ADPRT and poly (ADP-ribosylation) develop normally
but are susceptible to skin disease. Genes Dev., 9:510-520, 1995.

3. Durkacz, B.W., Omidiji, O., Gray, D.A., and Shall, S., (ADP-ribose)n participates in
DNA excision repair. Nature, 283:593-596, 1980.



74

10.

12.

14.

15.

16.

17.

19.

20.

21.

Cell Death: The Role of PARP

Satoh, M.S. and Lindahl, T., Role of poly(ADP-ribose) formation in DNA repair.
Nature, 356:356-358, 1992.

Poirier, G.G., de Murcia, G., Jongstra-Bilen, J., Niedergang, C., and Mandel, P,
Poly(ADP-ribosyl)ation of polynuclesomes causes relaxation of chromatin structure.
Proc. Natl. Acad. Sci. U.S.A., 79:3423-3427, 1982.

. Ohashi, Y., Ueda, K., Hayaisha, O., Ikai, K., and Niwa, O., Induction of murine

teratocarcinmoa cell differentiation by suppression of poly(ADP-ribose) synthesis.
Proc. Natl. Acad. Sci. U.S.A., 81:7132-7136, 1984.

. Simbulan-Rosenthal, C.M., Rosenthal, D.S., Hilz, H., Hickey, R., Malkas, L., Apple-

gren, N., Wu, Y., Bers, G., and Smulson, M.E., The expression of poly(ADP-ribose)
polymerase during differentiation-linked DNA replication reveals that it is a component
of the multiprotein DNA replication complex. Biochemistry, 35:11622—-11633, 1996.

. Amstad, P.A., Krupitza, G., and Cerutti, P.A., Mechanism of c-fos induction by active

oxygen. Cancer Res., 52:3952-3960, 1992.

Berger, N.A., Kaichi, A.S., Steward, P.G., Klevecz, R.R., Forrest, G.L., and Gross,
S.D., Synthesis of poly(adenosine diphosphate ribose) in synchronized Chinese ham-
ster cells. Exp. Cell Res., 117:127-135, 1978.

Whitacre, C.M., Hashimoto, H., Tsia, M.L., Chatterjee, S., Berger, S.J., and Berger,
N.A., Involvement of NAD-poly(ADP-ribose) metabolism in p53 regulation and its
consequences. Cancer Res., 55:3697-3701, 1995.

. Kun, E., Kirsten, E., Milo, G.E., Kurian, P., and Kumari, H.L., Cell cycle-dependent

intervention by benzamide of carcinogen-induced neoplastic trasnformation and in
vitro poly(ADP-ribosyl)ation of nuclear proteins in human fibroblasts. Proc. Natl.
Acad. Sci. U.S.A., 80:7219-7223, 1983.

Koizumi, T., Gupta, R., Banerjee, M., and Newman, J.H., Changes in pulmonary
vascular tone during exercise. J. Clin. Invest., 94 (6):2275-2282, 1994.

. Nathan, C., Nitric oxide as a secretory product of mammalian cells. FASEB J.,

6:3051-3064, 1992.

Ischiropoulos, H., al-Mehdi, A.B., and Fisher, A.B., Reactive species in ischemic rat
lung injury: contribution of peroxynitrite. Am. J. Phys., 269:L158-1L164, 1995.
Nicolson, A.G., Haites, N.E., McKay, N.G., Wilson, M.W., MacLeod, A.M., and
Benjamin, N., Induction of nitric oxide synthase in human mesangial cells. Biochem.
Biophys. Res. Commun., 193:1269-1274, 1993.

Tepperman, B.L., Brown, J.F., and Whittle, B.J., Nitric oxide synthase induction and
intestinal epithelial cell viability in rats. Am. J. Phys., 265:G214-G218, 1993.
Boughton-Smith, N.K., Evans, S.M., Laszlo, F., Whittle, B.J.R., and Moncada, S.,
The induction of nitric oxide synthase and intestinal vascular permeability by endot-
oxin in the rat. Br. J. Pharmacol., 110:1189-1195, 1993.

. Wilson, K.T., Ciancio, M.J., and Chang, E.B., Inducible nitric oxide synthase mRNA

expression is increased in intestinal mucosa of endotoxemic rats and is inhibited by
dexamethasone. Gastroenterology, 106:A793 (Abstr.), 1994.

Petros, A., Bennett, D., and Vallance, P., Effect of nitric oxide synthase inhibitors on
hypotension in patients with septic shock. Lancet, 338:1557-1558, 1991.

Suschek, C., Rothe, H., Fehsel, K., Enczmann, J., and Kolb-Bachofen, V., Induction
of a macrophage-like nitric oxide synthase in cultured rat aortic endothelial cells. J.
Immunol., 151:3283-3291, 1993.

Estrada, C., Gomez, C., Martin, C., Moncada, S., and Gonzalez, C., Nitric oxide
mediates tumor necrosis factor-a toxicity in endothelial cells. Biochem. Biophys. Res.
Commun., 186:475-482, 1992.



Role of Poly(ADP-Ribose) Polymerase Activation in Inflammation 75

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Szabé, C., Zingarelli, B., O’Connor, M., and Salzman, A.L., DNA strand breakage,
activation of poly-ADP ribosyl synthetase, and cellular energy depletion are involved
in the cytotoxicity in macrophages and smooth muscle cells exposed to peroxynitrite.
Proc. Natl. Acad. Sci. U.S.A., 93:1753-1758, 1996.

Szabd, C. and Salzman, A.L., Endogenous peroxynitrite is involved in the inhibition
of cellular respiration in immuno-stimulated J774.2 macrophages. Biochem. Biophys.
Res. Commun., 209:739-743, 1995.

Ford, H.R., Watkins, S., Reblock, K.K., Teramana, C., and Rowe, M.I., The role of
inflammatory cytokines and nitric oxide in the pathogenesis of necrotizing entero-
colitis. J. Ped. Surg., 32:275-282, 1997.

Oda, T., Akaike, T., Hamamoto, T., Suzuki, F., Hirano, T., and Maeda, H., Oxygen
radicals in influenza-induced pathogenesis and treatment with pyran polymer-conju-
gated SOD. Science, 244:974-976, 1989.

Tan, S., Yokoyama, Y., Dickens, E., Cash, T.G., Freeman, B.A., and Parks, D.A.,
Xanthine oxidase activity in the circulation of rats following hemorrhagic shock. Free
Radical Biol. Med., 15:407-414, 1993.

McCord, J.M., Oxygen-derived free radicals in postischemic tissue injury. N. Engl.
J. Med., 312:159-163, 1985.

Miesel, R., Zuber, M., Sanocka, D., Graetz, R., and Kroeger, H., Effects of allopurinol
on in vivo suppression of arthritis in mice and ex vivo modulation of phagocytic
production of oxygen radicals in whole human blood. Inflammation, 18:597-612,
1994.

Engerson, T.D., McKelvey, T.G., Rhyne, D.B., Boggio, E.B., Snyder, S.J., and Jones,
H.P., The conversion of xanthine dehydrogenase to oxidase in ischaemic rat tissue.
J. Clin. Invest., 79:1564-1570, 1987.

Akaike, T., Ando, M., Tatsuya, O., Doi, T., [jiri, S., Araki, S., and Maeda, H.,
Dependence on O, generation by xanthine oxidase of pathogenesis of influenza virus
infection in mice. J. Clin. Invest., 85:739-745, 1990.

Mohacsi, A., Kozlovszky, B., Kiss, 1., Seres, 1., and Fulop, T., Jr., Neutrophils obtained
from obliterative atherosclerotic patients exhibit enhanced resting respiratory burst
and increased degranulation in response to various stimuli. Biochim. Biophys. Acta,
1316:210-216, 1996.

Grum, C.M., Ragsdale, R.A., Ketai, L.H., and Simon, R.H., Plasma hypoxanthine
and exercise. Am. Rev. Respir. Dis., 136:98-101, 1987.

Friedl, H.P., Smith, D.J., Till, G.O., Thomson, P.D., Louis, D.S., and Ward, PA.,
Ischemia-reperfusion in humans. Appearance of xanthine oxidase activity. Am. J.
Pathol., 136:491-495, 1990.

Friedl, H.P,, Till, G.O., Trentz, O., and Ward, P.A., Role of histamine, complement
and xanthine oxidase in thermal injury of the skin. Am. J. Pathol., 135:203-217,
1989.

Parks, D.A., Bulkley, G.B., and Granger, D.N., Role of oxygen free radicals in shock,
ischemia, and organ preservation. Surgery, 94:428-432, 1983.

Demling, R., Lal.onde, C., Youn, Y.K., Daryani, R., Campbell, C., and Knox, J., Lung
oxidant changes after zymosan peritonitis: relationship between physiologic and
biochemical changes. Am. Rev. Respir. Dis., 146:1272-1278, 1992.

Szabé, C., Zingarelli, B., O’Connor, M., and Salzman, A.L., Peroxynitrite, but not
nitric oxide or superoxide, causes DNA strand breakage, activates poly-ADP-ribosyl
synthetase, and depletes cellular energy stores in J774 macrophages and rat aortic
smooth muscle cells in vitro. Endothelium, 3:S46 (Abstr.), 1995.



76

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

Cell Death: The Role of PARP

Szabd, C., Zingarelli, B., and Salzman, A.L., Peroxynitrite-mediated activation of
poly-ADP ribosyl synthetase contributes to the vascular failure in shock, in The
Pathophysiology of Shock: Proceedings of the Third International Shock Meeting,
Elsevier Scientific Publishers, New York, 1995.

Zingarelli, B., O’Connor, M., Wong, H., Salzman, A.L., and Szabd, C., Peroxynitrite-
mediated DNA strand breakage activates poly-ADP ribosyl synthetase and causes
cellular energy depletion in macrophages stimulated with bacterial lipopolysaccha-
ride. J. Immunol., 156:350-358, 1996.

Szabd, C., Salzman, A.L., and Ischiropoulos, H., Peroxynitrite-mediated oxidation
of dihydrorhodamine 123 occurs in early stages of endotoxic and hemorrhagtic shock
and ischemia-reperfusion injury. FEBS Lett., 372:229-232, 1995.

Szabd, C., Zingarelli, B., and Salzman, A.L., Role of poly-ADP ribosyltransferase
activation in the vascular contractile and energetic failure elicited by exogenous and
endogenous nitric oxide and peroxynitite. Circ. Res., 78:1051-1063, 1996.

Singer, LI., Kawka, D.W., Scott, S., Weidner, J.R., Mumford, R.A., Riehl, T.E., and
Stenson, W.E.,, Expression of inducible nitric oxide synthase and nitrotyrosine in colonic
epithelium in inflammatory bowel disease. Gastroenterology, 111:871-885, 1996.
Szabd, C., Saunders, C., O’Connor, M., and Salzman, A.L., Peroxynitrite causes
energy depletion and increases permeability via activation of poly-ADP ribosyl
synthetase in pulmonary epithelial cells. Am. J. Respir. Mol. Biol. 60:105-109,
1996.

Kennedy, M.S., Denenberg, A., Szabd, C., and Salzman, A.L., Poly(ADP-ribose)
synthetase (PARP) mediates increased permeability induced by peroxynitrite in Caco-
2BBe cells. Gastroenterology, 114:510-518, 1998.

Cochrane, C.G., Damage to DNA by reactive oxygen and nitrogen species: role in
inflammatory diosease and progression to cancer. Biochem. J., 313:17-29, 1996.
Lih-Brody, L., Powell, S.R., Collier, K.P,, Reddy, G.M., Cerchia, R., Kahn, E.,
Weissman, G.S., Katz, S., Floyd, R.A., McKinley, M.J. et al., Increased oxidative
stress and decreased antioxidant defenses in mucosa of inflammatory bowel disease.
Dig. Dis. Sci., 41:2078-2086, 1996.

Zhang, J., Dawson, V.L., Dawson, T.M., and Snyder, S.H., Nitric oxide activation of
poly(ADP-ribose) synthetase in neurotoxicity. Science, 263:687-689, 1994.

Ueda, K. and Hayaishi, O., ADP-ribosylation. Annu. Rev. Biochem., 54:73-100, 1985.
Cuzzocrea, S., Zingarelli, B., Constantino, G., Szabd, A., Salzman, A.L., Caputi, A.P,,
and Szabd, C., Beneficial effects of 3-aminobenzamide, an inhibitor of poly(ADP-
ribose) synthetase in a rat model of splanchnic artery occlusion and reperfusion. Br:
J. Pharmacol., 121:1065-1074, 1997.

Szabd, C., Lim, L.H., Cuzzocrea, S., Getting, S.J., Zingarelli, B., Flower, R.J.,
Salzman, A.L., and Perretti, M., Inhibition of poly(ADP-ribose) synthetase attenuates
neutrophil recruitment and exerts antiinflammatory effects. J. Exp. Med.,
186:1041-1049, 1997.

Cuzzocrea, S., Zingarelli, B., Gilad, E., Hake, P., Salzman, A.L., and Szabd, C.,
Protective effects of 3-aminobenzamide, an inhibitor of poly(ADP-ribose) synthase
in a carrageenan-induced model of local inflammation. Eur. J. Pharmacol.,
342:67-76, 1998.

Szab6, C., Wong, H., Bauer, P.I., Kirsten, E., O’Connor, M., Zingarelli, B.,
Mendeleyev, J., Hasko, G., Sylvester, E., Salzman, A.L. et al., Regulation of
components of the inflammatory response by 5-iodo-6-amino-1,2-benzopyrone, an
inhibitor of poly(ADP-ribose) synthetase and pleiotropic modifier of cellular signal
pathways. Int. J. Oncol., 10:1093-1104, 1997.



Role of Poly(ADP-Ribose) Polymerase Activation in Inflammation 77

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Zingarelli, B., Salzman, A.L., and Szabd, C., Protective effects of nicotinamide against
nitric oxide mediated vascular failure in endotoxic shock: potential involvement of
poly ADP ribosyl synthetase. Shock, 5:258-264, 1996.

Szabé, C., Cuzzocrea, S., Zingarelli, B., O’Connor, M., and Salzman, A.L., Endot-
helial dysfunction in endotoxic shock: importance of the activation of poly(ADP
ribose) synthetase (PARP) by peroxynitrite. J. Clin. Invest., 100:723-735, 1997.
Zingarelli, B., Cuzzocrea, S., Zsengeller, Z., Salzman, A.L., and Szabé, C., Beneficial
effect of inhibition of poly-ADP ribose synthetase activity in myocardial ischemia-
reperfusion injury. Cardiovasc. Res., 36:205-215, 1997.

Gilad, E., Zingarelli, B., Salzman, A.L., and Szabd, C., Protection by inhibition of
poly(ADP-ribose) synthetase against oxidant injury in cardiac myoblasts in vitro. J.
Mol. Cell. Cardiol., 29:2585-2597, 1997.

Zingarelli, B., Ischiropoulos, H., Salzman, A.L., and Szabd, C., Amelioration by
mercaptoethylguanidine of the vascular and energetic failure in haemorrhagic shock
in the anesthetised rat. Eur. J. Pharmacol., 338:55-65, 1997.

Cuzzocrea, S., Zingarelli, B., O’Connor, M., Salzman, A.L., Caputi, A.P., and Szabd,
C., Role of peroxynitrite and activation of poly(ADP-ribose) synthetase in the vascular
failure induced by zymosan-activated plasma. Br. J. Pharmacol., 122:493-503, 1997.
Unno, N., Menconi, M.J., Salzman, AS.L., Smith, M., Hagan, S., Ezzel, R.M., and Fink,
M.P., Hypermeability and ATP depletion induced by chronic hypoxia or glycolytic
inhibition in Caco-2BBe monolayers. Am. J. Phys., 270:G1010-G1021, 1996.
Roebuck, K.A., Rahman, A., Lakshminarayanan, V., Janakidevi, K., and Malik, A.B.,
H,O, and tumor necrosis factor-alpha activate intercellular adhesion molecule 1
(ICAM-1) gene transcription through distinct cis-regulatory elements within the
ICAM-1 promoter. J. Biol. Chem., 270:18996-18974, 1995.

Szabd, C., Zingarelli, B., Cuzzocrea, S., and Salzman, A.L., Poly (ADP-ribose)
synthetase modulates expression of P-selectin and ICAM-1 in myocardial ischemia-
reperfusion injury. Jpn. J. Pharmacol., 75 (Suppl.):101P (Abstr.), 1997.

Akabane, A., Kato, 1., Takasawa, S., Unno, M., Yonekura, H., Yoshimoto, T., and
Okamaoto, H., Nicotinamide inhibits IRF-1 mRNA induction and prevents IL-1 beta-
induced nitric oxide synthase expression in pancreatic beta cells. Biochem. Biophys.
Res. Commun., 215:524-530, 1995.

LeClaire, R.D., Kell, WM., Sadik, R.A., Downs, M.B., and Parker, G.W., Regulation
by SEB-induced NO production in endothelial cells. Infect. Immun., 63:539-546,
1995.

Fujimura, M., Tominaga, T., and Yoshimoto, T., Nicotinamide inhibits iNOS mRNA
in primary rat glial cells. Neurosci. Lett., 228:107-110, 1997.

Hauschildt, S., Scheipers, P., Bessier, W., Schwarz, K., Ullmer, A., Flad, H.D., and
Heine, H., Role of ADP-ribosylation in activated monocytes/macrophages. Adv. Exp.
Med. Biol., 419:249-252, 1997.

Le Page, C., Sanceau, J., Drapier, J.C., and Wietzerbin, J., Inhibitors of ADP-ribo-
sylation impair inducible nitric oxide synthase gene transcription through inhibition
of NF kappa B activation. Biochem. Biophys. Res. Commun., 243:451-457, 1998.
Oliver, FJ., Ménissier-de Murcia, J., Nacci, C., Decker, P., Andriantsitohaina, R.,
Muller, S., De la Rubia, G., Stoclet, J.C., and de Murcia, G., Resistance to endotoxic
shock as a consequence of defective NF-kB activation in poly(ADP-ribose) poly-
merase-1 deficient mice. EMBO J., 18:4446-4454, 1999.

Zingarelli, B., Szabd, C., and Salzman, A.L., Blockade of poly(ADP-ribose) syn-
thetase inhibits neutrophil recruitment, oxidant generation and mucosal injury in
colitis. Gastroenterology, 116:335-345, 1999.



78

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Cell Death: The Role of PARP

Oyanagui, Y., Nitric oxide and superoxide radical are involved in both initiation and
development of adjuvant arthritis in rats. Life Sci., 54:PL285-PL259, 1994.

Santos, L. and Tipping, P.G., Attenuation of adjuvant arthritis in rats by treatment
with oxygen radical scavengers. Immunol. Cell. Biol., 72:406-414, 1994.

Kaur, H. and Halliwell, B., Evidence for nitric oxide-mediated oxidative damage in
chronic inflammation. Nitrotyrosine in serum and synovial fluid from rheumatoid
patients. FEBS Lett., 350:9-12, 1994.

Hauselmann, H.J., Opplinger, L., Michel, B.A., Stefanovic-Racic, M., and Evans,
C.H., Nitric oxide and proteoglycan synthesis by human articular chondrocytes in
alginate culture. FEBS Lett., 352:361-364, 1994.

Sakurai, H., Kohsaka, H., Liu, M.F., Higashiyama, H., Hirata, Y., Kanno, K., Saito,
L., and Miyaska, N., Nitric oxide production and inducible nitric oxide synthase
expression in inflammatory arthritides. J. Clin. Invest., 96:2357-2363, 1995.
Murrell, G.A., Jang, D., and Williams, R.J., Nitric oxide activates metalloprotease
enzymes in articular cartilage. Biochem. Biophys. Res. Commun., 206:15-21, 1995.
Grabowski, P.S., Macpherson, H., and Ralston, S.H., Nitric oxide production in cells
derived from the human joint. Br. J. Rheumatol., 35:207-212, 1996.

Hayashi, T., Abe, E., Yamate, T., Taguchi, Y., and Jasin, H.E., Nitric oxide production
by superficial and deep articular chondrocytes. Arthritis Rheumatol., 40:261-269,
1997.

Farrell, A.J., Blake, D.R., Palmer, R.M., and Moncada, S., Increased concentrations
of nitrite in synovial fluid and serum samples suggest increased nitric oxide synthesis
in rheumatic diseases. Annu. Rheumatol. Dis., 51:1219-1222, 1992.

Szabé, C., Virdg, L., Cuzzocrea, S., Scott, G.J., Hake, P., O’Connor, M., Zingarelli,
B., Salzman, A.L., and Kun, E., Protection against peroxynitrite-induced fibroblast
injury and arthritis development by inhibition of poly(ADP-ribose) synthetase. Proc.
Natl. Acad. Sci. U.S.A., 95:3867-3872, 1998.

Miesel, R., Kurpisz, M., and Kroger, H., Modulation of inflammatory arthritis by
inhibition of poly(ADP ribose) polymerase. Inflammation, 19:379-387, 1996.
Ehrlich, W., Huser, H., and Kroger, H., Inhibition of the induction of collagenase by
interleukin-1 beta in cultured rabbit synovial fibroblasts after treatment with the
poly(ADP-ribose)-polymerase inhibitor 3 aminobenzamide. Rheumatol. Int.,
15:171-172, 1997.

Kroger, K.D., Miesel, R., Dietrich, A., Ohde, M., Rajnavolgyi, E., and Ockenfels,
H., Synergistic effects of thalidomide and poly(ADP-ribose) polymerase inhibition
on type II collagen-induced arthritis in mice. Inflammation, 20:203-215, 1998.
Martensson, J., Jain, A., and Meister, A., Gluthatione is required for intestinal func-
tion. Proc. Natl. Acad. Sci. U.S.A., 87:1715-1719, 1990.

Berger, N.A., Oxidant-induced cytotoxicity: a challenge for metabolic modulation.
Am. J. Respir. Cell. Mol. Biol., 4:1-3, 1991.

Schoenberg, M.H. and Beger, H.G., Oxygen radicals in intestinal ischemia and rep-
erfusion. Chem. Biol. Inter., 76:141-161, 1990.

Reddy, S., Salari-Lak, N., and Sandler, S., Long-term effects of nicotinamide-induced
inhibition of poly(adenosine diphosphate-ribose) polymerase activity in rat pancreatic
islets exposed to interleukin-1 beta. Endocrinology, 136:1907-1912, 1995.

Oikawa, A., Tohda, H., Kanai, M., Miwa, M., and Sugimura, T., Inhibitors of
poly(adenosine diphosphate ribose) polymerase induce sister chromatid exchanges.
Biochem. Biophys. Res. Commun., 97:1311-1316, 1980.



Role of Poly(ADP-Ribose) Polymerase Activation in Inflammation 79

87.

88.

89.

Nagele, A., Poly(ADP-ribosyl)ation as a fail-safe, transcription-independent, suicide
mechanism in acutely DNA-damaged cells: a hypothesis. Radiat. Environ. Biophys.,
34:251-254, 1995.

Cleaver, J.E. and Park, S.D., Enhanced ligation of repair sites under conditions of
inhibition of poly(ADP-ribose) synthesis by 3-aminobenzamide. Mutat. Res.,
173:287-290, 1986.

Borek, C., Morgan, W.E,, Ong, A., and Cleaver, J.E., Inhibition of malignant trans-
formation in vitro by inhibitors of poly(ADP-ribose) synthesis. Proc. Natl. Acad. Sci.
U.S.A., 81:243-247, 1984.






5 Poly(ADP-Ribose)
Polymerase Activation
and the Pathogenesis of
Circulatory Shock

Csaba Szabo

CONTENTS
5.1  EndotoXiC SHOCK.......cocimiirieriiiiieieieieieteeeee e 81

5.1.1  Vascular Contractile Failure in Endotoxic Shock.........cccccecveenuennene. 82

5.1.2  Endothelial Dysfunction in Endotoxic Shock..........cccceeveeviniennnncnne. 84

5.1.3 Cellular Energetic Failure, Organ Injury and Dysfunction,

and Mortality in Endotoxic ShocK.........ccecieieniiiiniiiniiiiciieeee 86

5.2 Hemorrhagic Shock and Trauma.........ccccooeeverieiiniininieeeeeeee e 87
5.3 Splanchnic Occlusion ShOCK ........ccceiiiiiiiiiiiniiiieeeeee e 88
5.4 Zymosan-Induced Nonseptic Shock and Multiple Organ Failure

IMOGERIS .ottt sttt e &9
5.5 Regulation of Gene Expression by PARP: Implications for the

Pathogenesis of Circulatory Shock ..........cccecevirininiencnencninicieeeeeeee 92
5.6 Conclusions and IMPlCAtIONS .......c..cceeiririeireneninenereeereeeeereeeeeeee e 94
ACKNOWIEAZIMENL ..ottt sttt 97
RELEIEIICES .....oeeiiiiiiitieteeee ettt e 97

5.1 ENDOTOXIC SHOCK

Various forms of circulatory shock are associated with a reduced responsiveness of
arteries and veins to exogenous or endogenous vasoconstrictor agents (vascular
hyporeactivity), myocardial dysfunction, and disrupted intracellular energetic pro-
cesses, culminating in multiple organ failure and death. Some of these alterations
previously have been suggested to be related to nitric oxide (NO) overproduction,
due to the activation of the endothelial isoform of NO synthase (ecNOS) in the early
stage and expression of a distinct inducible isoform of NOS (iNOS) in the late stage.'-3

In circulatory shock, proinflammatory cytokines invoke the stimulation of oxy-
gen-centered free radical production. Therefore, it is not surprising that various forms
of circulatory shock are associated with the production of peroxynitrite, a reactive
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product formed by the rapid reaction of superoxide and NO. The production of
peroxynitrite (evidenced as increased nitrotyrosine immunoreactivity or increased
oxidation of the fluorescent probe dihydrorhodamine 123 to rhodamine 123) recently
has been demonstrated in endotoxin shock and in hemorrhagic shock.**

As overviewed in other sections of this book (e.g., see Chapter 7 by Virdg),
DNA single-strand breakage (in response to reactive oxidant and free radical species)
is the obligatory trigger of activation of poly(ADP-ribose) polymerase (PARP).
When activated, PARP catalyzes the cleavage of NAD* into ADP-ribose and nico-
tinamide. PARP covalently attaches ADP-ribose to various nuclear proteins, such as
histones and PARP itself. Activation of PARP can rapidly deplete NAD*, slowing
the rate of glycolysis, electron transport, and ATP formation, resulting in cell dys-
function and cell death. Pharmacological inhibition of PARP activity has been shown
to protect against cell damage in response to exogenously or endogenously produced
peroxynitrite. The above-described metabolic derangements generally lead to cell
death via the necrotic pathway.”® Endogenous triggers of this pathway in shock
include hydrogen peroxide and peroxynitrite, potent inducers of DNA single-strand
breakage (Table 5.1). This chapter summarizes the evidence supporting the view
that PARP-related alterations play a significant role in the pathogenesis of circulatory
shock of various types.

5.1.1  VascuLArR CoNTRACTILE FAILURE IN ENDOTOXIC SHOCK

The vascular contractile failure associated with circulatory shock is closely related
to overproduction of NO within the blood vessels. Expression of iNOS within the
vascular smooth muscle cells has been implicated in the pathogenesis of vascular
hyporeactivity during various forms of shock.?® In these investigations, the evidence
for the role of NO in the development of vascular hyporeactivity was based on
experiments where pharmacological inhibitors of NOS restored the contractility of
the blood vessels. However, recent studies have demonstrated that a superoxide
dismutase mimetic, similar to an NOS inhibitor, offers a significant protection against
the suppression of the vascular contractility of the thoracic aorta in a rat model of
endotoxic shock.!® This is an effect that is in marked contrast with the previously
described NO-superoxide interactions in normal blood vessels, where superoxide
dismutase is known to prolong the half-life of NO and thereby enhance NO-mediated
relaxant responses.!!'> The most obvious explanation for the protective effect of
both NOS inhibitors and superoxide dismutase mimetics against the endotoxin-
induced vascular hyporeactivity is related to peroxynitrite generation. Indeed, per-
oxynitrite exposure can cause vascular hyporeactivity in vascular rings, an effect
that is associated with PARP activation in the blood vessels!® and can be prevented
by pharmacological inhibition of PARP.!3!4

Is PARP involved in the peroxynitrite-induced vascular hyporeactivity in endo-
toxic shock? In studies in anesthetized rats, inhibition of PARP with 3-aminoben-
zamide and nicotinamide reduced the suppression of the vascular contractility of the
thoracic aorta in ex vivo experiments.!>!> These findings are similar to the in vitro
results with authentic peroxynitrite, which also causes a vascular hyporeactivity in
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thoracic aortic rings, and which is also reduced by pharmacological inhibition of
PARP.

At present, it is not clear to what extent the “pure” NO-mediated (guanylyl
cyclase-related) vasorelaxant mechanisms vs. the peroxynitrite-mediated (and, in
part, PARP-related) vasorelaxant mechanisms contribute to the vascular hyporeac-
tivity in various forms of shock, and in various phases of shock. In also remains to
be investigated whether there are interactions between the cGMP-related and the
peroxynitrite-related pathways.

5.1.2 ENDOTHELIAL DYSFUNCTION IN ENDOTOXIC SHOCK

Peroxynitrite production has been suggested to contribute to endothelial injury in
ischemia—reperfusion, circulatory shock, and atherosclerosis.'®!6-18 In fact, Villa and
co-workers!® directly demonstrated that infusion of authentic peroxynitrite into iso-
lated perfused hearts results in an impairment of the endothelium-dependent relax-
ations. In light of these previous studies, the question has arisen whether the endot-
helial dysfunction associated with endotoxic shock is also related to peroxynitrite
formation, and, if so, whether the PARP pathway plays a role in the process.

Ample evidence supports a role for peroxynitrite formation in the pathogenesis
of the endothelial dysfunction in endotoxic shock. For instance, we have recently
observed that a manganese—mesoporphyrin cell-permeable superoxide dismutase
analogue and peroxynitrite scavenger protect against the development of endothelial
dysfunction in endotoxic shock.!® Similarly, selective inhibition of iNOS by
canavanine®® or by guanidinoethyldisulfide?! provided protection against the endo-
thelial dysfunction and the endothelial morphological damage in vessels obtained
from rats subjected to endotoxic shock. One possible rationalization of the above-
mentioned results is that iNOS-derived NO combines with superoxide (the latter
derived from activated neutrophils and other sources) to form peroxynitrite, which,
in turn, causes endothelial injury.

Current data demonstrating protective effects of 3-aminobenzamide against the
development of endothelial dysfunction in vascular rings obtained from rats with
endotoxic shock?? suggest that DNA strand breakage and PARP activation occur in
endothelial cells during shock and that the subsequent energetic failure reduces the
ability of the cells to generate NO in response to acetylcholine-induced activation
of the muscarinic receptors on the endothelial membrane (Figure 5.1). Similar
findings were reported in pulmonary vessels challenged with endotoxin.?® Indeed,
several lines of in vitro data demonstrate DNA injury, PARP activation, and conse-
quent cytotoxicity in endothelial cells exposed to hydroxyl radical generators,?*26
or in response to peroxynitrite.”> The relative contribution of peroxynitrite vs.
hydroxyl radical in the PARP activation and endothelial injury in shock remains to
be further investigated, as both species are known to be produced in shock, and the
available scavengers (such as superoxide dismutase analogues) would be expected
to reduce the production of both peroxynitrite and hydroxyl radical. The data with
iNOS inhibitors demonstrating protection against the endothelial injury in endotoxic
shock?%22 would favor the contribution of an NO-derived species, such as peroxyni-
trite. Considering the existence of synergistic cytotoxic interactions of hydrogen
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FIGURE 5.1 Role of PARP in mediating the impairment of endothelium-dependent relax-
ations in endotoxic shock. Endothelium-dependent relaxations to acetylcholine and endo-
thelium-independent relaxations to the NO donor compound S-N-acetyl-penicillamine
(SNAP) in thoracic aortic rings from control animals (C, open circles), in rings from control
animals treated with the PARP inhibitor 3-aminobenzamide (C + 3-AB, open triangles), in
rings from rats treated with bacterial lipopolysaccharide (LPS, closed circles), and in rings
treated with LPS and 3-aminobenzamide (LPS + 3-AB, closed triangles). There was a sig-
nificant impairment of the endothelium-dependent relaxations in endotoxemia (*p < 0.05)
and a significant prevention of this impairment by the PARP inhibitor 3-aminobenzamide
(*p < 0.05). Data represent means = SEM of n = 6 to 8 vascular rings. (From Szabd, C. et
al., J. Clin. Invest., 100, 723-735, 1997. With permission.)
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peroxide and peroxynitrite,?” it is also conceivable that a similar synergism may exist
in vivo, and both peroxynitrite and hydroxyl radical contribute to the activation of
PARP and the subsequent endothelial injury in vivo.

5.1.3 CeLLutAR ENERGETIC FAILURE, ORGAN INJURY AND
DYSFUNCTION, AND MORTALITY IN ENDOTOXIC SHOCK

Substantial evidence now suggests that NO (or a related species, such as peroxyni-
trite) plays a role in the cellular energetic changes and the related organ dysfunction
associated with endotoxic shock. This conclusion is based chiefly on the results of
pharmacological studies in which inhibition of NO synthesis, especially by agents
that are selective toward iNOS, reduce cellular injury and improve organ function
in shock.?’ It is noteworthy that in the same experimental models of rodent endotoxic
shock, the cell-permeable superoxide dismutase analogue MnllI tetrakis (4-benzoic
acid) porphyrin?® also reduced the endotoxin-induced depression of mitochondrial
respiration in peritoneal macrophages ex vivo,'° thereby suggesting that peroxyni-
trite, rather than NO per se, plays a role in these alterations.

Peroxynitrite-induced activation of the PARP pathway also has been implicated
in the pathophysiology of the cellular energetic failure associated with endotoxic
shock by demonstration of increased DNA strand breakage, decreased intracellular
NAD* and ATP levels, and mitochondrial respiration in peritoneal macrophages
obtained from rats subjected to endotoxic shock.'>? This cellular energetic failure
was reduced by pretreatment of the animals with the PARP inhibitors 3-aminoben-
zamide or nicotinamide.'>?

Probably a similar cellular energetic failure and cellular dysfunction is respon-
sible for the PARP-dependent intestinal epithelial hyperpermeability in endotoxic
shock.?® In fact, in vitro studies demonstrate that intestinal and pulmonary epithelial
cells challenged with peroxynitrite or hydrogen peroxide develop “leaky” charac-
teristics, an effect that can be inhibited by pharmacological inhibition of PARP.3!32

In contrast to these encouraging results in peritoneal macrophages, it appears
that the PARP pathway only plays a limited role in the hepatic dysfunction associated
with endotoxic shock. In an endotoxic shock model in the rat, inhibition of PARP
with 3-aminobenzamide and nicotinamide did not affect the alterations in most
parameters of liver injury, whereas inhibition of PARP with 1,5-dihydroxyisoquin-
oline resulted in a marginal protective effect.?® These observations are perhaps not
surprising when considering the fact that in in vitro studies, the oxidant-induced
injury in cultured hepatocytes is not prevented by pharmacological inhibition of
PARP.3* The exact reason inhibition of PARP does not affect the course of the oxidant
injury in hepatocytes remains to be further investigated. Although hepatic injury
does not appear to be largely PARP mediated in endotoxic shock, pharmacological
inhibition of PARP, either with 3-aminobenzamide'3 or with the novel potent PARP
inhibitor 5-iodo-6-amino-1,2,-benzopyrone,* improves survival rate in mice chal-
lenged with high-dose endotoxin (Figure 5.2). Similarly, PARP-deficient mice show
a massive survival benefit when challenged with lethal doses of endotoxin, as
compared with wild-type mice.3® Based on these observations, one may suggest that,
in response to pharmacological inhibition of PARP, the improved hemodynamic



PARP Activation and the Pathogenesis of Circulatory Shock 87

100

~ 80

E

E

o

Q

BT 60

S

Pl

g

= 40 7

>

=

5

@ —0—

20 1 —O— +INH,BP 0.3 mg/kg
—1— +INH,BP 1 mg/kg
—/x— +INH,BP 10 mg/kg
0 l l l l l l l l

0 6 12 18 24 30 36 42

Time (h)

FIGURE 5.2 Role of PARP in endotoxin-induced mortality changes. INH,BP improves sur-
vival in mice subjected to endotoxic shock: effect of INH,BP pretreatment (0.3 to 10 mg/kg)
on endotoxin-induced (120 mg/kg i.p.) mortality in mice; n = 7 to 8 animals in each group.
(From Szabo, C. et al., Int. J. Oncol., 10, 1093-1101, 1997. With permission.)

status due to improved vascular function, and possibly the improved cellular ener-
getic status in some organs, does result in an overall survival benefit in this condition.

5.2 HEMORRHAGIC SHOCK AND TRAUMA

Recent investigations tested the effects of pharmacological inhibitors of PARP in
rodent and porcine models of hemorrhagic shock. In a rat model of severe hemor-
rhagic shock without resuscitation, rats treated with the PARP inhibitor 5-iodo-6-
amino-1,2-benzopyrone exhibited a significant improvement in survival rate: the
drug increased the 50% survival time from 30 min to approximately 70 min. More-
over, treated animals tended to maintain higher mean arterial blood pressure values.
Similar to the protective effect of 5-iodo-6-amino-1,2-benzopyrone, the NOS inhib-
itor NO-methyl-L-arginine and a cell-permeable superoxide dismutase mimetic also
improved survival times and improved blood pressure during hemorrhagic shock.?’
Similarly, in a porcine model of hemorrhagic shock (resuscitated with Ringer’s
lactate), inhibition of PARP with 3-aminobenzamide prevented the deterioration of
mean arterial pressure and cardiac output during the resuscitation phase, thereby
prolonging survival. These observations suggest that the cardiovascular decompen-
sation in hemorrhagic shock is, at least in part, mediated by activation of PARP.3®
Because the PARP inhibitor neither reduced afterload nor increased heart rate, the
basis for the increased cardiac index presumably represents an increase in stroke
volume secondary to an augmentation of venous return, or an inotropic effect. The
improved myocardial performance in the animals treated with the PARP inhibitor
was also associated with a slight effect on the left atrial pressure during resuscitation.
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Therefore, vasoconstrictor and venous capacitance-decreasing effects of the PARP
inhibitor cannot be excluded.

In a more recent study in the rat, the effect of PARP inhibition has been tested
in a combined trauma/hemorrhage/resuscitation model. Inhibition of PARP with 3-
aminobenzamide prevented the development of vascular hyporeactivity ex vivo.

With respect to trauma, another recent study has demonstrated the role of PARP
in a head trauma model in the mouse. PARP-deficient mice had a faster recovery
and better neurological performance than wild-type animals subjected to severe head
trauma induced by a blunt device.** Similarly, the activation of PARP has been
demonstrated in spinal cord trauma.*! Although an in vitro study points toward the
possibility that PARP activation plays a central role in the process,* the effect of
PARP inhibition or PARP deficiency in this latter model remains to be tested in vivo.

5.3 SPLANCHNIC OCCLUSION SHOCK

A recent set of studies implicated the role of the peroxynitrite-PARP pathway in
the pathophysiological changes associated with splanchnic occlusion shock.®3 In a
rat model of splanchnic occlusion shock, which was induced in rats by clamping
both the superior mesenteric artery and the celiac trunk for 45 min, followed by
release of the clamp (reperfusion), there was a marked increase in the oxidation of
dihydrorhodamine 123 to rhodamine (a marker of peroxynitrite-induced oxidative
processes) in the plasma of the splanchnic occlusion (SAO)-shocked rats after
reperfusion, but not during ischemia alone. Immunohistochemical examination dem-
onstrated a marked increase in the immunoreactivity to nitrotyrosine, a specific
“footprint” of peroxynitrite, in the necrotic ileum in shocked rats. In addition, in ex
vivo studies in aortic rings from shocked rats, there was a reduction in the contrac-
tions to noradrenaline and impaired responsiveness to a relaxant effect to acetylcho-
line (vascular hyporeactivity and endothelial dysfunction, respectively). Splanchnic
artery ischemia and reperfusion also resulted in a marked increase in epithelial
permeability. 3-Aminobenzamide treatment significantly reduced ischemia/reperfu-
sion injury in the bowel as evaluated by histological examination and significantly
improved mean arterial blood pressure, improved contractile responsiveness to nore-
pinephrine, enhanced the endothelium-dependent relaxations, and reduced the rep-
erfusion-induced increase in epithelial permeability.** 3-Aminobenzamide also pre-
vented the infiltration of neutrophils into the reperfused intestine, as evidenced by
reduced myeloperoxidase activity; improved the histological status of the reperfused
tissues; reduced the production of peroxynitrite during reperfusion; and improved
survival.¥ These results demonstrate that the PARP inhibitor 3-aminobenzamide
exerts multiple protective effects in splanchnic artery occlusion/reperfusion shock,
and suggest that peroxynitrite and/or hydroxyl radical produced during the reperfu-
sion phase trigger DNA strand breakage, PARP activation, and subsequent cellular
dysfunction. The vascular endothelium is likely to represent an important cellular
site of protection by 3-aminobenzamide in SAO shock. The reduced neutrophil
infiltration and the reduced nitrotyrosine staining after inhibition of PARP occurs,
despite the fact that 3-aminobenzamide is not a direct scavenger of peroxynitrite
and does not inhibit the synthesis or action of its precursors. Its effect, therefore,
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may be related to the interruption of positive-feedback cycles; i.e., inhibition of
PARP, in an indirect way, influences the amounts of reactive peroxynitrite produced.
Although the mechanism of this action clearly requires further work, the following
scenario should be considered. Because 3-aminobenzamide reduced neutrophil
influx into the reperfused myocardium, it is expected that a subsequent reduced
production of neutrophil-derived oxidants (including superoxide and peroxynitrite)
occurs. It is well established that myocardial ischemia and reperfusion are associated
with neutrophil accumulation with a subsequent burst of oxygen free radical pro-
duction, activation of inflammation, excessive calcium entry, and, ultimately, cell
death. Activation and accumulation of polymorphonuclear cells is one of the initial
events of tissue injury, which triggers the release of oxygen free radicals, arachidonic
acid metabolites, and lysosomal proteases, with subsequent more-pronounced infil-
tration of neutrophils into the reperfused tissues, excessive calcium entry, and,
ultimately, cell death. Peroxynitrite and hydroxyl radical are known to exert cytotoxic
effects to the vascular endothelium, and the mechanism of this injury, at least in
part, is mediated by PARP activation (see above). Since endothelium-derived NO is
a potent inhibitor of both neutrophil aggregation and adherence, an improvement of
the endothelial function by 3-aminobenzamide would reduce the infiltration of neu-
trophils during reperfusion, thus resulting in reduced peroxynitrite formation and
protection against the tissue injury. In other words, the following positive-feedback
cycle may be present in splanchnic occlusion shock: early hydroxyl radical and
peroxynitrite production — PARP-related endothelial injury — neutrophil infiltration
— more hydroxyl and peroxynitrite production. Inhibition of PARP would intercept
this cycle at the level of endothelial injury. This model would explain the reduction
of nitrotyrosine immunoreactivity and dihydrorhodamine oxidation during reperfu-
sion in the 3-aminobenzamide-treated rats: reduced neutrophil infiltration leads to
reduced peroxynitrite generation. Another possibility to explain the reduced neutro-
phil infiltration after PARP inhibition may be related to inhibition of adhesion
receptor molecule expression,* possibly as a result of inhibition of activation of
signal transcription pathways governed by activation of nuclear factor kB.3¢

5.4 ZYMOSAN-INDUCED NONSEPTIC SHOCK AND
MULTIPLE ORGAN FAILURE MODELS

Zymosan is a wall component of the yeast Saccharomyces cerevisiae. Injection of
zymosan into experimental animals is known to produce an intense inflammatory
response. Intraperitoneal injection of zymosan represents a convenient model to
induce a nonseptic form of shock. This model, similar to most other forms of shock,
is associated with organ failure, vascular dysfunction, proinflammatory mediator
production, neutrophil recruitment, and mortality. In 1997, we demonstrated in
zymosan-induced models of shock and inflammation that inhibition of PARP (by a
pharmacological approach or by the use of genetically engineered animals) reduces
neutrophil recruitment and accumulation into inflammatory tissue sites** (Figure
5.3). Extravasated neutrophils become activated once inside the inflammatory sites
to secrete a variety of substances such as growth factors, chemokines and cytokines,
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FIGURE 5.3 Effects of PARP inhibition on the course of the zymosan-induced multiple organ
failure in rats (panels A to C) and mice (panels D to F). Data represent values at 18 h after
vehicle (V) or zymosan (Z) administration (500 mg/kg i.p. for 18 h). (A and D) Exudate
volumes; (B and E) neutrophil counts in the exudate; (C and F) myeloperoxidase (MPO)
activities in lung, liver, and small intestine. In rats, PARP was inhibited by treatment with 3-
aminobenzamide (10 mg/kg i.v. 10 min prior to zymosan administration, and repeated at
every 6 h). In mice, responses in PARP** wild-type controls and PARP-- animals were
compared. Data are mean + SEM of 5 to 6 animals in each group. **p < 0.01 represents
significant increase in exudate volume, cell number, or MPO activity in the 3-aminobenzamide
treated group. #p < 0.01 represents significant reduction the various parameters in the group
in which PARP was inhibited. (From Szabé, C. et al., J. Exp. Med., 186, 1041-1049, 1997.
With permission.)

complement components, proteases, NO, reactive oxygen metabolites, and peroxy-
nitrite, which are important mediators of tissue injury. We hypothetized that preven-
tion of neutrophil-dependent inflammatory pathways is likely to contribute to the
reduced fluid extravasation and improved histological status after inhibition of PARP,
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and we proposed that a reduced neutrophil recruitment represents an important
additional mechanism for the anti-inflammatory effects provided by inhibition of
PARP. What, then, is the mechanism of the protection against neutrophil recruitment
provided by inhibition of PARP? Data obtained in a study using isolated mesenteries
inflamed with zymosan provided evidence that the effects of PARP inhibition are,
at least in part, due to interference with neutrophil postadhesion phenomena.** The
strongest indication for this conclusion derived from our experiments utilizing intra-
vital microscopy, which allowed the characterization of temporally related processes,
such as rolling, adhesion, and emigration. In this model, challenge with zymosan
produced a significant degree of cell adhesion and emigration in the mouse mesen-
teric microcirculation. Treatment of mice with 3-aminobenzamide did not modify
zymosan-induced cell adhesion to any extent, but the drug suppressed the degree of
cell emigration. This clearly indicated that 3-aminobenzamide was affecting post-
adhesion phenomena such that only the number of emigrated cells was altered when
analysis was done at a fixed time point. To investigate this phenomenon further, an
appropriate protocol was set up to monitor the adherent leukocytes in “real time.”
Inflammation in the mouse mesentery was induced by zymosan, and postcapillary
venules with a congruous number of adherent cells were selected, such that their
fate could be monitored following intravenous challenge with 3-aminobenzamide
or vehicle. Under these conditions, the PARP inhibitor produced a marked phenom-
enon of detachment (Figure 5.4).* The molecular mechanism of this action remains
to be characterized. In light of the recent observations demonstrating that PARP
regulates the activation of the transcription factor nuclear factor kB3 (see also
below), we find it conceivable that interference with the signal-transduction pathway
of a yet unidentified surface adhesion molecule may mediate the observed effect of
PARP inhibition.

Zymosan is also a convenient way to induce vascular failure in vitro or in vivo.
In an in vitro study, incubation of rat aortic smooth muscle cells with zymosan-
activated plasma induced the production of nitrite, the breakdown product of NO,
due to the expression of iNOS over 6 to 24 h. In addition, zymosan-activated plasma
triggered the production of peroxynitrite in these cells, as measured by the oxidation
of the fluorescent dye dihydrorhodamine 123 and by nitrotyrosine Western blotting.*¢
Incubation of the smooth muscle cells with zymosan-activated plasma induced DNA
single-strand breakage and PARP activation. These effects were reduced by inhibition
of NOS with NS-methyl-L-arginine, and by glutathione (a scavenger of peroxynitrite).
As expected, 3-aminobenzamide inhibited the zymosan-activated plasma-induced
activation of PARP.#6 Incubation of thoracic aortae with zymosan-activated plasma
in vitro caused a reduction of the contractions of the blood vessels to noradrenaline
(vascular hyporeactivity) and elicited a reduced responsiveness to the endothelium-
dependent vasodilator acetylcholine (endothelial dysfunction). Preincubation of the
thoracic aortae with 3-aminobenzamide prevented the development of vascular
hyporeactivity in response to zymosan-activated plasma. Moreover, glutathione and
3-aminobenzamide treatment protected against the zymosan-activated plasma-
induced development of endothelial dysfunction.*® Similarly, in ex vivo experiments,
thoracic aorta rings of zymosan-treated rats showed a reduced contraction to norad-
renaline and reduced responsiveness to the relaxant effect to acetylcholine (vascular
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FIGURE 5.4 The PARP inhibitor 3-aminobenzamide inhibits neutrophil accumulation in
murine peritoneal cavities in response to zymosan challenge. (A) Mice received various
intravenous doses of 3-aminobenzamide (3-AB, 10 or 20 mg/kg) or its inactive structural
analogue 3-aminobenzoic acid (3-ABA, 10 mg/kg) immediately before the i.p. administration
of zymosan (12.5 mg/kg). Peritoneal cavities were washed 4 h later and the number of PMN
in the lavage fluids quantified. Data are mean + SEM of 6 to 12 mice per group. *p < 0.05
vs. control group (treated with vehicle). (B) Mice were treated with zymosan (1 mg i.p.) at
time 0. Various doses of 3-aminobenzamide were given intravenously 2 h later and the
number of PMN accumulated into peritoneal cavities quantified 4 h post-zymosan. Some
mice were killed 2 h post-zymosan. Data are mean + SEM of 8 to 14 mice per group. * p
< 0.05 vs. control group (dose 0). (From Szabd, C. et al., J. Exp. Med., 186, 1041-1049,
1997. With permission.)

hyporeactivity and endothelial dysfunction, respectively).#’ Treatment of zymosan-
shocked rats with 3-aminobenzamide or nicotinamide, inhibitors of PARP, reduced
peroxynitrite production and ameliorated cardiovascular dysfunction.*’

5.5 REGULATION OF GENE EXPRESSION BY PARP:
IMPLICATIONS FOR THE PATHOGENESIS OF
CIRCULATORY SHOCK

It appears that PARP plays an important role in the regulation of gene expression
and cell differentiation.***° Under basal conditions, PARP is closely associated to
DNA (especially at regions of cruciform DNA, bent DNA, and in A-T rich regions)*®
and regulates histone shuttling and nucleosomal unfolding.’! PARP appears to be
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more frequently associated with transcriptionally active regions of chromatin.’>3 In
fact, a recent report proposes that PARP acts as a functional component of the
positive cofactor 1 activity, its function being the enhancement activator-dependent
transcription processes.>*

Using pharmacological inhibitors of PARP, it has been demonstrated that the
activity of PARP is required for the expression of the major histocompatibility
complex class I gene,>>>7 ras, c-myc,*3¥ DNA methyltransferase gene,’® and protein
kinase C.® Moreover, in several independent lines of investigations, it has been
demonstrated that pharmacological inhibition of PARP — with nicotinamide, 3-
aminobenzamide, and 5-iodo-6-amino-1,2-benzopyrone (INH,BP) — suppresses the
expression of mMRNA of iNOS.!3295%60 In studies using INH,BP, inhibition of iNOS
expression in RAW macrophages was indicated by the inhibition of nitrite produc-
tion, iNOS mRNA expression, and iNOS protein expression.’ The regulation
appeared to occur in the early stage of iNOS induction, since the PARP inhibitor
used gradually lost its effectiveness when applied at increasing times after the
stimulus for iNOS induction. Interestingly, in transfection studies using INH,BP in
murine RAW macrophages, it was found that this PARP inhibitor suppressed the
transcription of iNOS, when cells transfected with the full-length (-1592 bp) pro-
moter construct with INH,BP. However, similar cotreatment of cells transfected with
the —367 bp deletional construct did not significantly reduce the lipopolysaccharide
(LPS)-mediated increase in luciferase activity.> The regulation by PARP of iNOS
induction also occurred in whole animals challenged with LPS: pretreatment, but
not post-treatment, of the animals with the inhibitor suppressed the LPS-induced
increase in plasma nitrite/nitrate concentrations and reduced the LPS-induced
increase in iNOS expression in the lung.?

Thus, from these experimental data it appears that PARP, via a not-yet-charac-
terized mechanism, appears to regulate the process of iNOS expression. Inhibition
of this process may represent an additional mode of beneficial action of PARP
inhibition in various forms of inflammation. However, interpretation of the above
data was hampered by pharmacological problems. For instance, in the studies quoted
above, extremely high concentrations (10 to 30 mM) of the PARP inhibitors 3-
aminobenzamide and nicotinamide were required to see suppression of iNOS induc-
tion, and the high concentrations of these agents may have had additional pharma-
cological actions, such as inhibition of total protein and RNA synthesis, and/or free
radical scavenging actions.!3243%60 On the other hand, the more potent PARP inhibitor
INH,BP effectively suppressed the expression of iNOS at lower concentrations (100
to 300 uM). However, in the case of INH,BP several additional modes of action had
to be considered, as this agent is a known inducer of alkaline phosphatases, with a
secondary, pleiotropic modulation of cellular responses®-8: these effects may well
include inhibition of MAP kinase activity, which, in its own right, may suppress the
process of iNOS induction. Experiments in cells or animals with ablation of the
PARP gene were required to address the question definitely whether inhibition of
PARP per se suppresses the process of iNOS induction. In the first such study, using
wild-type and PARP-deficient fibroblasts stimulated with bacterial endotoxin and
interferon v, we have demonstrated that the expression of iNOS gene is markedly
suppressed in the absence of PARP.! Similar results were recently observed in vivo,
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in mice challenged with bacterial lipopolysaccharide, where circulating nitrite/nitrate
levels and tissue iNOS protein expression were suppressed in the absence of PARP
gene. It is noteworthy that in in vivo experiments, PARP inhibitors have beneficial
effects in concentrations that do not affect the expression of iNOS,!3?22 or even in
conditions where iNOS is not even expressed, such as the early phases of myocardial
and splanchnic reperfusion.**6263 Therefore, it appears that inhibition of iNOS
expression is not obligatory for the protective effect of PARP inhibitors in inflam-
mation and reperfusion injury. Nevertheless, it is possible that, during more chronic
administration, pharmacological inhibitors of PARP may suppress the expression of
iNOS, and thereby reduce the generation of NO and peroxynitrite.

In addition to the iNOS gene, studies using wild-type and PARP-deficient mice
established that PARP is regulating the expression of a whole host of genes. For
example, in mice challenged with endotoxin, the absence of PARP gene suppressed
the production of tumor necrosis factor o, and interferon y (but not of interleukin
6).30 The central mechanism whereby these effects may be governed on the level of
signal transduction may be related to suppression of activation of the transcription
factor nuclear factor kB, a key element in the signal transduction pathway of many
proinflammatory cytokines® (Figure 5.5). The suppression of the expression of
nuclear factor kB in the absence of functional PARP was somewhat predicted by
prior in vitro studies demonstrating the same phenomenon in cultured macrophages.*

5.6 CONCLUSIONS AND IMPLICATIONS

Current strategies aimed at limiting NO-mediated cell/organ injury in shock include
agents that inhibit the induction of iNOS; NOS enzyme inhibitors, preferably with
selectivity for iNOS; agents that scavenge or inactivate NO; and agents that limit
substrate or cofactor availability for iNOS. Less attention has been directed to
strategies that interfere with intracellular cytotoxic pathways initiated by NO or its
toxic derivatives. Direct and indirect experimental evidence reviewed in this chapter
supports the view that peroxynitrite-induced DNA strand breakage and PARP acti-
vation contribute greatly to the pathophysiology of shock. Based on the data
reviewed in this chapter, we conclude that PARP is a central mediator of circulatory
shock, with multiple roles in mediating early and delayed pathophysiological path-
ways of shock (Figure 5.6). Pharmacological inactivation of PARP represents a
novel, therapeutically viable strategy to limit cellular injury and improve the out-
come of circulatory shock, as well as a variety of other pathophysiological condi-
tions associated with peroxynitrite production. The viability of this potential ther-
apeutic strategy is strengthened by recent observations demonstrating that the
absence of PARP does not compromise DNA repair.®* PARP inhibition is unlikely
to interfere with the important antimicrobial effects of NO, since invading bacteria
do not contain PARP. Because inhibition of iNOS has immunosuppressive effects
and may facilitate the reoccurrence of latent infections in the treated organism,
especially during a chronic treatment regime,>-%¢ inhibition of PARP may have fewer
side effects in this respect when compared with inhibition of iNOS. Additional
theoretical advantages of PARP inhibitors as agents for the resuscitation in circu-
latory shock include (1) no obvious hemodynamic effects in control animals, (2)
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FIGURE 5.5 PARP-deficient mice are resistant to endotoxin-induced mortality, show reduced
activation of nuclear factor kB, and express reduced amounts of iNOS. (a) Survival of wild-
type and PARP-deficient mice after i.p. injection of bacterial LPS (40 mg/kg i.p.). The number
of mice is given in the plot. (b) Nuclear factor kB activation in peritoneal macrophages from
LPS-challenged mice. (c) Expression of iNOS at 18 h after endotoxin treatment. (d) Nitrite
release in primary cultured murine macrophages from wild-type and PARP-deficient mice.
(From Oliver, FJ. et al., EMBO J., 18, 4446-4454, 1995. With permission.)

no side effects in control or shocked animals, and (3) the fact that the PARP inhibitor
targets a delayed process of cell death permits the treatment to be effective even
with a delayed start of administration.

It is noteworthy that the vast majority of the evidence implicating the role of
PARP in peroxynitrite-induced toxicity and in other forms of cellular oxidant injury
was obtained using pharmacological inhibitors, such as 3-aminobenzamide. This
agent is a prototypical PARP inhibitor that has been used in a large number of
investigations to inhibit the catalytic activity of PARP when DNA single-strand
breakage was triggered by oxyradicals or by peroxynitrite. In these studies, 3-
aminobenzamide provided cytoprotective effects but did not interfere with the devel-
opment of DNA strand breakage, supporting the view that the agent, at 1 to 3 mM,
does not scavenge oxyradicals or peroxynitrite.?>¢’ There is also ample prior evidence
that 3-aminobenzamide, in low millimolar concentrations, does not directly inhibit
oxyradical-triggered oxidative processes.?>%8-7! Moreover, 3-aminobenzamide is not
an inhibitor of NO synthase and does not scavenge NO.?%7 Thus, it appears that 3-
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aminobenzamide, indeed, exerts its protective actions by inhibition of the catalytic
activity of PARP, rather than by interfering with proximal processes (such as the
direct actions of peroxynitrite or oxyradicals). Nevertheless, it has been repeatedly
put forward that 3-aminobenzamide may act as a hydroxyl radical scavenger,’>”
thereby contributing to cytoprotection. Clearly, follow-up studies with cells and
animals with ablated PARP gene are needed to confirm the conclusions of the studies
with pharmacological inhibitors of PARP. In the first such study, Heller and co-
workers’ have, indeed, observed that islets of PARP-- mice are resistant to NO and
oxidant-related injury, when compared with the response in islets of wild-type mice.
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FIGURE 5.6 Proposed scheme of PARP-dependent and PARP-independent cytotoxic path-
ways involving NO-, hydroxyl radical (OH-), and peroxynitrite (ONOO") in shock. Endotoxin
or other stimuli associated with various forms of circulatory shock trigger the release of
proinflammatory mediators, which, in turn, induce the expression iNOS. NO, in turn, com-
bines with superoxide to yield peroxynitrite. Hydroxyl radical (produced from superoxide via
the iron-catalyzed Haber—Weiss reaction) and peroxynitrite or peroxynitrous acid induce the
development of DNA single-strand breakage, with consequent activation of PARP. Depletion
of the cellular NAD* leads to inhibition of cellular ATP-generating pathways, leading to
cellular dysfunction. NO alone does not induce DNA single-strand breakage, but may combine
with superoxide (produced from the mitochondrial chain or from other cellular sources) to
yield peroxynitrite. Under conditions of low cellular L-arginine NOS may produce both
superoxide and NO, which then can combine to form peroxynitrite. PARP activation, in a
not-yet-characterized fashion, promotes the activation of nuclear factor kB, and the expression
of proinflammatory mediators, adhesion molecules, and iNOS. There are PARP-independent,
parallel pathways of cellular metabolic inhibition, and these pathways can be activated by
NO, hydroxyl radical, superoxide, and peroxynitrite (alone or in combination or synergy).
For instance, peroxynitrite can induce cell injury via protein tyrosine nitration. PARP activa-
tion promotes adhesion receptor expression, postadhesion phenomena, and neutrophil (PMN)
recruitment, thereby triggering positive-feedback cycles. The various interrelated pathways
of shock can be interrupted by various pharmacological agents; some of them, such as the
NOS inhibitor NS-methyl-L-arginine or L-NMA, the superoxide dismutase mimetic and per-
oxynitrite scavenger porphyrinic compound MnTBAP, the peroxynitrite decomposition cata-
lyst compounds or PDCs, and selected PARP inhibitors 3-aminobenzamide (3-AB) and
INH,BP, are presented on the figure. See text for further details.

Similarly, we observed that lung fibroblasts from PARP-~ mice are protected from
peroxynitrite-induced cell injury when compared with the fibroblasts of the corre-
sponding wild-type animals.®' Finally, PARP knockout mice were found to be
remarkably resistant to endotoxin-induced mortality.* It remains to be dissected, to
what extent inhibition of proinflammatory gene expression vs. inhibition of terminal
cytotoxic pathways is responsible for the protection against shock seen in the absence
of functional PARP.
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6.1 INTRODUCTION

In the last two decades considerable progress has been achieved in the elucidation
of the immunological processes involved in the pathogenesis of type 1 (insulin-
dependent) diabetes. The application of newly available methodologies allowed
novel experimental approaches leading to the characterization of critical steps in the
destruction of insulin-producing pancreatic beta cells. Studies on inflammatory islet
cell destruction identified nitric oxide (NO) as a major beta cell toxic mediator and
described DNA strand breaks as critical primary damage triggering beta cell death.
Recent studies provided unequivocal evidence for the hypothesis that the activation
of the nuclear enzyme poly(ADP-ribose) polymerase (PARP) with subsequent intra-
cellular NAD* depletion represent the determining metabolic steps in the chain of
events causing progressive inflammatory beta cell death and diabetes in the mouse
model studied.

6.2 TYPE 1 DIABETES
6.2.1 DEFRINITION

Human type 1 (insulin-dependent) diabetes mellitus (IDDM) is the most common
chronic disease in children and young adults. The manifestation of type 1 diabetes,
which generally occurs before the age of 20 years, is characterized by the sudden
occurrence of severe hyperglycemia and/or ketacidosis accompanied by polyuria,
polydipsia, and weight loss.! These symptoms result from a marked hypoinsulinemia
due to absolute, persistent deficiency of insulin secretion after an irreversible loss
of insulin-producing beta cells from the pancreatic islets of Langerhans.

During the last decades evidence has accumulated that chronic immunological
processes are responsible for the progredient destruction of the beta cells, finally
leading to a near complete loss of the insulin secretory capacity and the manifestation
of diabetes in the affected individual.?

6.2.2 PATHOGENESIS

Human studies that examine the pathogenetic processes involved in beta cell destruc-
tion revealed signs of humoral and cellular immune reactivity directed against beta
cells long before diabetes manifestation (Figure 6.1). In the serum of a large pro-
portion of “prediabetic” individuals (auto-)antibodies can be detected with specificity



PARP in the Pathogenesis of Pancreatic Islet Cell Death and Type 1 Diabetes 105

100+
3? Humoral and Cellular Immunity
= = against Islet Tissue
: |
-1
]
o
[y
g 50+ Clinical
] Manifestation
o of Diabetes
w Remission
= Phase
2
s 1 Prediabetic Phase
0
Time

FIGURE 6.1 Hypothetical time course of the events involved in the reduction of the pancre-
atic beta cell mass and the development of type 1 diabetes.

to beta cell antigens such as insulin,®’ proinsulin,? protein tyrosine phosphatase 2,%10
or glutamic acid decarboxylase.!'"!* A few human studies available now report the
presence of inflammatory cells, like macrophages and lymphocytes, within islets of
pancreas biopsy specimens taken from individuals at risk to develop type 1 diabetes
or after recent onset of the disease.!*!¢ These findings strongly support the view that
immune reactions directed against autologous beta cells are responsible for the
gradual loss of the insulin secretory capacity preceding the clinical manifestation of
diabetes. After disease manifestation, followed by an occasional remission period
with reduced insulin requirements, the patients become strictly insulin dependent
for the rest of their lives (see Figure 6.1).

Based on these findings, extensive studies were performed to evaluate the beta
cell-damaging potential of the humoral and cellular components of the islet-
directed immune attack during the pathogenesis of type 1 diabetes.!”!8 These
investigations progressed rapidly once rodent models with spontaneous develop-
ment of diabetes similar to human type 1 diabetes became available.!?° Initially,
the most conclusive observations came from experiments in rodents rendered dia-
betic by the application of the beta cell-specific toxin streptozocin!®?'?? (Figure
6.2). Later, the findings of these studies could be extended and refined by the use
of BioBreeding (BB) rats® and nonobese diabetic (NOD) mice,!*?* which sponta-
neously develop diabetes.

Diabetes development in these rodent models was found to share basic features
with the pathogenesis of the human disease: before clinical manifestation of the
disease, signs of islet-directed immune reactivity are observed, such as the appear-
ance of autoantibodies against beta cell components?* and the progressive infiltration
of the islets with immune cells (insulitis).!>?° Investigations in these animal models
confirmed previous observations in humans, strongly indicating that the destruction
of beta cells results mainly from cellular immune reactions rather than humoral
immune phenomena.
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FIGURE 6.2 Structural formula of streptozocin (2-deoxy-2-(3-methyl-3-nitrosoureido)-p-
gluco-pyranose).

6.3 BETA CELL-DAMAGING CELLULAR EFFECTOR
MECHANISMS

Meanwhile, several in vitro and in vivo studies have provided strong evidence for
islet-directed cellular immune reactions as important mediators of beta cell destruc-
tion. The infiltration of the islets with immune cells prior to diabetes manifestation
appears to be the most prominent morphological sign of the cell-mediated immune
attack against islets. During this inflammatory process, macrophages, as early islet-
infiltrating cells,” play a major role as beta cell-damaging effector cells?® and also
as regulators of the initiation and progression of the T-lymphocyte-mediated immune
response against islet cells.?’-?

6.3.1 CELLULAR SOURCES OF BETA CELL-DAMAGING
INFLAMMATORY MEDIATORS

During the initial phase of insulitis, which is dominated by the presence of mac-
rophages surrounded by destroyed beta cells,?® a variety of inflammatory mediators
are released,?'33 which exert islet cell-damaging activities ranging from functional
disturbances* to the induction of cell death.>> Meanwhile, reactive radicals, espe-
cially NO,*7 were identified as major beta cell toxic mediators.’® High concentra-
tions of NO can be formed by the inducible isoform of NO synthase (iNOS) in
activated islet-infiltrating macrophages® and in islet capillary endothelial cells
exposed to inflammatory cytokines, such as interleukin-13 (IL-1f), tumor necrosis
factor oo (TNF-a), or interferon y (IFNy).*-42 Another potential source of toxic
radicals during islet inflammation is the beta cell itself, which is able to produce
large amounts of NO after induction of its intracellular iNOS by IL-1p alone*-¢ or
in combination with other inflammatory cytokines.*’” Besides NO release, the for-
mation of reactive oxygen intermediates (ROI) may also play a role in beta cell
destruction. Interestingly, macrophages from diabetes-prone BB rats were found to
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produce considerably increased amounts of ROI compared with macrophages from
normal Wistar rats or diabetes-resistant BB rats.*

6.3.2 RabpicAL-INDUCED PRIMARY DAMAGE IN THE BETA CELL

In the attempt to identify the initial events of inflammatory beta cell death, isolated
rodent and human pancreatic islets, islet cells, or cells of beta cell lines were exposed
to inflammatory mediators such as reactive radicals and cytokines, which are
assumed to be present in the inflamed islet tissue.

When cultivated cells were exposed to chemically generated radicals to mimick
macrophage- or endothelial cell-derived NO or ROI, severe DNA damage could be
detected within 1 h. DNA strand breaks, detected by in situ nick translation, clearly
preceded islet cell death for several hours. Exposure to chemical NO donors or to
ROI, enzymatically generated by xanthine oxidase, resulted in cell lysis only 5 to
6 h after the initiation of radical formation.** In these studies, islet cell lysis was
determined by the incapability of the cell to exclude trypan blue, reflecting the loss
of membrane integrity as a definite sign of irreversible lethal cell damage.® In
addition to DNA damage, delayed appearance of mitochondrial dysfunction was
observed after exposure to enzymatically generated ROL>! Moreover, NO and ROI
can react together to form the highly toxic peroxynitrite, which is able to induce
rapid DNA damage in cultivated human and rat islet cells.

As mentioned above, exposure of islet cells to inflammatory cytokines induces
the formation of NO by iNOS within the beta cell.¥ Intracellularly generated NO
can cause a variety of metabolic dysfunctions in beta cells, e.g., the reduction of the
insulin secretory capacity3*>? and the impairment of mitochondrial DNA* and
enzyme systems.** However, similar to the findings after exposure to extracellularly
generated NO, the most prominent damage observed after cytokine-induced gener-
ation of endogenous NO appears to be the rapid formation of nuclear DNA strand
breaks.> Isolated rat islets exhibited extensive DNA damage already after 15 min
of IL-1PB exposure, as could be demonstrated by the electrophoretic separation of
DNA fragments in the “comet assay.”® In beta cell lines, the cytokine combination
IL-1PB, TNF-a, and IFNYy induced DNA fragmentation after 3 to 6 h, preceding cell
lysis for several hours.3>%7

These observations clearly identify radical-induced DNA fragmentation as a
prominent primary damage in beta cells exposed to a variety of inflammatory
mediators. In addition, several studies provide evidence for mitochondrial dysfunc-
tion and damage as potentially critical events that precede and probably contribute
to cell death.

6.3.3 CONSEQUENCE OF PRIMARY DNA DAMAGE IN THE
Beta CELL

A hypothesis of the possible consequences of primary DNA damage for the survival
of beta cells was originally advanced by Okamoto and co-workers (Uchigata et al.®)
based on their experimental work with rodent pancreatic islets and islet cells. When
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they exposed isolated islets and islet cells to the beta cell toxin streptozocin, they
observed a rapid appearance of DNA fragments and a decrease of intracellular NAD*
contents, strongly indicating a role for the NAD*-consuming enzyme PARP (EC
2.4.2.30), which is activated by DNA strand breaks.”® Consequently, Okamoto and
his group investigated the involvement of PARP in this process by applying phar-
maceutical inhibitors of the enzyme. In fact, they could effectively protect islet cells
from streptozocin-induced damage by suppressing PARP activity. Although PARP
inhibition by nicotinamide, picolinamide, or benzamide derivatives did not affect
streptozocin-induced formation of primary DNA damage, the NAD* contents and
the proinsulin synthesis of the islet cells were well preserved.’®% They could further
extend their observations to the involvement of PARP in the induction of beta cell
damage in vivo. The administration of diabetogenic doses of streptozocin to rats
caused extensive DNA strand breaks and markedly decreased intracellular NAD*
levels in pancreatic islets within 20 min after injection.’! Pretreatment of rats with
the PARP inhibitors nicotinamide and 3-aminobenzamide was found to protect the
islets from the streptozocin-induced decrease of proinsulin biosynthesis.®?> From
these observations Okamoto and his co-workers proposed the following sequence
of initial events leading to the inhibition of proinsulin synthesis by beta cell-dam-
aging agents with alkylating or radical-forming properties: islet DNA strand breaks
— stimulation of nuclear poly(ADP-ribose) synthetase — depletion of intracellular
NAD — inhibition of proinsulin synthesis.!

6.4 INHIBITION OF PARP ACTIVITY FOR
BETA CELL PROTECTION

The hypothesis by Uchigata et al.,”® outlined above, was confirmed and refined by
numerous in vivo and in vitro studies aiming to elucidate the role of PARP in the
first steps of beta cell damage and in the development of diabetes.

6.4.1 PHArRMAcoLOGICAL PARP INHIBITION
6.4.1.1 Models to Study the Effects of PARP Inhibition

Initial investigations were performed in animal models of streptozocin-induced dia-
betes in rodents, which had been established®% and are still used extensively to
study the mechanisms involved in the destruction of pancreatic beta cells.!*% Strep-
tozocin, an antibiotic produced by Streptomyces achromogenes, contains a glucose
moiety (see Figure 6.2) and therefore is taken up rather selectively by the beta cell
via the glucose transporter GLUT-2.57%8 When the substance decomposes within the
beta cell it causes rapid and considerable damage to nuclear DNA by alkylation.>
More recently it could be demonstrated that streptozocin also may cause cell damage
via the intracellular formation of NO.5%-"!

The injection of a single dose of 160 to 200 mg streptozocin/kg body weight
(BW) to mice or 50 to 80 mg streptozocin/kg BW to rats causes acute beta cell
toxicity and results in persisting hyperglycemia about 2 days after application.?!
Therefore, the administration of a single high dose of streptozocin represents a
useful experimental approach to target a toxic attack, involving primary nuclear
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DNA damage, to the pancreatic beta cells in vivo. The application of multiple
subdiabetogenic doses of streptozocin in mice (5 X 35 to 40 mg streptozocin/kg
BW on 5 consecutive days) elicits an immune response against autologous pancre-
atic islet structures, resulting in insulitis, beta cell destruction, and the development
of hyperglycemia.t*

Both models of streptozocin-induced diabetes and animal models with sponta-
neous diabetes development (NOD mouse, BB rat) were used in studies that aimed
at the protection of beta cells and prevention of diabetes development by pharma-
cological inhibition of PARP. In view of a future application in human (pre)diabetic
individuals, the studies mainly focused on the evaluation of the preventive or ther-
apeutic potential of well-tolerated pharmacological PARP inhibitors, especially nic-
otinamide, a B vitamin, which is supposed to cause no severe side effects even
during long-term application.”> The in vivo studies were accompanied by in vitro
experiments to investigate the role of PARP in inflammatory islet cell death on the
level of beta cells and their subcellular components.

6.4.1.2 Effect of PARP Inhibition on Diabetes Development

The intraperitoneal application of nicotinamide at a dose of 500 mg/kg BW preserved
beta cell function and protected from diabetes development in mice treated with
streptozocin at a single high dose of 200 mg/kg BW. The animals were protected
from hyperglycemia,”>’ their islets showed preserved NAD* levels,” and their beta
cells were largely protected from destruction’® (Table 6.1). In several studies in the
rat, hyperglycemia was induced by a single intravenous or intraperitoneal injection
of 50 to 65 mg streptozocin/kg BW. The administration of nicotinamide in a concen-
tration range from 75 to 1000 mg/kg BW resulted in a dose-dependent reduction of
hyperglycemia’7’ and a preservation of the islet NAD* contents.”® Nicotinamide
treatment preserved islet morphology and insulin levels in plasma and pancreas.”-8!
In streptozocin-treated rats (65 mg/kg BW) nicotinamide and 3-aminobenzamide
showed comparable, dose-dependent effects on the reduction of hyperglycemia and
on the preservation of insulin in plasma and pancreas.” Nicotinamide was also found
to protect against diabetes induced by the intraperitoneal injection of multiple low
doses of streptozocin (5 x 40 mg/kg BW injected on 5 consecutive days). Animals
treated with nicotinamide (200 or 500 mg/kg BW) showed a reduced hyperglyce-
mia, 32 whereas only weak effects on the development of insulitis were noted.%3

The potential of nicotinamide to protect against diabetes was further evaluated
in animal models with spontaneous diabetes development (Table 6.2). In the NOD
mouse, the development of spontaneous and cyclophosphamide-accelerated diabetes
could be successfully prevented by nicotinamide treatment (500 mg/kg BW). In
addition, nicotinamide was able to reduce the severity of insulitis.®*%" In contrast,
in several studies in the BB rat, oral or intraperitoneal application of nicotinamide
showed no consistent effect on the development of hyperglycemia and diabetes.$%?
From the partially contradictory observations in the animal models with spontaneous
diabetes development it may be concluded that the disease processes in NOD mice
and BB rats comprise distinct stages, which exhibit different sensitivity toward
modulation by nicotinamide.”
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TABLE 6.1
Effect of Pharmacological PARP Inhibitors on Beta Cell Function and Diabetes
Development in Streptozocin-Induced Diabetes

SZ Dosage PARP Inhibitor
(mg/kg BW) (mg/kg BW) Species Effects Ref.
200, iv NA, 500, ip Mouse Prevention of hyperglycemia 73
200, iv NA, 500, ip Mouse Protection from beta cell destruction 76
NA, 500, ip Mouse Preservation of islet NAD* contents 75
200, ip NA, 500, ip Mouse Prevention of hyperglycemia 74
50, iv NA, 500, ip Rat Prevention of hyperglycemia 73
50, ip NA, 250-1000, ip Rat Prevention of hyperglycemia 77
65, iv NA, 250, ip Rat Preservation of islet NAD* contents 78
NA, 3-AB, 75-300, ip  Rat Dose-dependent reduction of 79

hyperglycemia, preservation of plasma
and pancreas insulin levels
50, iv NA, 350, ip Rat Prevention of hyperglycemia, partial 80
preservation of plasma and pancreas
insulin levels

55, ip NA, 1000, im, o Rat Prevention of hyperglycemia, 81
preservation of islet morphology

5 x 40, ip NA, 500 ip Mouse Decrease of hyperglycemia 65

NA, 500, sc Mouse Reduction of hyperglycemia, weak effect 83

on insulitis
NA, 200, ip Mouse Reduction of hyperglycemia 82

Abbreviations: 3-AB, 3-aminobenzamide; BW, bodyweight; NA, nicotinamide; im, intramuscular; ip,
intraperitoneal; iv, intravenous; sc, subcutaneous; o, oral; SZ, streptozocin.

6.4.1.3 Effect of PARP Inhibition on Beta Cell Susceptibility

The findings from the in vivo studies were supported by in vitro experiments to
elucidate at a molecular and cellular level the mechanisms involved in the protection
from diabetes development observed after the application of PARP inhibitors in
animals. These studies analyzed the effects of pharmacological PARP inhibitors on
cultivated isolated islets, islet cells, or beta cell lines exposed to chemical beta cell
toxins and to inflammatory mediators.

As mentioned before, the application of streptozocin results in the formation of
DNA strand breaks resulting in a dose-dependent increase of PARP activity in beta
cells.” The administration of nicotinamide to inhibit PARP activation was unable
to prevent the induction of primary DNA damage,’®% but significantly inhibited the
synthesis of poly(ADP-ribose) in a dose-dependent manner® and preserved intra-
cellular NAD* levels.” Furthermore, nicotinamide considerably protected islet cells
from the streptozocin-induced impairment of metabolic activity,”® as demonstrated
by the preserved insulin secretory capacity of pancreatic islet cells exposed to the
beta cell toxin in the presence of the PARP inhibitory drug.®* Interestingly, there is
also evidence for an increased number of DNA strand breaks in streptozocin-treated
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TABLE 6.2
Effect of NA Administration on Beta Cell Function and Diabetes Development
in Animal Models with Spontaneous Diabetes

NA Dosage
(mg/kg BW) Animal Model Effects Ref.
500, sc NOD mouse Prevention of hyperglycemia, reduction of insulitis, 84
partial therapeutic effects
NOD mouse, Cy-treated ~ Prevention of diabetes development, reduction of 85
insulitis
500, o NOD mouse Prevention of diabetes development, reduction of 86
insulitis
NOD mouse Delay of diabetes onset, decrease of diabetes 87
incidence and intensity of insulitis
670, ip BB rat No effect on diabetes incidence 88
500, ip BB rat Slight, nonsignificant decrease of IDDM 89
500, o BB rat Slight, nonsignificant decrease of IDDM 90
BB rat Prevention of hyperglycemia, reduction of diabetes ~ 91
incidence
500, ip BB rat Slight, nonsignificant decrease of IDDM 92

Abbreviations: BB, BioBreeding rat; BW, body weight; Cy, cyclophosphamide; IDDM, insulin-dependent
diabetes mellitus; ip, intraperitoneal; NA, nicotinamide; NOD, nonobese diabetic mouse; o, oral; sc,
subcutaneous.

islet cells that are exposed to nicotinamide,” a finding that could be explained by
the reduced DNA repair capacity of the cell after PARP inhibition.

More recently, the protective potential of pharmacological PARP inhibition was
tested in rat islet cells exposed to chemically generated ROI or NO, which have
been identified as important beta cell toxic inflammatory mediators.*>*® Although
nicotinamide failed to prevent the formation of primary DNA damage in radical-
exposed cells, the presence of the drug effectively inhibited the activation of PARP
as assessed by the complete lack of poly(ADP-ribose) formation and by the preser-
vation of intracellular NAD* concentrations. Finally, nicotinamide and 3-aminoben-
zamide improved the survival of rat islet cells exposed to chemically generated
NO% or to ROI enzymatically generated by xanthin oxidase.*>>!

The presence of nicotinamide in the cultures of islets or islet cells was also
found to improve the survival and functional activity of beta cells exposed to
inflammatory cytokines (IL-1f3, TNF-o, IFNY) which mainly act via the induction
of NO formation. IL-1B-induced NO production in isolated rat pancreatic islets
results in the appearance of an increased number of DNA strand breaks, elevated
nuclear PARP activity, decreased intracellular NAD* contents, and functional impair-
ment of the beta cell.'® Cultivation in the presence of nicotinamide partially
improved IL-1B-mediated reduction of basal'® and glucose-induced insulin secre-
tion.!”' The preservation of the functional activity in IL-1B-exposed beta cells by
nicotinamide may be explained by the observation that the drug is able to inhibit
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IL-1B-induced NO production in cultivated rat islets and cells of the insulinoma line
RINmSF, probably due to suppression of protein biosynthesis.!?1% Furthermore,
nicotinamide was able to reduce the deleterious effects of a mixture of the inflam-
matory cytokines IL-1, TNF-o, and IFNy on human islets. In this study, nicotina-
mide counteracted the cytokine-induced NO formation and the decrease of insulin
content and of glucose-induced insulin secretion.'%

The strong islet cell protective potential of nicotinamide could even be demon-
strated in a more complex model of inflammatory islet cell damage, in which isolated
rat islet cells were cocultivated with syngeneic activated macrophages. The presence
of nicotinamide in the coculture dose-dependently protected the islet cells from
macrophage-induced lysis,'%-1%7 which is mainly mediated via the release of NO.%
Interestingly, nicotinamide was found to inhibit NOS mRNA induction in activated
macrophages,'® a side effect of the drug, which may also contribute to the beta cell
protective effect observed when nicotinamide is present during coculture.

However, sustained inhibition of PARP activity by long-term exposure to nico-
tinamide may also cause adverse effects on rodent islets or islet cells under in vitro
conditions. Cultivation of mouse islets with nicotinamide for 1 week partially inhib-
ited glucose-stimulated insulin release and decreased the glucose oxidation rate and
the ATP contents.!” Moreover, nicotinamide failed to prevent the IL-1B-induced
impairment of insulin release in rat islets after 6 days of culture.!®

Nevertheless, the results from the in vivo studies in animal models and from the
in vitro experiments with isolated islets and islet cells strongly indicate that the
protection from diabetes development observed after the application of PARP inhib-
itors in rodents is mediated by the protection of the pancreatic beta cells against
damage by inflammatory mediators. However, the studies with pharmacological
PARP inhibitors do not allow a final conclusion on the importance of PARP in beta
cell damage and diabetes development, since, meanwhile, numerous side effects of
the drugs were described which may contribute to their protective potential. Although
the PARP inhibitor nicotinamide does not directly interact with NO, the substance
acts as an effective scavenger of beta cell-damaging ROIL.** Furthermore, nicotina-
mide was found to decrease NO production in human pancreatic islets.'%* In vitro,
nicotinamide is usually added at doses of 5 to 25 mM to islets or islet cells. Clearly,
these are concentrations at which a host of pharmacological effects are to be con-
sidered. For example, nicotinamide, at higher doses, is able to inhibit PARP-unrelated
enzymatic activities’> and to interfere with transcriptional'®® and translational pro-
cesses,!!"112 as was shown for the expression of the iNOS gene.

6.4.2 PARP-DEFICIENT ANIMALS
6.4.2.1 Animal Models with PARP Deficiency

To avoid undesired pharmacological effects of PARP inhibitors, a new strategy was
applied by specific genetic inactivation of PARP.

In one approach the targeting vector contained a Hindlll fragment of the PARP
gene in which a Kpnl fragment was replaced by a neo cassette containing a TGA
stop codon. The fragment was electroporated into D3 embryonic stem (ES) cells and
fused in frame to the second exon of the PARP gene. Stably transfected cell clones
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with homologous recombination events were selected and used for the generation of
mice with homozygous PARP deficiency (PARP”") on a mixed genetic background
of 129 SV and C57BL/6.'"* In another approach, the targeting vector was constructed
to contain an Accl-Xhol fragment spanning the first PARP exon. The PARP fragment
was interrupted by insertion of a neo cassette with a flanking diphtheria toxin A
fragment cassette. The construct was electroporated into J1 ES cells, and neomycin-
resistant clones were selected for the generation of PARP~- mice on an ICR back-
ground.!'*!15 In the two approaches for PARP gene disruption, the successful targeting
of the alleles was confirmed by Southern blot analysis of genomic DNA from the mice.

Studies with both knockout strains provided unequivocal evidence for PARP
activation and subsequent NAD* depletion as the dominant metabolic events in beta
cell destruction and diabetes development induced by streptozocin.

6.4.2.2 Effect of PARP Deficiency on Diabetes Development

The intraperitoneal injection of a single high dose of streptozocin (160 to 200 mg/kg
BW) induced severe hyperglycemia in wild-type mice with normal PARP expression
(Table 6.3). A day after streptozocin administration, the blood glucose levels tran-
siently dropped to less than 50 mg/dl, indicating uncontrolled insulin release from
beta cells damaged by acute streptozocin toxicity.!'¢ After 2 days the mice developed
hyperglycemia (blood glucose > 200 mg/dl) which persisted for 60 days.!'> Inter-
estingly, PARP-~ mice were completely protected from streptozocin-induced hyper-
glycemia. They did not show any significant deviations from the physiological blood
glucose level until 21 days after streptozocin treatment.!'>-!17 In PARP heterozygous
(PARP+~) mice, diabetes development was delayed. Within the first week after
streptozocin administration these mice remained normoglycemic.'!®!'7 Thereafter,
their blood glucose concentrations rose to the levels of the diabetic wild-type mice.!!”

Immunohistochemical analysis of the pancreas proved that the resistance to
streptozocin-induced diabetes in PARP-deficient mice is based on the preservation
of islet structure, number of insulin-containing beta cells, and total pancreatic insulin
contents.'>-117 Streptozocin-induced primary DNA damage was detectable in the
islets of pancreatic sections from streptozocin-treated, wild-type PARP*~ and
PARP~- mice. However, PARP enzymatic activity showed a marked increase only
in islets of PARP** mice. In PARP+- islets, PARP activity was substantially reduced
and in PARP~- islets it was completely abolished.!"”

6.4.2.3 Effect of PARP Deficiency on Beta Cell Susceptibility

To investigate whether the destruction of beta cells is the consequence of PARP
activation, isolated islet cells were exposed to streptozocin in vitro for 18 h. As
expected, streptozocin induced a dose-dependent increase of lysis in the wild-type
islet cells and a significant decrease in the NAD* contents to 32% of the initial level.
In contrast, PARP”- and PARP+" islet cells were largely resistant to streptozocin-
induced lysis and their NAD* contents were well preserved.'!

The observations on streptozocin-induced diabetes and beta cell death in PARP~~
mice correlate with previous findings with isolated islet cells clearly demonstrating
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that PARP deficiency does not only protect against streptozocin toxicity but also
against the beta cell-damaging inflammatory mediators NO and ROI. In these studies
radical exposed PARP~~ islet cells showed well-preserved NAD* levels and improved
survival in contrast to wild-type islet cells.''8

Taken together, the studies with PARP-deficient mice and islet cells provided
strong evidence for NAD* depletion caused by PARP activation as the dominant
metabolic event in the destruction of beta cells after primary radical-induced DNA
damage. Reduction or abrogation of the capacity for a PARP-dependent response to
DNA damage will improve the resistance of the beta cell toward the deleterious effects
of inflammatory mediators. Future studies with PARP-deficient NOD mice will reveal
if PARP activation is also important for the development of spontaneous diabetes.

6.5 POTENTIAL INVOLVEMENT OF PARP IN ISLET
CELL DEATH PATHWAYS

The findings outlined above identified extensive PARP activation followed by NAD*
depletion as the dominant metabolic event in inflammatory islet cell destruction and
in the development of chemically induced diabetes. Nevertheless, PARP and PARP
activation must be regarded as intimate components in a complex series of events
leading to cell death. On the one hand, PARP activation triggers processes that may
modulate the course and the velocity of cell death. On the other hand, the PARP
protein and its enzymatic activity are subjected to modulatory influences exerted
by metabolic events involved in cell death. Recent findings provide evidence for
PARP interactions with mitochondrial functions and with processes involved in
apoptosis or necrosis and further indicate the existence of PARP-independent cell
death pathways.

6.5.1 INTERACTION OF PARP AcTiviTY WITH
MitocHONDRIAL FUNCTION

At present, several lines of evidence indicate a potential role for mitochondria in
the regulation of PARP activity or in the acceleration of cell death induced by PARP
activation. Previous studies clearly show that inflammatory mediators induce mito-
chondrial dysfunctions in beta cells. After exposure to exogenously generated NO,
rat islet cells showed a strong decrease in their respiratory activity.’"!'* In isolated
islet cells the IL-1B-induced intracellular formation of NO results in a reduced
glucose oxidation rate, defective insulin release after stimulation, and a decrease in
ATP production.>*!?0 These findings could be explained by the ability of NO to
damage the FeS cluster in the citric acid cycle enzyme aconitase'? or by an impair-
ment of the electron transfer when the radical interacts with the heme-binding site
of cytochrome oxidase (complex IV) of the mitochondrial respiratory chain.!?!
Recent studies show that not only direct radical effects but also PARP activation can
considerably contribute to mitochondrial alterations and cell death. In thymocytes,
radical-induced PARP activation was involved in the reduction of the mitochondrial
transmembrane potential and the subsequent increase in the secondary production
of ROI and signs of mitochondrial membrane damage.!?> Since mitochondria were
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found to be important regulators of cell death pathways,'?® it could be speculated
that radical-mediated mitochondrial dysfunction may trigger a sequence of events
that is observed during apoptosis and involves the mitochondrial release of cyto-
chrome C'?#125 and the activation of the PARP-cleaving enzyme caspase 3.!26:127

However, for the beta cell it still remains to be elucidated whether interactions
between PARP and mitochondrial functions contribute to inflammatory cell death.
The findings currently available may indicate that the radical-induced impairment
of mitochondrial functions, mediated directly or indirectly via PARP activation, will
reduce the capacity of the mitochondria to provide the cellular metabolism with
sufficient amounts of reduction equivalents and ATP. Therefore, it can be assumed
that the induction of mitochondrial dysfunction will exert modulatory effects on the
processes of cell death, which are dominated by NAD* depletion after PARP is
activated by DNA strand breaks.

6.5.2 PotenTiAL RoLE OF PARP IN ApoPTOSIS OR NECROSIS OF
Bera CELLS

In the last years, intensive research work focused on the pathways of inflammatory
islet cell death. Although the criteria used to characterize the cell death pathways
remain to be refined, the studies confirm that beta cells will die via apoptosis and
necrosis depending on the experimental conditions and/or the type of inflammatory
mediator(s) acting on the cells.!?812

Decreased intracellular NAD* levels as observed after streptozocin treatment in
the pancreas of animals''® and in NO-exposed isolated islet cells®® may lead to ATP
depletion,'3® which can induce necrosis in various cell types.!*132 In fact, signs of
necrotic cell death could be detected in streptozocin-exposed cells of a murine beta
cell line.!?® On the other hand, there is evidence that apoptosis is the preferential
type of beta cell death in NOD mice!**!3 and in humans.!36:137

A common feature of both necrotic and apoptotic cell death is the occurrence of
DNA strand breaks. Although the induction, kinetics, and pattern of DNA fragmentation
differ in apoptosis and necrosis, the appearance of DNA strand breaks may implicate
arole for PARP in the two pathways. Experimental evidence for a potential involvement
of PARP comes from the finding of controlled proteolytic cleavage of the enzyme in
the course of cell death.!38 In an early stage of apoptosis, caspase 3 specifically cleaves
PARP into two fragments of 89 and 24 kDa,'* and a previous study demonstrated the
activation of PARP-cleaving proteases also during the process of necrosis.!40

However, the role of PARP and its cleavage products in the progression of
apoptosis and necrosis are still not fully understood. Moreover, recent studies showed
that PARP-deficient cells have normal apoptotic responses indicating that neither
activation nor cleavage of PARP is necessary for apoptotic cell death.!*"42 In con-
trast, in another animal model, PARP-deficient spleen cells even showed an increased
susceptibility to death induced by irradiation or alkylating agents.'#

6.5.3 PARP-INDEPENDENT PATHWAYS OF BETA CELL DEATH

Recent observations indicate that initial DNA damage may trigger islet cell death
pathways which are independent of PARP activation. These pathways are obviously
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activated after exposure to very high concentrations of beta cell-toxic mediators.
Experimental evidence for the existence of these pathways comes from studies with
isolated PARP~ islet cells exposed to reactive radicals and streptozocin. These cells
exhibited a pronounced resistance to low concentrations of streptozocin, ROI, and
NO, whereas in the presence of high doses of the damaging compounds they showed
an increasing sensitivity (streptozocin)!!'¢ or even a complete loss of their resistance
(NO, ROI)."8 1t is conceivable that high concentrations of radicals may directly
cause rapid and extensive damage to vital cellular components, such as mitochondria
or intracellular membrane systems, and it could be speculated that these severe
damages would then predominate all other events involved in the execution of cell
death, irrespective of the extent of DNA damage and the presence of PARP.

In the context of PARP-independent cell death, another interesting new aspect
is the possible activation of isoforms of PARP (EC 2.4.2.30), which are still present
in PARP7~ mice and which could also exhibit poly(ADP-ribosyl)ating activity in
response to the appearance of DNA strand breaks. Among other findings, this
speculation is supported by a recent study describing the formation of ADP-ribose
polymers also in PARP-deficient cells after exposure to DNA-damaging agents.!#
In fact, recent detailed investigations identified tankyrase (telomeric repeat binding
factor-1, or TRF-1, ankyrin-related, ADP-ribose polymerase) as a nuclear protein
localized to telomers with several similarities to PARP.!* Tankyrase exhibits PARP
activity in vitro and is able to modify itself and TRF-1 by poly(ADP-ribosyl)ation.
However, since human tankyrase lacks DNA-binding domains and shows only about
30% amino acid homology to the catalytic domain of PARP, it remains to be
elucidated whether tankyrase or other enzymes with “PARP-like” activity play a
role in DNA repair and whether their rates of NAD* consumption would suffice to
cause a critical depletion of intracellular NAD pools, especially in pancreatic islet
cells exposed to inflammatory mediators.

The findings outlined above show that despite the continuously increasing
knowledge about PARP-related events, understanding of the complex processes
associated with PARP activation during inflammatory islet cell death is far from
complete. However, from the currently available observations in rodent models it
could be assumed that rapid NAD* depletion represents the dominant metabolic
event in a (distinct) cell death pathway which depends on the presence and activation
of PARP. In the absence of PARP the induction of massive DNA strand breaks could
result in the activation of alternative pathways of cell death.

Taken together, although in vitro and in vivo experiments in mice and rats show
a central role of PARP in the destruction of beta cells and the development of
diabetes, the role of PARP activation and subsequent NAD* depletion in the patho-
genesis of human type 1 diabetes still remains to be elucidated. Until now, the only
observations that may allow one to draw a conclusion on the role of PARP in type
1 diabetes come from studies in which individuals afflicted with diabetes were treated
with nicotinamide (outlined below). However, except in some pilot studies, nicoti-
namide showed only partial preventive or protective effects. Therefore, it cannot be
excluded that in humans a more effective approach for the protection of beta cells
may comprise the suppression of other diabetogenic mechanisms, such as the inhi-
bition of iNOS (possibly in combination with PARP inhibition).



118 Cell Death: The Role of PARP

6.6 CLINICAL TRIALS TO PRESERVE BETA CELL
FUNCTION BY PARP INHIBITION

Based on the concept of protecting beta cells from inflammatory damage by PARP
inhibition, several clinical studies were initialized in individuals afflicted with type
1 diabetes. Basically, two approaches were performed, evaluating the therapeutic
and prophylactic potential of the well-tolerated PARP inhibitor nicotinamide.

6.6.1 PARP INHIBITION AFTER ONSET OF TYPE 1 DIABETES

To preserve residual beta cell function in patients with newly diagnosed type 1
diabetes, patients were treated with nicotinamide at doses of 20 mg up to 3 g/kg
BW for several periods of time within 5 years after diabetes manifestation. A meta-
analysis of 10 randomized, controlled clinical trials including 158 nicotinamide
treated and 129 control patients indicates a protective effect of nicotinamide on beta
cell activity.'¥6 After an observation period of 1 year, the nicotinamide-treated
patients showed a significantly preserved baseline C-peptide level indicative for a
preserved insulin secretory capacity.”> However, an improvement of basic clinical
parameters was not achieved by nicotinamide administration as judged by the insulin
requirement for metabolic control, which did not differ between the nicotinamide-
treated and the control groups.

6.6.2 PARP INHIBITION FOR THE PREVENTION OF TYPE 1 DIABETES

Another approach aimed to prevent diabetes onset by applying nicotinamide during
the prediabetic phase in individuals with an increased risk to develop diabetes. Initial
trials were performed in children who showed islet cell antibodies (ICA) indicative
of an ongoing inflammatory reaction against beta cells. A pilot study including 14
ICA-positive children showed a strong reduction of diabetes incidence in the nico-
tinamide-treated group compared with untreated controls.'¥” A large-scale open trial
evaluating the effect of nicotinamide treatment on diabetes incidence in ICA-positive
school children showed a significant reduction of diabetes incidence, suggesting a
potential protective effect of nicotinamide on beta cells.'*® Based on these observa-
tions, two placebo-controlled, double-blind trials have been initiated to evaluate the
prophylactic potential of nicotinamide. In the Deutsche Nicotinamid Interventions
Studie (DENIS) 3- to 12-year-old, ICA-positive siblings of patients with type 1
diabetes were treated with nicotinamide.'* In 1997, after 3 years of follow-up, the
study was terminated when interim analysis showed that the trial had failed to detect
a reduction of the cumulative diabetes incidence from 30 to 6% in the nicotinamide-
treated group.'>® However, this study focused on young individuals with a high
diabetes risk, which is assumed to be associated with rapid progression of the disease.
Therefore, the negative outcome of the DENIS does not exclude the possibility of
a protective nicotinamide effect in individuals with lower risk or with a slower
progression to type 1 diabetes. The still ongoing European Nicotinamide Diabetes
Intervention Trial (ENDIT)!! includes ICA-positive 5- to 40-year-old first-degree
relatives of patients with type 1 diabetes. The study is designed similarly to the
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FIGURE 6.3 Hypothetical model on the role of PARP in inflammatory beta cell damage.
During insulitis, activated macrophages and cytokine-stimulated capillary endothelial cells
release toxic amounts of NO. Inflammatory cytokines such as IL-1B, TNFo, and IFNY,
released from infiltrating immune cells, can induce NO production within the beta cell by
iNOS induction. Extracellularly and intracellularly generated NO alone or in combination
with ROI rapidly induce widespread damage to nuclear DNA in the beta cell. Subsequent
excessive PARP activation results in the critical depletion of NAD* pools, leading to beta cell
death. NO may also impair mitochondrial structures and functions, thereby contributing to
beta cell death via an increased formation of ROI. The progressive destruction of the pancreatic
beta cell mass will lead to a pathologically reduced insulin secretory capacity and finally to
the manifestation of diabetes.

DENIS but will allow one to detect weak effects of nicotinamide treatment on the
reduction of the risk to develop type 1 diabetes.

6.7 SUMMARY AND OUTLOOK

The currently available observations from experimental models on the pathogenesis
of human type 1 diabetes strongly indicate that inflammatory mediators released
during islet infiltration contribute to the destruction of insulin-producing pancreatic
beta cells. The radical-induced formation of nuclear DNA strand breaks obviously
represents the most prominent primary damage in the beta cell. Recent studies in
PARP-deficient animals provided unequivocal evidence for PARP activation and
subsequent NAD™ depletion as the dominant metabolic events in the inflammatory
destruction of beta cells (Figure 6.3).

The growing knowledge about the processes involved in inflammatory beta cell
destruction has allowed the development of strategies aiming at the preservation of
beta cell function in individuals at risk to develop diabetes. Although the outcome
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of these trials, which use nicotinamide for PARP inhibition, may not show strong
diabetes-preventive effects, the definite proof of PARP activation as a critical event
in beta cell death in animal models of type 1 diabetes will justify the design of future
trials with newly developed, more specific PARP inhibitors.
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7.1 REACTIVE NITROGEN INTERMEDIATE-INDUCED
PARP ACTIVATION IN THE IMMUNE SYSTEM

7.1.1 INTRODUCTION

Macrophages were among the first cell types identified as a source of nitric oxide
(NO) produced by the inducible nitric oxide synthase (iNOS).!> NO production
represents a major cytotoxic mechanism utilized by macrophages to kill certain
pathogens and tumor cells.*® Although NO is a free radical capable of inhibiting
the respiratory chain,’® inactivating enzymes,*!° peroxidating lipids,'!"'* and causing
cytotoxicity,* cell damage associated with increased NO production is more likely
to be mediated by NO-derived oxidants such as peroxynitrite than by NO per se.'*
Peroxynitrite (ONOO") is a binary toxin assembled when NO and superoxide (O,")
are produced together.!* Peroxynitrite is a very potent inducer of DNA single-strand
breaks!>!® and thus poly(ADP-ribose) polymerase (PARP) activation.!82° Because
activated macrophages upregulate iNOS and produce large amounts of NO in parallel
with the overproduction of superoxide in a process called “oxidative burst,” mac-
rophage activation provides ideal conditions for peroxynitrite formation. Indeed,
activated macrophages have been shown to produce ONOO-.2' Macrophages and
related cell types (e.g., dendritic cells) are present in all lymphoid organs where they
sample antigens from the lymph and the bloodstream and present antigens to T
lymphocytes. Activated T lymphocytes in turn secrete interferon y (IFNYy), which is
a potent activator of macrophages. Thus, during antigen presentation cross-activation
between antigen-presenting cells (APC) and T cells may result in NO production,
peroxynitrite formation, and PARP activation. Indeed, NO production by APCs
(Langerhans cells, dendritic cells) and modulation of T-cell function by APC-derived
NO has been reported in the literature.?>> Peroxynitrite-induced PARP activation
may occur in the NO-producing cell or in cells localized in the vicinity of the source
of NO. We have selected the thymus as a primary lymphoid organ and investigated
(1) whether NO is produced in the thymus, (2) whether intrathymic NO production
results in peroxynitrite formation in the thymus, and (3) whether PARP activation
occurs in thymocytes. Moreover, we have extensively investigated the in vitro effect
of peroxynitrite on thymocytes as a model cell type and studied how PARP activation
affects the mode of peroxynitrite-induced cell death.

As this chapter focuses on the role of PARP in the reactive nitrogen intermediate
(RNI)-induced cytotoxicity, a relatively detailed outline of the role of RNI in the
immune system is given. The possible effect of PARP on the formation of T and B
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lymphocyte repertoire and some aspects of PARP as a transcriptional regulator of
immune functions are also discussed.

7.1.2 INTRATHYMIC SELECTION PROCESSES

The thymus is a primary lymphoid organ where thymocytes go through a vigorous
selection process. During positive selection, thymocytes capable of recognizing self-
histocompatibility (MHC) molecules receive a survival signal from cortical epithe-
lial cells, whereas cells unable to bind to self-MHC undergo apoptosis.?-? Positively
selected thymocytes, in turn, migrate deeper into the thymus and make contact with
dendritic cells at the corticomedullary junction and in the medulla.?’-?* Dendritic
cells present self-antigens to thymocytes and induce apoptosis of those carrying
T-cell receptors (TCR) with high affinity toward self-antigens (negative selection).
As a result of these selection processes, the vast majority of thymocytes (>95%)
die within the thymus and only mature T cells with the ability to recognize non-
self-antigens in association with self-MHC enter the circulation.?’-? The predomi-
nant death signal provided by dendritic cells during negative selection is transduced
via the T-cell receptor. However, signaling through the TCR alone does not neces-
sarily lead to apoptosis.?®3%3! For instance, cosignaling via the cell-surface Fas
molecule, a member of the TNF receptor family, and through CD28 and Thy-1
surface receptors may also contribute to apoptosis induction.?>¢ A role for NO in
the negative selection has also been proposed based on findings that in vivo TCR
stimulation leads to the upregulation of iNOS in the thymus and to a decrease in
the number of CD4+*CD8* thymocytes.37-38

7.1.3 Nitric OXIDE AND PEROXYNITRITE IN THE THYMUS

We have used NADPH diaphorase (NADPHA) histochemistry to detect NOS activity
in the rat thymus. In accordance with previous studies,**® we have found numerous
NADPHGd* cells in the rat thymus (Figure 7.1) with the highest density observed at
the corticomedullary junction.*! Based on the distribution and the morphology (long
branching processes) of NADPHd" cells, they may represent dendritic cells; however,
their phenotype has not yet been determined.

We have also detected NADPHd* corticomedullary cells in the mouse thymus
(Figure 7.2) where iNOS positivity of NADPHd* cells was proved by iNOS immu-
nohistochemistry.*? Furthermore, NADPHd*/iNOS* cells were absent from the thymi
of iNOS-deficient thymi proving that NADPHA reaction detects iNOS in our sys-
tem.*> We have investigated the inducibility of NADPHdA/iNOS in the mouse thymus
by using staphylococcal enterotoxin B (SEB), a superantigen that cross-links the
MHC molecules of APCs (e.g., macrophages and dendritic cells) with the TCR of
thymocytes and T lymphocytes. NADPHd reaction revealed a massive increase in
the number of positive cells in the SEB-treated mouse thymus as compared with the
naive thymus (see Figure 7.2).#> SEB induced a marked increase in the amount of
immunohistochemical staining for iNOS, with a pattern identical to that of
NADPHA.# In the thymi of iNOS-deficient animals, neither NADPHd nor iNOS
staining could be detected after SEB challenge.*> The lack of these NADPHd*
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FIGURE 7.1 NADPHd* positive cells in the rat thymus. Thymi from untreated
Sprague—Dawley rats were removed, and frozen sections were stained for NADPHA to detect
NOS activity. Strongly stained cells with long branching processes were found in the corti-
comedullary junction. (Bar: 100 wm; original magnification, 100x.)

medullary cells in the thymocytes of iNOS knockout mice strongly indicates that
the NADPHA staining was, indeed, related to iNOS.

Following the proposal of the participation of iNOS-derived NO in the negative
selection, the question arose whether intrathymic NO production by iNOS leads to
peroxynitrite formation. For the detection of in vivo peroxynitrite production, we
have taken advantage of the fact that unlike NO, peroxynitrite reacts with tyrosine
residues of proteins. Therefore, the presence of nitrated proteins in tissues is regarded
as a footprint of peroxynitrite and other oxidized NO products.'*#4 We have
detected cells containing nitrated proteins in the thymi of untreated mice (Figure
7.3), indicating the in vivo “basal” production of peroxynitrite in this organ.* The
nitrotyrosine-positive cells were predominantly found in the medulla. In addition,
nitrotyrosine-positive cells were found in the thymi of iNOS-deficient mice, although
they were less abundant than in the wild-type mice and displayed a predominantly
perivascular distribution (Figure 7.3).4

In summary, NO and peroxynitrite are formed at the site of negative selection (at
the corticomedullary junction and in the medulla) and these reactive nitrogen interme-
diates may provide accessory death signals to thymocytes during negative selection.*

7.1.4 Nitric OXIDE AND PEROXYNITRITE IN OTHER LYMPHOID ORGANS

Until relatively recently, the thymus appeared to be a unique immune organ where
iNOS-derived NO and peroxynitrite are produced without exogenous stimulation.
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FIGURE 7.2 NADPHdA histochemistry reveals iNOS-expressing cells in the thymus of naive
and SEB-stimulated mice. (A) NADPHd" staining in the thymi of naive mice. (B) Immunohis-
tochemical detection of iNOS in the thymi of naive mice. (C, E) NADPHd* staining in the mouse
thymus after SEB stimulation. (D, F) iNOS staining of thymi from SEB-treated mice. (G)
NADPHd* in the thymus of iNOS knockout animals following SEB stimulation. Only endothelial
staining could be detected. A similar staining pattern was seen in naive iNOS knockout animals.
(H) No iNOS staining could be detected in the thymus of iNOS knockout animals following
SEB stimulation. For panels A, B, C, D, G scale bar = 25 um, (original magnification, 400x);
for panels E, F, H scale bar = 100 um (original magnification, 100x). (From Virdg, L. et al., J.
Histochem. Cytochem., 46, 787-791, ©1988. The Histochemical Society. With permission.)
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FIGURE 7.3 Immunohistochemical detection of nitrotyrosine in the thymus. Cryostat sec-
tions of naive wild-type (A) and iNOS knockout (B) mice were stained for nitrotyrosine.
Immunoreactive cells were found predominantly in the medulla. A few nitrotyrosine-positive
cells of predominantly perivascular localization could also be detected in the thymi of iNOS-
deficient mice (B). (Bar = 100 wm; original magnification, 100x.) (From Virdg, L. et al.,
Immunology, 94, 345-355, ©1998. Blackwell Science Ltd. With permission.)

However, Brito et al.*’ have recently demonstrated that nitrotyrosine can be detected
in human lymph nodes obtained from routine surgical resections for lung and colon
cancers (Figure 7.4). The nitrotyrosine immunostaining was predominantly localized
to macrophages; however, lymphocytic and perilymphocytic staining has also been
found in the lymph nodes.*’

Similarly to our hypothesis for intrathymic iNOS activation,*® Brito et al. have
suggested that cross talk between lymphocytes and monocytes/macrophages leads to
nitration of proteins in lymphocytes.*’” This scenario is supported by experiments
where peripheral blood mononuclear cells (PBMC) containing both lymphocytes and
monocytes were stimulated with anti-CD3 antibody (T-cell activator) followed by
purification of lymphocytes (Figure 7.5). Under these condition, strong tyrosine
nitration was detected by Western blotting.*” However, when CD3 stimulation was
carried out after the separation of lymphocytes (i.e., in the absence of monocytes),
no significant increaese in tyrosine nitration could be detected (Figure 7.5).47

In summary, these results show that activation of the immune system is accom-
panied by iNOS expression and peroxynitrite formation due to cross-activation of
T lymphocytes and monocytes/macrophages. According to this scenario (a similar
one to that is depicted in Figure 7.10), activation of T cells by anti-CD3 or super-
antigens such as SEB results in cytokine (INFy) production by activated T cells.
INFy in turn activates monocytes/macrophages/dendritic cells to express iNOS and
to switch on the oxidative burst, fueling peroxynitrite production from both sides
(NO and superoxide). Peroxynitrite produced by activated monocytes/macrophages
triggers tyrosine nitration within the monocytes/macrophages and also diffuses
through cell membranes and nitrates tyrosine in lymphocytes.

Peroxynitrite was proposed to inhibit T-cell activation by tyrosine nitration;*’
however, a role for PARP cannot be ruled out in this process. The possibility that
peroxynitrite produced during immune reactions activates PARP has not yet been
investigated. It would be interesting to know whether PARP becomes activated in
this process and how PARP activation may affect the activation of both the T cells
and cells of the monocyte/macrophage lineage.
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FIGURE 7.4 Nitrotyrosine staining in human lymph nodes. Human lymph nodes were
obtained from routine surgical resections for lung and colon cancers, and tyrosine nitration
was detected by immunohistochemistry. (A) Subcapsular and medullar sinuses and scanty
cortical immunoreactivity with antinitrotyrosine. (B) Nitrotyrosine-positive macrophages sur-
rounding subcapsular sinuses. (C) Dilated sinuses containing large numbers of sinus histio-
cytes with strong cytoplasmic immunolabeling. (D) Multiple parenchymal macrophages with
strong granular reactivity and a poorly defined perilymphocyte and lymphocyte labeling with
random distribution. (Original magnifications: A: 40X, B and D: 400x, C: 100x.) (From Brito,
C.etal., J. Immunol., 162, 3356-3366, ©1999. The American Association of Immunologists.
With permission.)

Another interesting phenomenon is the “burnout” of lymphocytes during sep-
sis.*® Prolonged sepsis causes a significant decrease in lymphocyte ATP levels, which
correlates with decreased lymphocyte proliferative capacity in response to mitogenic
stimulation.*® Treatment with ATP-MgCl, at the onset of sepsis significantly
increases lymphocyte ATP levels and proliferative response to mitogenic stimuli.*®
Although it has not yet been tested experimentally, PARP appears to be a plausible
candidate for being responsible for the lymphocyte burnout. Sepsis is characterized
by the overproduction of free radicals, which can activate PARP, and the beneficial
effect of ATP supplementation also fits well in this hypothesis.

Free radical/oxidant-induced PARP activation is not the only possible mecha-
nism by which PARP can alter immune activation. Upon recognition of antigen,
lymphocytes (both T and B cells) undergo proliferation and express new genes, and
B cells differentiate into antibody-secreting plasma cells. All these cellular functions
(proliferation,*-3! differentiation,’!>® gene expression®-%) have been found to be
regulated by PARP in certain cell types including lymphocytes, macrophages, and
granulocytes.
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FIGURE 7.5 Monocyte-derived peroxynitrite nitrates proteins in lymphocytes upon T-cell
activation. When PBMCs containing both lymphocytes and monocytes were stimulated with
anti-CD3 (T-lymphocyte activator) followed by the separation of T cells, nitrated proteins
could be detected in T cells. However, when T cells were separated first and T-cell activation
was carried out in the absence of monocytes, no tyrosine nitration occurred. This experiment
proves that T-cell activation results in the release of a monocyte-activating cytokine (IFNy ?)
that causes the upregulation of iNOS and the increased production of superoxide in monocytes.
NO and superoxide form peroxynitrite, which diffuses through the cell membrane and nitrates
proteins in T cells.

Besides the thymus and the lymph nodes, Peyer’s patches also may represent
immune organs where iNOS expression occurs without special stimulation. Peyer’s
patches are covered by a specialized epithelium called dome epithelium; little is
known about its function.®”%® The dome epithelium is thought to sample the intestinal
content and direct “antigen samples” to the lymphocytes localized underneath the
epithelial layer.®”-% With NADPHd histochemistry we have detected strong staining
in the dome epithelium of the Peyer’s patches in rats and mice (Figure 7.6); however,
identification of NADPHAd positivity as NOS needs to be done. Nonetheless, the
possibility exists that NO and peroxynitrite are produced in the Peyer’s patches,
which can activate PARP; however, this needs to be confirmed experimentally.

7.1.5 Errect oF NO AND PEROXYNITRITE ON THYMOCYTES

NO has been shown to cause apoptotic death in thymocytes® as well as several other
cell types.”®73 It has also been demonstrated that peroxynitrite can induce DNA
fragmentation (degradation of DNA into oligonucleosomal fragments with the length
of the multiple of 180 bp) in thymocytes.”* We have comprehensively characterized
peroxynitrite-induced thymocyte death by means of various flow cytometric tech-
niques, assays of caspase activity and DNA fragmentation, and requirement of intact
RNA and DNA synthesis.** In summary, we could conclude that peroxynitrite-
induced apoptotic death shares the characteristics of apoptotic processes triggered
by conventional apoptosis inducers: phosphatidylserine exposure, activation of
caspase-3-like but not caspase-1-like proteases, caspase-dependent oligonucleoso-
mal DNA fragmentation, dependence on protein and RNA synthesis.*

The central executioners of the apoptotic machinery are thought to be the
caspases, a group of cysteinyl aspartate-specific proteases.”’¢ Interestingly, in some
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FIGURE 7.6 NADPHd staining of the dome epithelium of Peyer’s patches. Frozen sections
were cut from untreated Fisher rat Peyer’s patches and stained for NADPHd. No staining was
found in the intestinal epithelium. However, strong NADPHA staining could be detected in
the specialized dome epithelium covering the limphoid tissue. (Original magnifications: A:
40x, bar 100 um; B: 100x%, bar 40 pm; C: 400%, bar 10 pm.)

cell types, NO was found to inhibit apoptosis by inducing the upregulation of the
antiapoptotic bcl-2 protein,’” inhibiting the release of cytochrome ¢ from the mito-
chondria into the cytoplasm,’® and by inhibiting caspases by S-nitrosylation.”-$" In
other cell types, however, NO-induced apoptosis was mediated by caspases.’¥-2 On
the other hand, peroxynitrite has not yet been reported to inhibit caspases, but caused
caspase activation in thymocytes* and in HL60 cells®*** (Figure 7.7). Based on these
data, it is tempting to speculate that NO itself inhibits caspases and apoptosis by
S-nitrosylation. However, when cellular metabolism (high superoxide leak from the
respiratory chain and/or low SOD activity) allows exogenous NO to combine with
superoxide to form peroxynitrite, then peroxynitrite causes apoptosis.

7.1.6 THE RoLe oF PARP AcTiIvATION IN THE REGULATION
ofF PErOXYNITRITE-INDUCED CELL DEATH IN ViTRO:
PARP AcTtivaTION SHIFTS ApopTOTIC CELL DEATH
TOWARD NECROTIC DEATH

PARP was among the first identified caspase targets. Caspase-3 cleaves the intact
116-kb PARP into a large (86-kDa) and a small (30-kDa) fragment.®> The relevance
of PARP cleavage by caspase-3 is unknown, but it has been suggested to serve as
an energy-conserving step to prevent the activation of the enzyme by the ensuing
DNA damage.” This hypothesis is supported by recent findings demonstrating that
inserting a mutation into the caspase recognition site of PARP, which renders PARP
uncleavable by caspases, switches apoptosis into necrotic death.”’
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FIGURE 7.7 Peroxynitrite-induced caspase-3 activation in thymocytes. PARP-deficient thy-
mocytes were treated with 50 uM peroxynitrite and DEVD-AFC-cleaving activity of cell
lysates prepared 0, 2, 4, and 6 h after peroxynitrite treatment has been measured fluorimet-
rically. Control samples pretreated with 100 uM apopain inhibitor; DEVD-fmk were also
included. AFC liberation was calculated from a standard curve prepared with free AFC.
Results are given as DEVD-fmk-inhibitable AFC liberation in picomole AFC/min. Data
represent mean + SD of triplicate samples. (From Virdg, L. et al., Immunology, 94, 345-355,
©1998. Blackwell Science Ltd. With permission.)

The identification of PARP as a caspase substrate has directed the attention of
numerous investigators to the role of PARP in apoptosis. The findings obtained by
using pharmacological PARP inhibitors ranged from inhibition®®'9? to lack of
effect*>103-105 and augmentation of apoptosis,!?-1% depending on cell type, culture
condition, and apoptosis inducers used. Thus, the eventual role of PARP in apoptosis
is still controversial.

We have investigated the effect of PARP on peroxynitrite-induced thymocyte
death by comparing the responses of PARP-deficient (PARP) and wild-type
(PARP**) thymocytes to peroxynitrite and by using pharmacological PARP inhibi-
tors such as 3-aminobenzamide and 5-iodo-6-amino-1,2-benzopyrone (INH,BP).%3
First, we used a flow cytometry—based technique to detect peroxynitrite-induced
apoptosis (based on the binding of Annexin V to phosphatidylserine) and necrosis
(uptake of cell membrane impermeable propidium iodide due to the breakdown of
membrane integrity). Cytofluorimetric analysis of cells stained with Annexin V-FITC
and propidium iodide allows the identification of intact (unstained), apoptotic
(Annexin V-FITC-positive), and necrotic (Annexin V-FITC- and propidium-iodide-
double-positive) populations.!?
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FIGURE 7.8 Cytofluorimetric analysis of thymocyte apoptosis induced by peroxynitrite.
Thymocytes were treated for 4 h with peroxynitrite. Cells were then stained with Annexin V-
FITC and propidium iodide (PI), and two-color analysis was performed by flow cytometry.
An increase in the number of apoptotic (Annexin V-FITC-single-positive) cells was observed
in response to 10 WM peroxynitrite treatment, whereas necrotic (stained by both Annexin V-
FITC and PI) cells dominate in response to 50 uM peroxynitrite. Wild-type cells pretreated
with 3-aminobenzamide as well as PARP-deficient cells were protected against the loss of
membrane integrity, as indicated by decreased PI uptake. (From Virag, L. et al., Immunology,
94, 345-355, ©1998. Blackwell Science Ltd. With permission.)

As shown in Figure 7.8, peroxynitrite treatment (10 WM ) resulted in an increase
in the number in apoptotic cells.* Higher concentrations (50 uM ), however, caused
a marked necrosis. By comparison, PARP-deficient cells or 3-aminobenzamide-
treated wild-type cells displayed a dramatic decrease in the number of double-
positive cells, with an increase of apoptotic (i.e., Annexin V-single-positive) cells.
3-Aminobenzamide had no effect on the apoptosis of PARP-deficient thymocytes.

In line with the flow cytometric data, agarose gel electrophoresis of cellular
DNA showed that 10 uM peroxynitrite, but not higher concentrations of the oxidant,
induced oligonucleosomal DNA fragmentation indicative of apoptotic death® (Fig-
ure 7.9). In fact, at higher concentrations of the oxidant, a marked inhibition of the
apoptotic process was found, which was reversed by pretreatment with 3-aminoben-
zamide (Figure 7.9). PARP-deficient thymocytes exposed to peroxynitrite also dem-
onstrated a dose-dependent increase of DNA fragmentation (similar to the results
of the wild-type cells treated with 3-aminobenzamide; Figure 7.9). Similarly to
peroxynitrite, H,O,-induced cell death shifted from necrosis toward apoptosis,
whereas cell death induced by non-DNA-damaging stimuli such as dexamethasone
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FIGURE 7.9 Peroxynitrite-induced internucleosomal DNA fragmentation in thymocytes.
Following a 6-h treatment with the indicated concentrations of peroxynitrite, PARP**+ and
PARP-- thymocytes were analyzed for internucleosomal DNA cleavage with agarose gel
electrophoresis. PARP+* thymocytes were treated with 0, 10, 25, or 50 UM peroxynitrite in
the absence or presence of 1 mM 3-aminobenzamide and were then analyzed for DNA
laddering. DNA laddering of PARP-- cells treated with the indicated concentration of perox-
ynitrite has also been determined. (From Virdg, L. et al., Immunology, 94, 345-355, ©1998.
Blackwell Science Ltd. With permission.)

or anti-Fas antibody was unaffected by the absence or inhibition of PARP as assessed
by both flow cytometry and DNA fragmentation.*’

7.1.7 THE IN Vivo SIGNIFICANCE OF
PerOXYNITRITE-INDUCED PARP AcTIVATION
IN THE NEGATIVE SELECTION OF THYMOCYTES

In summary of the in vitro data, we can conclude that peroxynitrite-induced PARP
activation results in necrotic-type cell death. Inhibition of PARP activation results
in cytoprotection as indicated by an increase of intact or apoptotic phenotype. In
light of the necrotic effect of PARP activation, the question arises of how these in
vitro data translate into the in vivo situation. Does PARP have a role in the regulation
of negative selection? It is unlikely! Our opinion is based on the following facts:

1. Abnormal thymic size or T-cell maturation defects indicative of a possible
failure in negative selection have not been observed in PARP-deficient mice.
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2. PARP activation causes necrosis; however, in vivo thymocyte death is
always apoptotic. Necrosis has never been reported to occur in vivo in
thymocytes.

3. The effect of “conventional” apoptosis inducers such as dexamethasone
or anti-Fas is indistinguishable in PARP** and PARP~- thymocytes.*>!03

4. Intrathymic peroxynitrite production theoretically could activate PARP
and lead to necrosis. The reason we do not think that this would be the
case is summarized in Figure 7.10.

According to our scenario (Figure 7.10), the negative selection process is initi-
ated by the high-affinity binding of the T-cell receptors of potentially autoreactive
thymocytes to self-antigens presented by dendritic cells. The ligation of TCR
switches on the apoptotic machinery (caspase activation, PARP cleavage) and signals
thymocytes to produce INFy.*® Thymocyte-derived INFy, in turn, activates stromal
cells leading to iNOS expression,*® NO secretion, and NO/ONOO-mediated apop-
tosis of thymocytes.!'! According to our proposed model, PARP is dispensable for
negative selection because it is already inactivated by caspase-mediated cleavage
triggered by TCR signaling when NO and peroxynitrite are produced.

7.1.8 Errect oF PARP AcTivATION ON MITOCHONDRIA

Although peroxynitrite-induced and PARP-mediated necrotic death is not likely to
occur in vivo in thymocytes, we chose thymocytes as a sensitive model cell type to
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FIGURE 7.10 Hypothetical scenario for the negative selection with the participation of per-
oxynitrite. Dendritic cells present to thymocytes self-antigenic peptides bound to MHC mol-
ecules. Signaling, through TCR and cell surface cosignaling molecules, triggers two pathways:
one that switches on the apoptotic machinery including the activation of caspases and another
that leads to the upregulation of IFNYy. IFNy activates dendritic cells resulting in iNOS
expression and increased superoxide production. NO and superoxide combine to form perox-
ynitrite, which provides additional death signals to thymocytes. Peroxynitrite exposure does
not activate PARP in thymocytes because PARP is already cleaved by caspase-3 by the time
iNOS is upregulated and peroxynitrite production begins. (From Virdg, L. et al., J. Immunol.,
161, 3752-3759, ©1998. The American Association of Immunologists. With permission.)
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investigate the cellular mechanisms of peroxynitrite-induced cell death and the role
of PARP in this process.

Mitochondrial dysfunction has been proposed to represent a point of no return
during cell death."'>!13 A characteristic sequence of events occurs in the mitocondria
during various forms of apoptotic and necrotic cell death. This includes the decrease
of mitochondrial membrane potential AW,,, overproduction of superoxide, degrada-
tion of cardiolipin, and elevation of intracellular calcium level.!'3!'* These mito-
chondrial alterations have also been found to occur during peroxynitrite-induced
thymocyte death.!!> Moreover, in this system, PARP activation was found to mediate
these events, as evidenced by the potent protection provided by the pharmacological
PARP inhibitors and the PARP-- phenotype from peroxynitrite-induced AW,
decrease, overproduction of superoxide, cardiolipin loss, and elevation of intracel-
lular calcium.!’> Morphological evidence also supports the crucial role of PARP
activation in the peroxynitrite-induced necrotic thymocyte death and mitochondrial
deterioration.!> Electronmicroscopic images showed striking differences between
PARP*+ and PARP thymocytes exposed to 20 UM peroxynitrite. Wild-type thy-
mocytes displayed a typical necrotic morphology (swollen cytoplasm and organelles
and decreased electrondensity) with mitochondrial damage signs ranging from bro-
ken cristae to high-amplitude mitochondrial swelling, total disruption of ultrastruc-
ture, and appearance of flocculent matrix densities (Figure 7.11). In contrast, mito-
chondria of the PARP-deficient cells showed no or minor changes (Figure 7.11).

How can PARP activation trigger mitochondrial dysfunction? We hypothesize
that PARP activation—-mediated depletion of cellular NAD* and ATP, both of which
are important regulators of mitochondrial functions,!'®!!® may be responsible for the
deleterious effect of PARP activation on the mitochondria. The exact mechanisms,
however, require further investigations.

7.1.9 ReculATION OF PerOXYNITRITE-INDUCED PARP
ACTIVATION AND CYTOTOXICITY

7.1.9.1 Role of Calcium and Zinc

Calcium is a widely used second messenger mediating a variety of cellular responses,
including free radical toxicity. A disturbance of cellular calcium homeostasis is one
of the most common signs of apoptotic and necrotic cell death.!?0-12* Earlier findings
showing that buffering of intracellular calcium protects cells from various lethal
challenges!?>-13! indicate that elevated Ca?* is not simply a passive consequence of
the collapse of cellular homeostasis but an active central regulator of cell demise.
Zinc accumulation has also been implicated in cell death induced by various stimuli
including ROI and RNI.13%135 Furthermore, intracellular Ca?* and Zn?** chelators had
beneficial effects in a series of in vitro and in vivo conditions such as cerebral
ischemia and myocardial reperfusion injury,!?>126.136-138 where PARP was proposed
to be a key player.'3*142 Based on these obeservations, we hypothesized that Ca**
and Zn?* chelators may have beneficial effects in peroxynitrite-induced cytotoxicity
by interfering with the activation of PARP. Indeed, we have found strong protection
provided by cell-permeable Ca** chelators (BAPTA-AM, QUIN-2-AM, EGTA-
AM)' and also by TPEN,!* a cell-permeable Zn?* cheletor with very low affinity
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FIGURE 7.11 PARP activation results in mitochondrial destruction. Electron microscopic
picture of wild-type thymocytes (a, c) treated with 20 UM peroxynitrite revealed typical
necrotic morphology with decreased electrondensity, swollen mitochondria (arrows), dis-
rupted cristae, and flocculant matrix densities. PARP-deficient thymocytes (b, d) exposed to
the same concentration of peroxynitrite exhibited markedly reduced mitochondrial injury.
(Magnification for panel a, b, c, and d is 6640x, 6640%, 33200%, and 58100x, respectively.
Scale bar = 2.5 um for panel a and b, scale bar = 0.5 wm for panel c, and 0.26 pum for panel
d.) (From Virag, L. et al., J. Immunol., 161, 3752-3759, ©1998. The American Association
of Immunologists. With permission.)

to calcium against peroxynitrite-induced cytotoxicity. These chelators inhibited per-
oxynitrite-induced PARP activation in a dose-dependent manner,'**'* providing
further support for the close correlation between PARP activation and cytotoxicity.
The mechanism of action of Ca** and Zn?** chelators, however, is not necessarily the
same. Intracellular Ca?* chelators may act by buffering changes of Ca?* level.
Chelation of Zn?*, however, may have a direct effect on PARP by removing Zn**
from the Zn-finger motifs of the DNA binding domain of PARP. Interestingly, these
chelators also provided protection for PARP- cells,#3 14 indicating the participation
of Ca?* and Zn?** in peroxynitrite-induced PARP-independent cytotoxic pathways. It
should be noted, however, that these chelators are not specific for Ca?* or Zn*;
therefore, special care should be taken when the cytoprotective effect of these
chelators is attributed to chelation of a particular ion.

7.1.9.2 PurINes: ENDOGENOUS PARP INHIBITORS?

Tissue distruction is accompanied by elevated nucleic acid metabolism. Local con-
centration of purine—nucleoside metabolites (adenosine, inosine, hypoxanthine) can
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reach high levels under pathophysiological conditions.!#>46 These metabolites exert
diverse biological activities and were implicated in the regulation of neurotransmis-
sion, exocrine and endocrine secretory activities, cell growth, differentiation, and
proliferation in development and regeneration.!#’ Furthermore, purines have been
implicated in cardioprotection by early ischemic preconditioning'“¥-13 and also exert
potent anti-inflammatory effects.!47-151-153 Regulation of cytokine production'>*15¢ can
be made responsible in part for the anti-inflammatory effects of purines. A novel
anti-inflammatory effect of these compounds may be the inhibition of PARP. Our
preliminary results demonstrate that inosine and, more potently, hypoxanthine com-
petitively inhibit PARP activity of peroxynitrite-treated cells and also inhibit the
purified enzyme (L. Virdg, unpublished observations). The inhibition of PARP by
hypoxanthine and inosine may serve as a negative-feedback circle where PARP
activation—mediated tissue distruction (e.g., in stroke, myocardial infarction, or coli-
tis) liberates hypoxanthine and inosine from the damaged cells, resulting in down-
regulation of PARP activity by these metabolites.

7.1.9.3 Role of Phosphorylation

Phosphorylation is a general regulatory mechanism of enzymatic function. PARP
has also been shown previously to be phosphorylated by the DNA-dependent protein
kinase'>” and by an undefined serine kinase.'>® Earlier reports in the literature indicate
that the DNA-binding domain of PARP can serve as substrate for protein kinase C
(PKC),'5%161 and thus PARP activation may be regulated by PKC. A multilevel
connection between PARP and PKC signaling may exist based on findings that PARP
inhibition suppresses PKC activity'é> and that PARP modulates the properties of
MARCKS proteins, which are important substrates of PKC.!316* Furthermore, apop-
tosis and/or necrosis induced by various stimuli, including oxidants such as singlet
oxygen, has been shown to be suppressed by PKC-activating phorbol esters.!65166
PKC has also been shown to mediate resistance to myocardial infarction,'é” a poten-
tially fatal condition mediated in part by PARP activation.'3>!40 These lines of
evidence point to a possible role of PKC in the regulation of different oxidant-
induced cytotoxic processes via the inhibition of PARP activation. Indeed, our
preliminary data show a 50% reduction in peroxynitrite-induced PARP activation
by phorbol esters (L. Virdg, unpublished observations).

7.1.9.4 Role of Bcl-2

As detailed above, peroxynitrite-induced cytotoxicity is characterized by features of
both apoptosis (at low concentrations of the oxidant) and necrosis (at high peroxy-
nitrite concentrations). Moreover, mitochondria have been demonstrated to play a
central role in this cytotoxic process. Thus, members of the Bcl protein family, which
are predominantly localized in the mitochondria'®® and are known to protect from
both apoptotic and necrotic death,'%-172 appeared likely candidates for being regu-
lators of peroxynitrite cytotoxicity. The Bcl protein family consists of proapoptotic
(bax, bak, bad, bik) and antiapoptotic (Bcl-2, Bcl-xL, mcl-1) molecules, each of
which is capable of forming homo- or heterodimers with some members of the
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antagonist group.!”>!7* The ratio of pro- and antiapoptotic Bcl proteins is thought to
determine the fate of stimulated cells, death vs. survival.!'” The mechanism of action
of Bcl-2 involves blocking of the opening of the mitochondrial permeability
pore,!7*175 thereby preventing the release of cytochrome c¢ from the mitochondrial
intermembrane space to the cytoplasm and thus preventing caspase activation.!”6177
Furthermore, it also interferes with the calcium cycling, inhibiting the calcium
overload of the mitochondria.!78-189

Contrary to our expectations, we found no protection by Bcl-2 overexpression
against peroxynitrite-induced and PARP-mediated necrotic death. Consistent with
this, Bcl-2 had no effect on PARP activation. PARP-independent apoptotic death,
however, was found to be supressed by Bcl-2 at the mitochondrial level (L. Virag,
unpublished observations).

7.1.10 WHAT DirrereNce Does PARP MAKE IN APOPTOSIS?

Based on results generated by our group, the role of PARP in oxidant-induced
cytotoxicity can be summarized as follows. Free radicals and oxidants such as super-
oxide, peroxynitrite, and hydrogen peroxide cause DNA strand breaks, leading to
PARP activation. Activation of PARP depletes cellular NAD* and ATP pools resulting
in necrosis. Pharmacological intervention (3-aminobenzamide, INH,BP, calcium or
zinc chelators, purine metabolites, PKC activators) can protect from the deleterious
effect of PARP activation; however, other mechanisms (e.g., Bcl proteins), which do
not interfere with PARP activation, have no effect on oxidant-induced necrotic death,
however powerfully they work in other PARP-independent systems. At the moment,
no intervention is known that could protect from the consequences of PARP activation.
Once PARP has become activated, NAD* and ATP are consumed, and the cell is
destined to die by necrosis. This conclusion was drawn from studies carried out on
thymocytes, but is likely to be true in most other cell types as well. Macrophages,
endothelial cells, fibroblasts, and lung epithelial cells have also been found to be
protected by PARP inhibitors (or the PARP-- phenotype) against the cytotoxic effect
of peroxynitrite. Exemption to this rule, also does exist. A promyelocytic leukemic
cell line, HL-60, is also a sensitive target of peroxynitrite. As opposed to thymocytes
and most other cell types, peroxynitrite-induced cytotoxicity of HL-60 cells was found
to be potentiated by PARP inhibitors.** The reason HL-60 cells behave differently
from most other cells is unknown at present and requires further investigations. These
findings, however, emphasize the importance of cell-type-specific differences in the
role of PARP in oxidant-induced cytotoxicity.

A much more controversial issue is the role of PARP in apoptotic death. Our
results with subnecrotic concentrations of oxidants that do not activate PARP and
also with conventional apoptosis inducers such as dexamethasone or anti-Fas
revealed no differences between PARP** and PARP-- thymocytes.* Other groups
investigating the effect of numerous apoptotic stimuli including ceramide, dexa-
methasone, or etoposide (in thymocytes), tumor necrosis factor oo (TNFa), anti-Fas
(in hepatocytes), staurosporine, colchicine, potassium withdrawal, peroxynitrite (in
primary neurons) to various cell types obtained from PARP** and PARP- mice
were also unable to detect any difference between wild-type and PARP-deficient
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cells.'%31%4 Based on these studies we could conclude that PARP is dispensable for
apoptosis. However, a great body of evidence supports the idea that PARP may play
a role in apoptosis. During some forms of apoptosis, PARP activation was found to
occur, resulting in poly(ADP-ribosyl)ation of nuclear proteins.!®! Furthermore, p53
was also found to be poly(ADP-ribosyl)ated and poly(ADP-ribosyl)ation of p53 led
to inhibition of the p53 response.'®>!83 Considering the variability of apoptosis
systems (p53-dependent or independent, regulated or not by Bcl proteins, depen-
dence or lack of dependence on intact protein and RNA synthesis, etc.), it appears
impossible at the moment to explain why PARP is dispensable in some forms of
apoptosis, but contributes to other forms of programmed cell death. Furthermore,
as our knowledge about the novel PARP enzymes such as PARP2'3* or tankyrase!'$’
and about their function in different cell types increases, we may get closer to
understanding the as yet elusive role of poly(ADP-ribosyl)ation in apoptosis.

In this chapter, we do not aim to discuss the role of PARP in cytotoxicity induced
by alkylating agents and ionizing radiation. An increasing body of evidence supports
the protective role of PARP in these systems.!3¢-1% It is not known at present how
PARP plays a protective role in ionizing radiation- and alkylating agent-induced cell
death on the one hand, and mediates cell death triggered by free radicals and oxidants
on the other hand. The solution of this striking dualism may lie in (1) the different
nature of DNA damage caused by these genotoxic agents, (2) the different DNA
repair mechanisms required to restore DNA structure, and/or (3) the intensitity of
PARP activation caused.

7.2 PARP AS TRANSCRIPTIONAL REGULATOR OF
INFLAMMATION AND LYMPHOCYTE HOMING

7.2.1 Errect oF PARP ON THE EXPRESSION OF CHEMOKINES,
ADHESION MoLEecuLes, CoLLAGENASE, MHC-II
Motecutes, AND INDUCIBLE NITRIC OXIDE SYNTHETASE

Migration of inflammatory cells (monocytes, granulocytes, and lymphocytes) to the
site of inflammation as well as migration of lymphocytes to lymphoid organs (lymph
nodes, Peyer’s patches, tonsils) where antigens are presented to lymphocytes by
APCs is regulated by chemotactic cytokines called chemokines. Chemokines induce
the upregulation of adhesion molecules on the surface of endothelial cells and
migrating cells (granulocytes, monocytes, lymphocytes) leading to a firm attachment
of migrating cells to the endothelium followed by transendothelial migration. At the
site of inflammation, movement of leukocytes in the tissues is enhanced by enzymes
such as collagenase, hyaluronidase, and elastase, which degrade the intercellular
matrix of the connective tissue. Upon exposure to cytokines, inflammatory cells
become activated. Activation results in the upregulation of MHC-II molecules and
increased production of inflammatory mediators, e.g., NO. Upregulation of MHC-
IT molecules on the surface of thyroid cells and synovial cells has been implicated
in the pathomechanism of autoimmune inflammation (autoimmune thyroiditis, bil-
iary cirrhosis, type 1 diabetes, arthritis).!?!-!%
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PARP may interfere with the sequence of events at several points. PARP has been
shown to enhance activator-dependent transcription.® Moreover, PARP has also been
found to act as a coactivator for AP-2-mediated transcriptional activation.®! As syn-
thesis of cytokines and chemokines occurs via activator-dependent transcription of
cytokine genes,!?¢19 the possibility exists that PARP enhances the production of
chemokines and cytokines. Indeed, peritoneal macrophages and embryonal fibroblasts
from PARP-deficient mice produced significantly less macrophage inflammatory
protein-1o. (MIP-1at) a CC chemokine known to be responsible for the recruitment
of monocytes to inflammatory environment (Virdg, Haské, and Szabd, unpublished
observations). In various inflammatory models ranging from zymozan peritonitis to
colitis and arthritis, in animals treated with PARP inhibitors as compared with wild-
type mice, we have found a reduced number of neutrophil granulocytes as measured
by myeloperoxidase activity of tissue lysates.!*-29! This reduced migration of neu-
trophil granulocytes could be explained by an inhibition by PARP inhibitors of
chemokine expression. However, this hypothesis has not yet been tested in these in
vivo models. Alternatively, impaired expression of adhesion receptors in the absence
of PARP could also be made responsible for the inhibition of granulocyte recruitment.
This scenario is supported by findings that human umbilical vein endothelial cells
(HUVEC) and fibroblasts respond to cytokines with a reduced expression of intra-
cellular adhesion molecule-1 (ICAM-1) and P-selectin.??? Furthermore, a decreased
expression of these adhesion molecules has been found in the hearts of PARP~~ mice
as compared with wild-type (PARP**) ones after myocardial ischemia reperfusion.?’?

Following transmigration through the endothelial layer, inflammatory cells
migrate in the connective tissue toward the source of chemokines. Migration in the
connective tissue is facilitated by the production of collagenase and other enzymes
degrading the components of extracellular matrix. PARP inhibitors have been shown
to inhibit collagenase expression in cultured rabbit synovial fibroblasts.?%* Thus, the
beneficial effect of PARP inhibition in reducing the severity of inflammation may
be in part due to inhibition of leukocyte migration in the inflammatory environment.
The effect of PARP inhibitors on the expression of other enzymes such as elastase
or hyaluronidase involved in the degradation of extracellular matrix has not yet been
investigated. Activation of inflammatory cells is accompanied by the upregulation
of activation markers (e.g., MHC-II molecules) and the production of inflammatory
mediators such as NO. PARP has been shown to be involved in the regulation of
both MHC?%-205 and iNQS!%-206-208 ex pression.

Based on these findings, we can conclude that PARP inhibitors exert their potent
anti-inflammatory effects by a complex mechanism (Figure 7.12) involving cyto-
protection from the necrotic effects of ROIs and RNIs, attenuation of endothelial
transmigration of inflammatory cells, and inhibition of proinflammatory cytokines,
chemokines, and inflammatory mediators.

7.2.2 Errect oF PARP oN NuUCLEAR RECEPTOR SIGNALING

As opposed to activator-dependent transcription, which is enhanced, nuclear receptor
signaling is suppressed by PARP. This has been demonstrated by Miyamoto et al.,?*
who showed that PARP bound directly to retinoid X receptor (RXR) and repressed
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FIGURE 7.12 Involvement of PARP in various steps of the development of inflammation.
PARP inhibitors interfere with the migration of inflammatory cells to the sites of inflammation
by inhibiting (1) the secretion of chemokines and cytokines and (2) the expression of adhesion
molecules. Migration of inflammatory cells at the site of inflammation also may be blocked
by PARP inhibitors due to inhibition of collagenase expression. PARP inhibitors attenuate
iNOS expression, inhibit peroxynitrite formation, and provide cytoprotection against the
necrotic effect of free radicals and oxidants. (From Virdg, L. et al., J. Immunol., 161,
3752-3759, ©1998. The American Association of Immunologists. With permission.)

ligand-dependent transcriptional activities mediated by heterodimers of RXR and
thyroid hormone receptor.

We have also tested the repressor effect of PARP on the expression of trans-
glutaminase induced by all-trans retinoic acid. In line with Miyamoto’s findings, we
have found that peritoneal macrophages from PARP~ mice produced more trans-
glutaminase, as measured by Western blotting, both under resting condition and in
response to retinoic acid (Figure 7.13). Considering the wide immunomodulatory
effects of retinoids,?!? ranging from the potentiation of T-cell activation®!! to induc-
tion of differentiation of monocytes,?!? the question arises whether PARP inhibitors
could be used as adjuvant therapy to retinoid treatment. It would also be interesting

PARP** PARP "
CONTROL 1pMRA  CONTROL 1pMRA

—. | ——

FIGURE 7.13 PARP regulates retinoic acid—induced transglutaminase expression. Peritoneal
macrophages from PARP+* and PARP~-mice were treated with 1 uM all-trans retinoic acid
(RA) for 24 h. Transglutaminase expression was detected by Western blotting. (From Virag,
L. etal., J. Immunol., 161, 3752-3759, ©1998. The American Association of Immunologists.
With permission.)
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to investigate whether the transcriptional repressor activity of PARP can be extended
to other members of the nuclear receptor family with special regard to the steroid
receptors. Steroid receptors, comprising a subfamily of the nuclear receptor super-
family, mediate the powerful immunosuppressing activities of glucocorticosteroids,
which are widely used potent anti-inflammatory agents. The anti-inflammatory
effects of PARP inhibitors could thus be attributed in part to a possible potentiation
of the effects of endogenous corticosteroids. This hypothesis also implies that PARP
inhibitors may be useful as part of a combined anti-inflammatory treatment together
with glucocorticoids.

7.3 ROLE OF PARP IN THE DEVELOPMENT OF THE
T- AND B-CELL REPERTOIRE

Lymphocytes recognize antigens by cell surface antigen receptors. The antigen recep-
tor of T lymphocytes is a heterodimer of an ¢ and a 3 chain, whereas B lymphocytes
use immunoglobulins consisting each of two heavy and light chains as antigen
receptors. The structural diversity of the antigen receptors of the lymphocytes is
achieved in part by the somatic recombination of germ line genes encoding for the
V (variable), D (diversity), and J (joining) region of the o and B chains of the TCR
or the immunoglobulin receptor of the B cells (BCR). The mammalian genome
contains several V, D, and J genes, from which one V, one D, and one J gene will be
randomly joined by recombinase enzymes (Figure 7.14). This V(D)J complex is
coupled to the C gene encoding the constant region of TCR or BCR, thus forming a
full-length antigen receptor gene. In the course of the secondary immune response,
when memory B cells are presented the antigen by APCs, the ClL segment is cleaved
off from the original V(D)JC complex and is replaced by another C gene encoding
for another type of heavy chain (7, €, or ). This process, called isotype switch, results
in a change of the isotype of the immunoglobulins from IgM to IgG (or IgA, IgE, etc.).

The V(D)J recombination process requires nicking and joining of DNA. DNA
nicks can lead to PARP activation, and thus the possibility exists that PARP activation
somehow affects V(D)J recombination and the development of the T- and B-cell
repertoire. Some data are available in the literature that support the role of PARP in
the regulation of V(D)JC gene rearrangement in both the T- and B-cell lineage.?'?
The inhibitory effect of PARP on V(D)J gene rearrangement of T cells is indicated
by the finding that the absence of the PARP gene partially restores the ability of
DNA-PK-deficient mice to produce T cells.?!* DNA-PK knockout mice suffer from
severe combined immune-deficiency (SCID) due to defective antigen receptor V(D)J
recombination, which arrests B- and T-lymphocyte development. SCID V(D)J
recombination could be rescued partly in T lymphocytes by knocking out the PARP
gene. Thymocytes of DNA-PK and PARP double-knockout mice express both CD4
and CD8 coreceptors, bypassing the SCID block and indicating a partial restoration
of T-cell development.?!* Double-mutant T cells in the periphery express TCR beta,
which is attributable to productive TCR beta joints. A cautionary note for PARP
inhibitor therapy is that DNA-PK and PARP double-mutant mice develop a high
frequency of T-cell lymphoma; however, no malignancies have so far been linked
to the PARP~- phenotype. Based on the increased recombination activity after the



152 Cell Death: The Role of PARP

ailllils iy ¢

Vivoa Vv DD, DD L ) T Cogenes
PARP—|\ / V(D)J recombination
5 3’
V,DJ; C, C, C, Ca
PARP | l Isotype switch
VabJy Gy

FIGURE 7.14 Antirecombinogenic effect of PARP. Immunoglobulins consist each of two
heavy and light chains, whereas TCRs are heterodimers of o and B or y and & chains. In the
germline configuration, the immunoglobulin and TCR-encoding regions consist of numerous
variable (V), diversity (D), joining (J), and constant (C) regions. (There is no D region in the
Ig light chain and in the o and 7y chain of TCR.) One of each V, D, J, and C gene is randomly
recombined by recombinase enzymes to form a functionable immunoglobulin or TCR chain.
In the case of immunoglobulins, the immunoglobulin isotype is changed during the secondary
immune response from IgM to another isotype (e.g., IgG, IgA, IgE) by replacing the Cu
segment with Cy, Ce, or Co. This process, called isotype switch, is under the strict control
of cytokines. Upon antigen stimulation, Ig genes also undergo somatic hypermutation, further
increasing the Ig repertoire. PARP may inhibit the formation of functional Ig or TCR genes
from the germ line configuration and may also interfere with the isotype switch.

loss of the antirecombinogenic function of PARP, which rescued V(D)J recombina-
tion in SCID mice, authors concluded that PARP and DNA-PK cooperate to mini-
mize genomic damage caused by DNA strand breaks. These findings also implicate
that the lack of PARP may affect the development of the B- and T-lymphocyte
repertoire. Theoretically, due to the antirecombinogenic effect of PARP, PARP
knockout mice may have a larger T- and B-cell repertoire, which must be considered
when immune-mediated disease models (e.g., arthritis, experimental allergic enceph-
alomyelitis) are carried out using these mice. No gross anomalies in the immune
functions of PARP knockout mice have been reported so far; however, this possibility
has not yet been investigated. It should also been noted here, however, that the effect
of PARP on V(D)J recombination and isotype switch could not be confirmed by
Wang et al.'® using PARP knockout mice.
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In addition to V(D)J recombination, another important source of B-cell diversity
is the somatic hypermutation of the immunoglobulin V genes of memory B cells.
The possible involvement of DNA repair enzymes including PARP in the somatic
hypermutation has been tested, and hypermutation was found unaffected by the lack
of PARP and all other repair systems tested.?!#

On the other hand, PARP inhibitors (nicotinamide) have been shown to enhance
the endotoxin-induced antibody class switching to IgA in B-cell lymphoma cells.?!?
In spleen B cells, nicotinamide increased IgG1 switching by twofold.?!> It would be
interesting to know the distribution of different immunoglobulin isotypes in response
to different antigen challenges of PARP” mice as compared with PARP** mice.
Considering the differences in the effector functions (complement activation, binding
to Fc receptors, transplacental passage) of the individual immunoglobulin isotypes,
the lack of PARP may have profound effect on the humoral immune responses.

In summary, due to the antirecombinogenic function of PARP, a wide variety of
immunological abnormalities ranging from an altered T- and B-cell repertoire to a
different immunoglobulin isotype distribution can be hypothesized to occur in
PARP- mice. Until the occurrence of this theoretical abnormality of the immune
system is either confirmed or ruled out, experimental in vivo data obtained in disease
models where immune mechanisms play a role must be evaluated with care.

7.4 SUMMARY

On a theoretical basis, a wide variety of immunological abnormalities can be
expected to occur in the absence of PARP, but only a few of them have been
experimentally investigated. An increasing body of evidence supports the idea that
pharmacological PARP inhibitors may offer powerful tools in the treatment of
immune-mediated inflammation. Their complex mechanism of action may involve
inhibition of chemokine and adhesion molecule expression resulting in decreased
recruitment of effector cells to inflammatory sites. Furthermore, production of
inflammatory cytokines and inflammatory mediators (NO) can also be reduced.
Moreover, proliferation and differentiation of immune effector cells as well as their
migration can also be inhibited by PARP inhibitors. In addition, PARP inhibitors
may potentiate the effect of immunomodulator drugs (e.g., retinoids) and thereby
prove useful in combinational immunotherapy. The protection from necrosis repre-
sents a major mechanism by which PARP inhibitors improve disease signs in various
animal models. Diversion by PARP inhibitors from oxidant-induced “bad death”
(necrosis) to “good death” (apoptosis) attenuates inflammation by reducing the
inflammogenic release of cell content characteristic of necrosis.

Anomalies of T- and B-cell development that can be hypothesized to be present
in PARP”- mice may explain possible discrepancies between the results of pharma-
cological studies and studies using PARP- mice when immune-mediated diseases
are investigated.
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8.1 INTRODUCTION

Antitumor and antiviral agents have limited selectivity. They kill tumor cells and
suppress the proliferation of viruses but can also damage normal tissues. The molec-
ular mechanism of antitumor and antiviral effects relies mainly on specific interac-
tions with the replication process of the tumor cells and the viruses. However, they
can induce reactive oxygen species (ROS) formation in the well-oxygenated healthy
tissues and activate poly(ADP-ribose) polymerase (PARP). In many cases, oxidative
cell damage and PARP activation provide the molecular basis of the dose-limiting
side effects of these drugs. The different mechanism of action for the therapeutic
and the side effects raises the possibility that nontoxic PARP inhibitors, by protecting
normal tissues from the side effect of anticancer and antiviral drugs, may increase
the effectiveness and safety of these drugs in a combination therapy.
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This chapter provides new experimental evidence and supporting literature data
showing that PARP inhibitors can diminish the side effects of 3’-azido-3’- deoxythy-
midine (AZT) and cisplatin without interfering with their primary antitumor and
antiviral effects. It suggests that PARP inhibitors can specifically protect vital tissues
from antiviral and antitumor drug—induced side effects, and can further extend the
use of these drugs in antitumor and antiviral therapy.

The currently available antitumor and antiviral agents have limited selectivity.
The antitumor effect of several such drugs is based on intercalation into the DNA,
DNA alkylation and cross-linking, interference with DNA unwinding, inhibition of
topoisomerase II, and so on. The antiviral effect of nucleoside and dideoxynucleoside
analogues mainly rely on reverse transcriptase inhibition. However, the dose-limiting
side effects of these drugs in many cases rely on ROS-mediated cytotoxicity, raising
the possibility of designing compounds that can protect vital tissues from the side
effects without interfering with the primary antiviral and antitumor action. The
permanently high ROS level in several tissues (e.g., heart, kidney, and the nervous
system) can induce the formation of single-strand DNA breaks, which in turn activate
nuclear PARP, a chromatin-bound enzyme involved in the repair of DNA strand
breaks.!? The activation of the nuclear PARP accelerates NAD* catabolism resulting
in NAD* depletion and compromised mitochondrial energy metabolism.? Mitochon-
dria have an important role in ROS-induced cell damage, because ROS can induce
a massive influx of Ca?* into the mitochondrial matrix and specifically inhibit the
electron transport between NADH and ubiquinone.* The inhibition of mitochondrial
electrontransport at complex I induces excessive ROS formation,>® which in turn
can induce mitochondrial permeability transition (MPT). MPT can lead to intrami-
tochondrial NAD* loss and the inhibition of mitochondrial NAD*-linked substrate
oxidation,” further damaging the mitochondrial energy production and finally result-
ing in apoptotic or necrotic cell death.’°

PARP inhibitors can diminish these unfavorable processes because PARP inhib-
itors significantly decrease the rate of ROS-activated NAD* catabolism, reduce the
ATP utilization for the resynthesis of NAD*, decrease the ROS-induced mitochondrial
NAD* loss, and under certain conditions'®!! decrease the endogenous, predominantly
mitochondrial, ROS formation. Since the antiviral and antitumor effects of the above-
mentioned drugs rely on other characteristics of the drugs (reverse transcriptase
inhibition, telomerase inhibition induction of apoptosis, etc.) and not on specific
oxidative cell damages, it is likely that PARP inhibitors may protect normal tissues
(heart, kidneys, and the nervous system) from antiviral and anticancer drug—induced
oxidative side effects without decreasing the therapeutic effectiveness of these drugs.

8.2 ROLE OF PARP ACTIVATION IN THE
CYTOTOXICITY OF DEOXYNUCLEOSIDE
ANALOGUES AND DIDEOXYNUCLEOSIDE
ANTIVIRAL DRUGS

AZT and dideoxynucleoside analogues are effective inhibitors of the reverse tran-
scriptase of the human immunodeficiency virus (HIV), so they are used beneficially
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in the therapy of acquired immune deficiency syndrome (AIDS).!>!* Even after the
discovery of protease inhibitors, they have remained potent anti-HIV agents exerting
a synergistic antiviral effect'>!® in combination therapy. Previous studies demon-
strated that these drugs have several toxic side effects, depending on the length of
the application time. After a short treatment, proliferating tissues are affected (hemo-
poetic and gastrointestinal systems) resulting in anemia and gastrointestinal disor-
ders.!”!8 Furthermore, AZT and dideoxynucleoside analogues, in addition to the
inhibition of the HIV reverse transcriptase, inhibit the mitochondrial DNA poly-
merase gamma,'+!%-2! so these drugs inhibit mitochondrial DNA replication, causing
depletions of mtDNA.?2 The mammalian mitochondrial genome encodes components
of the respiratory chain; therefore, any damage of mtDNA will cause defective
mitochondrial protein synthesis, which results in abnormal respiratory complexes
and impaired oxidative energy production. In addition, AZT (or its metabolites) has
an inhibitory effect on mitochondrial oxidative energy production that cannot be
associated with depletion of mtDNA. The inhibition by AZT is localized to
NADH:citochrome ¢ oxidoreductase, while succinate:citochrome ¢ oxidoreductase
is not affected. It is also known that AZT and 2’,3’-dideoxycytidine (ddC) treatment
increases the ROS level in several tissues, which can lead to oxidative damages of
lipid membranes, proteins, and DNA in the affected cells.

We showed previously that AZT and ddC treatment in rats increased ROS pro-
duction, lipid peroxidation, protein oxidation, and single-strand DNA breaks in rat
heart leading to abnormal cardiac function.?*?* It was also demonstrated that the
increased PARP activity in rat heart muscle was accompanied by a significant decrease
in NAD* level, and this resulted in an abnormal energy status of the hearts.?3?* These
data demonstrate that the molecular mechanism of the cytotoxicity of ddC and AZT
was indistinguishable from ROS-induced cell damage. Since PARP inhibitors can
prevent or decrease ROS-induced cell damages, it is likely that PARP inhibitors can
decrease the side effects of anitviral nucleoside analogues and dideoxynucleosides.

Previously, we showed that BGP-15, a novel PARP inhibitor, protects the heart
from postischemic injury.?* Therefore, we used BGP-15 in combination with AZT
to investigate whether PARP inhibitors can protect the heart from AZT-induced
cardiac damages. AZT treatment for 2 weeks significantly increased the RR, PR,
and QT intervals, and caused a significant change in J point depressions in leads I
and aVL that correspond to the main muscle mass of the left ventricle (Table 8.1).
When the rats were treated with AZT in combination with BGP-15, the heart
abnormalities were much lighter and no significant differences were seen in the
electrocardiographic (ECG) data of the control group and the AZT plus BGP-
15—treated group. These data show that BGP-15, a novel PARP inhibitor, protected
the heart function from AZT-induced abnormalities.

We also reported earlier that AZT-induced oxidative damage in cardiomyocytes
caused a decrease in the activity of the respiratory complexes and abnormalities in
the mitochondrial membrane systems.?> Using AZT in combination with BGP-15,
we found BGP-15 to protect rat hearts from AZT-induced decreases in the activity
of the respiratory complexes (Table 8.2). That is, BGP-15 prevented the AZT-
induced inactivation of NADH:cytochrome ¢ oxidoreductase and cytochrome oxi-
dase, while AZT treatment alone or in combination with BGP-15 had no effect on
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TABLE 8.1
Effect of BGP-15 on the AZT Treatment-Induced Changes of RR,
PR, QT Intervals and ] Point Depression in Rat Heart

Treatments RR PR QT (ms) J (mm)
Control group 174 = 12 53+2 70 +2 -0.1 0.1
AZT treatment 284 + 16* 82 + 3% 112 + 9% -1.1 £0.1*

AZT treatment plus BGP-15 161 + 24%* 47 + 6** 76 = 5%*% 0.2 £ 0.14%*

Note: Rats (80 to 100 g) were treated daily with AZT (50 mg/kg) alone or in combination
with BGP-15 (100 mg/kg) intraperitoneally for up to 14 days. Cardiac function was
recorded by Schiller AT-6 ECG. RR, PR, QT intervals and J point values were determined
by standard methods.” Data represent mean + SEM of five animals.

* Values are different from the corresponding values of age-matched control rats at the
significance level of p < 0.01.

** Values are different from the corresponding AZT-treated group values at the significance
level of p < 0.01.

the activity of malate dehydrogenase and mitochondrial carnitine acetyltransferase
(see Table 8.2). Data presented in Table 8.1 and 8.2 indicate that a novel PARP
inhibitor, BGP-15,% can normalize the heart function and help minimize the defect
of respiratory complexes without interfering with the reverse transcriptase inhibitory
effect of this drug.

AZT-induced ROS formation can explain why AZT treatment causes inflamma-
tion.2¢ It is well known that viral or retroviral infections alone cause inflammation,
which is also associated with elevated ROS and peroxynitrite production.?’-?® That
is, both the viral infection—induced inflammation and the side effect of antiviral

TABLE 8.2
Effect of BGP-15 on the AZT Treatment—Caused Inhibition of Respiratory
Complexes in Rat Heart

NADH:Cytochrome ¢ Cytochrome Malate Carnitine

Treatment Oxidoreductase Oxidase = Dehydrogenase Acetyltransferase
Control 3503 10.7 £ 0.8 1257 + 138 3.6 0.7
AZT treated 1.6 £ 0.4* 7.8 £0.7* 1202 + 78 3104
AZT treated + BGP-15 3.1+02 10.2 £ 0.8 1233 + 101 35+04

Note: The treated rats were sacrificed 3 days after the completion of AZT treatment to avoid the possible
toxic effect of AZT metabolites. Cytochrome oxidase,” NADH:cytochrome ¢ oxidoreductase,” and
carnitine acetyltransferase’® were measured as described earlier. Data represent mean + SEM of five
animals. Values are unit/g wet tissue.

* Values are different from the corresponding control and AZT treated + BGP-15 values at the significance
level of p < 0.05.
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FIGURE 8.1 Antiviral and anticancer drug—induced ROS-mediated signaling. PN, peroxyni-
trite; Nic, nicotinamide; ADP-R, ADP-ribose; @, induction or activation, —, inhibition.

drugs can lead to PARP activation and oxidative cell damage (Figure 8.1). Therefore,
it is expected that PARP inhibitors may protect different tissues from the inflamma-
tory effect of viral infection and from the side effects of antiviral drugs. There are
data suggesting that antioxidants can attenuate the side effects of AZT in patients
with HIV,?®3% which also indicate the importance of oxidative cell damage in the
side effects of antiviral drugs. It is likely that nontoxic PARP inhibitors, such as
BGP-15, can decrease the inflammation caused by viral infection and antiviral
drug—induced oxidative cell damages, as well. Therefore, PARP inhibitors may
increase the safety of antiviral therapy.

8.3 ROS-MEDIATED CYTOTOXICITY OF ANTITUMOR
DRUGS

Involvement of free radicals in the mediation of side effects is well documented in
the case of cisplatin and adriamycin and may be implicated in the toxicity of other
cytostatics as well. High-dose cisplatin therapy produces untoward side effects of
nephrotoxicity, bone marrow toxicity, gastrointestinal toxicity, ototoxicity, and
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peripheral neuropathy.’!3? The mechanism of nephrotoxicity is still not understood
completely, but generation of free oxygen radicals by the proximal tubular cells has
been proposed as a major pathogenic mechanism.** Cisplatin treatment resulted in
depletion of glutathion (GSH) and protein thiols* in the kidney. Studies performed
on renal cortical slices revealed that depletion of mitochonrial GSH was an early
event after cisplatin treatment that was followed by increased lipid peroxidation
(measured by the amount of thiobarbituric acid reactive substance) and decreased
mitochondrial protein concentration.’ The imbalance of the antioxidant system was
partly caused by decreased activity of the antioxidant enzymes, as decreased levels
of superoxide dismutase (SOD), catalase, and GSH peroxidase activity (GSH-Px)
were detected in vivo in cisplatin-treated kidney.?® The dysfunction of mitochondria
caused by oxidative damage may maintain a prolonged increase of oxygen free
radical production. The role of oxidative damage in the toxicity of cisplatin was
further supported by the observations that buthionine sulfoximine, which causes
GSH depletion, potentiated the nephrotoxicity of cisplatin,® whereas treatment with
antioxidants (GSH and ebselen) attenuated cisplatin toxicity. Data suggest that the
antioxidant system is involved in the pathomechanism of cisplatin toxicity in other
organs, as well.%

The anthracyclin antibiotics, like doxorubicin, have been in clinical use for more
than 30 years. The extensive research of the mechanism of action of these drugs
revealed several biological activities, but the exact mechanisms of the antitumor and
toxic effect are still debated. The widely supported mechanism of anthracyclin
activity include intercalation into the DNA, DNA alkylation and cross-linking,
interference with DNA unwinding, inhibition of topoisomerase II, and free radical
formation.®® The quinone structure allows anthracyclines to accept electrons in
reactions mediated by oxidoreductive enzymes including xanthine oxidase, cyto-
chrome P-450 reductase, and NADH dehydrogenase. The formed semiquinone is a
free radical by itself or after interacting with molecular oxygen,* and can damage
DNA. Doxorubicin is capable of generating free radicals through formation of
complexes with iron, as well.** The well-documented protective effect of the iron-
chelating agent ICRF-187 against doxorubicin-induced cardiotoxicity*! clearly
implicates this mechanism in the toxicity of this drug.

ROS plays a significant role in the cytotoxicity of bleomycins since bleomycins
form a complex with Fe** and molecular oxygen, and produce ROS to cleave
DNA.#243 In addition, metallo-bleomycins can be activated by NADPH—cytochrome
P-450 reductase,* which results in activated ROS formation in the cells. Bleomycin-
induced lung fibrosis is caused by elevated ROS level, and can be moderated by
antioxidants.**¢ Furthermore, it is also known that mitomycin C and 5-fluorouracil
increase ROS levels in different tissues,*”*¢ which can contribute to their side effects.
These data show that several anticancer drugs activate ROS formation both in normal
tissues and tumors, and elevated ROS level can cause serious damage in well-
oxygenated normal tissues. Since elevated ROS level can cause single-strand DNA
breaks, anticancer drug treatment can activate PARP and, therefore, induce NAD*
catabolism, defective energy metabolism, and finally cell death. The PARP activation
and PARP-related cell damage can be an important pathway in the development of
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the cytotoxic side effect of anticancer drugs in vital tissues, raising the possibility
of introducing nontoxic PARP inhibitors as protective agents against the toxic side
effects of anticancer drugs.

8.4 PROTECTIVE EFFECT OF BGP-15, A NOVEL
PARP INHIBITOR, AGAINST ANTITUMOR
DRUG-INDUCED CYTOTOXICITY

It is well documented that cisplatin increases ROS formation, single-strand DNA
breaks, and activates PARP,* so PARP activation and PARP-dependent cell damage
can be important factors in the cytotoxicity of cisplatin. Since PARP inhibitors
significantly decrease ROS-induced cell damage in normal tissue,’*>3 it is to be
expected that PARP inhibitors may decrease the cisplatin-induced damage of normal
tissues. Previously, we found that BGP-15 effectively protected Langendorff per-
fused heart from ischemia-reperfusion-induced injury and that BGP-15 had low
toxicity (LDs, = 1203.4 mg/kg i.p. in rats). Therefore, we investigated whether BGP-
15 can decrease the mortality caused by cisplatin treatment in mice. Figure 8.2 shows
that cisplatin alone caused 67% mortality while BGP-15 reduced the mortality rate
to 40% (Figure 8.2). That is, the PARP inhibitor partially protected the mice from
cisplatin toxicity. In addition, we found that combined treatment with BGP-15 caused
a faster regain of cisplatin-induced body weight loss in mice (data not shown).
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FIGURE 8.2 Effect of BGP-15 on the survival of cisplatin-treated mice. Groups of 15 NMRI
mice were treated for 5 consecutive days with cisplatin (3.8 mg/kg i.p.) alone (— — —) or in
combination with BGP-15 (200 mg/kg p.o.) (- - - -). Body weight changes and survival times
were recorded. Chi square = 1.268; df = 1; p = 0.06.
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FIGURE 8.3 Effect of BGP-15 and amifostine on cisplatin-induced nephrotoxicity. NMRI
mice were treated with cisplatin (3.8 mg/kg i.p.) for 5 consecutive days. In addition to cisplatin,
BGP-15 (200 mg/kg p.o.) and amifostine (200 mg/kg i.p.) were administered daily to groups
of animals until the termination of the experiment. On the seventh day, serum urea levels
were evaluated.”’ The data were analyzed by multiway analysis of variance (ANOVA) and
post hoc least significant dose (LSD) test. Data represent mean value + SEM, ANOVA; F(8.55)
=12.25; p < 0.0001. Significant difference * = compared to the control, + = compared with
the cisplatin-treated group. LSD; p < 0.05.

The nephrotoxicity of cisplatin can be a limiting factor in clinical usage. The
serum urea level, a good parameter of kidney function, was used to monitor cisplatin-
induced nephrotoxicity. Cisplatin treatment caused a significant increase in serum
urea levels (Figure 8.3) indicating defective kidney function. When cisplatin was
administrated in combination with either BGP-15 or amifostine (a known chemo-
protective drug), urea levels remained close to control levels, showing that both
substances effectively protected kidneys from cisplatin-induced damage (see Figure
8.2). These data show that BGP-15, a novel PARP inhibitor, effectively protects
normal cells from cisplatin-induced damage. The following presents data that BGP-
15 does not inhibit the antitumor activity of cisplatin.

BGP-15 treatment alone did not inhibit the growth of Du-145 or A549 cell lines
up to the 1-mg/ml concentration (data not shown). Cisplatin treatment in the con-
centration range of up to 15 mg/l effectively inhibited the growth of both tumor cell
lines (Figure 8.4). Combined treatment with BGP-15 did not significantly change
the growth inhibitory curve of cisplatin on Du-145 (Figure 8.4), and a similar result
was obtained on A549 cells (data not shown). When S-180 mouse sarcoma were
transplanted subcutaneously into BDF1 mice, cisplatin treatment caused a significant
delay in tumor growth (Figure 8.5). Combined treatment with BGP-15 resulted in
a somewhat more persistent tumor suppression than cisplatin treatment alone (Figure
8.5), showing that BGP-15 did not diminish the antitumor activity of cisplatin. These
data are in accord with the view that PARP binds to DNA breaks and is involved
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FIGURE 8.4 Effect of BGP-15 on the in vitro cytotoxicity of cisplatin. Effect of BGP-15 on
the in vitro cytotoxicity of cisplatin was evaluated in a 4-day assay. Du-145 and A549 human
tumor cell lines were maintained in RPMI 1640 medium supplemented with 10% fatal calf
serum in humidified air containing 5% CO,; 10* cells were plated into the wells of a 96-well
plate in the same medium. On the following day, cells were exposed to a series of concen-
trations of cisplatin and BGP-15 (10; 30 pg/ml) either separately or in combination. Cell
growth was evaluated after 3 days by MTT assays.”® Dose-response curves (mean + SEM)
were evaluated. B = cisplatin, A = cisplatin + BGP-15 (10 mg/l), ¢ = cisplatin + BGP-15
(30 mg/1). Data represent mean value + SEM.

in DNA repair; therefore, it is assumed that PARP inhibitors increase the antitumor
activity of DNA-damaging drugs. Potentiation of the antitumor effect of monofunc-
tional alkylating agents (MNNG, MNU, temozolomide) and bleomycin was
observed.’ In some cases, PARP inhibitors had synergistic or no effect on the
antitumor efficiency of cisplatin.’*->® In a recent comprehensive study,” it was found
that PARP inhibitors in vitro did not change the cytotoxicity of cisplatin in cultured
tumor cell lines. However, there are data showing that PARP inhibitors can reverse
acquired cisplatin resistance.®® These effects correlate well with the repair mecha-
nisms involved in the removal of DNA damage caused by different antitumor agents.
DNA modifications achieved by monofunctional alkylating agents are repaired by
PARP-dependent base excision,® whereas DNA lesions caused by cisplatin are
removed by PARP-independent nucleotide excision repair.®? The increased sensitiv-
ity of PARP knockout mice to alkylating agents and ionizing radiation also confirms
this view.%3 Our data showing that BGP-15 did not decrease the antitumor efficacy
of cisplatin in vitro in cell culture and in vivo in transplantable tumor in mice are
in accord with the previous observations.>>->’ However, data showing that BGP-15
cotreatment results in a higher survival rate of cisplatin-treated mice and BGP-15
significantly protects kidneys from cisplatin nephrotoxicity indicate that PARP inhib-
itors, like BGP-15, can protect normal tissues from the toxic side effects of cisplatin
without interfering with its antitumor effect.
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FIGURE 8.5 Effect of BGP-15 on the antitumor efficacy of cisplatin on S-180 mouse sar-
coma. BDF1 mice were implanted subcutaneously with 25 mg tumor homogenate of S-180
mouse sarcoma. On the following day, groups of seven animals were treated as follows:
control (untreated), cisplatin (10 mg/kg i.p.), cisplatin (10 mg/kg i.p.) + BGP-15 (200 mg/kg
p-o.). BGP-15 was given 30 min before the application of cisplatin. Tumor size was calculated
from the perpendicular diameters. Treatment: ® = cisplatin (10 mg/kg i.p.), A = cisplatin (10
mg/kg i.p.) plus BGP-15 (200 mg/kg p.o.), ¢ = untreated.

It is well documented that cisplatin kills tumor cells by apoptosis,®3-%5 which is
not directly related to PARP activation. The cisplatin-induced apoptosis of tumor
cells can be mediated by p53-activated programmed cell death or, in p53-defective
cells, by the cAbl-p73 (mismatch-repair-dependent) apoptosis pathway. At an early
stage of apoptotic cell death, apoptotic proteases (e.g., caspase 3) cleave and inac-
tivate PARP, which can contribute to the effective chromatin degradation.®®%® The
inactivation of PARP can be advantageous for apoptosis because during apoptosis,
numerous single-strand DNA breaks are formed with which PARP interacts and
helps to recruit base excision repair (BER) proteins to repair damaged DNA.67¢
With the same logic, the inhibition of PARP could also facilitate apoptosis in tumor
cells. In solid tumors, the hypoxic environment can decrease cisplatin-induced ROS
formation; therefore, cisplatin toxicity is mediated via a ROS-independent apoptotic
pathway. On the other hand, normal tissues are well oxygenated (like kidneys, heart,
and nervous system); therefore, cisplatin can induce severe oxidative damage (Figure
8.1), which can explain the severe nephrotoxicity and neurotoxicity of cisplatin. The
cisplatin-induced oxidative damage, including the formation of single-strand DNA
breaks, can activate PARP, which catabolizes NAD* and compromises energy metab-
olism (see Figure 8.1). This can lead to predominantly necrotic cell death in the
kidney. Therefore, antitumor drug—induced cell damage to normal tissues is very
similar to the ROS- and peroxynitrite-induced damage that is mediated via PARP
activation.!? Consequently, PARP inhibitors can effectively protect normal tissues
under various pathological conditions, as was described for neuronal damages in
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stroke,”® myocardial infarction,’! cytokine or oxidant damage to pancreatic islet cells
and hepatocytes,>’! and the oxidant damage to pulmonary epithelium, macrophages,
and smooth muscle cells.’!7> The significance of PARP7*73 and the effectiveness of
PARP inhibitors in protecting cells against oxidative damage are well documented.>®
33 Therefore, it is understandable that BGP-15, a new PARP inhibitor, can protect
kidneys from the toxicity of cisplatin and can decrease the mortality of mice (see
Figure 8.2).

8.5 CONCLUSION

This chapter has drawn attention to the fact that toxic side effects of certain antitumor
and antiviral drugs are often mediated by ROS or single-strand DNA breaks, sug-
gesting that PARP, which is activated by these mechanisms, may play a significant
role in the toxicity of these drugs. The microenvironment of solid tumors is signif-
icantly different from that of normal tissues, because most of the cells in solid tumors
are under hypoxic conditions, whereas normal tissues are well oxygenated. There-
fore, antitumor and antiviral drugs can induce severe oxidative damage in normal
tissues (like kidneys, heart, and nervous system), which can explain the severe
nephrotoxicity, cardiotoxicity, and neurotoxicity of antitumor and antiviral drugs.
These drugs induce oxidative damage, cause single-strand DNA break formation,
and activate PARP, which in turn catabolizes NAD* and compromises energy metab-
olism. This can lead predominantly to necrotic cell death, while the antitumor and
antiviral actions of these drugs progress through different mechanisms (reverse
transcriptase inhibition by antiviral drugs, and induction of apoptosis or other specific
action by antitumor drugs). Therefore, nontoxic PARP inhibitors, like BGP-15,
provide a new specific means to protect normal tissues from the toxic side effects
of antitumor and antiviral drugs without interfering with their therapeutic effect. It
is to be expected that PARP inhibitors can improve the effectiveness and the safety
of antitumor and antiviral drugs in a combination therapy.
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9.1 INTRODUCTION

To ensure accurate transmission of genetic information in dividing cells, specific
biochemical pathways maintain integrity. Fundamental to these pathways is the
recognition of genomic lesions by specific proteins, which signals the presence of
DNA damage to nuclear factors involved in DNA repair and cell survival. DNA
strand breaks, generated either directly by genotoxic agents (oxygen radicals, ion-
izing radiation, monofunctional alkylating agents) or indirectly following enzymatic
incision of a DNA-base lesion, trigger the synthesis of poly(ADP-ribose) by the
enzyme poly(ADP-ribose) polymerase (PARP). PARP (E.C. 2.4.2.30) is a nuclear
zinc-finger DNA-binding protein that detects DNA strand breaks. At a site of break-
age, PARP catalyzes the transfer of the ADP-ribose moiety from the respiratory
coenzyme NAD* to a limited number of protein acceptors (Figure 9.1) involved in
chromatin architecture (histones H1, H2B, HMG proteins, lamin B) or in DNA
metabolism (DNA replication factors, topoisomerases including PARP itself).!?
Because of the negative charges on ADP-ribose polymers, poly(ADP-ribosyl)ated
proteins lose their affinity for DNA and in many cases their biological activities.
PARP and other modified proteins may be restored to their native state following
the action of poly(ADP-ribose) glycohydrolase (Figure 9.1). Poly(ADP-ribosyl)ation
is therefore an immediate and transient post-translational modification of nuclear
proteins induced by DNA lesions (DNA nicks and base damage—generating nicks)
mainly repaired by the base excision repair (BER) pathway. Detection, translation
of signals emanating from DNA interruptions, and signal amplification by
poly(ADP-ribose) formation are the main characteristics of this enzymatic activity,
catalyzed by a highly conserved protein.!3

The physiological role of PARP has been much debated this last decade, but
molecular and genetic approaches have only recently been exploited to study the
role of the immediate poly(ADP-ribose) synthesis that occurs in response to DNA
strand breaks. This review summarizes the most recent results, which define unam-
biguously its role in the cell response to DNA damage and repair, including cell
death by apoptosis.

9.2 THE MODULAR STRUCTURE OF
POLY(ADP-RIBOSE) POLYMERASE

From the title of their initial paper in 1963, “Nicotinamide Mononucleotide Activa-
tion of a New DNA-Dependent Polyadenylic Acid Synthesizing Nuclear Enzyme,”
Chambon et al.* already anticipated correctly the major property of PARP, that is,
the stimulation of its enzymatic activity by DNA strand breaks. The cloning of the
human PARP cDNA 24 years later, simultaneously by the groups of Shizuta,> Miwa,®
Smulson,” and Schweiger,® opened the field of poly(ADP-ribosyl)ation reactions to
various fruitful molecular and genetic approaches. We know now that the PARP
mRNA of 3042 nucleotides encodes a multifunctional and highly conserved protein
of 113,135 Da made up of 1014 amino acids (Figure 9.2A).
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FIGURE 9.1 The poly(ADP-ribosyl)ation reaction during DNA damage and repair induced
by various genotoxins.

The PARP DNA-binding domain, DBD, is located in the amino-terminal region
(Figure 9.2A). It contains a repeated sequence (amino acids, aa 2 to 97 and 106 to
207) within which a zinc-finger motif of the form Cx,Cx, 1 Hx,C is evolutionarily
conserved, suggesting that the DBD might have arisen by sequence divergence of
a primordial element, duplicated in two independently folded zinc-containing mini-
domains (FI, FII). This region, alone, acts as a detector of single-strand breaks and
interacts with one and a half turns of the double helix, independently of the
sequence.’ The interaction between PARP and a single-strand DNA break, visualized
by electron microscopy, clearly shows that PARP induces a bent conformation to
the DNA, leading to a characteristic V-shaped conformation of the complex.' Strik-
ingly, a similar bent conformation of DNA has been observed recently in DNA
polymerase [ cocrystallized with a nicked duplex.'! These structures may constitute
strong roadblocks for ongoing replication forks.

It has been shown recently that the N-terminal region of PARP not only binds
to DNA but also constitutes an interface for protein—protein interaction with several
partners including PARP, histones,'? DNA polymerase a,'* X-ray cross-complement-
ing factor-1 (XRCC1),!" and the transcription factors TEF-1'5 and RXRa!'® (Figure
9.2A). Interestingly, the integrity of the zinc fingers is also important both for DNA
binding!”!8 and protein binding.!* Clearly, this dual function of the PARP zinc-finger
domain, also demonstrated for several other zinc-finger proteins,!® needs to be
investigated further to be understood fully.

A module of 38 amino acids (Figure 9.2A) containing a bipartite motif of the
form KRK-X,,-KKKSKK, constitutes the nuclear homing sequence of PARP.?° This
short region is not only recognized by the nuclear transport machinery, but also
contains several proteolytic cleavage sites of caspase-3 (Figure 9.2B) localized in
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FIGURE 9.2 (A) Schematic of the modular organization of human PARP (F1, F2: zinc-
fingers 1, 2; NLS: nuclear localization sequence; BRCT: sequence homologous to the BRCT
motif). The functional domains are indicated with their respective monoclonal antibodies (F1,
23; C2, 10; C1, 2)'® and their protein partners (see also text). (B) PARP nuclear localization
domain. The amino acids belonging to the bipartite NLS are in bold. The proteolytic cleavage
sequence is underlined and the cleavage site is indicated by an arrow.

the sequence 211-DEVD-2142! plasmin,?” and granzyme A at position K221
(J. Tchopp, personal communication) confirming that it is an exposed and regulatory
region of the molecule, particularly during apoptosis (see Section 9.3).

The central region of PARP comprises an auto-poly(ADP-ribosyl)ation domain
(aa 372 to 524, Figure 9.2A). PARP appears to be the main acceptor of ADP-ribose
polymers, both in vitro® and in vivo, under DNA damage conditions.?* The auto-
poly(ADP-ribosyl)ation of PARP, which takes place mostly at glutamate residues,
interferes with DNA binding due to charge repulsion between covalently bound
polymers and nicked DNA.? Interestingly, the automodification domain contains a
BRCT motif (for breast cancer susceptibility protein, BRCA1, C-ferminus) recently
identified in a number of DNA damage response proteins and in DNA repair and
cell cycle checkpoint proteins.?®2” This module of about 100 residues (aa 372 to 476
in human PARP) appears to be typical of specific protein—protein contacts in several
pairs of DNA repair proteins (XRCC1/DNA Ligase III;2 XRCC4/DNA Ligase IV?).
In human PARP, the BRCT module is involved in the interface with multiple protein
partners such as XRCC1," hUbc9,* histones,!>?? and transcription factors such as
Oct-13! and YY1.32 The BRCT domain of the human PARP contains two highly
conserved glutamate residues (E 407 and E 413) that might be implicated as polymer
acceptor sites, in a negative regulation of the interactions between PARP and mod-
ified species.
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FIGURE 9.3 Crystal structure of chicken PARP catalytic domain (domain F, aa 654 to 1014).
(A) The active site of PARP constituted by the structural elements (B—o-loop/B—oi; aa 859 to
908) is light gray.’$3%4! (B) Superposition of the active site of chicken PARP (medium gray)
to the catalytic site of diphtheria toxin (light gray).*

The carboxy-terminal region of PARP (Figure 9.2A, domain F) bears all the
different catalytic activities associated with the full-length enzyme: NAD* hydrol-
ysis and initiation, elongation, branching, and termination of ADP-ribose poly-
mers.? This basal activity of the enzyme is independent of the presence of DNA
breaks. Domain F is by far the most evolutionarily conserved region. It contains a
block of 50 amino acids (aa 859 to 908) representing “the PARP signature” virtually
unchanged from human to plants’*3 (M. Katzmaier, personal communication),
which turned out to be the PARP catalytic site. The crystal structure of the chicken
PARP catalytic domain, overproduced from the Sf9/baculovirus system3®37 has
recently been solved at 2.4 A resolution (Figure 9.3A) in the presence and in the
absence of the nicotinamide analogue PD 128763 (3,4-dihydro-5-methyl-isoquino-
linone; Parke-Davis).?® It comprises (1) an o-helical N-terminal region (aa 662 to
784) and (2) a C-terminal region made of two B-sheets surrounded by five a-helices
(aa 785 to 1014) containing the NAD* -binding cavity.® Interestingly, this region,
which includes the PARP signature, is folded in a B—o-loop/B—a motif (Figure
9.3B) structurally similar to the NAD*-binding fold of several ADP-ribosylating
bacterial toxins like diphtheria toxin (DT),* heat labile enterotoxin from Escherichia
coli, exotoxin A from Pseudomonas aeruginosa, and pertussis toxin from Bordetella
pertussis.*® The NAD*-binding site was finally derived from cocrystal structures
and homology modeling.* A strong conservation was found among the residues
forming the NAD*-binding pocket (donor site) in DT and PARP. Therefore, PARP
and ADP-ribosylating toxins define a new superfamily of ADP-ribosyl transferases
(ARTases) containing a NAD* fold different from the Rossman fold present in
dehydrogenases.

The ADP-ribosyl acceptor-binding site (polymer site) was recently identified by
chance in a cocrystallization experiment using carba-NAD.*' This second site,
located close to the NAD*-binding pocket, is unique to PARP and not present in the
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crystal structure of other ARTases. Site-directed and random mutagenesis confirmed
the existence of the acceptor site, revealing its dual function for both elongation and
branching.*!4?

9.3 POLY(ADP-RIBOSE) POLYMERASE IS A
SURVIVAL FACTOR

Much of the knowledge of the in vivo role of PARP has been based on the utilization
of competitive inhibitors of the 3-substituted benzamide family which are in fact
now regarded as “benchmark” inhibitors. Although their specificity has been ques-
tioned many times, it has been repeatedly demonstrated that treatment of damaged
cells with PARP inhibitors delays DNA strand breaks rejoining and potentiates the
cytotoxicity of DNA-damaging agents that trigger the BER of DNA (for a review
see Reference 54). The following sections summarize the various contributions based
on several different and independent molecular and genetic approaches, to the better
understanding of the physiological role of PARP.

9.3.1 PARP-DerLeTED CELL LINES AND TRANS-DOMINANT
NEGATIVE MUTANTS

In spite of the long half-life of the PARP molecule, antisense RNA expressed in
human or in rodent cells has been used to limit the endogenous translation of
PARP mRNA. These cells showed alterations in cell morphology and chromatin
architecture and performed very limited DNA repair during early time periods
of recovery from MMS (methylmethanesulfonate)-induced DNA strand break-
ing.3 Moreover, gene amplification, genomic stability, and cell survival were
strongly affected.**

Parallel to this approach, rodent cell lines deficient in PARP activity were
generated by random mutagenesis.*** These mutants displayed a drastically reduced
PARP activity, an increased frequency of sister chromatid exchanges (SCEs), and a
reduced cell survival in response to alkylating agents.

Alternatively, overexpression in mammalian cells of the PARP DBD, either
transiently>*>2 or constitutively,’* was used to inhibit the endogenous PARP activity
in trans. As a consequence of PARP inhibition, DBD expression increased sensitivity
to alkylating agents and ionizing radiation but not to UV-C. This was shown by an
increased level of N-methyl-N'nitro-N-nitrosoguanidine (MNNG)-induced gene
amplification, SCEs, doubling time and apoptotic response, a G2/M accumulation,
a marked reduction in cell survival, and a strongly decreased level of MNNG-induced
DNA repair synthesis.

Most of the results obtained from these studies are generally in agreement with
those obtained with PARP inhibitors (for a review see Reference 54) and favor the
implication of PARP in the maintenance of genomic integrity during BER. To clarify
the role of PARP in the mammalian BER process, we and others have developed
animal and cellular models deficient in PARP.3>-7
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9.3.2 PARP KNockouTt MICE ARE SENSITIVE TO lONIZING
RADIATION AND ALKYLATING AGENTS

To establish an animal model and derived cell lines deficient in PARP activity, the
PARP gene has been disrupted in exon 1,7 exon 2,%° or exon 4°° by homologous
recombination. PARP knockout (KO) animals are viable and fertile, indicating that
PARP is dispensable for mice development and tissue differentiation. However, we
found that the average litter size was smaller than that of the wild-type mice.
Moreover, the adult body weight of the homozygous mice was significantly reduced
by about 23% compared with their wild-type littermates, suggesting that perhaps
PARP KO mice lose cells by spontaneous apoptosis.>

In contrast to Wang and collaborators,> who first showed that a null mutation
in the PARP gene had no influence on repair of MNNG-damaged DNA, we have
reported that PARP KO mice are hypersensitive to genotoxic agents, like monofunc-
tional alkylating agents or ¥ rays.*® Injection of a single dose of 75 mg/kg per body
weight (BW) of N-methyl-N-nitrosourea (MNU) at 6 weeks of age resulted in 100%
mortality in PARP KO and only 43% in PARP wild-type mice during more than 8
weeks of observation (Figure 9.4A). Similarly, following a whole-body irradiation
of 8 Gy at 6 weeks of age, 62% of PARP KO mice died 4 days postirradiation and
all mutant mice were dead by 9 days postirradiation. In contrast, only 50% of wild-
type mice were dead by 15 days postirradiation (Figure 9.4B). Sensitivity to ionizing
radiation was confirmed using PARP KO mice developed by Wang and colleagues.®

To understand the cause of this precocious lethality of the PARP KO mice, wild-
type and mutant mice were irradiated with 8 Gy, and an autopsy was performed 3
days postirradiation. In all KO mice, the small intestine was distended by intralu-
minal fluid accumulation, and histological sections through the duodenum indicated
that the villi of irradiated PARP KO mice were considerably shortened, together
with a necrosis of their epithelial cells (Figure 9.5). These data demonstrated that
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FIGURE 9.4 Survival of PARP wild-type and PARP KO mice after (A) i.p. injection of MNU
at 75 mg/kg body weight at 6 weeks of age, (B) v radiation with 8 Gy at 6 to 8 weeks of
age. The percentage of mice alive at the end of a week is plotted against age. (From Ménissier-

de Murcia, J. et al., Proc. Natl. Acad. Sci. U.S.A., 94, 7303-7307, ©1997. National Academy
of Sciences, U.S.A. With permission.)
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FIGURE 9.5 Transverse histological sections through the duodenum of an untreated PARP--
mouse (A and D) and an 8 Gy irradiated PARP** mouse (B and E) or an irradiated PARP
KO mouse (C and F). (A to C) show the full thickness of the duodenal wall and (D to F) the
details of the epithelium near the tips of the villi. Note that the untreated PARP KO duodenum
(A and D) is histologically indistinguishable from its wild-type counterpart. Abbreviations:
a, absorptive cell; c, crypt; g, goblet cell; 1, lumen of the small intestine; m, muscularis; v,
villi. Original magnifications: X170 (A to C) and X750 (D to F). (From Ménissier-de Murcia,
J. etal., Proc. Natl. Acad. Sci. U.S.A., 94, 7303-7307, ©1997. National Academy of Sciences,
U.S.A. With permission.)

in PARP KO mice, death was caused by dehydration and endotoxicosis secondary
to acute radiation toxicity.

Interestingly, Atm-deficient mice,* as well as SCID mice® are as sensitive to
ionizing radiation as PARP null mice and exhibit the same phenotype following y
irradiation. In addition in Arm-deficient mice PARP activity is not affected and its
induction by oxidative damage or 7 irradiation is not altered.®! The selective acute
toxicity of specific tissues of these mice to 7y irradiation and to CPT-11, a topoi-
somerase I inhibitor (J. Ménissier-de Murcia, unpublished results), underline the
cardinal function of DNA damage—screening programs in rapidly proliferating tis-
sues such as the small intestine epithelium.

9.3.3 PARP KNockout CELLS ARE SEVERELY AFFECTED IN THE
BASe ExcisioN REPAIR PATHWAY

To analyze further the basis for the altered survival of animals to DNA-damaging
agents at the cellular level, primary fibroblasts were derived from mutant and wild-
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type 13.5-day embryos (mouse embryonic fibroblasts, MEFs). KO cells, totally
devoid of PARP or truncated functional domains of it as judged by Western and
activity blot, were used to evaluate cell growth and cell cycle progression.®?

The growth rate of PARP KO primary fibroblasts was indistinguishable from
that of wild-type mice in the absence of damage. However, upon exposure to a
sublethal dose of MMS, PARP KO MEFs were strongly affected in their ability to
proliferate, as their doubling time was raised to 169 h as compared with 72 h for
wild-type cells.®* Mutant MEFs exhibited a marked MMS-dose—dependent accumu-
lation in G2/M, indicating that PARP-deficient cells failed to resume their progres-
sion through the cell cycle after DNA damage, whereas under the same conditions
wild-type primary fibroblasts were only slightly affected in the cell cycle distribu-
tion.%3 The same differential effect could be observed upon treatment with MNU.%¢

Hypersensitivity to MMS, also evidenced by cell viability as monitored by
(methyl-*H)thymidine incorporation, could be restored by ectopic expression of the
wild-type PARP ¢cDNA,® thus demonstrating that this sensitivity to monofunctional
alkylating agents was effectively due to the absence of PARP. Accordingly, a reduced
survival was also noted in the third PARP KO model when PARP-ES stem cells
where treated with MMS or 7y rays.”’

Numerous studies have demonstrated that inhibition of PARP activity in cultured
cells also increases genomic instability following DNA damage.’*>*% An in vivo
study of SCEs and chromosome breakage was performed in PARP wild-type and
KO mice cells. As expected, in bone marrow cells of 2-month-old mutant mice, a
high frequency in the reciprocal exchange of sister-chromatid segments (Figure 9.6A
and C) and in the formation of chromatid (ctb) and chromosome (csb) breaks (Figure
9.6B and D) were observed after treatment with MNU and whole-body 7 irradiation,
respectively.

The increased chromosomal instability in PARP KO mouse embryonic fibro-
blasts cells exposed to 0.05 mM MMS was also demonstrated by measuring the
frequency of induction of micronuclei, which represent chromatin fragments that
are not incorporated into the nucleus during mitosis. They are considered to be a
simple indicator of chromosomal damage. PARP KO cells spontaneously exhibited
a two-fold increase in the total number of micronuclei, in the absence of DNA
damage. At 24 h after MMS treatment there was a three-fold increase in the frequency
of micronuclei in PARP KO cells.®® Similar results have been obtained using the
first PARP KO mouse model.”® Altogether, these data demonstrate that the absence
of PARP leads to a considerable increase in genomic instability, whatever the dis-
rupted exon is in the KO mice model.

Cells exposed to 3-aminobenzamide to inhibit PARP activity have a reduced
capacity to repair base-damaged DNA as evidenced by the nucleoid technique® or
by the alkaline elution method.®® DNA repair induced by MMS treatment was
evaluated in MEFs from PARP wild-type and KO mice, by the single-cell gel
electrophoresis assay (comet assay), a highly sensitive method for measuring DNA
breaks.®” Mouse embryonic fibroblasts, mock-treated or exposed to MMS, were
immobilized onto a glass microscope slide, detergent-lysed, and subjected to elec-
trophoresis under alkali conditions. Cellular DNA containing breaks migrates toward
the anode, giving the appearance of a comet. The product of the percent of DNA in
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the tail and the mean distance of migration in the tail is taken as a measure of the
extent of DNA breakage and is termed fail moment. This parameter was found to
vary in a linear manner with increasing doses of MMS in the range of 0 to 0.30 mM
MMS for each genotype. For cells exposed to 0.15 mM MMS, the repair kinetics
showed that, while at 24 h virtually all the DNA breaks resulting from exposure to
MMS were resealed in the two cell lines, PARP KO cells display considerably slower
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rejoining kinetics compared with PARP wild-type cells. Half-lives of MMS-induced
DNA strand-breaks of about 1 and 5 h were measured for PARP wild-type and PARP
KO cells, respectively.5® These results are in full agreement with those obtained with
the antisense RNA expression*? and the frans-dominant negative*->* approaches, but
contradict those obtained in vitro using purified PARP in DNA repair assays,%
which leads one to conclude an incidental and negative role for PARP in DNA
excision repair.

Although the slower rate of repair, as measured by the comet assay, reflects an
apparent ligation defect, DNA repair synthesis that might have been affected by the
loss of PARP was recently evaluated comparatively in both genotypes. Two distinct,
but in some ways overlapping, pathways for completion of BER have been reported
in mammalian cells: the major DNA polymerase P—dependent short patch repair
(SPR) pathway (replacement of one nucleotide) and the minor long patch repair
(LPR) pathway (replacement of 7 to 14 nucleotides).”” To evaluate the relative
contribution of PARP in the two BER pathways, the ability of PARP wild-type and
PARP-deficient MEF extracts to repair a single abasic site derived from uracil or 8-
oxoguanine located on a circular duplex plasmid molecule was tested by a standard
in vitro repair assay.”” Whole-cell extracts from PARP-deficient cells were about
half as efficient as wild-type cells to perform repair synthesis involving one nucle-
otide (SPR), but were completely inefficient in performing the polymerization step
of the long patch repair.!

In summary, the PARP-deficient murine model recapitulates most of the pheno-
types already observed using chemical inhibitors and the various genetic and molec-
ular approaches. These data demonstrate the crucial role of PARP in processing y
irradiation and alkylating agent—induced DNA lesions, which both trigger the base
excision repair pathway. Similarly, a delay in the kinetics of DNA resealing’' and
resynthesis in the LPR pathway’? were also observed with rodent cells bearing a
point mutation in XRCCl1, a partner of PARP that plays an essential role in the BER
pathway (see below).

9.3.4 SoMme PARTNERS OF PARP ARe INvOLVED IN DNA REPAIR
AND REPLICATION

As mentionned in Section 9.2, PARP interacts with proteins mainly by its DBD and
by its automodification domain containing a BRCT motif, involved in specific
protein—protein contacts.?>?”73 The two-hybrid system has been used to identify
proteins putatively interacting in vivo with PARP and being involved in its biological
function. A cDNA expression library from HeLa cells, in fusion with the activating
domain of Gal4, was screened using PARP fused to the LexA DBD as a bait. Among
15 independent clones obtained, one had complete identity with a portion of the
cDNA of the DNA repair factor XRCC1. XRCC1 complements the rodent cell lines
EM9 and EMC11, which are hypersensitive to monofunctional alkylating agents and
v irradiation.”"7 Its interaction with PARP was further confirmed in mammalian
cells and the respective interacting interfaces have been identified.'* XRCC1 binds
to PARP by its first BRCT module (aa 314 to 403) whereas PARP contacts XRCC1



194 Cell Death: The Role of PARP

both by its zinc-finger domain and its central region containing the automodification
sites included in a BRCT module. This interaction, which is resistant to 1M salt,
negatively regulates PARP activity in vivo as evidenced by the preferential associ-
ation of oligo ADP-ribosylated PARP with XRCC1. A conformational change,
induced by limited auto-poly(ADP-ribosyl)ation, is believed to take place, increasing
the accessibility and/or the affinity of PARP for XRCC1. Similar observations have
been made in the study of PARP-histone interactions.'? Interestingly, XRCC1 has
been demonstrated to serve as an adaptor during the BER reaction, through its
interaction with DNA polymerase 7> and DNA ligase II1.2%7¢ Moreover, PARP
interacts with the N-terminal part of DNA ligase III via the automodification domain
and its own zinc-finger region (C. Niedergang et al., unpublished results). An inter-
action was also found between the N-terminal region of DNA polymerase B encom-
passing the desoxyribose phosphodiesterase activity and PARP (F. Dantzer et al.,
unpublished results). Altogether, these results provide strong evidence that PARP is
a member of a BER multiprotein complex comprising (1) nick sensors (PARP, DNA
ligase III), (2) an adaptor factor (XRCC1), and (3) DNA repair effectors (DNA
polymerase 3, DNA ligase III). These factors and enzymes involved in BER behave
as multimodular polypeptides capable of various combinations through protein—pro-
tein contacts mediated by small specific motifs such as the BRCT motif present in
PARP,"* XRCC1,? and DNA ligase II1.77

The human homologue of the yeast ubiquitin—conjugating enzyme Ubc9
(hUbc9) was identified by the two-hybrid method as another partner of PARP. The
interaction appeared to take place at the automodification domain of PARP.3*° The
ubiquitin-conjugating enzyme is part of a nonlysosomal proteolytic pathway in
which ubiquitination targets proteins for degradation to a 26S proteasome complex.”®
PARP has been implicated in apoptosis after DNA damage.>® Ubiquitin-mediated
proteolysis has also been suggested to be important in DNA damage—induced apo-
ptosis.”8 Specific inhibitors of proteasome function blocked cell death and pre-
vented apoptosis-associated cleavage of PARP induced in thymocytes by ionizing
radiation®! and in neurons by nerve growth factor deprivation.’?> Recently, the pro-
teasome activated by poly(ADP-ribosyl)ation has been shown to remove, more
efficiently, oxidatively damaged histones.®*> The PARP-hUbc9 interaction might then
be involved, through proteolysis of key proteins, in the commitment of the cell to
apoptosis. The ubiquitination—proteolysis pathway may also represent a mechanism
for cell cycle regulation, particularly for sister chromatid separation at anaphase in
yeast.?* The interaction between hUbc9 and Rad51 is supposed to mediate the
specific breakdown of proteins required for interactions of homologous chromo-
somes in the synaptonemal complex in meiotic cells.®> In addition, the pachytene
stage of spermatocyte differentiation coincides with a particular abundance of
PARP? as well as XRCC1,%” DNA ligase III,”7 DNA polymerase 3,% and several
other DNA repair proteins, suggesting the necessity of protective mechanisms for
genome integrity during the regulation of mitosis and meiosis.

PARP interacts in vivo and in vitro with DNA polymerase o.!33%% The interaction
has been demonstrated to occur between the N-terminal zinc-finger domain of PARP
and the catalytic subunit of the DNA polymerase o-primase tetramer in HeLa cell
extracts. This interaction is maximal during the S phase of the cell cycle suggesting
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that PARP participates in a survey mechanism implicating its nick-sensor function
when DNA breaks are present in the template, as part of the control of replication
fork progression. PARP stimulates DNA polymerase activity in the absence of
damage, suggesting that it is a component of the replication complex.?>*° Conversely,
compared with wild-type cells, cells lacking PARP exhibit decreased DNA poly-
merase activity and reduce their progression through the S phase, when damaged
by sublethal doses of MMS.!?

Despite the fact that PARP has not been found in two-hybrid screening, PARP
appears to dimerize to form an active molecular complex.’! Moreover, it was shown
that two molecules of PARP, i.e., a catalytic dimer, are required for the automodi-
fication reaction and function according to an intermolecular reaction.”?

9.4 POLY(ADP-RIBOSE) POLYMERASE AND CELL
DEATH

Apoptosis or programmed cell death is a fundamental biological process that plays
an important role in early development, cell homeostasis, and diseases such as
neurodegenerative disorders.”>*¢ Programmed cell death can occur in response to
a number of stimuli, such as genotoxic damage when DNA repair is saturated,
withdrawal of growth factors, and activation of specific receptors, like CD95 antigen
and TNF receptor. Morphologically, it is characterized by the appearance of mem-
brane blebbing, cell shrinkage, chromatin condensation, DNA cleavage, and finally
cell fragmentation into membrane-bound apoptotic bodies. At the biochemical level,
there is increasing evidence for a central role for the family of cystein proteases,
the caspases, in the pathway that mediates the highly ordered process leading to cell
death. Caspases have been identified as the enzymes that, through proteolytic cleav-
age, disable critical homeostatic and repair enzymes, as well as key structural
components during apoptosis.”” All caspases cleave after an aspartic acid for which
they have an absolute specificity. Caspases exist in the cytoplasm as inactive proen-
zymes that are processed to a large and a small subunit to form the active enzyme.?®

9.4.1 CrLeavace oF PARP DURING APOPTOSIS

PARP is one of the first substrates that was found to be cleaved by caspases during
apoptosis.” PARP is cleaved at the conserved sequence ,;,DEVD,,, to an 89-kDa
fragment containing the active site and the automodification domain, and to a 24-
kDa fragment containing the zinc fingers responsible for its DNA binding activity
(see Figure 9.2B). The outcome is the loss of enzymatic activity since the DBD is
physically separated from the catalytic domain. PARP cleavage has been shown in
almost all forms of apoptosis, including apoptosis induced by irradiation, by chemo-
therapeutic agents, and upon activation of the death receptors. In all instances where
apoptosis is inhibited (by Bcl-2 overexpression, use of caspase-specific inhibitors,
etc.), PARP cleavage is also inhibited.!® In our laboratory we have tried to under-
stand why the cell needs to get rid of this protein to bring about apoptosis. We
addressed this question by expressing a noncleavable mutant of PARP (D214A-
PARP) in PARP KO cells. The cells expressing the PARP mutant were exposed to
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anti-CD95 to induce apoptosis. This resulted in a significant delay of cell death.!?!
Morphological analysis showed that the kinetics of cell shrinkage and nuclear con-
densation were significantly retarded. This suggests that the cleavage of PARP during
apoptosis facilitates cellular disassembly (particularly of the nucleus) to ensure the
completion and irreversibility of this process. Inactivation by cleavage of PARP by
apoptotic caspases might serve, therefore, to a double finality: first, disable a key
component of genomic surveillance (together with DNA-PK?¥) to avoid unnecessary
DNA repair during chromatin degradation and, second, facilitate the accessibility of
endonucleases to chromatin and nuclear disintegration. A recent study showed that
the 24-kDa product of PARP cleavage by caspase-3 irreversibly binds internucleo-
somal DNA in apoptotic cells. This may contribute to the irreversibility of apoptosis
by preventing the access of DNA to DNA repair enzymes.'?? The preferential local-
ization of PARP in the vicinity of the nuclear envelope'® also suggests that its
cleavage during apoptosis participates in nuclear disassembly, and facilitates down-
stream events, which are temporarily retarded upon expression of the uncleavable
PARP mutant.

A recent study has also used a caspase-resistant PARP mutant to evaluate the
type of cell death arising when PARP is not cleaved during apoptosis induced by
TNF-0..' They found that fibroblasts stably expressing the caspase-resistant PARP
exhibited accelerated cell death (apoptosis and necrosis), which was due to NAD*
depletion, and they concluded that PARP is cleaved during apoptosis to avoid
necrotic cell death, which might result in tissue injury. This is a very interesting
hypothesis; however, the authors failed to explain the reason for the increased
apoptotic cell death seen in cells expressing the caspase-resistant PARP, even with
a dramatic ATP drop that rather might increase further necrosis but not apoptosis,
which itself depends on the ATP level.!** Moreover, at the time all the experiments
were performed (12 h) the cells already showed about 50 to 70% loss in cell viability
for the wild-type and the PARP KO cells expressing the uncleavable PARP, respec-
tively. With such a high rate of cell death, the apoptotic process is at a very final
step at which PARP is completely cleaved. In our previous study!?! the consequences
of the noncleavage of PARP were studied at a time when the viability of cells
expressing the PARP-D214A mutant was about 90%. One can then postulate that
preventing PARP cleavage might interfere with cellular disassembly and delay the
morphological changes of apoptosis at the initial steps of the process;'°! this could
result in increased necrosis as a final outcome.!%

The consequences of the cleavage of specific substrates of caspases in the
morphological changes of cells during apoptosis have been studied by expressing
uncleavable mutants of these proteins. A recent and elegant example of the effect
on apoptosis of a noncleavable caspase-3 substrate is the inhibition of the caspase-
activated deoxyribonuclease (CAD) activity upon expression of mutant noncleav-
able inhibitor (ICAD). In cells expressing this mutant version, DNA was not
degraded, but the cells displayed all the characteristics of apoptosis.'® Mutant lamin-
expressing cells showed no signs of chromatin condensation or nuclear shrinkage
during apoptosis.'® Blocking p21-activated kinase cleavage or activation during
CD95-induced apoptosis inhibited membrane cell blebbing, whereas the nuclear
modifications were unaffected.!?’
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It has been reported that inhibition of caspase activity causes a switch from
apoptotic to necrotic cell death.!®!% This switch can ultimately be modulated by
the availability of ATP.!'! Inhibition of caspases thus prevents the cell from com-
pleting the apoptotic process, but does not inhibit cell death. This indicates that at
least some of these proteolytic cleavages are necessary for the apoptotic process,
but not for cell death in general. This distinction could be of extreme importance
for the organism to prevent necrosis-induced injuries. PARP is also cleaved during
necrosis, although the fragments are not the same as those found in apoptosis.!!?
These cleavages seemed specific, although not related to caspase activity, and PARP
remained intact for longer than in apoptosis.

9.4.2 Arortosis IN PARP-DericiENT CELLS

Splenocytes from PARP KO mice undergo apoptosis more rapidly upon treatment
with an alkylating agent.’® In contrast, fibroblasts and primary bone marrow cells
derived from these mice are as sensitive as the wild-type cells when the apoptotic
inducers were able, independently of DNA lesions, to activate PARP.!%' Why these
cells lacking PARP are much more fragile and undergo programmed cell death faster
than parental cells could be explained by the accumulation of unrepaired DNA
damage. This makes the cell unable to cycle and engage the apoptotic pathway to
avoid transmission of damaged DNA to a new generation of cells. This view is
supported by the fact that PARP KO cells have prolonged kinetics of DNA rejoining
as measured by the comet assay.5!

The sensitivity of PARP KO cells to apoptosis has also been studied for the
knockout mice developed by Wang et al.’® These cells have been shown to be as
sensitive as their wild-type counterpart to apoptotic inducers not acting by creating
DNA damage.!'° In contrast, a recent study on the role of poly(ADP-ribosyl)ation
during CD95-induced apoptosis found that the absence of PARP made the cells
resistant to cell death following CD95 treatment.!® This conflicting result could have
arisen from the use of clones of immortalized or stably transfected PARP KO MEFs
in this study, which might have influenced the responsiveness to CD95. They con-
cluded that PARP was necessary for apoptotic signaling and that it was a necessary
step to activate effector caspases. However, they could not explain the discrepancy
between their results and the findings from other groups. Most of the current data
on the implication of PARP in apoptosis suggest that PARP is a passive rather than
an active player in the apoptotic process. New approaches should be attempted to
study the implication of PARP cleavage in the degradation of caspase substrates in
the final phase of apoptosis, including DNA fragmentation. The importance of new
PARP homologues (see Section 9.5) in this process should be carefully evaluated.

9.5 FUTURE PROSPECTS

There are at least three reasons knowledge of the biology of PARP has been con-
siderably improved during the last 2 years. First, the generation of animal and cellular
models deficient in PARP has provided novel and deep insights into the complexity
of poly(ADP-ribosyl)ation reactions in two different physiological conditions having
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in common, however, the presence of breaks in the genome. It is now evident that
PARP plays an essential role as a survival factor in replicating cells injured with
limited DNA damage>® (Figure 9.7). Conversely, in the inflammatory response and
in pathologies such as brain ischemia,''? diabetes,!'*!1> and septic shock!' associated
with inflammatory cell damage, the necrotic evolution of the cell death seems to be
directly related to energy consumption and overactivation of PARP. During necrosis,
PARP apparently is cleaved by different proteases with slower kinetics than apop-
tosis,'!? which in turn may accentuate the NAD* depletion. Several mechanisms have
been proposed to explain inactivation of PARP (either pharmacologically or in
genetically engineered animals lacking PARP) and to improve the clinical outcome
of animals in those conditions.!!7:!!8

Second, the recent discovery of several PARP homologues has made even more
complex the two opposed facets (cell survival/cell death) of poly(ADP-ribosyl)ation
reactions. Two (out of four) PARP homologues have been cloned and characterized:
(1) Tankyrase, a multifunctional protein of 142 kDa with regions of homology to
ankyrins and to the PARP catalytic domain binds to and negatively regulates TRF1,
a factor involved in telomere maintenance;'!® (2) PARP-2, a novel mammalian DNA-
damage—dependent PARP recently cloned in our laboratory.'?”® The PARP-2 gene
maps to chromosome 14q11.2 in humans. Although it lacks a classical zinc-finger
module, the recombinant mouse PARP-2 binds to damaged DNA in vitro and cata-
lyzes the formation of poly(ADP-ribose) polymers in a DNA-dependent manner.
Two other cDNAs encoding PARP homologues also have been identified recently
and need to be further characterized.!?"'?> The function of PARP homologues might
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be considered as possible backup mechanisms in PARP (113-kDa)-deficient cells.
The generation of KO mice, deficient in each of these new PARP homologues, will
be of importance, even if they account for only 10% of the total PARP activity
stimulated by DNA breaks. The eventual lethality of double-KO mice in which PARP
activity will be totally abolished may confirm the importance of poly(ADP-ribose)
metabolism in development.

Third, over the same period of time, PARP has been shown to interact with a
variety of transcription factors other than p53,'?* such as YY1, AP2,' OCT1,»
TEF1,' DF4,'25 E47,'2" TFIIF,'?® and RXR-0..!® A number of experimental evidences
have led to the conviction that PARP influences the transcriptional activation of a
number of genes by interacting directly with transcription factors, or with enhan-
ceosomes. Further experimental approaches will be needed to elucidate, at the
molecular level, the interactions between PARP and the transcription machinery.
Interestingly, a connection between PARP and NF-kB has been found very recently
by our group''® and by Hassa and Hottiger'?® showing that the defective activation
of NF-kB in PARP KO cells, the subsequent abrogation of NF-kB—dependent TNF-
o in the serum, and the downregulation of iNOS render PARP KO mice resistant to
endotoxic shock. Therefore, PARP participates not only in the final stages of the
inflammatory process by modulating the energy levels, but also early in the regulation
of the NF-xB signaling pathway, leading to expression of antiapoptotic genes and
to the synthesis of an inflammatory mediator. These findings clearly open the door
to new therapeutic strategies for septic shock based on the combined pharmacolog-
ical inhibition of PARP and NF-kB. However, the genomic surveillance function of
PARP may not be compatible with a long-term inhibition.

ABBREVIATIONS

Abbreviations used are PARP: poly(ADP-ribose) polymerase; BER: base excision
repair; DBD: DNA-binding domain; MNU: N-methyl-N-nitrosourea; MMS: meth-
ylmethanesulfonate; MNNG: N-methyl-N'nitro-N-nitrosoguanidine; NLS: nuclear
location signal; XRCC1: X-ray cross-complementing factor-1; MEF: mouse embry-
onic fibroblast.
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10.1 INTRODUCTION

Poly(ADP-ribose) polymerase (PARP) is a DNA break sensor enzyme synthesizing
a homopolymer of ADP-ribose in response to DNA damage. The enzyme possesses
three functional domains. The 43-kDa N-terminal fragment contains the two zinc
fingers responsible for the DNA-binding function of the enzyme and a bipartite
nuclear localization signal. The central 16-kDa fragment contains the automodifica-
tion domain as well as a putative leucine zipper, and the catalytic domain is included
in the 55-kDa C-terminal portion of the protein.'?

The poly(ADP-ribosyl)ation of PARP and other proteins is likely to modulate
their functions during the response to DNA damage. PARP has been involved in
the maintenance of genomic integrity and the promotion of cell survival following
DNA damage. PARP also has been shown to mediate necrotic cell death in response
to excessive DNA damage in many pathological models (see other chapters). On
the other hand, PARP is cleaved and inactivated during almost all forms of apop-
tosis, suggesting an important role for its cleavage. This chapter summarizes the
current knowledge on the implication of PARP in apoptosis. Its activation during
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this cell death process, as well as the potential roles for its cleavage by caspases,
will be discussed.

10.2 GENERAL FEATURES OF APOPTOSIS

Apoptosis is a physiological mechanism of cell death controlling the development
and homeostasis of multicellular organisms.* This cell death process is implicated
in organogenesis, the selection of lymphocytes, and the elimination of undesirable
cells.* A lack of apoptotic cell death is associated with cancer, while its inappropriate
occurrence is associated with pathologies like autoimmune and neurodegenerative
diseases.?> Apoptotic inducers include DNA damage, chemical agents such as inhib-
itors of protein or nucleic acid synthesis, deprivation of growth factors, and activation
of death receptors.>%7

The apoptotic sentence follows a precise destruction plan. In particular, a set of
structural proteins and enzymes implicated in cellular homeostasis is specifically
cleaved by a family of cysteine proteases named caspases. This allows DNA con-
densation, its degradation into nucleosomal-sized fragments (DNA ladder), and the
disruption of the cytoskeleton. Cells are then disassembled into small vesicles and
marked for phagocytosis by other cells nearby, preventing the release of the cellular
content in the extracellular medium.>® In this process, the death of one cell does not
alter surrounding cells. In contrast, necrosis is an uncontrolled mode of cell death
characterized by an early disruption of membrane integrity and leakage of the cellular
content into the extracellular medium, which is likely to affect surrounding cells.
Apoptosis is suggested to prevent some pathologies linked to necrosis, like ischemia
and chronic inflammation.*3

Apoptosis is an active mode of cell death requiring energy to proceed. Indeed,
cells that are triggered to undergo apoptosis but do not have sufficient energy to
perform all the steps of the pathway die by necrosis.!'? In particular, the activation
of caspase-9 requires the presence of its cofactors APAF-1, cytochrome c, and ATP
or dATP.!31* Active transport to the nucleus is also likely to be required during the
apoptotic process.!®> In addition, the chromatin condensation and the formation of
apoptotic bodies are blocked in the absence of ATP.!'®

The apoptotic process is mediated by the caspase family of cysteine protease.!”!°
Caspases are implicated both in the induction and execution of the death sentence.
All caspases cleave after an aspartic acid for which they have absolute specificity.
Caspases are synthesized as inactive proenzymes, each of which is processed to a
large and a small subunit to form the active enzyme. The processing sites within
procaspases match the recognition sequences of caspases, indicating that caspases
are activated in a proteolytic cascade, initiator caspases processing and activating
execution caspases (Figure 10.1). Apoptosis can be induced by activation of death
receptors, like Fas, which recruit procaspase-8 via adaptor proteins and promote its
autocatalytic activation.” On the other hand, DNA-damaging agents and other che-
motherapeutic drugs induce cytochrome c release from mitochondria and the acti-
vation of caspase-9.!132021' All pathways result in the activation of the effector
caspases, caspase-3, -6, and -7, responsible for the proteolytic degradation of most
of the proteins cleaved during apoptosis (Table 10.1).17-19-22
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FIGURE 10.1 Activation of the caspase proteases during apoptosis. Caspases are implicated
both in the induction and the execution of the apoptotic process. Following the apoptotic
stimuli, initiator caspases (caspase-8 or -9) are activated by autocatalysis. The initiator
caspases then activate the effector caspases (caspase-3, -6, and -7), which are responsible for
most of the protein cleavage during apoptosis.
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TABLE 10.1

Caspase-3 and -7 Substrates

Substrate Category Examples? Potential Role

Cytoskeleton Fodrin, gelsolin Apoptotic morphology

Cell adhesion B-Catenin, plakoglobin

Cell cycle Rb, p21

Replication RFC 140, MCM3 Disruption of processes involved in cell
homeostasis

Transcription U1-70 kDa sRNP, SREBPs

DNA repair PARP, DNA-PK, RAD51

Signal transduction PKC3, ras GAP Modulation of apoptotic signals

2 See Stroh and Schulze-Osthoff?? for an exhaustive list.

10.3 PARP ACTIVATION DURING APOPTOSIS
10.3.1 PoLY(ADP-RIBOSE) SYNTHESIS DURING APOPTOSIS

Since PARP is responsible for the synthesis of poly(ADP-ribose) from NAD in
response to DNA strand breaks, its activation has been associated with the NAD
consumption that has been observed following DNA damage. The drop in cellular
NAD occurring during apoptosis also has been associated with PARP activation,
since it is partially suppressed by PARP inhibitors like 3-aminobenzamide (3-
AB).?26 More direct evidence for PARP activation during apoptosis has been
reported from studies measuring poly(ADP-ribose) levels. By using permeabilized
cells, it was shown that PARP is activated during the course of the apoptotic
process.”’?° Yoon et al.?® also found, by the same technique, that poly(ADP-
ribosyl)ation of histone H1 correlated with the internucleosomal degradation of
DNA. More recently, using an antibody against poly(ADP-ribose), it has been
demonstrated that apoptotic HeLLa and HL60 cells synthesize poly(ADP-ribose).303!
Moreover, Smulson and colleagues showed that PARP is activated early in the
apoptotic process of osteosarcoma cells grown to confluence,* fibroblasts treated
by anti-Fas, and HL-60 treated with camptothecin.?* Our laboratory has also shown,
using a new immunological technique to measure endogenous levels of poly(ADP-
ribose), that PARP is activated by the occurrence of the DNA ladder in HL60 cells
treated with the topoisomerase II inhibitor etoposide, but not before.?* Many studies
have shown a close temporal correlation between the activation of PARP during
apoptosis and the occurrence of the DNA ladder.?#?327.2%35 On the other hand, as
suggested by Nosseri et al.,>* PARP activation could also occur before the onset
of apoptosis induced by DNA-damaging agents. Since PARP is activated by DNA
strand breaks, it has been proposed to act as a DNA nick sensor to signal DNA
damage and promote subsequent cellular responses like DNA repair and apoptosis.
Indeed, some evidence suggests a link between PARP and the p53 pathway of cell
arrest and apoptosis.
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10.3.2 DNA DAMAGE-INDUCED APOPTOSIS AND
THE P53 NETWORK

The p53 protein is normally unstable and its cellular levels are very low. However,
following a stress, such as DNA damage, arrest of DNA or RNA synthesis, or
nucleotide depletion, the p53 protein is stabilized and transactivated.’® Several pro-
teins could relay the stress signals to p53. Among them, ATM (Ataxia telangiectasia
mutated gene product)?’ and DNA-PK (DNA-dependent protein kinase)*® have been
shown to induce p53 activation following different types of DNA damage. In addi-
tion, ATM directly associates with p53,* and both ATM** and DNA-PK* can
phosphorylate p53. To investigate the possible interaction between PARP and ATM,
PARP activity following DNA damage has been analyzed in ATM-deficient cells
and mice.*! The unaltered response of PARP to DNA damage supports the hypothesis
that PARP and ATM regulate distinct pathways.

On the other hand, in vitro experiments showed that the catalytic activity of
DNA-PK toward p53 is stimulated upon binding of its catalytic subunit (DNA-PK)
to PARP and its subsequent poly(ADP-ribosyl)ation.*> While PARP-~ and SCID
mice do not develop lymphomas significantly, the double-mutant mice develop a
high frequency of short-latency T-cell lymphoma,** suggesting a cooperation
between PARP and DNA-PK in promoting the maintenance of genomic integrity.
Direct interactions between PARP and p53 have also been reported, either by pro-
tein—protein interactions or by poly(ADP-ribosyl)ation. Immunoprecipitation studies
have shown that PARP and p53 could associate physically.*** p53 was also shown
to be a poly(ADP-ribose) acceptor protein both in vitro and in vivo***4 and to
possess three conserved poly(ADP-ribose)-binding motifs that could bind free
poly(ADP-ribose).* Interactions between PARP and p53 could therefore affect the
stabilization and transactivation of p53.

A study by Whitacre et al.*’ showed that V79-derived cell lines defective in
poly(ADP-ribose) synthesis had lower basal p53 levels than the parental V79 cell
line and were unable to activate p53 in response to etoposide. Recent reports on p53
status in PARP-- cells lend further support to the role of PARP in stabilizing wild-
type p53.48-50 However, this defect in p53 induction was not accompanied by defects
in its related functions, such as apoptosis, G, arrest, and mitotic spindle checkpoint,*®
even though some defects in p33 transactivation have been reported in PARP--
cells.® Interestingly, an alternatively spliced form of p53, which differs functionally
from the regularly spliced form by its constitutive activation in sequence-specific
DNA binding, was not affected by the absence of PARP.** However, a study by the
group of de Murcia’! has shown that their PARP~- cells had a faster induction of
p53 and subsequent apoptosis in response to the alkylating agent MNU (N-methyl-
N-nitrosourea).>! In this case, the rapid induction of p53 could be linked to the acute
sensitivity of these cells to alkylating agents. A prolongation of the p53 response to
DNA damage has also been reported following the depletion of PARP by antisense
RNA.32 Although PARP and p53 are likely to interact in vivo, the consequences of
these interactions remain unclear. In fact, as PARP”~ mice do not develop sponta-
neous tumors, PARP is probably dispensable for most of p53 functions.
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TABLE 10.2
Effect of the Absence of PARP on the Apoptotic Process

Apoptosis-Inducing Agent Effect of the Absence of PARP Ref.
Programmed cell death during development ~ Normal, mice are healthy and fertile 51, 59, 60

Agents activating PARP
v irradiation No difference 64
Peroxynitrite No difference at low doses 63, 65
Causes necrosis in PARP+* and apoptosis
in PARP- at high doses
MNU, MMS Acceleration of apoptosis in PARP-- cells 51, 62

Other agents

Anti-Fas, TNF-o No difference 62-64, 101
Anti-Fas Inhibition of apoptosis in the absence of 33

PARP
Dexamethasone No difference 63-65
Etoposide, ionomycin, ceramides, No difference 63

staurosporine, colchicine, MPP

Uncleavable mutants
Anti-Fas, MMS Delay of apoptosis 62
TNF-o. Acceleration of apoptosis and induction of 101
necrosis

10.3.3 RoLe oF PARP AcCTIVATION DURING APOPTOSIS

Studies of the role of PARP activation in the induction of apoptosis mostly have been
done using PARP chemical inhibitors. However, these inhibitors have been shown
to cause side effects.”>>* In addition, new ADP-ribose—polymerizing activities which
are suppressed by PARP inhibitors have recently been described.’>-3® These activities
could be associated with processes that were thought to be mediated by PARP, based
on studies using PARP inhibitors. PARP knockouts could therefore give more accu-
rate information on the role of PARP in cell death and other cellular processes.
Three independent PARP knockout mice have been generated.’'%¢ All are
healthy and fertile, indicating that PARP does not play a critical role during devel-
opment. Two of the knockouts were used to study the role of PARP in apoptosis
(Table 10.2; see Le Rhun et al.®! for a review). de Murcia and colleagues®'? found
that the absence of PARP sensitizes cells to apoptosis induced by alkylating agents,
but not by the topoisomerase I inhibitor CPT-11 or an anti-Fas antibody. The knock-
out mice developed by Wang et al.% and their wild-type counterparts exhibit similar
response to apoptosis,®*%* even in cells treated with DNA-damaging agents that
activate PARP (y radiation in thymocytes,% peroxynitrite in neurons® and
thymocytes®). Nevertheless, Simbulan-Rosenthal et al.** recently showed that an
anti-Fas antibody failed to induce apoptosis in PARP- fibroblasts, or fibroblasts
depleted of PARP by antisense RNA. These cells regained complete sensitivity when
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PARP was reintroduced. They concluded that PARP activation is required for the
activation of effector caspases. However, several other studies on Fas-mediated
apoptosis in PARP knockout cells have failed to show any difference in their apop-
totic response compared with wild-type cells.>% Furthermore, a role for PARP
activation in Fas-mediated cell death is difficult to reconcile with the current knowl-
edge on this apoptotic pathway (see Figure 10.1).7% Since the induction of apoptosis
by Fas directly stimulates caspase-8 and the effector caspases, it is difficult to ascribe
a role for PARP activation, which requires DNA strand breaks, within this pathway.
In fact, PARP activation during Fas-induced apoptosis is likely to be caused by the
internucleosomal degradation of the DNA. Furthermore, the mechanism of activation
of the recently discovered DNase implicated in the apoptotic process (caspase-
activated DNase, or CAD)®”:% presents an argument against a role for PARP activa-
tion at this point in the apoptotic process. In normal cells, CAD forms a complex
with its inhibitor ICAD. Upon induction of apoptosis, ICAD is cleaved by caspase-
3 and CAD is activated. Thus, DNA degradation and subsequent PARP activation
occur at a time when the cell is irreversibly engaged in the death process.

As PARP is a DNA nick sensor, its involvement in apoptosis would be more
likely following DNA damage. However, the current data on the implication of PARP
in DNA damage-induced apoptosis suggest that, despite its DNA nick sensor func-
tion and possible interactions with the p53 network, it does not participate in the
induction of the apoptotic death sentence.®*% Still, PARP~ mice and cells are highly
sensitive to 7y irradiation and alkylating agents,>!696264 guggesting that PARP is
implicated in the normal response to such an insult. This acute sensitivity suggests
that PARP could be a survival factor rather than an apoptosis-promoting molecule.
Interestingly, PARP is cleaved and inactivated during apoptosis, leading to the
inhibition of this survival-promoting function.

10.4 PARP CLEAVAGE DURING APOPTOSIS
10.4.1 CAspASE-MEDIATED CLEAVAGE OF PARP

PARP is one of the first proteins that was reported to be cleaved by caspases during
apoptosis.?>®-70 The cleavage of PARP has been observed in almost all apoptotic
models. This cleavage occurs early in the execution phase of apoptosis, concomitant
with the internucleosomal degradation of DNA. However, the proteolysis of PARP
occurs before the appearance of most of the morphological changes observed during
apoptosis.? The site of caspase cleavage has been mapped to a conserved sequence
DEVD (Asp-Glu-Val-Asp-aldehyde)/G, located in the bipartite nuclear localization
signal.® Often, caspase cleavage sites are located between the catalytic and the
regulatory domains of the target protein, leading to its inactivation (PARP, DNA-
PK) or its constitutive activation — protein kinase C& (PKCJ), gelsolin.”! PARP
cleavage produces a 89-kDa C-terminal fragment containing the active site and the
automodification domain, and a 24-kDa fragment containing the zinc fingers respon-
sible for DNA binding activity and the subsequent activation of the enzyme.? The
24-kDa fragment binds irreversibly to DNA breaks’ while the 89-kDa fragment can
no longer be stimulated by DNA strand breaks.?
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Since caspase-3 and -7, two of the effector caspases, have the highest affinity
for the synthetic substrate DEVD-pNA (p-nitroaniline),”>’* which mimics the PARP
cleavage site, they have been suggested to be responsible for PARP cleavage in vivo.
Indeed, we recently evidenced that caspase-7 cleaves PARP more efficiently than
caspase-3 in vitro. Furthermore, caspase-7, but not caspase-3, cleaves poly(ADP-
ribosyl)ated PARP more efficiently than the nonmodified enzyme. As PARP is
activated by the DNA ladder at the time of its cleavage, these results suggest that
caspase-7 would be the real endogenous PARP-cleaving caspase.* Furthermore,
PARP is cleaved even in the absence of caspase-3.347>76

10.4.2 RoLe oF PARP CLEAVAGE DURING APOPTOSIS

Upon massive DNA damage, PARP is strongly activated, cellular NAD is depleted,
and the cell subsequently dies (see other chapters).””8 As all of these events can be
prevented by PARP inhibitors, Berger’” and Okamoto and colleagues’ have proposed
that when overstimulated by DNA damage, PARP would cause a suicide response
by consuming cellular NAD, which would lead to an ATP depletion. The role of
PARP activation in this form of cell death has been recently reinforced by studies
on PARP cells and animals.”-8! However, these events lead to necrotic cell death
and not to apoptosis, as the cells rapidly lose their membrane integrity®? and do not
show internucleosomal DNA degradation® or typical PARP cleavage.’3 Furthermore,
Virag et al.® recently reported that the activation of PARP could affect the mode of
cell death. Treatment of cells with high doses of peroxynitrite caused PARP activa-
tion and necrotic cell death in PARP+* cells, but apoptosis in the knockout or in the
presence of the PARP inhibitor 3-AB. On the other hand, low doses of the oxidant
caused apoptosis in both genotypes.

Consequently, as the apoptotic process generates considerable amounts of DNA
strand breaks, activation of PARP could switch the type of cell death to necrosis.
The cleavage and inactivation of PARP by caspases would then prevent this energy
depletion and subsequent switch to necrosis. The inhibition of full-length PARP
activity during apoptosis could also be achieved by its transdominant inhibition by
the 24-kDa apoptotic fragment. Studies that have been done with the complete 43-
kDa DNA-binding domain (DBD) have revealed that it could, in fact, act as a potent
transdominant PARP inhibitor.3*%” Indeed, by inhibiting the activity of the uncleaved
PARP, the 24-kDa fragment could prevent a depletion of energy by PARP early in
the apoptotic process. This conservation of energy for the later steps of apoptosis
may be critical to complete the apoptotic process successfully, since it requires
energy to proceed.”!? However, although previous studies have failed to detect NAD
depletion in PARP-- cells, a similar lowering of NAD levels in response to DNA-
damaging agents has recently been reported for PARP knockout as well as wild-
type cells.> This suggests that PARP is not the only factor implicated in the NAD
consumption following DNA damage. Thus, although it is likely that PARP over-
activation following high amounts of DNA damage kills the cell, the exact relation
between this activation and NAD and ATP depletion remains unclear.

Another process that requires significant amounts of energy is DNA repair.
Attempts to repair the numerous DNA breaks generated during the apoptotic process
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could also lead to a rapid depletion of energy. The presence of the 24-kDa fragment
on these breaks could prevent an attempt from the cell to repair the damages.
Overexpression of the complete 43-kDa DBD in cells has been shown to lead to
defects in DNA repair, as measured by reduced unscheduled DNA synthesis.® Since
it is irreversibly linked to DNA breaks, it is likely that the 24-kDa apoptotic fragment
blocks DNA repair. Indeed, recent work from G. Poirier’s laboratory has shown that
the 24-kDa fragment of PARP can inhibit efficiently both PARP activity and DNA
repair in vitro (unpublished results).

PARP cleavage during apoptosis could also be viewed as a part of a more general
mechanism, together with the cleavage of other proteins involved in the maintenance
of cellular homeostasis. To maintain the cell integrity following a stressful situation,
the cell is equipped with a set of signaling proteins which ensure an appropriate
response, among which PARP could be placed.3¢>1:28 Since apoptosis results in the
complete dismantling of the cell, it is likely that such stress-activated proteins would
be stimulated by this process, leading to a survival response. This would interfere
with the apoptotic cell death either by retarding the onset of death or by causing
necrosis. Both events could have deleterious effects on the organism. One way to
prevent such events is to inactivate the proteins that would signal, and thus promote,
such attempts to survive. Cleavage of proteins implicated in cellular homeostasis by
caspases achieves this goal. For example, a set of protein kinases implicated in
different survival responses are cleaved during apoptosis resulting in their inactiva-
tion.® The dying cell could also attempt to repair its DNA following the activation
of the apoptotic DNase. As a rapid apoptotic death is likely to be preferable for the
organism, inactivation of enzymes implicated in the signaling of DNA damage is
essential. It is probably most efficient to target the early events of repair to shut off
these mechanisms rapidly. Proteins other than PARP that are implicated in the
response to DNA strand breaks, such as p21,°%°! Rb,”2% DNA-PK,*** and
RADS51,%%7 are also cleaved and inactivated during apoptosis. The cleavage p21
would lead to the inhibition of the G, cell cycle arrest and disruption of its interaction
with proliferating cellular nuclear antigen (PCNA).°*! This may have a direct effect
on DNA repair.?*®! In addition, the catalytic subunit of another DNA nick sensor,
DNA-PK (DNA-PKy), is inactivated by the caspases.”® This cleavage could thus
result in the clustering of DNA-PK—Ku complexes on DNA strand breaks, causing
interference with DNA repair,” as it has been suggested for PARP. It has also been
reported that during apoptosis, DNA-PK is activated before its cleavage,'® and that
its catalytically active form is preferentially cleaved by caspase-3.® The character-
istics of DNA-PK cleavage thus resemble those we recently described for PARP.>
Results on the cleavage of RAD’! also suggest a possible differential cleavage
depending on the state of activation of the enzyme.’®’ Altogether, these results
suggest that caspase cleavage can selectively inactivate enzymes responsible for the
first steps of the cellular stress response. In addition, targeting of active molecules
instead of their inactive forms, which may be less dangerous for the cell, would
ensure a fast and efficient programmed cell death.

These different possible roles for PARP cleavage are not mutually exclusive and
could coexist, ensuring an efficient apoptotic process. Since PARP-deficient mice
do not exhibit apparent alterations in apoptosis, some authors suggested that the
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apoptotic PARP cleavage is an accidental event.?>%* However, although knockout
mice allow the study of a role for PARP activation during apoptosis, they do not
permit the elucidation of a role for its cleavage. Cleavage of apoptotic substrates by
caspases ensures the dismantling of proteins implicated in cellular homeostasis.
PARRP is likely to be cleaved to avoid interference with the apoptotic process. In the
case of the knockout mice, PARP is absent and therefore one cannot observe the
effects of its inactivation by caspases. Experiments using PARP-- cells transfected
with uncleavable PARP would provide answers on the role for PARP cleavage. A
first study by Oliver et al.®> showed that cells transfected with the PARP mutant
(DEVD — DEVA) had delayed apoptosis in response to anti-Fas antibody and, to
a lesser extent, to the alkylating agent methyl-methane-thiosulfonate (MMS). Similar
effects have also been reported for other uncleavable mutants such as p21,%
RADS51,%7 or Rb.”? These results support the hypothesis that these proteins are cleaved
and inactivated to prevent interference with the apoptotic pathway.

In contrast, Herceg and Wang have reported an acceleration of cell death induced
by TNF-o in cells stably transfected with an uncleavable PARP (DEVD —
DEVN). 19! This death was associated with both enhanced apoptosis and the induction
of necrosis. Their results suggest that PARP is cleaved by caspases to prevent an
energy depletion and subsequent necrotic cell death.

Thus, there is at present evidence for both hypotheses (inactivation of survival
factor functions and switch to necrosis). The discrepancy between the two studies
could come from the apoptotic inducers used, the cell types, or the transfection
technique. However, although the exact role for PARP cleavage remains to be
elucidated, it is becoming clear that it is not an accidental event during apoptosis.

10.5 CONCLUSIONS

The generation of PARP knockout mice in recent years has allowed a better under-
standing of the role of PARP in cell death. PARP is likely to act as a survival-
promoting factor following DNA damage. Therefore, this enzyme does not partici-
pate in the induction of apoptosis, but is rather inactivated during this process. PARP
activation during apoptosis is thus probably only an “accidental” event that needs
to be controlled to ensure the rapid execution of the death sentence.

PARP is activated early during the response to DNA damage (Figure 10.2). Low
amounts of DNA damage are repaired efficiently by the DNA repair machinery. In
addition, the activation of PARP by the DNA breaks would promote cell survival.
These events lead to cell recovery from the damages. In the case of large amounts
of DNA damage, PARP is overactivated, resulting in the necrotic death of the cell.
The induction of apoptosis, either by DNA damage or by another stimulus, results
in the activation of the apoptotic DNase and subsequent DNA degradation, which
in turn stimulates PARP. The cleavage and inactivation of PARP by caspases would
thus prevent both the survival signals and PARP overactivation. In addition, the 24-
kDa fragment of PARP could inhibit DNA repair. However, much work remains to
be done to understand how the catalytic activity of PARP can interfere with the
apoptotic process. The relation between PARP activation, energy depletion, and cell
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FIGURE 10.2 Schematic model showing the involvement of PARP in the life and death of
the cell. PARP is activated following DNA damage. Depending on the severity of the damage,
this activation will promote the survival or the death of the cell. The induction of apoptosis
results in the internucleosomal degradation of the DNA, which activates PARP. Its concomitant
inactivation by caspases results in the inhibition of the survival signals and prevents PARP
overactivation. In addition, the 24-kDA apoptotic fragment of PARP binds irreversibly to the
damaged DNA and could inhibit DNA repair. These events would ensure a fast and efficient
apoptotic cell death.

death should also be studied thoroughly at the molecular level, as it is not clear if
PARP is directly or indirectly involved in the depletion of NAD.> Much work also
remains to be done to understand the molecular basis for the survival-promoting
function of PARP. These, and studies using uncleavable mutants of PARP, should
permit the elucidation of the role of its cleavage by caspases. Comparison of the
phenotypes generated with different uncleavable proteins will also certainly help to
understand the biological significance of protein cleavage by caspases.

ABBREVIATIONS

The abbreviations used are 3-AB, 3-aminobenzamide; ATM, Ataxia telangiectasia
mutated gene product; CAD, caspase-activated DNase; DBD, DNA binding domain;
DEVD, Asp-Glu-Val-Asp-aldehyde; DNA-PK, DNA-dependent protein kinase;
DNA-PKg, DNA-PK catalytic subunit; ICAD, inhibitor of CAD; MNU, N-methyl-
N-nitrosourea; PARP, poly(ADP-ribose) polymerase; PKC9, protein kinase C 9;
pNA, p-nitroaniline; SCID, severe combined immunodeficiency.
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11.1 INTRODUCTION

Poly(ADP-ribose) polymerase (PARP) is a major nuclear protein associated with
chromatin that contains zinc fingers and binds to either double- or single-strand
DNA breaks. PARP is activated upon binding to DNA and forms covalent homopoly-
mers of poly(ADP-ribose) (PAR) attached to a number of nuclear proteins, including
itself and proteins involved in DNA replication, DNA repair, and apoptosis. Nuclear
NAD, which comprises 95% of the total cellular NAD, is the substrate for polymer
formation. PARP has been implicated in numerous biological functions involved
with the breaking and rejoining of DNA.!® In addition, other functions have been
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ascribed for PARP in which the role of DNA strand breaks is not so clear. For
example, PARP has been demonstrated to play a role as a coactivator of gene
transcription.”® In addition, the binding of PARP to specific nuclear proteins has
been shown to alter their activity, in the absence of DNA breaks or NAD.?

11.2 PARP AND CELL DEATH

PARP knockout mice have now been independently generated from the interruption
of exon 2,'9 exon 4,'! and most recently, exon 1!? of the PARP gene on chromosome
1. PARP knockout mice with a disrupted PARP gene neither express intact PARP
nor exhibit significant poly(ADP-ribosyl)ation.!%!2 Because poly(ADP-ribosyl)ation
is stimulated by DNA fragmentation, the potential role for PARP in cell death via
NAD and ATP depletion had been proposed previously.!*'* This idea has been
supported by recent studies in which both exon 1'> and exon 2!316 PARP-- animals
have been shown to be resistant to steptozotocin-induced pancreatic islet cell death,
associated with NAD depletion in PARP** animals. We have also collaborated in a
study that demonstrated that exon 2 PARP-- animals are resistant to the neurotoxin
MPTP-induced parkinsonism.!” Exon 2 PARP~- animals are also more resistant to
ischemic injury.!8-2!

To investigate whether PARP might play an active role in programmed cell death,
we first used a human osteosarcoma cell line that undergoes a “slow,” spontaneous
apoptotic death.?> On reaching confluency, approximately 6 days under our culture
conditions, these cells undergo the morphological and biochemical changes charac-
teristic of apoptosis. Internucleosomal DNA cleavage was apparent at day 7 and
increased until day 10, at which time virtually all of the cells have undergone
apoptosis. Cells from duplicate cultures were incubated for up to 10 days and fixed
at daily intervals for examination of nuclear poly(ADP-ribosyl)ation with antiserum
to PAR. After 3 days, the nuclei of all attached cells stained intensely for the PAR.
The in vivo synthesis of PAR was markedly reduced afterward (Figure 11.1A). Our
results support the idea that nuclear disruption involving strand breaks may be
present in the earliest stages of apoptosis, before morphological changes and the
appearance of the characteristic nucleosome ladder. The substantial extent of nuclear
poly(ADP-ribosyl)ation apparent early during apoptosis is consistent with the
appearance of large (1-Mb) chromatin fragments at this reversible stage,?® given that
the activity of PARP is absolutely dependent on DNA strand breaks. A marked
decrease in NAD concentration, indicative of increased PAR synthesis, and a sub-
sequent recovery in NAD levels prior to the appearance of internucleosomal DNA
cleavage have also been previously observed.*

Kaufmann et al.? first demonstrated that PARP undergoes proteolytic cleavage
during chemotherapy-induced apoptosis. By immunoblot analysis with epitope-
specific antibodies, it was demonstrated that programmed cell death was accompa-
nied by early cleavage of PARP into 85- and 24-kDa fragments that contain the
active site and the DNA-binding domain (DBD) of the enzyme, respectively. This
latter domain is required for full PARP activity. The purification and characterization
of caspase-3, responsible for the cleavage of PARP during apoptosis was performed
by Nicholson et al.?¢ This enzyme is composed of two subunits of 17 and 12 kDa
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FIGURE 11.1 PARP activity and poly(ADP-ribosyl)ation are characteristic of early stages
of apoptosis, while PARP cleavage and inactivation are associated with DNA laddering. (A)
Osteosarcoma cells undergoing 10-day spontaneous apoptosis were fixed at the indicated
times and subjected to immunofluorescent analysis utilizing antibodies specific for PAR (top),
or the caspase-3-cleavage product of PARP (DBD; bottom). (B) Primary human keratinocytes
were treated with 300 uM sulfur mustard for the indicated times. Cell extracts were derived
and subjected to immunoblot analysis using monoclonal antibody specific for PAR. (C)
Keratinocytes were treated with sulfur mustard for 24 h. DNA was isolated, separated by
electrophoresis in 1.5% agarose gels, and detected with ethidium bromide. (D) Cell extracts
were derived from keratinocytes treated as in (C) and assayed for PARP activity using
[32P]NAD as a substrate.
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that are derived from a common proenzyme, which is related to interleukin-1§3-
converting enzyme and to CED-3, the product of a gene required for programmed
cell death in Caenorhabditis elegans.”’ The identity of this protease was also dem-
onstrated by Tewari et al.?® To measure PARP cleavage in intact cells, we subjected
human osteosarcoma cells to immunofluorescence analysis with antibodies that
recognize the DBD but not intact PARP.2>?° As with the other markers, samples were
analyzed each day throughout the total 10-day period; samples from immediate (day
1), early (day 3), mid (day 6), and late (day 10) stages of apoptosis are shown in
Figure 11.1A. Immunofluorescence analysis detected the PARP DBD in human
osteosarcoma cells only after 6 to 7 days in culture, a time at which the abundance
of both PARP and PAR is decreasing, PARP-cleavage activity is increasing, and
internucleosomal DNA cleavage is present.® The pattern of staining for the DBD
differed markedly from that of full-length PARP. Whereas PARP staining was present
throughout the nucleus, the DBD showed a more localized punctate pattern in the
region of the nucleolus and throughout the nucleus-disrupted cytoplasm.

Therefore, catalytic activation of PARP occurs early in osteosarcoma cell growth,
while the cleavage of PARP and the accumulation of a large number of DNA strand
breaks occur later in the apoptotic process. The concomitant loss of poly(ADP-
ribosyl)ation of target proteins appears to be characteristic of later stages of apoptosis
during which cells become irreversibly committed to death. This may conserve NAD
and ATP during the later stages of apoptosis. Recently, the requirement for PARP
cleavage to prevent necrosis associated with depletion of NAD has been confirmed
using PARP- cells that express a caspase-resistant mutant of PARP.3

These results are in contrast to those of Negri et al.,>! who reported the presence
of PAR in cells at the late stages of apoptosis, although, as the authors point out, it
is difficult to reconcile the quantitative cleavage of PARP with its activation late in
apoptosis (see below). To determine if a minor fraction of uncleaved PARP could
be responsible for PAR formation that has been reported late in apoptosis, as well
as to determine if transient poly(ADP-ribosyl)ation could be observed in another
system, we recently measured PARP activity as well as the total amount of cellular
PAR at different stages of apoptosis induced by the alkylating agent sulfur mustard.
PAR is strongly induced in the early stages of apoptosis (within 30 min), but not at
later stages (Figure 11.1B). Importantly, the appearance of PAR precedes the cleav-
age of DNA fragmentation factor (DFF45; see below), and the appearance of DNA
ladders at 24 h (Figure 11.1C). Although PARP is completely cleaved, extracts
derived from 24-h apoptotic cells retain approximately 20% of their in vitro poly-
merizing activity (Figure 11.1D), reflecting the low-level DNA-independent activity
of the catalytic domain.?> However, this activity is apparently insufficient to synthe-
size or sustain detectable steady-state levels of PAR in vivo in the presence of PAR-
degrading enzymes including poly(ADP-ribose) glycohydrolase. Furthermore, addi-
tion of the PARP inhibitor benzamide in this system significantly delays the onset
of apoptosis.®® Clearly, the activation of PARP is associated with DNA breaks,
although chromosomal degradation to large fragments precedes the formation of
DNA ladders in response to apoptotic signals generated from DNA-damaging agents
as well as from stimulation of the Fas receptor (see below).
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FIGURE 11.2 Effects of PARP depletion by antisense RNA expression on the increase in
caspase-3-like activity (A), proteolytic processing of procaspase-3 (B), internucleosomal DNA
fragmentation (C), and synthesis of PAR (D) during Fas-mediated apoptosis in 3T3-L1 cells.
Mock-transfected (A, top) and PARP-antisense (A, bottom) 3T3-L1 cells were preincubated
in the absence or presence of 1 uM Dex for 72 h and then incubated with anti-Fas (100 ng/ml)
and cycloheximide (10 pg/ml) for the indicated times. Cytosolic extracts were prepared and
assayed for in vitro PARP-cleavage activity with [**S]PARP as substrate. (B) 3T3-L1 control
and antisense cells were preincubated with Dex for 72 h and then exposed to anti-Fas and
cycloheximide for the indicated times as in (A). Cell extracts were subjected to immunoblot
analysis with a monoclonal antibody to the p17 subunit of caspase-3 (B) or to PAR (D). The
positions of procaspase-3 and p17 are indicated. (C) Total genomic DNA was extracted and
internucleosomal DNA ladders characteristic of apoptosis was detected by agarose gel elec-
trophoresis and ethidium bromide staining.

The generality of an early burst of poly(ADP-ribosyl)ation was confirmed with
human HL-60 cells, mouse 3T3-L1, and immortalized fibroblasts derived from wild-
type mice.’* The effects of eliminating this early transient modification of nuclear
proteins by depletion of PARP protein either by antisense RNA expression or by
gene disruption on various morphological and biochemical markers of apoptosis
were then examined.

In 3T3-L1 cells stably transfected with a construct expressing dexamethasone
(Dex)-inducible PARP antisense RNA, Dex induced a time-dependent depletion of
PARP, with only ~5% of the protein remaining after 72 h. A combination of anti-
Fas and cycloheximide induced a marked increase in caspase-3-like activity in
control 3T3-L1 cells that had been preincubated in the absence or presence of Dex.
This effect was maximal 24 h after induction of apoptosis, as indicated by the
generation of the 89- and 24-kDa cleavage fragments of PARP in an in vitro assay
(Figure 11.2A, top). No caspase-3 activity was apparent in PARP-antisense cells
that had been depleted of PARP by preincubation with Dex before exposure to anti-
Fas and cycloheximide (Figure 11.2A, bottom).

To confirm that procaspase-3 is proteolytically processed to an active p17 subunit
during apoptosis in control 3T3-L1 cells, and to determine whether the transient
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early poly(ADP-ribosyl)ation is necessary for this activation, control and antisense
cells were preincubated with Dex, exposed to anti-Fas and cycloheximide for indi-
cated times, and cell extracts were subjected to immunoblot analysis with antibodies
to the p17 subunit of caspase-3. Whereas procaspase-3 was proteolytically processed
to pl7 by 24 h, coinciding with the peak of in vitro caspase-3-like PARP-cleavage
activity, in control cells, proteolytic processing of procaspase-3 was not apparent in
the PARP-depleted antisense cells (Figure 11.2B). Furthermore, using DNA frag-
mentation analysis as another assay for apoptosis, control 3T3-L1 cells exposed to
anti-Fas and cycloheximide for 24 h exhibited marked internucleosomal DNA frag-
mentation (DNA ladders), but not the PARP-depleted antisense cells exposed to
these inducers for the same time (Figure 11.2C). Similar to our previous studies, we
noted that the earliest stages of apoptosis were associated with a burst of PAR
synthesis. This early synthesis of PAR was eliminated by the expression of PARP
antisense RNA (Figure 11.2D).

Cells derived from animals depleted of PARP were also unable to undergo Fas-
mediated apoptosis. Anti-Fas and cycloheximide induced a rapid synthesis of PAR in
PARP** cells, which was not observed in PARP-- cells (Figure 11.3A). To determine
if the activation of PARP and synthesis of PAR was the result of cleavage of the
inhibitor of caspase-activated DNase (ICAD/DFF45)* and the concomitant oligonu-
cleosomal cleavage of DNA, a time course was first performed for PAR; the same
filter was then reprobed with ICAD-specific antibody. Figure 11.3B shows that PAR
synthesis occurred at 1 to 2 h, while ICAD cleavage did not occur until 4 to 6 h
(Figure 11.3C). In contrast to PARP** cells, no processing of ICAD was evident in
PARP- cells after exposure to anti-Fas and cycloheximide for up to 24 h (not shown).

PARP+* cells showed substantial nuclear fragmentation and chromatin conden-
sation 24 h after induction of Fas-mediated apoptosis; ~97% of nuclei exhibited
apoptotic morphology by this time. In contrast, no substantial changes in nuclear
morphology were apparent in the PARP-- fibroblasts even after exposure to anti-
Fas and cycloheximide for 24 or 48 h3*

PARP- fibroblasts were stably transfected with a plasmid expressing wild-type
PARP:.* Individual as well as pooled clones expressed PARP protein at levels similar
to those of PARP** cells. These cells were induced to undergo apoptosis by exposure
to anti-Fas and cycloheximide for up to 48 h. PARP+* cells, as well as PARP~-
transfected with PARP, exhibited significant caspase-3-like activity after 48 h. As
expected, PARP was not expressed in the PARP-- fibroblasts nor in PARP cells
transfected with vector alone. Consistently, whereas exposure to anti-Fas and cyclo-
heximide induced marked internucleosomal DNA fragmentation in PARP** fibro-
blasts and in PARP-- cells stably transfected with PARP, no apoptotic DNA ladders
were evident in the PARP- cells when similarly treated (Figure 11.3D). Further-
more, exposure to anti-Fas plus cycloheximide for 48 h induced apoptotic nuclear
morphology in PARP cells transfected with PARP almost to the same extent as
the PARP** cells.?

Thus, depletion of PARP by antisense in 3T3-L1, or by knockout of PARP
attenuates Fas plus cycloheximide-mediated apoptosis. In addition, the reintroduc-
tion of PARP in independent clones of PARP-- cells reestablished the response. We
interpret these results to indicate that PARP plays an active role early in apoptosis
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FIGURE 11.3 Effects of anti-Fas and cycloheximide on poly(ADP-ribosyl)ation, ICAD
cleavage, and internucleosomal DNA fragmentation in immortalized fibroblasts from wild-
type and PARP knockout and mice. (A) PARP**and PARP- fibroblasts were exposed to anti-
Fas (100 ng/ml) and cycloheximide (10 pg/ml) for the indicated times, after which extracts
were subjected to immunoblot analysis with antibodies to PAR. (B) PARP** fibroblasts were
treated as in (A) in an independent experiment, after which extracts were subjected to immu-
noblot analysis with antibodies to PAR. (C) The identical filter used in (B) was stripped of
antibodies by incubation for 30 min at 50°C with a solution containing 100 mM 2-mercapto-
ethanol, 2% SDS, and 62.5 mM Tris-HCI (pH 6.7), and reprobed using an antibody specific
for ICAD. (D) PARP**+ and PARP fibroblasts as well as PARP” cells stably transfected
with wild-type PARP were exposed to anti-Fas and cycloheximide for 48 h. Apoptosis was
monitored by extraction of total genomic DNA and detection of characteristic apoptotic
internucleosomal DNA ladders by agarose gel electrophoresis and ethidium bromide staining.
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either by depletion of NAD and ATP or via the modification of nuclear proteins
involved in apoptosis. Furthermore, these studies are consistent with earlier results
using chemical inhibitors (which require a degree of caution in their interpretation),
indicating that the activation of PARP is required for apoptosis to occur in some
systems.?*37-3 Tt should be pointed out that another study indicated that primary
PARP-- fibroblasts underwent similar apoptosis compared to PARP** cells.*
Whether these differing observations are due to the use of different cells or reagents
remains to be determined. However, it has been shown recently that expression of
caspase-3-resistant PARP in exon 2 PARP-- cells,*#! as well as expression of
exogenous wild-type PARP in osteosarcoma cells, results in an earlier onset of the
apoptotic response, a finding that is consistent with an active role for PARP and
poly(ADP-ribosyl)ation early in apoptosis. Both of these findings are in contrast to
a study by Oliver et al.*> who found a presumptive decrease in apoptotic response,
as determined by morphological changes, upon expression of uncleavable PARP in
cells derived from different PARP knockout animals. However, as pointed out pre-
viously,?*# these animals are derived from an interruption in exon 4,!' and could
potentially express a truncated protein encompassing the first zinc finger of the DNA-
binding region of PARP. This zinc finger is sufficient to bind both single- and double-
stranded DNA breaks,* and may therefore act as a dominant-negative mutant.*>46

How could PARP play a role in the pathway leading from the Fas/TNF receptor
to apoptosis? There is clearly cross talk between the mitochondrial and death recep-
tor-mediated pathways for apoptosis, and in fact “type II” cells do not form a
significant amount of death-inducing signaling complex (DISC), comprising Fas,
Fas-associating protein with death domain (FADD), and procaspase-8.# The char-
acteristics of type II cells include the relatively slow activation of caspase-3, followed
by the activation of caspase-8, and direct processing of caspase-3 into a p17 active
form without the appearance of the intermediate p20. The immortalized exon 2
PARP-- fibroblasts, as well as 3T3-L1 cells expressing PARP antisense RNA, uti-
lized in our study, fit both of these criteria. In addition, 3T3 cells demonstrate Bcl-
2-inhibitable Fas killing,*® another hallmark of type II cells.#’

In type II cells, caspase-3 activation is secondary to the release of proapoptotic
factors from the mitochondria, including cytochrome c, procaspase-2, procaspase-
9,4 and apoptosis-inducing factor (AIF).>® AIF is a noncaspase inducer of apoptosis
that can translocate from the mitochondrial intermembrane space to the nucleus and
induce DNA cleavage into 50-kb fragments.>! Cytosols from anti-Fas-treated human
lymphoma cells have been shown to accumulate AIF activity.>?

In this system, the cleavage of ICAD/DFF45 by caspase-3, which allows the
translocation of CAD/DFF40 to the nucleus and internucleosomal cleavage, is a
relatively late event. However, chromosomal DNA is not directly cleaved into nucleo-
some ladders during apoptosis. Studies with isolated nuclei®® and intact cells>
demonstrate that DNA is first fragmented into high-molecular-weight fragments of
1 to 2 Mb, followed by the appearance of 200- to 800-kb fragments, which may
reflect the higher-order chromatin structure of nuclei. Afterward, DNA is further
degraded into 50-kb fragments, and then finally into the characteristic nucleosome-
sized ladders visible by conventional agarose gel electrophoresis, although certain
cell types, such as MCF-7, do not demonstrate this final stage of chromatin degra-
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dation. Although elegant studies have demonstrated that ICAD/DFF45 and
CAD/DFF40 play important roles in apoptotic DNA fragmentation,>>7 these studies
have not excluded the roles of other nucleases. Hughes et al.’® have identified a 260-
kDa factor that is responsible only for the cleavage of DNA into 30- to 50-kb
fragments, while a 25-kDa factor generated both 30- to 50-kb fragments, as well as
smaller fragments.”® Other nucleases that have been shown to play a role in DNA
degradation in apoptosis include DNase II,%° DNase 1,°%! DNase I-related protein,®
and cyclophins A, B, and C.%® Similar to the endonuclease activity induced by AIF,
cyclophilin C only cleaves DNA into 50-kb fragments.

Thus, a model may be proposed whereby stimulation of the Fas receptor on
immortalized fibroblasts induces the gradual release of mitochondrial factors, such
as AIF, that may translocate to the nucleus and induce low levels of caspase-
independent cleavage of chromatin into large fragments. These DNA breaks would
then stimulate PARP activity, amplifying apoptotic events by either poly(ADP-
ribosyl)ating p53 or other factors involved in the upregulation or altered intracellular
trafficking of Fas, Bax, or IGFBP3 (see below). Additionally, PARP activation
rapidly depletes NAD and ATP, which could contribute to both receptor and mito-
chondrial pathways of apoptosis. Feldenberg et al.** have shown that partial depletion
of ATP (approximately 10 to 65% of control) can induce apoptosis of cultured renal
epithelial cells including internucleosomal DNA cleavage, morphological changes,
and plasma membrane alterations. The ATP-depleted cells display a significant
upregulation of Fas, Fas ligand, and FADD, resulting in induction of caspase-8 and
caspase-3 activity.5*

Further depletion of ATP below a threshold level might be expected to inhibit
the later events in apoptosis. Eguchi et al.®> have shown that Fas-induced apoptosis
is completely blocked by reducing the intracellular ATP level in both type I and type
IT cells. In type I cells, ATP-dependent step(s) of Fas-mediated apoptotic signal
transduction are only located downstream of caspase-3 activation. However, in type
IT cells, activation of caspase-3, -8, and -9, as well as cleavage of ICAD/DFF45,
was blocked by reduction of intracellular ATP, whereas release of cytochrome ¢ was
not affected. This may reflect the requirement for dATP/ATP in the activation of
caspase-9.96%8 Cleavage of PARP at later stages of apoptosis would prevent ATP
from falling below this critical level.

11.3 POLY(ADP-RIBOSYL)ATION OF p53

In addition to undergoing automodification, PARP catalyzes the poly(ADP-ribo-
syl)ation of such nuclear proteins as histones, topoisomerases I and I1,%7° SV40
large T antigen,”! DNA polymerase ., proliferating cell nuclear antigen (PCNA),
and approximately 15 protein components of the DNA synthesome.”® The modifi-
cation of nucleosomal proteins also alters the nucleosomal structure of the DNA
containing strand breaks and promotes access of various replicative and repair
enzymes to these sites.”>’> We have obtained some potentially relevant targets for
poly(ADP-ribosyl)ation during the burst of PAR synthesis at the early stages of
apoptosis, including p53. p53, a tumor suppressor nuclear phosphoprotein, reduces
the occurrence of mutations by mediating cell cycle arrest in G, or G,/M or inducing
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apoptosis in cells that have accumulated substantial DNA damage, thus preventing
progression of cells through S phase before DNA repair is complete.”+7® p53 is
induced by a variety of apoptotic stimuli and is required for apoptosis in many cell
systems.”” Overexpression of p53 is sufficient to induce apoptosis in various cell
types.” Interestingly, p53 can utilize transcription activation of target genes and/or
direct protein—protein interaction to initiate p53-dependent apoptosis.

Both PARP activity and p53 accumulation are induced by DNA damage, and
both proteins have been implicated in the normal cellular responses to such damage.
Whereas PAR synthesis increases within seconds after induction of DNA strand
breaks,” the amount of wild-type p53, which is usually low because of the short
half-life (20 min) of the protein, increases several hours after DNA damage as a
result of reduced degradation.®*8! A functional association of PARP and p53 has
recently been suggested by coimmunoprecipitation of each protein in vitro by anti-
bodies to the other.®>83 It was recently shown that p53 is poly(ADP-ribosyl)ated in
vitro by purified PARP, and that binding of p53 to a specific p53 consensus sequence
prevents its covalent modification.®* We recently showed that modification of p33
by poly(ADP-ribosyl)ation also occurs in vivo, and that it represents one of the early
acceptors of poly(ADP-ribosyl)ation during apoptosis in human osteosarcoma
cells.® Given that the in vivo half-life of PAR chains on an acceptor has been
estimated to be about 1 to 2 min, we additionally explored how this post-translational
modification of p53 is altered at the onset of caspase-3-mediated cleavage and
inactivation of PARP during the later stages of the death program.

Human osteosarcoma cells were plated under conditions that result in sponta-
neous apoptosis over a 10-day period.?>?® Biochemical markers of apoptosis were
initially observed at day 5 and maximized around days 7 to 9, including caspase-3-
mediated in vitro PARP-cleavage activity (Figure 11.4A, top), proteolytic processing
of the caspase-3 proenzyme (CPP32) to its active form (p17; Figure 11.4A, middle),
and internucleosomal DNA fragmentation.

Consistent with previous studies showing p53 accumulation during early apop-
tosis in different cell lines, immunoblot analysis with anti-p53 mAbs of extracts of
osteosarcoma cells at various stages of spontaneous apoptosis revealed that endog-
enous levels of p53 protein were significantly increased as early as days 2 to 3,
maximized at day 4, and declined thereafter. Immunoblot analysis with antibodies
to PARP to monitor in vivo PARP cleavage during the same time frame showed that
~50% of endogenous PARP was cleaved to its 89-kDa fragment by day 7 and
complete cleavage of PARP was noted by day 9.%

When the same extracts were subjected to immunoblot analysis with antibodies
to PAR, low levels of polymer were observed at day 2 of apoptosis (Figure 11.4A,
bottom), indicating the absence of DNA strand breaks, PARP activity, or both.
However, poly(ADP-ribosyl)ation of nuclear proteins was markedly increased at day
3 and was maximal at day 4, a stage at which all the cells were still viable and could
be replated, prior to any evidence of internucleosomal DNA fragmentation. Subse-
quently, a marked decline in poly(ADP-ribosyl)ation of nuclear proteins was
observed at later time points (days 7 to 9), concomitant with the onset of substantial
DNA fragmentation, proteolytic activation of caspase-3, and caspase-3-mediated in
vitro and in vivo cleavage of PARP.
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FIGURE 11.4 Time courses of in vitro PARP cleavage, activation of caspase-3, and
poly(ADP-ribosyl)ation of nuclear proteins (A) vs. poly(ADP-ribosyl)ation of p53 and expres-
sion of Bax and Fas (B) during spontaneous apoptosis in human osteosarcoma cells. (A) At
the indicated times of confluence-associated spontaneous apoptosis, cell extracts were pre-
pared and caspase-3-like PARP-cleavage activity in cytosolic extracts was assayed with
[**S]PARP as substrate (top panel). Extracts were also subjected to immunoblot analysis with
mAb to the p17 subunit of caspase-3 (middle panel), or to PAR (bottom panel). (B) At the
indicated times during spontaneous apoptosis, cell extracts were prepared and equal amounts
of total protein (100 pg) were subjected to immunoprecipitation with an mAb to p53. The
immunoprecipitated proteins were then subjected to immunoblot analysis with an mAb to
PAR (top panel). The immunoblot shown in A was stripped of antibodies by incubation for
30 min at 50°C with a solution containing 100 mM 2-mercaptoethanol, 2% SDS, and 62.5
mM Tris-HC1 (pH 6.7), and reprobed sequentially with antibodies to p53, Bax, and Fas.

To confirm if p53 undergoes poly(ADP-ribosyl)ation in vivo during apoptosis
in human osteosarcoma cells, cell extracts were derived at various times during
spontaneous apoptosis and subjected to immunoprecipitation with an anti-pS3 mAb.
The immunoprecipitated proteins were then subjected to immunoblot analysis with
mADb to PAR. This approach revealed marked poly(ADP-ribosyl)ation of p53 at the
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early stages of apoptosis (days 3 to 4; Figure 11.4B, top), coincident with the burst
of PAR synthesis during this stage. The extent of poly(ADP-ribosyl)ation of p53
declined concomitant with the onset of both in vitro and in vivo caspase-3-mediated
PARP cleavage. Reprobing of the blot with polyclonal antibodies to p5S3 confirmed
that the modified protein was in fact p5S3 (Figure 11.4B, second panel). The obser-
vation that p53 is specifically poly(ADP-ribosyl)ated during the early stages of
spontaneous apoptosis in human osteosarcoma cells suggests that this post-transla-
tional modification may play a role in regulating its function during the early phases
of the cell death cascade.

PARP can modulate the catalytic activity of a number of DNA-binding nuclear
enzymes by catalyzing their poly(ADP-ribosyl)ation. In most instances, poly(ADP-
ribosyl)ation inhibits the activity of the modified protein, presumably because of a
marked decrease in DNA-binding affinity caused by electrostatic repulsion between
DNA and PAR. Thus, post-translational modification of p53 may also alter DNA
binding to specific DNA sequences in the promoters of target genes associated with
the induction of p53-mediated apoptosis, such as those encoding Bax, IGF-BP3,%¢
or Fas.%” The time course of accumulation and poly(ADP-ribosyl)ation of p53 during
the early stages of apoptosis was thus correlated with the induction of expression
of the p53-responsive genes Bax and Fas. Immunoblot analysis of extracts of cells
at various stages of apoptosis in osteosarcoma cells with antibodies to either Bax
or Fas revealed that expression of both Bax and Fas (Figure 11.4B, bottom) were
negligible before and at the peak of p53 accumulation and poly(ADP-ribosyl)ation
(days 3 and 4). Although p53 accumulation was already significantly elevated by
day 2, expression of Bax and Fas was markedly induced only at day 5, concomitant
with a decline in PAR attached to p53 and the onset of caspase-3-mediated PARP
cleavage and inactivation. The coincident decrease in PAR covalently bound to p53
and induction of Bax and Fas expression suggests that poly(ADP-ribosyl)ation may
regulate p53 function early in apoptosis; caspase-3-mediated cleavage of PARP may
release p53 from poly(ADP-ribosyl)ation-induced inhibition at the later stages of
the apoptotic cascade.

Accordingly, p53 may represent a potentially relevant target for poly(ADP-
ribosyl)ation during the burst of PAR synthesis at the early periods of apoptosis.
Colocalization of PARP and p53 in the vicinity of large DNA breaks and their
physical association®?#* suggest that poly(ADP-ribosyl)ation may regulate the DNA-
binding ability and, consequently, the function of p53. The accumulation of p53
may be due to induced expression of the protein by the apoptotic stimuli or stabi-
lization by inhibition of p53 degradation via modification of the protein. These
results suggest a negative regulatory role for PARP and/or PAR early in apoptosis,
since subsequent degradation of PAR attached to p53 coincided with the increase
in caspase-3 (PARP-cleavage) activity as well as the induction of expression of the
pS3-responsive genes Bax and Fas at a stage when cells are irreversibly committed
to death. Although the mechanism(s) of action of Bax/Bcl-2 family of gene products
during apoptosis remain to be clarified, induction of Bax expression may influence
the decision to commit to apoptosis since homodimerization of Bax promotes cell
death and heterodimerization of Bax with Bcl-2 inhibits the antiapoptotic function
of Bcl-2.8¢ Wild-type p53, but not mutant p53, also upregulates Fas expression during
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chemotherapy-induced apoptosis, and p53-responsive elements were recently iden-
tified within the first intron and the promoter of the Fas gene.?’ Binding of Fas to
Fas ligand recruits the adapter molecule FADD via shared protein motifs (death
domains), resulting in subsequent activation or amplification of the caspase cascade
leading to apoptosis.

Electrophoretic mobility-shift analysis has shown that PAR attached to p53 in
vitro can block its sequence-specific binding to the palindromic p53 consensus
sequence, suggesting that poly(ADP-ribosyl)ation of p53 may regulate pS3-mediated
transcriptional activation of genes important in the cell cycle and apoptosis.?® PARP
cycles on and off DNA ends in the presence of NAD, and its automodification during
DNA repair in vitro presumably allows access to DNA-repair enzymes.*¢ Our results
with in vivo poly(ADP-ribosyl)ation of p53 suggest that p53 may, similarly, cycle
on and off its DNA consensus sequence depending on its level of negative charge
based on its poly(ADP-ribosyl)ation state. This may represent a mechanism for
regulating transcriptional activation of Bax and Fas by p53 during apoptosis. Alter-
natively, a polymer-binding site in p53 has been localized near a proteolytic cleavage
site,% indicating that PAR binding could protect this sequence from proteolysis;
similar protection has been noted after binding of monoclonal antibodies adjacent
to this region.? The significant poly(ADP-ribosyl)ation of p53 early in apoptosis,
therefore, suggests that this post-translational modification could also play a role in
p53 upregulation by protecting the protein from proteolytic degradation.

11.4 PARP AND GENOMIC STABILITY

Similar to p53, the active role of PARP in cell death may serve to eliminate cells
that have accumulated excessive levels of DNA damage, and may therefore function
in the maintenance of genomic stability. A number of studies have employed chem-
ical inhibitors,’? dominant negative mutants,*¢ and PARP antisense RNA%% to
examine the function of PARP. These studies have demonstrated that PARP plays a
role in reducing the frequency of DNA strand breaks, recombination, gene amplifi-
cation, micronuclei formation, and sister chromatid exchanges (SCE), all of which
are markers of genomic instability, in cells exposed to DNA-damaging agents. PARP-
deficient cell lines are hypersensitive to carcinogenic agents and also display
increased SCE, implicating PARP as a guardian of the genome that facilitates DNA
repair and protects against DNA recombination.”

Primary fibroblasts derived from exon 2 PARP knockout mice show an elevated
frequency of spontaneous SCE and micronuclei formation in response to treatment
with genotoxic agents,'%" providing further support for a role of PARP in the
maintenance of genomic integrity. Exon 4 PARP knockout mice exhibit extreme
sensitivity to vy irradiation and methylnitrosourea and also show increased genomic
instability as revealed by a high level of SCE.!"' Immortalized cells derived from
these animals are characterized by retarded cell growth, G,/M block, and chromo-
somal instability on exposure to DNA-alkylating agents, presumably because of a
severe defect in DNA repair.”

We recently utilized immortalized fibroblasts derived from exon 2 PARP knock-
out mice (PARP), as well as from control animals of the same strain (PARP+*),
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to study the role of PARP in genomic stability. FACS analysis initially revealed that
these cells exhibit mixed ploidy, including a tetraploid cell population, indicative of
genomic instability.”” The tetraploid population was not observed in PARP*+ cells.
Further, this tetraploid cell population was no longer apparent in PARP-- cells
retransfected with PARP cDNA, suggesting that the reintroduction of PARP into
PARP- cells may have stabilized the genome and resulted in selection against this
genomically unstable population (Figure 11.5A).

We characterized the genetic alterations associated with PARP depletion by
comparative genomic hybridization (CGH) analysis, a cytogenetic technique that
detects chromosomal gains and losses in the test DNA as a measure of genetic
instability.”®* Although CGH is now commonly used for mapping DNA copy number
changes in human tumor genomes, few studies to date have utilized this technique
to evaluate genetic instability in transgenic mouse models.!%1! CGH analysis
revealed that PARP-- mice or immortalized PARP- cells exhibited gains in regions
of chromosomes 4, 5, and 14, as well as a deletion in chromosome 14 (Figure 11.5B).
We further investigated the effect of stable transfection of immortalized PARP-
fibroblasts with PARP cDNA on the genetic instability of these cells. Reintroduction
of PARP ¢cDNA into PARP-- cells appeared to confer stability because these chro-
mosomal gains were no longer detected in these cells, further supporting an essential
role for PARP in the maintenance of genomic stability (Figure 11.5B).

In our study, we noted the absence of immunoreactive p53 from these cells as
revealed by immunoblot analysis. A previous report indicated that primary fibroblasts
from exon 2 PARP mice!® also show reduced basal levels of p33 as well as a
defective induction of p53 in response to DNA damage, indicating that PARP-
dependent signaling may influence this response. Cells that are unable to synthesize
PAR because of unavailability of NAD!? also show a reduced p53 response. Thus,
PARP may regulate genomic stability, at least in part, via pS3. Given that the loss
of p53 from diploid cells promotes the survival of cells with severe DNA damage
and the development of tetraploidy,!*+1% the presence of a tetraploid population
among the immortalized PARP cells was consistent with the apparent absence of
p53. p53 is involved in the maintenance of diploidy as a component of the spindle
checkpoint'® and by regulating centrosome duplication.'”” A functional association
of PARP and p53 has been suggested by immunoprecipitation experiments (see
above). Thus, both the increased sensitivity of PARP-- mice and cells to DNA-
damaging agents'®!!9¢ and their genetic instability are consistent with their deficien-
cies in PARP and p53.

11.5 CONCLUSIONS

PARP has been shown to play active roles in the response to diverse forms of cellular
damage resulting from normal metabolic processes, as well as environmental factors,
leading to genetic instability. The response may depend upon the level and type of
damage, as well as the cell type. In mildly damaged cells, PARP may signal a repair
response. In severely damaged cells, PARP activation induces poly(ADP-ribo-
syl)ation of key nuclear proteins, including p53, and a concomitant lowering of NAD
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FIGURE 11.5 Flow cytometric analysis of immortalized wild-type, PARP~~, and PARP-
(+PARP) fibroblasts (A), and comparison of the CGH profiles of chromosomes 4, 5, and 14
(B). (A) Cells were harvested 18 h after release from serum deprivation. Nuclei were then
prepared and stained with propidium iodide for flow cytometric analysis. In addition to the two
major peaks of nuclei at Gy/G, and G,/M apparent in the DNA histograms of wild-type and
PARP~ (+PARP) cells, the DNA histograms of PARP~~ cells exhibit a third peak corresponding
to the G,/M peak of an unstable tetraploid cell population (arrow). (B) Average ratio profiles
were computed for all chromosomes and used for the mapping of changes in copy number,
with only the results for chromosomes 4, 5, and 14 shown. The three vertical lines to the right
of the chromosome ideograms represent values of 0.75, 1, and 1.25 (left to right, respectively)
for the fluorescence ratio between the test DNA and the normal control DNA. The ratio profile
(curve) was computed as a mean value of at least eight metaphase spreads. A ratio of >1.25
was regarded as a gain and a ratio of <0.75 as a loss. PARP”~ (+PARP) fibroblasts did not
show the gains at 4C5-ter, 5F-ter, or 14A1-C2 that were apparent in both PARP~~ mice and
immortalized PARP- cells, although they retained the partial loss at 14D3-ter.
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and ATP levels, resulting ultimately in cell death, the form of which (apoptosis vs.
necrosis) may depend upon the time of onset of caspase-mediated PARP cleavage.

ABBREVIATIONS

The abbreviations used are AIF, apoptosis-inducing factor; CAD, caspase-activated
DNase; CGH, comparative genomic hybridization; DBD, DNA-binding domain;
Dex, dexamethasone; DFF, DNA fragmentation factor; DISC, death-inducing sig-
naling complex; FADD, Fas-associating protein with death domain; ICAD, inhibitor
of caspase-activated DNase; PAR, poly(ADP-ribose); PARP, poly(ADP-ribose) poly-
merase; PCNA, proliferating cell nuclear antigen; SCE, sister chromatid exchange.
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12.1 INTRODUCTION

One of the earliest nuclear events that follows DNA strand breakage during DNA
repair after exposure to vy irradiation or alkylating agents, as well as during the early
stages of DNA replication and apoptosis, is the poly(ADP-ribosyl)ation of nuclear
DNA-binding proteins that are localized near DNA strand breaks. The enzyme
poly(ADP-ribose) polymerase (PARP, EC 2.4.2.30) catalyzes the poly(ADP-ribo-
syl)ation of these proteins, including itself, with the respiratory coenzyme NAD as
substrate; it is activated only when bound to single- or double-stranded DNA ends
via its two zinc fingers, which recognize DNA breaks independent of DNA
sequence.'? By undergoing automodification, PARP functions as a “molecular nick
sensor” and cycles on and off the DNA ends during DNA repair in vitro.>% Inhibition
of PARP activity with chemical inhibitors’ or by dominant negative mutants®!? as
well as PARP depletion by antisense RNA expression'*!° have shown that the
enzyme plays pleiotropic roles in various nuclear processes, including DNA repair,
gene expression, differentiation, DNA replication, and apoptosis. PARP depletion
by antisense RNA expression decreases the initial rate of DNA repair in HeLa cells'3
and keratinocytes,'> reduces cell survival after exposure to mutagenic agents,
increases gene amplification,'* and blocks progression of Fas-mediated apoptosis,'®
as well as differentiation of 3T3-L1 preadipocytes, which is likely attributable to
their failure to undergo differentiation-linked DNA replication.'®!

The physiological roles of PARP have also been examined increasingly through
gene disruption in PARP knockout mice. Several PARP knockout mice, established
by disrupting the PARP gene at exon 2,2 exon 4,2 and exon 1?2 by homologous
recombination, express no immunodetectable PARP protein nor do they exhibit any
significant poly(ADP-ribosyl)ation. Although poly(ADP-ribose) (PAR)-synthesizing
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activity has been detected in PARP-- cells, attributed to a PARP homoloque (PARP-
2), this activity is much lower than that in wild-type cells and has not been shown
to modify proteins aside from itself; thus, it may not fully compensate for PARP
depletion.?*?* Despite variations in the physiological phenotypes of PARP knockout
animals, these mice exhibit increased genomic instability as shown by elevated levels
of sister chromatid exchanges.?*?! Thymocytes from these animals show a delayed
recovery after exposure to Y radiation;?° splenocytes undergo abnormal apoptosis, and
primary fibroblasts exhibit proliferation deficiencies and defects in DNA repair.?!->

PARP catalyzes the poly(ADP-ribosyl)ation of a limited number of nuclear
proteins such as histones,?%?’ topoisomerases I and II,'728-3° DNA polymerase o,'*3!
and proliferating cell nuclear antigen (PCNA).!” The catalytic activity of some DNA-
binding enzymes can be modulated by poly(ADP-ribosyl)ation;!*?-3! and in most
instances, this post-translational modification inhibits the activity of the modified
protein, presumably because of a marked decrease in DNA-binding affinity caused
by electrostatic repulsion between DNA and PAR. Poly(ADP-ribosyl)ation of
nucleosomal proteins may also promote access of various replicative and repair
enzymes to sites of DNA breaks by altering the nucleosomal structure of the DNA
at these sites.*>* In this chapter, we focus on the pleiotropic roles of poly(ADP-
ribosyl)ation of specific nuclear DNA-binding acceptor proteins by PARP in nuclear
processes, such as during the early stages of apoptosis and DNA replication, both
of which are characterized by an early transient PARP activation.

12.2 POLY(ADP-RIBOSYL)ATION OF SPECIFIC DNA-
BINDING PROTEINS DURING EARLY APOPTOSIS

12.2.1 Errects OF PREVENTING EARLY PARP AcTIVATION

Because PARP is activated by binding to DNA ends or strand breaks, PARP is
thought to contribute to cell death via NAD and ATP depletion following DNA
damage.** PARP is also implicated in the induction of both p53 expression and
apoptosis,® with the specific proteolysis of the enzyme thought to be a key apoptotic
event.’6-3 Caspase-3-mediated cleavage of PARP into 89- and 24-kDa fragments
during drug-induced?® or spontaneous*®*° apoptosis separates the PARP DNA-bind-
ing domain from its catalytic site, thus essentially inactivating the enzyme.
Poly(ADP-ribosyl)ation of nuclear proteins occurs early during spontaneous apop-
tosis in human osteosarcoma cells, prior to commitment to cell death, and is followed
by PARP cleavage; only small amounts of PAR remain at the later stages of apoptosis,
despite the presence of massive DNA strand breaks.** This transient poly(ADP-
ribosyl)ation of nuclear proteins during early apoptosis occurs in other cell systems
as well, such as during camptothecin-induced apoptosis in HL-60 cells and Fas-
mediated apoptosis in Jurkat T-cells, 3T3-L1 cells, and immortalized wild-type
mouse fibroblasts (Figure 12.1A) as shown by immunoblot analysis with anti-PAR.

A suppressive effect of PARP inhibitors on DNA fragmentation has earlier
suggested a correlation between poly(ADP-ribosyl)ation of nuclear proteins and
internucleosomal DNA cleavage*'*> or nuclear fragmentation** during apoptosis.
Depletion of PARP from 3T3-L1 by antisense RNA expression prior to the induction
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FIGURE 12.1 Time courses of poly(ADP-ribosyl)ation of nuclear proteins (A), DNA frag-
mentation (B), in vitro PARP cleavage (C), and activation of procaspase-3 (D) during apoptosis
in HL-60 cells, 3T3-L1 cells, and immortalized wild-type fibroblasts; effects of PARP deple-
tion by antisense RNA expression and gene disruption. Apoptosis was induced in HL-60 cells
by incubation with camptothecin (10 uM); PARP-antisense and control cells were preincubated
for 72 h in the presence of 1 WM dexamethasone to induce antisense RNA expression and
then, together with wild-type and PARP-- fibroblasts, exposed to anti-Fas (100 ng/ml) and
cycloheximide (10 pg/ml) for 24 h. Cell extracts were then prepared and subjected to immu-
noblot analysis with anti-PAR (A) and with mAb to the p17 subunit of caspase-3 (D). Apoptosis
was monitored by detection of characteristic internucleosomal DNA ladders by agarose gel
electrophoresis and ethidium bromide staining (B). Caspase-3-mediated PARP-cleavage activ-
ity in cytosolic extracts was assayed with [**S]JPARP as substrate. The positions of procaspase-
3 and pl17, as well as PARP and the 89-kDa cleavage fragment, are indicated (D).

of apoptosis, or gene disruption in immortalized fibroblasts derived from PARP--
mice, also prevents this early PARP activation and blocks subsequent biochemical
and morphological changes associated with apoptosis, including internucleosomal
DNA fragmentation (Figure 12.1B), in vitro PARP cleavage (Figure 12.1C), and
proteolytic activation of procaspase-3 into the active caspase-3 (p17; Figure 12.1D),
thus correlating the early poly(ADP-ribosyl)ation with later events in the cell death
cascade.!® Stable transfection of PARP-~ fibroblasts with PARP cDNA sensitizes
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these cells to Fas-mediated apoptosis,'® suggesting that PARP and/or poly(ADP-
ribosyl)ation of relevant nuclear proteins at the early stages of apoptosis may play
a role in progression through the death program.

Because PARP is activated only in the presence of DNA strand breaks, the
appearance of large chromatin fragments at this early reversible stage of apoptosis3®
is consistent with the substantial nuclear poly(ADP-ribosyl)ation at this time. Our
results with pulse field gel electrophoresis of early apoptotic cell extracts also
reveal the appearance of large 50-kb DNA fragments at this time during Fas-
mediated apoptosis in wild-type mouse fibroblasts (not shown). This early
poly(ADP-ribosyl)ation also correlates with a drop in NAD levels, indicative of
increased PAR synthesis, and a subsequent recovery prior to internucleosomal DNA
cleavage.* Similarly, PARP activation occurs during apoptosis induced by DNA-
damaging agents, such as alkylating agents, topoisomerase inhibitors, adriamycin,
X-rays, ultraviolet radiation, mitomycin C, and cisplatin.*>-*° Rosenthal et al. dis-
cusses the role of this transient burst of PARP activity in cell death in further detail
in Chapter 11.

12.2.2 AccerTORS FOR POLY(ADP-RIBOSYL)ATION DURING
EARLY APOPTOSIS

12.2.2.1 Poly(ADP-Ribosyl)ation of Histone H1 during
Early Apoptosis

Poly(ADP-ribosyl)ation of nuclear proteins in response to DNA breaks is transient
in vivo and is restricted to the pool of potential target proteins located adjacent to
DNA breaks.® For example, less than 1% of the histone H1 pool is poly(ADP-
ribosyl)ated in vivo®® and in vitro.?” Detection of poly(ADP-ribosyl)ated proteins is
therefore difficult because only a small proportion of the endogenous protein is
expected to be poly(ADP-ribosyl)ated at any one time, and the in vivo half-life of
PAR chains on an acceptor is ~1 to 2 min as it is rapidly degraded by poly(ADP-
ribose) glycohydrolase. Interestingly, poly(ADP-ribosyl)ation of histone H1 early
during apoptosis mediated by DNA-damaging agents was shown to facilitate inter-
nucleosomal DNA fragmentation by enhancing chromatin susceptibility to cellular
endonucleases.*” Suppression of histone H1 poly(ADP-ribosyl)ation by 3-aminoben-
zamide decreases micrococcal nuclease susceptibility of chromatin and consequently
blocks internucleosomal DNA fragmentation and morphological changes of apop-
tosis.* Identification of relevant acceptors for poly(ADP-ribosyl)ation at the early
stages of apoptosis would provide further insights on the apparent requirement for
the early transient PARP activation during the death program, at least in the clonal
mouse and human cells.

12.2.2.2 Poly(ADP-Ribosyl)ation of p53 during
Early Apoptosis

p53 mediates cell cycle arrest in G, or G,/M or induces apoptosis in cells that
have accumulated substantial DNA damage.’'? Induced by different apoptotic
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stimuli, p53 is required for apoptosis in many cell lines either via transcriptional
activation of p53 target genes and/or direct protein—protein interaction. Purified
PARP can poly(ADP-ribosyl)ate p53 in vitro, and p53 binding to its consensus
sequence prevents its covalent modification.3* Exposure of cells expressing wild-
type p53 to DNA-damaging agents that also stimulate PAR synthesis results in a
rapid increase in intracellular p53 levels,>>¢ which may occur through de novo
protein synthesis®’ or post-translational stabilization of p53.>® During the course
of spontaneous apoptosis in human osteosarcoma cells, biochemical markers of
apoptosis are initially observed at day 5 and maximize around days 7 to 9.3640
Spontaneous apoptosis in these cells is also associated with a marked increase in
the intracellular p53 levels, which were markedly elevated at days 2 to 3, maxi-
mized at day 4, and declined thereafter (Figure 12.2E). Immunoblot analysis with
anti-PAR showed that poly(ADP-ribosyl)ation of nuclear proteins increased at
day 3, peaked at day 4, a stage at which the cells were still viable and could be
replated, and subsequently declined (Figure 12.2A), concomitant with caspase-3-
mediated in vivo PARP cleavage (Figure 12.2B) and proteolytic activation of
procaspase-3 (Figure 12.2C). The specificity of the anti-PAR antibody used in
these experiments was verified by elimination of the polymer signal after removal
of PAR from immunoblots by phosphodiesterase treatment.!” Immunoprecipitation
experiments confirmed that pS3 undergoes extensive poly(ADP-ribosyl)ation at
days 3 to 4 (Figure 12.2D), coincident with the burst of PAR synthesis at this
stage (Figure 12.2A). Subsequent degradation of PAR attached to p53 presumably
by poly(ADP-ribose) glycohydrolase occurred at the onset of proteolytic activa-
tion of procaspase-3 (Figure 12.2C), caspase-3-mediated PARP cleavage (Figure
12.2B), and internucleosomal DNA fragmentation at the later stages of cell death
(Figure 12.3C; days 7 to 9); reprobing of the blot with polyclonal anti-p53
confirmed that the modified protein was p53 (Figure 12.2E). Thus, p53 is one of
the early acceptors of poly(ADP-ribosyl)ation during early apoptosis in osteosar-
coma cells.”

12.2.2.2.1 Regulation of p53 Function

Colocalization of PARP and p53 in the vicinity of large DNA breaks and their
physical association,®¢! as well as the fact that PAR attached to p53 in vitro blocks
binding to its consensus sequence,®? together suggest that poly(ADP-ribosyl)ation
of p53 may regulate p53-mediated transcriptional activation of genes important in
the cell cycle and apoptosis. Given that poly(ADP-ribosyl)ation generally inhibits
the activity of acceptor proteins, this modification may also alter p53 binding to
DNA sequences in the promoters of p53-responsive genes associated with the induc-
tion of p53-mediated apoptosis, such as those encoding Bax, IGF-BP3,% or Fas.*
During spontaneous apoptosis of osteosarcoma cells, expression of the p53-respon-
sive genes Bax and Fas was negligible before and at the peak of p5S3 accumulation
and poly(ADP-ribosyl)ation (days 3 and 4). Although p53 levels were already ele-
vated by day 2, expression of Bax and Fas was markedly induced only at day 5
(Figure 12.2F and G), concomitant with a decline in PAR attached to p53 and
caspase-3-mediated PARP cleavage. This coincident decrease in PAR bound to p53
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FIGURE 12.2 Time courses of poly(ADP-ribosyl)ation of nuclear proteins (A), in vivo PARP
cleavage (B), activation of procaspase-3 (C), p53 poly(ADP-ribosyl)ation (D) and accumu-
lation (E), and expression of p53 responsive genes Bax (F) and Fas (G) during spontaneous
apoptosis in human osteosarcoma cells; p53 expression in immortalized wild-type, PARP--,
and PARP- (+PARP) fibroblasts. Osteosarcoma cells were induced to undergo spontaneous
apoptosis for 9 days, and at the indicated times cytosolic extracts were prepared and subjected
to immunoblot analyses with antibodies to PAR (A), to PARP (B), to caspase-3 (C), to Bax
(F), and to Fas (G). The positions of PARP and of its 89-kDa cleavage product, procaspase-
3 and its active form pl7, p53, Bax, and Fas are indicated. Equal amounts of protein (100
|g) were also subjected to immunoprecipitation with mAb to p53 and subjected to immunoblot
analysis with anti-PAR (D). The immunoblot in D was stripped of antibodies and reprobed
with polyclonal antibodies to p53 (E). Cell extracts of wild-type, PARP”-, and PARP"
(+PARP) fibroblasts (30 pg of protein) were also subjected to immunoblot analysis with anti-
p53 (PAb421) (H).
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and induction of Bax and Fas expression indicates that poly(ADP-ribosyl)ation may
regulate p53 function early in apoptosis; caspase-3-mediated PARP cleavage may
then release p53 from PAR-induced inhibition at the later stages of apoptosis when
cells are irreversibly committed to death. Alternatively, the role of poly(ADP-ribo-
syl)ation on the regulation of p53 function may also be indirect since PARP also
stimulates DNA-PK activity by poly(ADP-ribosyl)ation,% which can then regulate
p53 function by phosphorylation.

12.2.2.2.2 p53 Stabilization and Accumulation

Both PARP activity and p53 accumulation are induced by DNA damage, and both
proteins have been implicated in the normal cellular responses to such damage.
Inhibition of PARP activity by 3-aminobenzamide blocks the rapid p5S3 accumulation
that normally follows radiation-induced DNA damage.® Cells that are unable to
synthesize PAR because of a deficiency in NAD metabolism show decreased p53
concentration and activity, and they fail to exhibit a p53 response and undergo
apoptosis in response to DNA-damaging agents.?® Furthermore, compared with wild-
type cells, primary fibroblasts from PARP-- mice express lower basal p53 levels
and also exhibit a defective induction of p53 in response to DNA damage;’ thus,
PARP-dependent signaling may influence the synthesis or degradation of p53 fol-
lowing DNA damage. Since a PAR-binding site in p53 is localized near a proteolytic
cleavage site, it was suggested that PAR binding could protect this sequence from
proteolysis;®® similar protection occurs after binding of monoclonal antibodies adja-
cent to this region.”” Thus, the extensive poly(ADP-ribosyl)ation of p53 early in
apoptosis suggests that this modification may also play a role in p53 accumulation
by protecting the protein from proteolysis. Consistently, immunoblot analysis with
anti-p53 detected p53 protein in lysates of wild-type cells, but not in PARP cell
extracts, and stable transfection of PARP cells with PARP ¢cDNA partially restored
p53 expression in these PARP7- (+PARP) cells (Figure 12.2H). Indeed, the lack of
regularly spliced wild-type p53 in PARP-- cells recently has been attributed to
reduced protein stability, not lower levels of p53 mRNA.” Modification of p53 by
PARP is therefore also implicated in p53 accumulation and stabilization,* which
may explain the apparent lack of p53 in PARP cells.

12.2.2.3 Poly(ADP-Ribosyl)ation of Topoisomerases I and Ilb :
A Role in Protein Stabilization

Topoisomerases I and II, nuclear enzymes implicated in the modulation of the
topological state of DNA, are poly(ADP-ribosyl)ated in vitro and in vivo and mod-
ification inhibits their catalytic activities.!”?33° Topo I activity is also downregulated
in response to radiation-induced DNA damage and studies with 3-aminobenzamide
have suggested that inhibition of topo I activity is due to poly(ADP-ribosyl)ation of
the enzyme.”! p53 and topo I, which form a complex in vivo, are both extensively
poly(ADP-ribosyl)ated following 7y irradiation, and it has been proposed that rapid
poly(ADP-ribosyl)ation of the pS3—topo I complex prevents topo I cleavage after
DNA damage.”> This is consistent with a role of poly(ADP-ribosyl)ation in the
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stabilization of acceptor proteins. Furthermore, PARP-- cells also exhibit decreased
activity and expression of topo IIf, although levels of topo Il mRNA are similar in
PARP-- and wild-type cells.” Thus, similar to results with p53, PARP and poly(ADP-
ribosyl)ation also appear to play a role in the stabilization of topo I and topo IIf.

12.2.2.4 Poly(ADP-Ribosyl)ation of Ca**Mg?*-Dependent
Endonucleases: Effects on Chromatin

Ca**Mg?*-dependent endonucleases (CME), comprising a homologous class of endo-
nucleases, have been implicated in DNA fragmentation during apoptosis.’”> They
are identical in size and kinetic properties to another CME, DNase vy, which is
responsible for DNA fragmentation during thymic apoptosis.” CMEs purified from
bull seminal plasma as well as rat liver nuclei are inhibited by poly(ADP-ribo-
syl)ation in vitro,’® suggesting that poly(ADP-ribosyl)ation may be a putative mech-
anism for the regulation of CME-catalyzed DNA fragmentation during apoptosis.
Endonuclease activity assays and immunoblot analysis of poly(ADP-ribosyl)ated
CME with anti-PAR confirmed that the activity of purified CME is inhibited by
poly(ADP-ribosyl)ation in vitro (not shown).

To determine if poly(ADP-ribosyl)ation of CME also correlates with inhibition
of DNA fragmentation in vivo, antibodies to CME and to PAR were utilized. The
CME antibody specifically reacts with nuclear chromatin-bound CMEs from various
bovine and human tissues.”” Although CME levels were essentially the same during
the course of spontaneous apoptosis in osteosarcoma cells (Figure 12.3A), immu-
noblot analysis with anti-PAR revealed marked poly(ADP-ribosyl)ation of the 36-
kDa endonuclease during the transient burst of PAR synthesis at the early stages of
apoptosis (Figure 12.3B; days 3 to 4). PAR bound to the protein was subsequently
degraded and no further modification was detected at the peak of PARP cleavage
and DNA fragmentation at the later stages of cell death (Figure 12.3C; days 7 to
9). Thus, at an early reversible stage of apoptosis (days 3 to 4), CME may be in an
inactive state, transiently inhibited by PAR chains attached to it. At the onset of
caspase-3-mediated PARP cleavage, CME may be activated by loss of inhibitory
PAR moieties, thus, at least partially contributing to the massive endonucleolytic
DNA cleavage at this time. The generation of nucleosomal DNA ladders increasing
in a time-dependent manner during apoptosis may be attributed to increased DNA
cleavage resulting from activation of constant levels of endonuclease. Additionally,
this may also be due to enhanced susceptibility of chromatin.

12.3 POLY(ADP-RIBOSYL)ATION OF DNA-BINDING
COMPONENT PROTEINS OF THE DNA
SYNTHESOME

12.3.1 PARP, A Core COMPONENT OF THE DNA SYNTHESOME

PARP exclusively copurifies with core proteins of a 17S multiprotein DNA replica-
tion complex (MRC or DNA synthesome) that catalyzes replication of viral DNA
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FIGURE 12.3 Time courses of accumulation (A) and poly(ADP-ribosyl)ation CME (B), and
internucleosomal DNA fragmentation (C) during spontaneous apoptosis in osteosarcoma cells.
Osteosarcoma cells were induced to undergo spontaneous apoptosis for 9 days, and at the
indicated times cell extracts were prepared and subjected to immunoblot analysis with anti-
CME (A) and with anti-PAR (B). The positions of CME and poly(ADP-ribosyl)ated CME
are indicated. Apoptosis was monitored by detection of characteristic internucleosomal DNA
ladders by agarose gel electrophoresis and ethidium bromide staining (C).

in vitro and contains DNA polymerases (pol) o, 8, and €, DNA primase, DNA
helicase, DNA ligase, and topo I and II, as well as accessory proteins such as PCNA,
RFC, and RPA (Figure 12.4A). The MRC is purified by cell fractionation in a series
of centrifugation steps, followed by discontinuous gradient centrifugation on a
sucrose cushion, chromatography on a Q-sepharose column, and sucrose gradient
centrifugation.”®” These purified MRCs migrate as discrete, high-molecular-weight
complexes on native polyacrylamide gel electrophoresis.?® PARP may play a regu-
latory role within these complexes because it can modulate the catalytic activities
of specific replicative enzymes or factors by catalyzing their poly(ADP-ribosyl)ation
(DNA pol a, 9, and &,'7318! topo T and 11,53 and RPA®?).
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FIGURE 12.4 Immunoblot analyses for PARP and other components of the replication
complex (A) and poly(ADP-ribosyl)ated component proteins (B) of purified MRC fractions;
identification of modified MRC proteins by immunoprecipitation (C). Purified MRC fractions
(SG fraction; 20 pg) were incubated with anti-PARP and with antibodies to the indicated
DNA replication proteins (A) as well as with anti-PAR (B) by repeatedly stripping the
membranes of antibodies and reprobing with different antibodies. The positions of the molec-
ular weight markers are indicated. MRC fractions were immunoprecipitated with anti-PAR
or with protein A-Sepharose (beads) alone or control IgG, and the immunoprecipitates were
then separated, transferred, and probed with antibodies to PCNA, topo I and DNA pol o (C).
Equal amounts of MRC-enriched and MRC-free fractions (30 [Lg) were immunoprecipitated
with anti-PCNA and then subjected to immunoblot analysis with anti-PCNA; the immunoblot

was then stripped of antibodies and reprobed with anti-PAR (D). The positions of PCNA and
modified PCNA are indicated.
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12.3.2 PoLY(ADP-RiBOsYL)ATION OF COMPONENTS OF THE
DNA SYNTHESOME

12.3.2.1 Acceptors for Poly(ADP-Ribosyl)ation in the DNA
Synthesome: PCNA, Topo I, and DNA Pol o

Approximately 15 of the ~40 MRC proteins, including DNA pol o, topo I, and
PCNA, are poly(ADP-ribosyl)ated as revealed by immunoblot analysis with anti-
PAR (Figure 12.4B)."” Topo I (100 kDa), DNA pol o (180 kDa), and PCNA (36
kDa) were specifically immunoprecipitated from the MRC by anti-PAR and reacted
with their respective antibodies on the immunoblots (Figure 12.4C). Although equal
amounts of free and MRC-bound forms of PCNA were detected in cells, only the
complexed form was poly(ADP-ribosyl)ated (Figure 12.4D), thus poly(ADP-ribo-
syl)ation of PCNA in the MRC may play a role in regulating its functions in the
MRC or its recruitment into the complex. This modified, complexed form of PCNA
corresponds to the ~35% of total cellular PCNA that is associated with replication
foci during the peak of S phase.®3

12.3.2.2 Poly(ADP-Ribosyl)ation of DNA Pol o and & in the
MRC: Effects on Activity

While DNA pol a-primase synthesizes RNA primers and Okazaki fragments and is
required for initiation of lagging strand synthesis, DNA pol & mediates both leading
and lagging strand DNA synthesis during the elongation phase of DNA replication,3
and PCNA is essential for DNA pol § activity.®> Consistent with studies using purified
enzymes, poly(ADP-ribosyl)ation inhibited the activities of MRC-bound DNA pol
o and d in a manner that was dependent on NAD concentration (Figure 12.5A) and
sensitive to 3-aminobenzamide. Thus, PARP may modulate the activities of DNA
pol o or & in the DNA synthesome by catalyzing their poly(ADP-ribosyl)ation. As
with other acceptor proteins of PARP, poly(ADP-ribosyl)ation of these enzymes in
the presence of increasing NAD presumably confers a large negative charge, which
promotes their dissociation from the DNA template primer, thereby inhibiting their
activity. Interestingly, physical interaction of PARP with DNA pol @, in the absence
of NAD, activates pol «,% whereas addition of NAD to the MRC inhibits pol o
catalytic activity; thus, PARP appears to play a dual role in the regulation of DNA
pol o activity.

To elucidate further the role(s) of PARP and poly(ADP-ribosyl)ation in the MRC,
the complex was purified from 3T3-L1 cells at Gy/G, and when ~95% of control
cells were in S phase and exhibited a transient peak of PARP expression and activity.
Under these conditions, quiescent control cells reenter S phase and go through one
round of the cell cycle, but not the PARP-depleted antisense cells.!%!” Although MRC
fractions purified from S-phase control cells are competent to support viral DNA
replication in vitro, only the MRC from S-phase control cells, not those from G, /G,
control cells or from PARP-depleted antisense cells, exhibit significant PARP (Figure
12.5B) and DNA pol o and 9 activities (Figure 12.5C). Thus, depletion of PARP by
antisense RNA expression results in an MRC deficient in DNA pol o and d activities.
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FIGURE 12.5 Effects of poly(ADP-ribosyl)ation (A) and PARP depletion by antisense RNA
expression on the activities of DNA pol o (B) and & (C) in the MRC, and recruitment of
PCNA and topo I into the MRC (D). PARP and DNA pol o and 8 activities of purified MRC
(SG peak fraction) were assayed in the presence of various concentrations of NAD. Data are
expressed as pmoles [*H]dTTP incorporated into DNA per hour per milligram (DNA pol) or
picomoles of [3?P]NAD per minute per milligram of protein (PARP), and are means of
triplicate determinations. The MRC (QS peak) fraction was purified from 3T3-L1 control and
PARP-antisense cells before and 24 h after induction of differentiation-linked DNA replica-
tion, and subjected to PARP (B) and DNA pol o and 8 activity assays. Data are means of
triplicate determinations, and essentially identical results were obtained in two additional
experiments. Equal amounts (20 pg) of total-cell extracts (left panels) and MRC fractions
(right panels) from 3T3-L1 control (C) and PARP-antisense (As) cells prepared before and
24 h after induction were subjected to immunoblot analysis with anti-PCNA (upper panels)
or to topo I (lower panels) (D). Arrows indicate the positions of PCNA and topo 1.
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12.3.2.3 Poly(ADP-Ribosyl)ation of PCNA and Topo I: A Role in
Recruitment into the DNA Synthesome during Early S Phase

PCNA and topo I were present in the MRC fraction only from S-phase control cells,
although they were both detected in total cell extracts from both control and PARP-
antisense cells (Figure 12.5D), thus indicating that PARP may play a role in the
recruitment of PCNA and topo I into the DNA synthesome during reentry into S
phase. The mechanism by which this occurs, however, remains unclear. Immuno-
precipitation experiments have shown that PARP physically associates with DNA
pol o in vitro®® and in vivo,'¢ as well as with topo 1.8 This association of PARP and
DNA pol o requires the PARP DNA-binding domain and occurs during S and G,
phases of the cell cycle.?® Physical association with other proteins may, therefore,
represent a mechanism by which PARP can recruit certain proteins into the MRC.
A similar mechanism has been proposed for recruitment by PARP-associated poly-
mers of signal proteins, such as p53 and MARCKS protein, to sites of DNA breakage
via common polymer binding of 22 amino acids.¥

12.4 POLY(ADP-RIBOSYL)ATION OF DNA-BINDING
PROTEINS IN GENE EXPRESSION AND TRANSCRIPTION

12.4.1 RoLe oF PARP AND/OR PAR IN THE ExPreEssiON OF MRC
COMPONENTS

12.4.1.1 Expression of DNA Pol a2 and DNA Primase

DNA pol o/DNA primase forms a complex of four subunits, the largest of which is
the catalytic subunit (~180 kDa),” and the two smallest subunits comprise the DNA
primase (~58 and ~48 kDa).”! When quiescent cells are stimulated to proliferate,
mRNA levels of all subunits increase simultaneously prior to DNA synthesis; thus,
transcription of the genes for DNA pol o and DNA primase are likely regulated by
a common mechanism.”> Immunoblot analysis of cell extracts with antibodies to
DNA pol o and DNA primase revealed induced expression of these proteins on S-
phase reentry of control cells, but not in PARP-depleted antisense cells (Figure
12.6A). Thus, through mechanisms still unknown, PARP may play a role in the
regulation of expression of the corresponding genes when quiescent cells are induced
to reenter S phase. The lack of any DNA pol oo and DNA primase gene expression
could not be attributed to a general inability of the PARP-depleted antisense cells
to undergo protein or RNA synthesis as there was no effect on the expression of
topo I in these cells.”

12.4.1.2 Expression and Promoter Activity of the Transcription
Factor E2F-1

How does PARP affect expression of DNA pol o during reentry into S phase? The
transcription factor E2F-1 binds to a specific recognition site (5-TTTCGCGC) and
activates the promoters of genes encoding proteins required for DNA replication and
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execution of the S phase, including DNA pol o, dihydrofolate reductase, thymidine
kinase, c-Myc, c-Myb, PCNA, cyclin D, and cyclin E.* This activity is regulated
during the cell cycle by the binding of E2F-1 to the dephosphorylated form of the
tumor suppressor Rb; phosphorylation of Rb by cyclin-dependent kinases during
entry into S phase releases E2F-1, consequently activating gene expression.’” Tran-
scription of the E2F-1 gene, in turn, is also regulated during the cell cycle.”® Inter-
estingly, PARP depletion by antisense RNA expression also prevented the increase
in E2F-1 expression during early S phase in 3T3-L1 cells (Figure 12.6B). Control
cells, but not PARP-depleted antisense cells, exhibited a marked increase in E2F-1
expression ~1 h after reentry into S phase (Figure 12.6B), consistent with the fact
that the E2F-1 gene is an early-response gene,” while induction of both DNA pol
o and PCNA expression in control cells occurred subsequently, consistent with their
being encoded by late-response genes.”* PARP may therefore regulate the expression
of DNA pol . and PCNA genes during reentry into S phase by affecting the expres-
sion of the transcriptional factor, E2F-1, which in turn can regulate the transcription
of both the DNA pol o and PCNA genes, as well as the E2F-1 gene itself.

A role for PARP in the regulation of the expression of pol o and E2F-1 genes
during S-phase reentry in quiescent cells was further investigated with mouse fibro-
blasts derived from wild-type and PARP7- mice as well as PARP-- cells stably
transfected with wild-type PARP cDNA — PARP~- (+PARP). PARP plays an essen-
tial role in DNA replication associated with reentry into the cell cycle after release
from serum starvation or aphidicolin block.!® When a construct containing the E2F-
1 gene promoter fused to a luciferase reporter gene was transiently transfected into
these cells, E2F-1 promoter activity in control and PARP~ (+PARP) cells increased
eightfold 9 h after release from serum deprivation, but not in PARP cells (Figure
12.6C). PARP- cells did not show the marked induction of E2F-1 expression during
early S phase apparent in control and PARP- (+PARP) cells (Figure 12.6D). Reverse
transcription polymerase chain reaction (RT-PCR) analysis did not detect the pres-
ence of pol o transcripts in PARP”~ cells that was evident in both wild-type and
PARP- (+PARP) cells after 20 h (Figure 12.6E). These results suggest that PARP
is involved in the induction of E2F-1 promoter activity, which then positively reg-
ulates both E2F-1 and pol o expression, when quiescent cells are stimulated to
reenter the cell cycle. Since PARP depletion by antisense RNA expression also
results in significant changes in chromatin structure,'* effects of the lack of PARP
on gene expression may also be attributable, at least in part, to such changes.

12.4.2 PorLy(ADP-RiBosyL)ATION oF DNA-BINDING
TRANSCRIPTION FACTORS: EFFeCTS ON BINDING TO THEIR
CONSENSUS SEQUENCES

12.4.2.1 Physical Association with PARP (TEF-1, AP-2) and
Poly(ADP-Ribosyl)ation of Specific Transcription
Factors (TEF-1, TFIIF, YY1, SP-1, TBP, CREB)

The role of PARP in the regulation of transcription of the E2F-1 and pol o genes
may be indirect, given that PARP, in the absence of NAD, can enhance activator-
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FIGURE 12.6 Effects of PARP depletion by antisense RNA expression and gene knockout
on PARP, DNA pol o, DNA primase, E2F-1 expression, E2F-1 promoter activity, and pol o
transcription during reentry into S phase. 3T3-L1 control and PARP-antisense cells were
exposed to 1 uM dexamethasone and inducers of differentiation-linked DNA replication for
indicated times (A,B). Cell extracts were then subjected to immunoblot analyses with anti-
bodies to PARP, DNA pol o, DNA primase (A), as well as PCNA and E2F-1 (B). Arrows
indicate the positions of these proteins. Wild-type, PARP-, and PARP~- stably transfected
with PARP ¢cDNA (PARP- (+PARP)) were synchronized by serum deprivation and harvested
at indicated times after serum addition (C to E). Prior to serum deprivation, the cells were
transiently cotransfected with a construct containing the E2F-1 gene promoter fused to a
luciferase reporter gene and pSVCAT; at the indicated times after serum addition, cell extracts
were assayed for E2F-1-luciferase and CAT activities (C). The luciferase activity (light
units/min) was normalized against transfection efficiencies by CAT activity; data are means
of triplicate determinations. Cell extracts (30 ng) were also subjected to immunoblot analysis
with anti-E2F-1 (D). Total RNA was purified from cell pellets and subjected to RT-PCR with
pol o—specific primers. PCR products were separated on a 1.5% agarose gel and visualized
by ethidium bromide staining (E). The positions of the specific pol o product (arrows) and
of DNA size standards (in kilobases) are indicated.

dependent transcription by interacting with RNA polymerase [I-associated factors.!%!
Similarly, PARP binds transcription enhancer factor 1 (TEF-1) to enhance muscle-
specific gene transcription,'®? as well as the transcription factor AP-2 to coactivate
AP-2-mediated transcription.!®® Whether PARP modulates E2F-1-mediated tran-
scription by binding to E2F-1 or to E2F-1 promoter sequences, however, remains
to be clarified. PARP appears to also play a dual role in the regulation of transcription;
although it acts as a positive cofactor of transcription, the presence of NAD and
consequent PARP activation represses RNA pol II-dependent transcription.'*! PARP-
dependent silencing of transcription involves poly(ADP-ribosyl)ation of a number
of transcription factors, which prevents the formation of active transcription com-
plexes.!™ The basal transcription factor TFIIF and TEF-1 as well as transcription
factors TBP, YY1, SP-1, and CREB, but not c-Jun or AP-2, are all highly specific
substrates for poly(ADP-ribosyl)ation.!?2104195 Modification of these proteins pre-
vents binding to their respective DNA consensus sequences.!'%

12.4.2.2 Poly(ADP-Ribosyl)ation of Transcription Factors p53
and NFxB In Vitro: Effects on Binding to Their
Respective Consensus Sequences

Extensive poly(ADP-ribosyl)ation of p53 early during the apoptotic program in
osteosarcoma cells, and coincident degradation of PAR attached to p53 and induction
of expression of the p53 responsive genes Bax and Fas, suggests that poly(ADP-
ribosyl)ation may play a role in the regulation of p53 function at the later stages of
cell death.”® As with other transcription factors,!™ in vitro poly(ADP-ribosyl)ation
reactions with purified proteins and subsequent gel shift assays show that the DNA
phobicity of modified poly(ADP-ribosyl)ated DNA-binding proteins such as p53
prevents their binding to target DNA consensus sequences (gene promoters). Mod-
ification of p53 by poly(ADP-ribosyl)ation by purified recombinant PARP in the
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presence of NAD markedly inhibited binding to its DNA consensus sequence (Figure
12.7A). Extensive modification of p53 in vitro was confirmed by immunoprecipita-
tion and immunoblot analysis of the reactions with anti-p53 and anti-PAR (not
shown). To confirm that the inhibitory effect of PAR on p53 binding to DNA is not
attributable to the physical interaction between PARP and p53, p53 was also incu-
bated with catalytically inactive mutant PARP and NAD. p53, preincubated with
mutant PARP and NAD, remained unmodified and was therefore able to bind tightly
to its DNA consensus sequence. Thus, poly(ADP-ribosyl)ation of p53, as with other
transcription factors discussed above, can modulate pS3 function by altering binding
to its DNA consensus sequence in vitro.

NFxB, another inducible transcription factor implicated in the regulation of key
genes coding for mediators involved in the immune, acute phase, inflammatory, and
stress responses,'%197 can also be modified by poly(ADP-ribosyl)ation by PARP in
vitro (unpublished data). Activation of NFxB plays a protective role against pro-
grammed cell death because blocking the activation of NFkB by a dominant negative
form of IxB-a, an inhibitor of NFxB, or by gene knockout induces massive apoptosis.
Thus, inactivation of NFxB post-translationally by poly(ADP-ribosyl)ation at the
early stages of the death program may contribute to committing cells toward apop-
tosis. Interestingly, poly(ADP-ribosyl)ation of NFxB by wild-type PARP, similar to
p53, blocked binding of the modified protein to its DNA consensus sequence pre-
sumably due to electrostatic repulsion between DNA and PAR bound to it (Figure
12.7B). These results suggest that the cycling mechanism earlier proposed for PARP
and PAR in DNA repair processes may also be valid for regulation of transcription
factor binding to or “cycling on and off” their consensus promoter sequences. PARP
cycles on and off DNA ends in the presence of NAD, and its automodification during
DNA repair in vitro presumably allows access to DNA repair enzymes.>> Thus, p33,
NFxB, or other transcription factors may similarly cycle on and off their DNA
consensus sequences depending on their level of negative charge based on their
poly(ADP-ribosyl)ation state. This may represent a novel mechanism for regulating
transcriptional activation of target genes by these transcription factors in vivo.

12.5 CONCLUSIONS

PARP catalyzes the poly(ADP-ribosyl)ation of a limited number of nuclear proteins
adjacent to DNA breaks in nuclear processes, such as DNA replication, DNA repair,
differentiation, gene expression, or apoptosis.

1. This post-translational modification, which is very transient in vivo, gen-
erally inhibits the activity of the modified protein, presumably because of
a decrease in DNA-binding affinity caused by electrostatic repulsion
between DNA and PAR covalently bound to the acceptor proteins. Thus,
poly(ADP-ribosyl)ation may regulate the functions of replicative enzymes
such as DNA pol o and 8 in the DNA synthesome or the transactivation
of p53-responsive genes such as Bax and Fas by p53 during early apoptosis.
2. Poly(ADP-ribosyl)ation of nucleosomal proteins such as histone H1 may
also alter the nucleosomal structure of the DNA to destabilize higher-
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FIGURE 12.7 Effects of poly(ADP-ribosyl)ation of p53 (A) and NFxB (B) by purified wild-
type and mutant PARP on binding to their respective DNA consensus sequences in vitro. p53
or NFxB p65 (1 pug) were poly(ADP-ribosyl)ated in vitro either by purified recombinant wild-
type PARP or mutant PARP (0.1 pg) in a reaction mixture (50 pl) containing 50 mM Tris
HCI (pH 7.8), 25 mM MgCl,, 1 mM DTT, 4 ug activated DNA, and 100 uM NAD. After
incubation for 30 min at 37°C, the reaction was stopped on ice. Electrophoretic mobility
supershift assays were then performed according to standard procedures. After preincubation
with excess amounts of polydI-dC and BSA, aliquots of the poly(ADP-ribosyl)ation reactions
were incubated with anti-p53 or anti-NFxB (Santa Cruz Biotech) for 1 h, and then with
[*?P]ATP-labeled p53 or NFxB consensus oligonucleotide probes (100,000 cpm/binding
reaction) for 15 min at room temperature. The DNA—protein complexes were then resolved
by electrophoresis on 5% TBE gels, and the gels were dried and autoradiographed.
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order chromatin structures and consequently to promote access of DNA
repair and replication enzymes, as well as transcription factors, to these
sites or to enhance chromatin susceptibility to endonucleases during apo-
ptosis.

3. PARP and/or poly(ADP-ribosyl)ation play a role in the recruitment of
acceptor proteins to certain sites through direct association or through
PAR, such as PCNA and topo I to the DNA synthesome during early S
phase or signal proteins such as p53 and MARCKS protein to sites of
DNA breakage.

4. Extensive poly(ADP-ribosyl)ation of p33, topo I, and topo IIP in vivo is
also implicated in the accumulation and stabilization of these acceptor
proteins in cells.

5. Finally, PARP and poly(ADP-ribosyl)ation appear to play dual roles in
nuclear processes, depending on the levels of the substrate NAD and the
presence of PARP-activating DNA breaks. Thus, physical interaction of
PARP with DNA pol «, in the absence of NAD, activates pol o, while
addition of NAD to the MRC inhibits pol o catalytic activity. Similarly,
in the absence of NAD, PARP interacts with different transcription factors
to enhance activator-dependent transcription, while the presence of NAD
and consequent PARP activation represses transcription presumably by
poly(ADP-ribosyl)ation of certain transcription factors. Modification of
these DNA binding proteins prevents binding to their respective DNA
consensus sequences. Further work clearly is necessary to elucidate the
molecular mechanisms by which PARP and poly(ADP-ribsoyl)ation
mediate their pleiotropic roles in these various nuclear processes.
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13.1 INTRODUCTION

Poly(ADP-ribose) polymerase (PARP, EC 2.4.2.30) is an abundant nuclear protein
in most of the eukaryotic tissues.! This evolutionarily conserved enzyme appears to
be involved in major cellular functions, which include maintaining genomic integrity
by limiting sister chromatid exchange, and facilitating chromatin structural changes
during DNA repair.> PARP has been implicated in participation in, either directly
or indirectly, gene expression, DNA replication, DNA rearrangement, differentiation,

0-8493-2267-7/00/50.00+$.50
© 2000 by CRC Press LLC 279



280 Cell Death: The Role of PARP

and mutagenesis. PARP cleavage by caspases during apoptosis may also contribute
to the programmed cell death pathway.’

Much of the earlier studies of PARP functions rely on the use of PARP inhibitors,
e.g., benzamide and 3-aminobenzamide.* At high concentrations, however, these
PARP inhibitors were found to be associated with side effects that were not mediated
by PARP.: After the cloning of PARP genes in the later 1980s, PARP research was
accelerated by applying molecular biology techniques to study its structure and
functions. Site-directed mutagenesis was employed to define key amino acid residues
for the catalytic activities of PARP and its binding to DNA, substrate, and inhibitors.
Expressing of trans-dominant negative fragments or antisense constructs were used
to suppress PARP activity. Most recently, the creation of mice with PARP gene
deletion offered a direct functional test of PARP in whole animals. In many situations,
the results from PARP gene manipulation confirmed studies using PARP inhibitors.
Despite limitations in individual genetic or pharmacological methods, together, both
approaches greatly increased knowledge of the biological functions of PARP.

Meanwhile, the search for specific, potent, small-molecule PARP inhibitors ben-
efited from an improved understanding of PARP protein structure and became inten-
sified by potential clinical utility of PARP inhibitors. Recent delineation of the structure
of PARP catalytic domain enhanced the process of rational design of PARP inhibitors.
The potency of the new-generation PARP inhibitors was improved to submicromolar
range. Some of the compounds demonstrated remarkable efficacy in reducing tissue
damage in animal models of cerebral ischemia, traumatic brain injury, myocardial
ischemia, and inflammation.” Further development of these PARP inhibitors may lead
to prospective therapeutic agents for treating the aforementioned diseases.

This chapter is a review of the widely used genetic methods to modulate PARP
expression and activity, and a discussion of the structure and activity relationship of
PARP inhibition by pharmacological agents. Both approaches have proved to be
valuable tools for probing the physiological role of PARP. Studies using the PARP
knockout mice have offered compelling evidence that PARP activation is involved in
animal models of cerebral ischemia, traumatic brain injury, myocardial ischemia, type
1 diabetes, Parkinson’s disease, inflammatory bowel disease, collegen-induced arthri-
tis, and multiple organ failure due to shock.!®!" PARP inhibitors represent a novel
class of promising compounds with the potential to combat these devastating diseases.

13.2 PARP PRIMARY STRUCTURE

Discovered more than three decades ago, PARP is a 113-kDa protein that uses NAD
(B-nicotinamide adenine dinucleotide) as its substrate to synthesize poly(ADP-
ribose), a branched polymer that can consist of over 200 ADP-ribose units. This
major nuclear protein has also been called PARS, ADPRT, or pADPRT. It modifies
nuclear proteins with poly(ADP-ribosyl)ation. Many protein acceptors of poly(ADP-
ribose) are involved in maintaining DNA integrity. They include histones, topoi-
somerases, DNA and RNA polymerases, DNA ligases, and Ca?*- and Mg?*-depen-
dent endonuclease. PARP itself serves as a major acceptor through intermolecular
auto-ADP-ribosylation.? Recently, p53, the tumor suppressor protein, was also iden-
tified as a PARP substrate.!>!?
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Molecular cloning of PARP genes from various species reveals that PARP is
highly conserved through evolution.!* Two structures that have been extensively
explored for PARP inhibition are the DNA-binding domain and the catalytic domain.
The DNA-binding domain resides at the N-terminal region of PARP. Two putative
zinc-finger-like motifs in this region are responsible for PARP interaction with DNA.
The enzyme binds to DNA with preference to nicked DNA. The binding functions
as a sensor of DNA damage, which triggers PARP activation. Truncated protein
containing PARP zinc finger is able to compete with the native PARP for DNA
binding. This so-called dominant-negative inhibition decreases synthesis of
poly(ADP-ribose) by preventing DNA damage—induced PARP activation. Some
PARP inhibitors are believed to work by directly antagonizing DNA binding.!> Most
PARP inhibitors appear to antagonize NAD binding at the catalytic site in the C-
terminal domain, where polymerization and branching of ADP-ribose polymer take
place. Both site-directed and random mutagenesis analyses have identified residues
essential for catalytic function and binding of the substrate.!®!7 The binding pocket
for a number of representative PARP inhibitors has been defined with X-ray crys-
tallography study of the C-terminal fragment.'3

13.3 THE BIOCHEMICAL CONSEQUENCE OF PARP
INHIBITION

Extensive PARP activation leads to severe depletion of NAD in cells suffering from
massive DNA damage.!® PARP inhibition by chemicals or its inactivation by gene
deletion can prevent the drop of NAD.?02! When activated by DNA damage, PARP
becomes the major consumer of NAD. NAD depletion, which results from over-
stimulation of PARP, serves as a hallmark of PARP activation. A rapid turnover
rate determines the half-life of poly(ADP-ribose) to be less than a minute.??> Once
poly(ADP-ribose) is formed, it is quickly degraded by the constitutively active
poly(ADP-ribose) glycohydrolase (PARG), together with phosphodiesterase and
(ADP-ribose) protein lyase. PARP and PARG constitute a cycle that converts a
large amount of NAD to ADP-ribose. In less than an hour, overstimulation of PARP
can cause a drop of NAD and ATP to less than 20% of the normal level.' Such a
scenario is especially detrimental during ischemia when deprivation of oxygen has
already drastically compromised cellular energy output. Calcium overload and
subsequent free radical production during reperfusion are assumed to be a major
cause of tissue damage. Part of the ATP drop, which is typical during ischemia and
reperfusion, could be linked to NAD depletion due to poly(ADP-ribose) turnover.?!
Thus, by maintaining cellular NAD level, PARP inhibitors have therapeutic poten-
tial to rescue cells from ischemia and other oxidative stress. Preserving cellular
energy level appears to be the main effect that PARP inhibitors exhibit in reducing
necrotic cell death.

As a surrogate measurement for PARP inactivation, preventing the drop of
cellular NAD level can be a convenient indicator for evaluating the effectiveness
of PARP inhibitors. Poly(ADP-ribose) turnover accounts for almost all NAD
consumption by PARP in response to DNA damage, since PARP inhibitors can
block the drop of NAD. A more direct measurement of PARP inhibition is the
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decrease of poly(ADP-ribose) accumulation. However, the rapid degradation of
poly(ADP-ribose) by PARG often makes the immunohistochemistry determination
difficult.

13.4 PARP INHIBITION BY GENE MANIPULATION

PARP functions are mostly studied through inactivating the enzyme in cells or
animals to check the “loss of function” consequence, rather than introducing PARP
(“knock in”) into a system without PARP to see any “gain of function.” Such an
approach is predetermined by the presence of PARP protein at a high level in many
tissues, most notably in the immune system, heart, brain, and germ line cells. The
“knock in” is most suitable to reintroduce PARP into cells derived from PARP
knockout mice to restore PARP activity. Under normal physiological conditions,
there is minimal PARP activity despite its abundance. Once PARP is activated by
DNA breaks, no de novo protein synthesis is necessary to achieve a high level of
poly(ADP-ribose) synthesis.

13.4.1 LowerING PARP Lever BY PARP ANTISENSE
RNA

PARP protein has a half-life of longer than 2 days.? Depleting PARP by antisense
RNA requires stable integration and, typically, inducible expression of antisense
transcript for a few days. Smulson and associates*® designed an antisense construct
with the entire human cDNA for PARP in an antisense orientation under the control
of mouse mammary tumor virus (MMTYV) LTR promoter. Multiple copies of the
plasmid DNA were integrated into the genome of HeLa cells, resulting in a cellular
system to uncover PARP functions. In 48 to 72 h after dexamethasone induction,
antisense PARP transcript caused a decrease of PARP protein by more than 90%
and its enzyme activity by 80%. Normal level of PARP was restored in 8 to 16 h
after removal of the inducer. Using this reversible PARP inactivation of cell lines,
Smulson’s group found that diminishing PARP level prolonged the process of DNA
repair, even though the damage would eventually be fixed, suggesting that PARP
plays an auxiliary role in the repair of DNA strand breaks.?? After PARP depletion,
the cell line became hypersensitive to cytotoxicity of carcinogenic agents.?* Simi-
larly, Qu and colleagues? showed that a metal ion—induced expression of either full-
length or a truncated 5’-fragment of PARP c¢cDNA in antisense orientation could
decrease PARP activity by more than 90% in permanent transfected human leukemia
cells.” They found that a decrease of PARP activity correlated with an enhancement
of interferon-y-induced major histocompatibility complex class II gene expression.

In light of recent discovery of multiple PARP homologues, it is not clear if
antisense PARP transcripts would also nonspecifically decrease PARP-related pro-
teins.?? Further experiments are required to test the feasibility of adapting the
antisense RNA method for gene therapy to inactivate PARP selectively in a tissue-
specific fashion and in a reversibly inducible manner to treat chronicle diseases due
to PARP activation.
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13.4.2 DOoMINANT-NEGATIVE INHIBITION BY PARP
DNA-BINDING DOMAIN

The trans-dominant inhibition takes the advantage of a unique property of PARP,
that its activation is dependent on single- or double-strand DNA breaks. The zinc-
finger DNA-binding domain serves as a sensor to detect the bending of DNA when
it is damaged.*® The conformation change is transferred to the catalytic domain to
activate poly(ADP-ribose) synthesis. Overexpression of the DNA-binding domain
competes with endogenous PARP for DNA binding, and thereby blocks PARP
activation. In the family of poly(ADP-ribose)-producing enzymes, frans-dominant
inhibition should be preferentially selective for PARP whose activation is mediated
by the zinc-finger DNA-binding domain. In addition, by circumventing interaction
with the catalytic domain, this method avoids nonspecific interference associated
with some NAD analogue inhibitors. The frans-dominant inhibition also takes less
time for the DNA-binding domain to accumulate and compete with PARP, in contrast
to antisense inhibition that requires longer time to diminish PARP due to its long
half-life. It is not clear if the expression of PARP DNA zinc-finger domain would
interfere in the functions of other DNA-binding proteins such as transcription factors.

de Murcia and associates®' developed the inducible frans-dominant inhibition
system in monkey cells and hamster cells to study PARP function in DNA repair.3!-3?
In these cells, PARP activity was inhibited by 90%. Direct injection of recombinant
DNA-binding domain into fibroblasts also achieved similar PARP inhibition.3! Over-
production of PARP DNA-binding domain inhibited unscheduled DNA synthesis
induced by N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) without affecting nor-
mal cellular proliferation, suggesting PARP may facilitate DNA repair but not
directly participate in DNA replication.?!3* The trans-dominant inhibition of PARP
also sensitized cells for killing by v irradiation and alkylating agents.’3 Both spon-
taneous and MNNGe-induced sister chromatid exchange were elevated in cells over-
expressing PARP DNA-binding domain.?*

13.4.3 TrANSGENIC MICE WiITH PARP GENE DELETION

Three strains of mice with PARP gene deletion have been independently gener-
ated.*-¥” They provide an invaluable tool to reassess the biological functions of PARP
at the whole-animal level. It is perhaps not entirely surprising that mice without
PARP can be produced and reproduced, if one considers that PARP activity is largely
dependent on DNA damages. Such DNA damage is often elicited by exogenous
chemicals, e.g., monoalkylating agents or ionizing 7 irradiation, and sometimes due
to excessive free radicals produced endogenously in a disease condition. Without
exposure to the obnoxious genomic toxins, homozygous PARP knockout (PARP7)
mice are neither embryonic lethal nor grossly abnormal in their life span and in
several generations reproduced so far. However, close scrutiny at the cellular level
has revealed differences in cell cycle distribution and apoptosis execution between
the wild-type and homozygous PARP deletion.

Unlike the use of negative-dominant mutant or antisense expression to decrease
PARP, which at most reduces PARP activity by 90%, PARP-~ mice and the derived
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cells offer a system with no PARP protein at all. Compared with the use of phar-
macological agents with potential side effects unrelated to PARP inhibition, PARP-
mice provide a system in which only PARP is directly eliminated. Such advantages
make PARP-- mice useful for obtaining definitive evidence for whether PARP is
involved in certain biological pathways, and for validating whether targeting PARP
would be effective in limiting necrotic tissue damage under pathological conditions.
On the other hand, lack of PARP throughout the life cycle of the transgenic animals
raises the concern whether a compensatory mechanism might cause secondary
changes that render the system substantially different from that of a wild type.

Wang and colleagues® reported the first PARP knockout mice in 1995. Mice
homozygous for PARP deletion were healthy, appeared fertile, and exhibited no mac-
roscopic abnormalities. One striking observation was that cells derived from PARP-
were not different from wild-type cells in repair of DNA damage. Both the nucleotide
excision repair and base excision repair mechanisms could still function in the absence
of PARP.® After several generations, there has been so far no report for a high rate of
tumorogenesis in PARP-~ mice. In contrast, deletion of the p53 tumor suppressor genes
resulted in significant increase of tumor growth in multiple organs in 3-month-old
mice.*® Another unexpected observation was the apparent normal execution of apop-
tosis process in cells from PARP-- mice, despite the implication that PARP cleavage
by caspases plays a major role in mediating the programmed cell death pathway.’*4
No difference was found among wild-type PARP*+, heterozygous PARP*~, or homozy-
gous PARP- cells undergoing apoptosis induced by tumor necrosis factor or anti-Fas
antibody. Therefore, the minor role that PARP might play in apoptosis seemed dis-
pensable or compensatable during embryogenesis and postnatal development when
apoptosis widely occurred. A major phenotypic abnormality in the first PARP-- mice
was the incidence of epidermal hyperplasia and slight obesity in older mice originated
from a mixed genetic background of 129Sv x C57B16.%

The second PARP knockout mice generated in de Murcia’s laboratory displayed
some phenotypes different from the first one.? Their average litter size was smaller
and the adult PARP-- mice were slightly underweight. Otherwise, they appeared
normal and were viable and fertile without skin hyperplasia or obesity. In PARP--
cells, the cell cycle distribution was disturbed with an elevated G,/M phase accu-
mulation after DNA damage. Lack of PARP also potentiated the splenocytes to
undergo a rapid apoptosis, as revealed by a quick detection of p53 induction in these
cells. Exposure to genotoxic dose of alkylating agent or 7 irradiation caused an
acceleration and increased rate of death in PARP- mice, presumably due to acute
toxicity on epithelium of small intestine. There is also substantial evidence that base
excision repair is compromised in PARP-- cells.*!

Most recently, Masutani and colleagues®”*? reported the third PARP knockout
mice. In the embryonic stem cells selected for generating the knockout mice, PARP--
clones showed enhanced sensitivity to 7y irradiation and alkylating agents. The
PARP-- mice were normal in litter size, growth rate, and fertility. Reproduction from
heterozygous PARP*- mice followed a Mendelian pattern in transmitting the PARP
deletion mutation, which suggested no disadvantage for embryo development from
PARP-deficient zygotes. Like the second knockout, there was no increase of skin
lesion or body weight in the third knockout mice.
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Although the three PARP knockouts shared many common features, they differed
in some other aspects. Part of the difference might be derived from the ways they
were generated. The three laboratories targeted different PARP exons for deletions
and used different strains of mice in the breeding schemes. In the first knockout
mice, Wang and colleagues® disrupted the second exon and thus deleted both zinc
fingers in the PARP. No DNA-binding domain could be expressed after deleting
exon 2. de Murcia and associates targeted the fourth exon, which contained the
second but not the first zinc finger. The first zinc finger in PARP was known to be
sufficient for DNA binding. However, no expression of PARP or its fragment was
detected by multiple antibodies against PARP.? The third PARP knockout mice from
Masutani’s laboratory deleted exon 1 of the mouse PARP gene. These mice were
bred from a strain background of 129/SJ x ICR, which was different from 129/Sv
x C57BI6 that were used for breeding in Wang’s and de Murcia’s laboratories.
Furthermore, from the first 129/Sv x C57B16 PARP knockout mice, Wang’s labo-
ratory also bred a strain of PARP~~ mice with essentially 129/Sv background through
several generations of backcrossings. One should bear in mind the differences in
strain backgrounds and exon deletions when different PARP knockout mice were
subject to similar experiments, as they might contribute, in addition to common
PARP inactivation, to variations in experimental results from different groups.*?
Another source of difference might come from the levels of PARP protein in the
heterozygotes. In PARP*~ mice, PARP protein levels should always be experimen-
tally determined, rather than assumed to be at the 50% of the wild type. For example,
little PARP protein was detected in B-islet cells or cerebral cortical neurons prepared
from PARP*- mice, while a substantial amount of PARP, which could be as high as
in the wild type, was present in embryonic stem cells, fibroblast cells, and in a
pancreatic preparation from the heterozygotes.3%44-46

13.5 CHEMICAL INHIBITION OF PARP

Several classes of PARP inhibitors has been identified and characterized in the past
two decades. These compounds have been used as tools to probe the physiological
role of PARP and contributed to understanding the biological functions of PARP.
Recently, some of the PARP inhibitors have been tested in animal models of diseases,
and the results have yielded insights into the pathological role of PARP activation
in cell death and tissue damage. The potential therapeutic benefit these compounds
may offer has intensified the search for more potent and selective PARP inhibitors.
Among the small-molecule PARP inhibitors discovered, most compounds fall into
the categories of monoaryl amides, and bi-, tri-, or tetracyclic lactams. A common
structural feature for these inhibitors is either a carboxamide attached to an aromatic
ring or the carbamoyl group built in a polyaromatic heterocyclic skeleton to form a
fused aromatic lactam or imide. Representative compounds like 3-aminobenzamide,
nicotinamide, and 1,8-dihydroxyisoquinoline have been widely used as inhibitor in
PARP research because of their availability (Figure 13.1).

Most PARP inhibitors exhibit competitive mode, which suggests that they block
NAD binding to the catalytic domain of the enzyme.*’-** Nicotinamide, the coproduct
of poly(ADP-ribose) synthesis, was known to exert feedback inhibition on PARP,
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FIGURE 13.1 Examples of the most widely used PARP inhibitors.

albeit only at high concentration with ICs, around 30 to 200 uM.473%-57 Benzamide,
a close analogue to nicotinamide, was soon found to be a more potent compound
with ICs, from 3 to 20 uM.*4%3% Only a few agents interfere in the DNA-binding
domain to antagonize PARP activation. For example, 6-nitroso-1,2-benzopyrone was
known to oxidize one of the zinc fingers to inhibit PARP activation.>

There are widespread variations of inhibition constants for PARP inhibitors.*%
Direct comparison for the absolute values of ICy, and K; values among different
laboratories was hindered by slight differences in PARP assays due to subtle changes
of conditions. The complex reaction catalyzed by PARP includes initiation, elonga-
tion, and branching in perhaps a processive motion. Intermolecular auto-ADP-
ribosylation is self-inhibitory to the enzyme. PARP activity also seems to be very
sensitive to solvents.®!> Any small changes in these parameters can affect PARP
activity, which may explain the wide range of inhibition values for PARP inhibitors.
For example, the IC;, values for 3-aminobenzamide inhibition of PARP encompasses
from 5.4 to 250 uM.53* Interpretation of potency of PARP inhibitors from different
laboratories should be taken cautiously.

13.5.1 MonNocycLic CARBOXAMIDES

Nicotinamide (niacinamide or vitamin B;), 3-aminobenzamide, and thiophene-2-
carboxamide are prototype inhibitors in this category.® As a by-product, nicotina-
mide became the first PARP inhibitor to be used in pharmacological study. With an
IC,, value of about 100 uM, nicotinamide is only a weak PARP inhibitor.”” Sims et
al.% studied 14 of the pyridine family including different members with carboxamide
group at position 2, and 4, N-substituted of pyridine compounds, and pyrazinamide
analogues.® Nicotinamide proved to be the most potent inhibitor in the group.

In 1980, several investigators found benzamide and substituted benzamide were
more potent than nicotinamide.*4%5% Apparently, the ring nitrogen in nicotinamide
was not necessary for PARP inhibition. Since then, more than 100 benzamide
derivatives have been compared for PARP inhibition.®”® Substitution studies of
structure—activity relationship demonstrated that a single 3-substituted benzamide
was more effective than the 2-, 4-, 5-, 6-positions for PARP inhibition. Additional
multi-substitution at 2-, 4-, 5-, or 6-positions of 3-substituted benzamides failed to
improve potency further, and in most cases, reduced inhibition. It suggests that
optimal binding depends on a 3-position electron donor, such as a hydroxyl, methyl,
or amino group.’’%” For example, in one study, 3-aminobenzamide in vitro displayed
about twofold more potency than benzamide. But, 3-nitrobenzamide (ICs, value of
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210 uM) lost its inhibition effect, perhaps due to an electron-deficient benzene ring.”
In general, benzamide derivatives are still weak inhibitors with IC, values above
1 uM. The nonspecific side effects of benzamide and its derivatives at high concen-
tration further limit their use in vivo.%71-73

Various monocyclic-ring carboxamides, especially monoaryl-heterocyclic car-
boxamides, were tested as PARP inhibitors. Cyclohexanecarboxamide, a saturated
form of benzamide, was found to be threefold weaker than benzamide.” Most of
the monoaromatic-heterocyclic carboxamides, such as pyrazine carboxamide
analogues®® and thiophene-3-carboxamide®>7 turned out to be poor PARP inhibitors.
As an exception, substituted thiophene-2-carboxamides could inhibit PARP with a
potency similar to compounds with a direct benzene ring analogue of benzamide
derivatives.” It seems that the heterocyclic thiophene ring can substitute for the
benzene ring without significant loss of potency. More heterocyclic carboxamide
compounds need to be tested to see if they are effective PARP inhibitors.

13.5.2 BicycLic LActams AND BicycrLic CARBOXAMIDES

Constraining the monoaryl amide compounds by formation of lactam generated
bicyclic compounds. Extensive efforts have been devoted to this category of chem-
icals for the past decade. In general, two-ring PARP inhibitors are superior in potency
and specificity over the monoaryl amide series. Suto et al.% and Griffin et al.’®78
have systemically designed constrained 3-aminobenzamide analogues by using nic-
otinamide or 3-aminobenzamide as a template.

The amide group of nicotinamide or 3-aminobenzamide is free to rotate relative
to the plane of the aromatic ring. Only certain orientation of the amide group with
respect to the nitrogen of the pyridine ring of nicotinamide or the substitution at the
3-position of benzamide might be accommodated for PARP inhibition. Ab initio
calculations with nicotinamide indicated that, of the cis and trans configuration for
amide, the C—N bond of the carboxamide cis to the 1,2-bond of the ring is preferred
(Figure 13.2).

To maintain the cis-conformation of the arylamide, planar bicyclics with lactam
functionality of isoquinolin-1(2H)-one were synthesized.®®’ An alternative strategy

0 CONH, EZ
Y, NH, e A e A e
| —~ - |
) — )
X X X
B: trans

A: cis

X = N: nicontinamide
X = C-NH,: 3-aminobenzamide

FIGURE 13.2 Preferred conformation for optimal bindings between benzamide derivatives
and PARP.
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CH,

PD 128763 NU 1056

FIGURE 13.3 Constraining amide group into the active conformation by forming lactam or
intramolecular hydrogen bond.

for constraining the carboxamide to the active orientation was achieved by an
intramolecular hydrogen bond between the carbamoyl NH and an adjacent hetero-
cyclic nitrogen.3’ For example, 3,4-dihydro-5-methyl isoquinolin-1(2H)-one (PD
128763) and benzoxazole-4-carboxamide (NU 1056) were found to be more potent
PARP inhibitors than 3-aminobenzamide (Figure 13.3 and Table 13.1). In addition
to the preferred cis region-arrangement for the C-N and the 1,2-bond as depicted
in Figure 13.2, the N-H bond (solid line in Figure 13.3) cis to the carbonyl bond is
also essential for PARP inhibition.

Incorporation of the carbamoyl substituent into a ring system resulted in com-
pounds such as PD 128763 and NU 1056, which apparently orient the functional
groups in the preferred binding conformation. This series of bicyclic lactams is
among the most potent of PARP inhibitors. It includes dihydroisoquinolin-1(2H)-
nones,’”% 1,6-naphthyridine-5(6H)-ones,” quinazolin-4(3H)-ones,””’® thieno[3,4-
c]pyridin-4(5H)ones, and thieno[3,4-d]pyrimidin-4(3H)ones.® 1,5-Dihydroxyiso-
quinoline also belongs to this family.” Another member in this category is 2-methyl-
quinazolin-4[3H]-one, which was isolated from the bacillus culture extract.?! Table
13.1 is a comprehensive list of inhibitors in the bicyclic lactams and bicyclic car-
boxamides category.

13.5.3 Tri- AND PoLycycLic LACTAMS

PARP inhibitors with structures of three or more rings have also been identified. 1,8-
Naphthalimide derivatives and (5H)-phenanthridin-6-ones are representative for the
tricyclic family. Both types of the compounds have been claimed to be 100-fold more
potent than 3-aminobenzamide.” The ICs, values for 4-amino-1,8-naphthalimide
(Figure 13.4, 2) and (5H)-2-nitrophenanthridin-6-ones (Figure 13.4, 3) are 0.18 and
0.35 UM, respectively.®! An inherent disadvantage for these planar heteroaromatic
compounds is the poor solubility in water and many organic solvents. Mono- and
multisubstituted (5H)-phenanthridin-6-ones have been reported recently.®? Also dis-
closed as PARP inhibitors are tetracyclic lactams,’?33 such as [4H]-cyclo-
panta[imn]phenanthridine-5-ones (Figure 13.4, 4), [1]benzopyrano[4,3,2,-de]phthal-
azinone (Figure 13.4, 5) and [1]benzopyrano[4,3,2,-de]isoquinolinones (Figure 13.4,
6). The potency of these PARP inhibitors approaches low nanomolar range, with
improved water solubility in some of the compounds. One member of the multiple-
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FIGURE 13.4 Examples of different classes of PARP inhibitors.

ring PARP inhibitor, GPI 6150, has demonstrated remarkable efficacy in a number
of rodent models of cerebral ischemia, head trauma injury, myocardial ischemia, and
inflammatory response.’-*-84

13.5.4 OTtHER PARP INHIBITORS

The similarity of poly(ADP-ribose) structure to that of RNA led to a search for
nucleic acid derivatives and nucleoside analogues as PARP inhibitors. A few groups
reported that certain nucleic acid analogues can weakly inhibit PARP. They include
pyrimidine derivatives such as thymidine, 5-iodouracil, 5-iodouridine, and purine
analogues such as 3,7-dimethylxanthine, and theophyline.3!637485 Deoxyuridine ana-
logues with combined substituents at both the 5-position of the pyrimidine ring and
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the 3’- or 5’- position of deoxyribose were generally more potent inhibitors than 3-
aminobezamide, e.g., 3’-amino-2’, 3’-dideoxy-(E)-5-(2’-bromovinyl)uridine (K;=0.7
uM) and 5’-azido-2’,5’-dideoxy-5-ethyluridine (Figure 13.4, 6) (K, = 0.8 uM).% Since
these compounds lack aromatic-fused lactam or amide, it is not clear whether and
how they bind to the PARP catalytic center.

Another family of PARP inhibitors is the benzopyrone derivatives. The first
prototype of this type of PARP inhibitor is 1,2-benzopyrone (ICs, value of 47 uM)
and it appeared to be a noncompetitive inhibitor.'> Later, Banasik et al.”* reported
both 1,2-benzopyrone and 1,4-benzopyrone as weak PARP inhibitors with ICj,
values of 2.8 and 0.4 mM, respectively. Szab6 and collaborators®®$° have used 6-
amino-1,2-benzopyrone and 5-iodo-6-amino-1,2-benzopyrone (Figure 13.4, 7) to
demonstrate their protective effects in animal models of cerebral ischemia and
inflammation.®’¥* The mechanism of PARP inhibition by this class of compounds
remains to be elucidated.

Several chemically distinctive and diverse compounds exhibit PARP inhibition
activities. Essential fatty acids, such as linolenic acid (Figure 13.4, 9), have been
reported as moderate PARP inhibitors. The ICs, values for these vitamins and their
analogues were around 100 uM.*® PARP inhibition recently has been ascribed to
explain the pharmacological activity of B-lapachone (3,4-dihydro-2,2-dimethyl-2H-
naphtho[1,2-b]pyran-5,6-dione; Figure 13.4, 8), a naturally occurring o-naphtho-
quinone.’! Inorganic arsenite (NaAsO,) was shown to decrease PARP activity with
an IC,, value at 10 pM. The arsenic cation might interact with vicinal dithiol groups
in the zinc-finger region of PARP.2 A positive inotropic agent vesnavinone, 1-(3,4-
dimethoxybenzoyl)-4-(1,2,3,4-tetrahydro-2-oxo-6-quinolinyl)piperazine (Figure
13.4, 10) and a natural product benadrostin, 8-hydroxy-2H-1,3-benzoxazine-2,4-
dione (Figure 13.4, 11) were also reported as PARP inhibitors.?>%*

In summary, a common structural feature of several classes of PARP inhibitors
is either the presence of a carboxamide or an imide group built in a polyaromatic
heterocyclic skeleton, or a carbamoyl group attached to an aromatic ring. The oxygen
atom from this carbonyl group appears to serve as a hydrogen acceptor and the
hydrogen atom from the amide or imide group as a proton donor in the hydrogen
bond interaction with the enzyme. Consensus structural requirements for PARP
inhibitors acting at this nicotinamide-binding site include:

1. Amide or lactam functionality is essential for effective interaction with
the binding pocket.

2. An NH proton of this amide or lactam functionality should be conserved
for effective bonding.

3. An amide group attached to an aromatic ring or a lactam group fused to
an aromatic ring has better inhibition than an amide group attached to a
nonaromatic ring or a lactam group fused to a nonaromatic ring.

4. Optimal cis-configuration of the amide in the aromatic plane is required
for maximal inhibitory activity.

5. Constraining mono-aryl carboxamide into heteropolycyclic lactams usu-
ally increases potency.
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Although potent inhibitors have an amide group built in a second ring system
fused to an aromatic ring, the carbonyl group of the amide, however, is not indis-
pensable for the inhibitory action. For example, weak inhibitors, such as phthala-
zine, quinazoline, norharman, and isoquinoline, do not contain a carbonyl group,
but have a C=N double bond in analogous positions.” Thiobenzamide and thioni-
cotinamide with a thiocarbamoyl group in place of a carbamoyl group can also
weakly inhibit PARP.”

13.6 CORROBORATIVE RESULTS FROM GENETIC AND
PHARMACOLOGICAL INACTIVATION OF PARP

The availability of PARP knockout mice and potent PARP inhibitors makes it
possible to conduct thorough testing of PARP functions in vivo. In most cases, the
results from genetic and pharmacological approaches are consistent with and com-
plement each other. For example, maintaining genomic stability is among many
functions attributed to PARP. It is based on an early experiment that demonstrated
elevated sister chromatid exchange rates when PARP was inhibited.? In cells derived
from the PARP~- mice, both the basal and the alkylating agent-enhanced levels of
sister chromatid exchange were significantly elevated.’¢3° Early studies also indi-
cated PARP inhibitors could serve as sensitizers to enhance killing of cancer cells
and other rapidly growing cells by alkylating agents or 7y irradiation.”>? Recent
experiments confirmed that PARP-- embryonic stem cells were more susceptible to
high doses of 7 irradiation and methyl methanesulfonate, and the survival rate of
PARP- mice dropped drastically after exposure to a genotoxic dose of 7y irradiation
or N-methyl-N-nitrosourea.36:+?

The PARP knockout mice also have been used extensively either to confirm or
to explore the role of PARP activation in various animal models of human diseases.
One of the early implications for its role in pathogenesis came from the finding that
PARP activation was the culprit of streptozotocin-induced diabetes, an animal model
to study type 1 diabetes.”” In B-islet cells, free radicals derived from streptozotocin
catabolism damaged DNA and activated PARP. Consequently, depletion of NAD
due to PARP activation prohibited the release of insulin and led to cell death, as
PARP inhibitors such as nicotinamide and 3-aminobenzamide prevented stretptozo-
tocin toxicity.”® Three groups have now independently replicated the studies in PARP
knockout mice, and all demonstrated that PARP gene deletion renders mice resistant
to B-islet cell destruction and hyperglycemia after streptozotocin treatment.3%434¢ In
the nervous system, PARP activation was found to mediate glutamate excitotoxicity
and neurotoxicity elicited by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
and B-amyloid peptide.”- 92 The in vitro discovery led to findings that in rodent
models of both permanent and transient cerebral focal ischemia, PARP inhibitors
achieved substantial reduction of infarct volume.848%103-107 Pogtischemia treatment
with PARP inhibitors was also found to be highly effective.?417.1% Complementary
to the pharmacological intervention studies, PARP knockout mice were highly resis-
tant to neural damage after being subject to transient brain ischemia.?’* Together,
these studies offered compelling evidence that PARP activation mediates neuronal
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death during ischemia and validated targeting PARP for neuroprotection. In one
rodent model of MPTP-induced Parkinson’s disease, dopamine neurons in the sub-
stantia nigra in PARP~- mice could survive MPTP toxicity while most of those
neurons in the wild-type littermates were degenerated.'® Indeed, PARP inhibitors
offered effective neuroprotection in MPTP-treated mice.!'® In other rodent models
of traumatic brain injuries, PARP inhibition significantly ameliorated neural damage
and PARP gene deletion offered significant functional benefit in motor skills and
learning.®!" PARP activation mediated ischemia-reperfusion injury was also found
in other organs, e.g., in heart and muscle, suggesting a general role for PARP in
free radical—elicited necrotic cell death.'!!2 PARP-- mice or hearts prepared from
them were spared of myocardium and preserved myocardial functions after being
subject to ischemia.!'3!'> Although the in vitro cardioprotective effects of PARP
inactivation could largely be attributed to preservation of cellular energy, part of
the in vivo effects could be due to the additional role of PARP in mediating
upregulation of P-selectin and ICAM-1, two key proteins essential for lymphocytes
activation.'!3!* By suppressing neutrophil recruitment, PARP inhibition may pro-
vide strong anti-inflammatory effects. Indeed, inflammation was attenuated when
the PARP knockout mice were subject to systemic multiple organ failure, and
mucosal injury in colitis.!!®117

In summary, experiments with the PARP knockout mice have yielded definitive
evidence that PARP activation is responsible for tissue damage or degeneration in
a broad spectrum of disease models. Taken together with pharmacological studies,
the results have validated targeting PARP inhibition as a potentially effective means
to ameliorate various diseases. In animal models, PARP inhibitors have already
demonstrated remarkable efficacy in treating injuries due to ischemia—reperfusion
or inflammation.

13.7 CONCLUSION

The biological roles of PARP have largely been deduced from the consequences of
eliminating PARP activity on cellular functioning. Both genetic manipulation and
pharmacological intervention have been instrumental in elucidating the involvement
of PARP in maintaining genomic integrity, facilitating DNA repair, and participating
in apoptosis. PARP knockout mice have contributed to the understanding of PARP
activation in mediating a broad spectrum of diseases. The dual approaches have been
essential in proving the principle of targeting PARP as a novel means to develop
therapeutic treatment. Genetic manipulation such as expression of dominant-negative
mutant or PARP antisense RNA may serve as a first step toward gene therapy to
combat chronic diseases due to PARP activation. The remarkable protective effects
that PARP inhibitors afford in animal models of diseases hold strong potentials for
further drug development to treat ischemia—reperfusion tissue damage and inflam-
mation-related injuries.
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14.1 INTRODUCTION

Until recently, poly(ADP-ribose) (pADPr) was known to be synthesized by the
nuclear enzyme poly(ADP-ribose) polymerase (PARP). Studies in the last 2 years
have reported the presence of several PARP-like proteins in mammalian cells, sug-
gesting the extent and complexity of poly(ADP-ribosyl)ation reactions.'”> Three
members of this new family of enzymes have been shown to carry out pADPr
synthesis. A 140-kDa human enzyme named tankyrase (due to its similarity to
ankyrins and the catalytic domain of PARP) is suggested to be associated with
telomeres.! A 62-kDa enzyme with homology to the catalytic domain of PARP has
been described to synthesize pADPr in the presence of DNA strand breaks.* We
have also isolated a 55-kDa enzyme that synthesizes pADPr in a manner independent
of DNA strand breaks.’

The DNA nick sensor protein PARP catalyzes the synthesis of pADPr from [3-
NAD in response to DNA strand breaks. This 113-kDa protein is organized into
three functional domains. The 42-kDa N-terminal DNA binding domain (DBD)
contains the two zinc fingers responsible for the binding function of the DNA breaks.
The 16-kDa automodification domain contains amino acid residues to which pADPr
is covalently linked. The 55-kDa catalytic C-terminal domain is responsible for the
initiation, elongation, and branching of pADPr.%7 On the other hand, pADPr catab-
olism is achieved by poly(ADP-ribose) glycohydrolase (PARG). This enzyme was
recently found to be a 110-kDa protein®® displaying a predominantly cytoplasmic
distribution.*!°

Many laboratories have made significant efforts to establish procedures that
permit studies on the involvement of pADPr in different features of cell functions
such as DNA repair, recombination, transcription, and cell death. In the last two
decades, we have been studying pADPr metabolism in in vitro models and cellular
systems. Our laboratory has been actively involved in the establishment and improve-
ment of several methods to study pADPr synthesis and catabolism. Among these
are purification of PARG!! and PARP;!>!3 detection of PARP by activity Western
blot'* and enzyme-linked immunosorbent assay (ELISA);!? and detection of PARG
by activity zymogram.®!> Recently, we established methods for the detection and
characterization of pADPr using specific antibodies: determination of the cellular
level of pADPr by immunodot-blot and ELISA;!'%!7 analysis of pADPr size using
high-resolution gel electrophoresis followed by immunoblotting;'” and detection of
pADPr using flow cytometry analysis.!”

This chapter summarizes the main methods used to study pADPr metabolism and
PARP detection with particular emphasis on common techniques that could be adopted
to analyze pADPr synthesis and PARP cleavage during cell death (Figure 14.1).
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FIGURE 14.1 Schematic representation of the different techniques used for the determination
of PARP activation and cleavage during cell death.

14.2 PROCEDURES

14.2.1 DETERMINATION OF NAD LEvEL

NAD, the substrate of PARP, is largely decreased during excessive DNA damage.
The depletion of this molecule was suggested to induce ATP depletion and cell
death'® (see Introduction). Thus, NAD level determination could give valuable infor-
mation regarding the role of PARP in cell death during excessive DNA damage.
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14.2.1.1 Extraction and Purification of NAD

NAD extraction and purification were done as described in the original method' as
modified by us.? After drug treatment, the cells (2 to 10 x 10°) were rapidly washed
with cold HEPES-saline buffer (10 mM HEPES, pH 7.4; 140 mM NaCl; 7 mM KClI;
6 mM glucose) and were kept on ice for 15 min with 1 ml of 20% TCA. Attached
cells were harvested by scraping, rinsed with another milliliter of 20% TCA, and
pooled with the previous fraction. The TCA pellet was collected by centrifugation
at 1800 g for 10 min at 4°C and processed for pAPDr analysis (Section 14.2.2). The
TCA soluble fraction was diluted with 0.25 M ammonium acetate (pH 9.0) and was
adjusted to pH 9.0 with ammonium hydroxide. The NAD purification was performed
using the dihydroxyboronyl Bio-Rex (DHBB) anion exchange chromatography. This
affinity resin was synthesized according to Wielckens et al.?! as modified by us.?°
The purification of NAD was done by using 1 ml of resin (0.5 ml packed resin) in
an Econocolumn (Bio-Rad). The resin was washed twice with 5 ml of 0.25 M
ammonium acetate (pH 9.0). After loading of the samples (two times), the resin was
washed twice with 10 ml of 0.25 M ammonium acetate (pH 9.0). The elution of the
NAD was done using 4 ml of water prewarmed at 37°C (4 x 1 ml).

14.2.1.2 Determination of NAD by Cycling Assay

The assay was done according to Bernofsky and Swan,?? which was adapted to be
used as a microassay.’® Samples or known amounts of NAD (50 ul) (standard curve,
0 to 30 pmol/well) were dispensed in each well of a polystyrene, flat-bottomed, 96-
well microplate. Freshly made reagent mixture (100 pl) containing at the final
concentrations, 100 mM bicine (pH 7.8), 500 mM ethanol, 4.17 mM EDTA, 0.8
mg/ml bovine serum albumin (BSA), 0.42 mM phenylmethylsulfonylfluoride, 3-
[4,5-dimethylthiazol-2-y[]-2,5 diphenyltetrazolium bromide (MTT), 1.66 mM phena-
zine ethosulfate (PES), was added to the wells. The reaction was initiated by addition
of 20 pul (2 U) of alcohol dehydrogenase (EC 1.1.1.1) prepared in 100 mM bicine
(pH 7.8). The incubation was done for 30 min at 30°C in the dark and the absorbance
was read at 490 nm with a microplate reader (Model EL 340, Bio-Tek Instruments).
A correlation coefficient of 0.99 was usually obtained for the standard curve, which
was used for NAD determination. The absorbance could also be read at 550 nm as
described by Shah et al.?° The NAD could also be determined directly after PCA
precipitation, without its purification on DHBB resin, according to the method
described by Jacobson.?® Briefly, the PCA soluble fraction (3 ml) was adjusted to
pH 7.5 by adding 1.5 ml of 1 M KOH, 0.33 M K,HPO,-KH,PO, (pH 7.5), and kept
on ice for 15 min. The KClO, precipitate was removed by centrifugation at 2000 g
for 15 min at 4°C. The final supernatant was frozen until use.

14.2.1.3 Determination of NAD by HPLC

An anion exchange high-pressure liquid chromatography (HPLC) was used to mea-
sure the cellular amount of NAD according to Alvarez-Gonzalez et al.>* NAD was
resolved from the other residual products of the DHBB eluate using a Partisil SAX
column (10 pm, 250 x 4.6 mm) preceded by a guard column (75 X 2.1 mm)
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containing the same resin. The NAD was eluted isocratically with 50 mM
K,HPO,~KH,PO, (pH 4.7) at the flow rate of 1.0 ml/min. The absorbance was read
at 254 nm and the peak area was integrated to calculate the amount of NAD using
a standard curve of known quantities of NAD.

14.2.2 DETERMINATION OF PADPR

Analysis of pADPr provides direct proof of its presence in cell and tissue samples.
The level of pADPr in untreated cells is usually very low, approximately 2 to 10
pmol/mg of DNA.? This basal level of pADPr could be ascribed to PARP as well
as to other pADPr-synthesizing enzymes. In contrast to wild-type cells, PARP-
deficient cells exhibit a feeble synthesis of pADPr in response to DNA damage.?¢
This suggests that PARP is the main enzyme responsible for pADPr synthesis in
response to DNA strand breaks caused by DNA-damaging agents. In the case of the
excessive DNA damage associated with pathological conditions, pADPr synthesis
would be an accurate marker for the detection of PARP activation (see Introduction).

The main problem with the estimation of pADPr levels in cells is its occurrence
in low amounts. In fact, picomolar amounts of pADPr are purified from micromolar
amount of other nucleic acids. Thus, investigations on pADPr metabolism have been
restricted by the scarcity of methods available to determine pADPr levels and its
size in cells and tissues. Poly(ADP-ribosyl)ation has been extensively investigated
with isolated nuclei or permeabilized cells. The main drawback of these approaches
is the loss of cellular integrity. In fact, these nonphysiological conditions give very
high amounts of pADPr and nonspecific poly(ADP-ribosyl)ation of proteins.?”-?8 For
example, permeabilized keratinocytes displayed a 400-fold higher pADPr amount
than intact cells,” probably due to the release of PARG and also to DNA breaks
introduced during permeabilization.

To overcome these difficulties, other methods that permit the qualitative and/or
quantitative determination of pADPr have been established. Among these methods,
radiolabeling of the cellular NAD pool with *H-adenine'® and conversion of pADPr
to fluorescent derivatives® have been described. Following PCA or TCA precipita-
tion of poly(ADP-ribosyl)ated proteins, the acid insoluble fraction was further used
to purify the pADPr, which was digested to adenosine (Ado), ribosyladenosine
(RAdo), and diribosyladenosine (R,Ado). These nucleosides were resolved by HPLC
and the radioactivity or the fluorescence was determined in each fraction to estimate
the amount of pADPr. Although these methods give an accurate estimation of pADPr,
they are difficult to perform for routine determination. Recently, we established
nonisotopic and simple techniques for pADPr detection in intact cells.!!7 These
methods allow the quantification of pADPr and could be used for its determination
in a large number of samples.

14.2.2.1 Isolation of pADPr Following Cellular Radiolabeling

This procedure described by Aboul-Ela et al.!” was modified as reported by Shah et
al.?0 As the cells are not permeable to NAD, tritiated adenine that is incorporated in
the intracellular pool of NAD was used for pADPr radiolabeling. Cells (2 to 10 X
10°) were incubated for 16 h in 5 ml of fresh complete medium containing 20 MCi/ml
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of 3H-adenine (*H-Ade; 30 Ci/mmol). After drug treatments in fresh complete
medium, the TCA-insoluble fraction was obtained as described (Section 14.2.1.1).
The protein-bound *H-pADPr in the TCA pellet was dissolved in 0.2 ml of formic
acid and diluted with 3.7 ml of water. BSA (1 mg) and cold pADPr (1 nmol) were
added before precipitation with 1 ml of 100% TCA (4°C, 15 min) and centrifugation
at 1800 g for 10 min at 4°C. Addition of BSA increases the precipitation of proteins.
The exogenous pADPr allows detection of its digestion products (absorbance at 254
nm) and calculation of the yield. The TCA pellet was further resuspended in 1 ml
of 250 mM ammonium acetate, 6 M guanidine hydrochloride, 10 mM EDTA (pH
6.0) (AAGES6). *H-pADPr was separated from the proteins by incubation at 37°C
for 2 h with 1 ml of 1 M KOH, 50 mM EDTA with periodic vortexing. Incubation
at this temperature prevents possible *H exchange, which could result in underesti-
mation of pADPr amounts. The resulting sample was completed to 10 ml with
250 mM ammonium acetate, 6 M guanidine hydrochloride, 10 mM EDTA (pH 9.0)
(AAGED9), and adjusted to pH 9.0 with HCI. The pADPr was then purified by DHBB
chromatography (Section 14.2.2.3). The TCA supernatant was used for the purifi-
cation of NAD (Section 14.2.1.1). The total amount of NAD was determined by
cycling assay (Section 14.2.1.2), and the SH-NAD was resolved and determined by
HPLC (Section 14.2.1.3). The radioactivity of NAD was used to estimate the specific
activity of NAD, which was then used to calculate the amount of pADPr.

14.2.2.2 Isolation of pADPr from Cells and Tissue for
Nonisotopic Detection Methods

The pADPr was isolated from the cells essentially according to the radiolabeling
method (Section 14.2.2.1), except that the radiolabeling and formic acid precipitation
step (addition of BSA and cold-pADPr) were omitted. After drug treatments and
TCA precipitation, the pellet was washed twice with ethanol and resuspended in 1
ml of AAGE6. The pADPr was separated from the proteins by incubation at 60°C
for 1 h with 1 ml of 1 M KOH, 50 mM EDTA. The fraction obtained was completed
to 10 ml by AAGE9 and purified by DHBB chromatography (Section 14.2.2.3).
The polymer was isolated from tissues by using a modified method?® previously
described by Jacobson et al.?? The tissue (= 300 mg) was powdered in liquid nitrogen
using a mortar and pestle. The resulting material was transferred to a polypropylene
tube and homogenized in 20 ml of 1 N PCA using a polytron homogenizer at
maximum speed for 30 s (twice). The PCA insoluble material was precipitated for
1 h at 4°C and recovered by centrifugation at 1000 g for 15 min at 4°C. The PCA
soluble fraction (5 ml) was neutralized with 2.5 ml of 2 N KOH; 0.33 M
K,HPO,~KH,PO, (pH 7.5). After removing of KCIO, precipitate by centrifugation
at 2000 g for 15 min at 4°C, the supernatant was frozen at —20°C until NAD analysis
(Section 14.2.1.2). The PCA insoluble pellet containing poly(ADP-ribosyl)ated pro-
teins was washed twice in ethanol (-20°C) and diethyl ether (—20°C). Dispersion
with polytron during the washes allowed the removal of residual PCA. The pellet
was dried and stored at —70°C until use. The pADPr was released from protein by
alkali digestion in 10 ml of 1 M KOH, 50 mM EDTA at 60°C for 90 min with
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periodic vortexing and completed with 14 ml of AAGE 9 (the pH was adjusted to
9.0 with HCl). Complete dissolution of the pellet before alkali treatment is required
for efficient pADPr detachment from proteins. The fraction obtained was used for
DHBB purification of pADPr (Section 14.2.2.3).

14.2.2.3 Purification of pADPr by DHBB

DHBB resin (0.5 ml of packed resin) was poured into a 10 ml Econocolumn and
sequentially washed with 5 ml AAGE9, 10 ml water, and 10 ml AAGE9. The samples
containing pADPr were passed twice through the DHBB resin. The column was
washed with 8 ml of AAGEY (three times) followed by 5 ml of 1 M ammonium
acetate (pH 9.0) (two times). The pADPr was eluted with 4 ml of water prewarmed
at 37°C (4 x 1 ml). The DHBB eluate was lyophilized and frozen until use. For
tissue samples, some modifications of the purification procedure were made to
increase the yield of pADPr.2°

A known amount of 3?P-automodified PARP synthesized according to Brochu
et al.3® can be added to separate samples of acid-insoluble fraction before alkali
treatment. This operation allows the calculation of the percentage of pADPr recov-
ered after alkali treatment, DHBB purification, and the subsequent analysis steps.

14.2.2.4 Determination of pADPr by HPLC

Unlabeled and *H-pADPr eluted from DHBB were digested to nucleosides which
were quantified by HPLC as originally described® and modified by us.? Briefly, the
polymer samples were incubated at 37°C for 2 h with 25 U of RNase A (EC 3.1.27.5)
prepared in 10 mM Tris (pH 7.4), 1 mM EDTA, to digest any contaminating RNA.
The presence of RNA could affect the efficiency of the digestion of pADPr by the
enzymes used at the following step. pADPr was then digested at 37°C overnight
with 0.25 U of snake venom phosphodiesterase (EC 3.1.4.1) and 2.5 U of bacterial
alkaline phosphatase (EC 3.1.3.1) to form Ado,RAdo, and R,Ado. These nucleosides
were resolved isocratically by HPLC on a C,; reverse-phase column (5 pum, 4.6 X
250 mm) and eluted at room temperature using 7 mM ammonium formate (pH 5.8),
6% methanol at flow rate of 1 ml/min. RAdo represents the main digestion product
of pADPr. Its isolation and determination permits quantification of pADPr. The
endogenous RAdo amount was estimated from radioactivity present in the *H-RAdo
peak and from the specific activity of the *H-NAD pool in the cells.

For the pADPr isolated without radiolabeling, HPLC detection was done fol-
lowing the formation of fluorescent derivatives of the obtained nucleosides as
described by Jacobson et al.?® Briefly, the nucleoside RAdo was incubated in 0.5 ml
of 1 M sodium citrate (pH 4.5), 1 M chloroacetaldehyde at 60°C for 4 h in the dark
before HPLC separation, which is coupled to fluorescence detection.

Figure 14.2 represents an HPLC isolation of 3H-RAdo derived from *H-pADPr
synthesized in C3H10T1/2 cells treated with heat shock, which induces pADPr
accumulation in the cells. The peak of Ado is derived from the pADPr termini and
possibly from contaminating RNA. Considering the amount of the exogenous pADPr
recovered, the yield of cellular pADPr is approximately 70%.
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FIGURE 14.2 HPLC separation of 3H-RAdo derived from *H-pADPr synthesized in
C3H10T1/2 cells treated with heat shock at 42°C for 30 min.

14.2.2.5 Determination of pADPr by the Immunodot Blot
Method

This nonisotopic immunodetection method of pADPr was recently developed by
us.'® The procedure is based on the fixation of pADPr on a positively charged
membrane followed by its specific detection with anti-pADPr antibodies. The
DHBB-purified pADPr was diluted in 0.4 M NaOH containing 10 mM EDTA and
loaded on the Hybond N+ nylon membrane (Amersham Life Science) using a dot
blot manifold system (Life Technologies). The membrane was then washed once
with 0.4 M NaOH, removed from the manifold, and kept in water for further
processing. The membrane was saturated in PBS-MT (phosphate-buffered saline,
pH 7.4, containing 5% nonfat dried milk and 0.1% Tween 20) then incubated with
the first anti-pADPr antibody. The membrane was washed with PBS-MT and incu-
bated with a peroxidase-conjugated antimouse or antirabbit IgG secondary antibody
(Jackson Immunoresearch). The blot was again washed with PBS-MT followed by
washes in PBS prior to analysis by chemiluminescence using the Chemilumines-
cence Reagent Plus kit (Dupont NEN) or Super Signal Ultra (Pierce). As a large
amount of long and branched pADPr is obtained during its synthesis by purified
PARP, the pADPr used for the standard curve was prepared from C3H10T1/2 cells
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treated with N-methyl-N’"-nitro-N-nitrosoguanidine (MNNG) after labeling with
3H-Ade. Because of the action of PARG in the cells, the size distribution of this
pADPr population would be similar to that obtained in other cell types. Due to the
heterogeneity of pADPr, its concentration is expressed as ADP-residue equivalents.

Polymer synthesized by purified PARP or in cultured cells was purified on DHBB
resin and detected by anti-pADPr antibodies (Figure 14.3). It could be seen that the
chemiluminescence signal was obtained with femtomolar concentrations of pADPr
(Panel A). Panel B shows the pADPr synthesized in C3H10T1/2 cells in various
conditions. Heat-shock treatment increases pADPr accumulation by inhibiting
PARG.3"32 The DNA-damaging agent MNNG induces pADPr synthesis following
the formation of DNA strand breaks. By using *H-pADPr for a standard curve, the
cellular level of pADPr was estimated in C3H10T1/2 following treatments with
MNNG and menadione (Panel C). Short pADPr less than six residues has a weak
binding capacity for the membrane and is thus lost during the immunodetection steps.

14.2.2.6 Determination of pADPr by Enzyme-Linked
Immunosorbent Assay

The assay was done as described by us.!” Microplates (Falcon 3912) were coated
overnight at 4°C with 1 pug/ml of poly-L-lysine made in PBS-T, (PBS, pH 7.4,
containing 0.05% Tween 20). The plates were washed with PBS before the addition
of pADPr prepared in 50 mM carbonate/bicarbonate buffer (pH 7.5) and incubated
overnight at 37°C. The wells were washed with PBS-T,, saturated for 1 h with PBS-
MT, (PBS-T, containing 1% nonfat powdered milk) and incubated with the first
anti-pADPr antibody. After several washes with PBS-T,, the immune complex was
incubated with a peroxidase-conjugated secondary antibody for 30 min. The wells
were washed with PBS-T,; then PBS, and detection was done with a 2,2’-azino-
bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)/H,0, solution. The absorbance
was read at 405 nm using a microplate reader. The pADPr used for the standard
curve was prepared as described (Section 14.2.2.5).

14.2.2.7 High-Resolution Gel Electrophoresis and
Immunodetection of pADPr

Vertical electrophoresis of pADPr was carried out according to Alvarez-Gonzalez
and Jacobson.* A 20% acrylamide gel (20 x 20 x 0.15 cm; acrylamide:bis-acryla-
mide (19:1) in 80 mM Tris-borate (pH 8.0) containing 2 mM EDTA, 0.07% ammo-
nium persulfate, and 0.05% TEMED) was prerun in 42 mM Tris-borate (pH 8.3),
1.2 mM EDTA for 1 to 2 h at 400 V before loading the samples. Polymer samples
were dried in a speed vac and resuspended in 10 ul of the loading buffer (50% urea,
25 mM NaCl, 4 mM EDTA, 0.02% xylene cyanol, and 0.02% bromophenol blue).

Electrophoretic resolution of pADPr was followed by its transfer onto a hybond
N+ membrane in 35 mM Tris-borate (pH 8.3) and 1 mM EDTA using a transblot
electrophoresis transfer apparatus (Bio-Rad). The transfer was performed at 0.4 A
for 1.5 h at room temperature. After the transfer, the membrane was dried and pADPr
was cross-linked on the membrane for 5 min using an ultraviolet (312 nm) transil-
luminator apparatus (Fisher Scientific). After pADPr fixation, the membrane was
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FIGURE 14.3 Detection of pADPr by the dot-immunoblot technique, using anti-pADPr
antibody. (A) Various femtomolar amounts of pADPr synthesized in vitro were loaded onto
a positively charged membrane and detected with LP96-10 antibody (dilution, 1/5000). (B)
Polymer synthesis from 4 x 10* C3H10T1/2 cells subjected to heat shock at 45°C for 30 min
and/or treated with 64 uM MNNG for 30 min was detected with the LP96-10 antibody
(dilution, 1/5000). (C) Quantification of pADPr levels in C3H10T1/2 cells treated with
100 uM MNNG (squares) or 100 uM menadione (circles). (From Affar, E. B. et al., Anal.
Biochem., 259, 280, 1998.)

saturated with PBS-MT for 1 h and processed for immunodetection as described
(Section 14.2.2.5).

The results presented in Figure 14.4 show the immunodetection of pADPr
synthesized with purified PARP (Panel A) or following treatment of C3H10T1/2
cells with MNNG (Panel B). Most pADPr sizes were detected except short pADPr
below 8 mers. Due to its weak binding to the membrane, this class of pADPr is lost
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FIGURE 14.4 Immunodetermination of pADPr sizes by polyacrylamide gel electrophosis
and immunoblotting. Poly(ADP-ribose) synthesized in vitro (A) or from intact cultured cells
treated with MNNG (B) was resolved by polyacrylamide gel electrophoresis and transferred
onto a positively charged membrane before blotting with the anti-pADPr antibody, LP96-10
(dilution 1/5000). (From Affar, E. B. et al., Biochim. Biophys. Acta, 1428, 137, 1999. With
permission from Elsevier Science.)

during washing of the membrane for immunodetection. Using the LP96-10 anti-
pADPr antibody, quantities of 1 pmol of pADPr isolated from C3H10T1/2 were
immunodetected. We noticed that with this technique the 10H anti-pADPr antibody
failed to detect pADPr below 25 mers.

14.2.2.8 Silver Stain of pADPr

Determination of pADPr chain length by silver staining has been described by
Hacham and Ben-Ishai.’* This method has recently been improved by Malanga et
al. for pADPr size quantification.?® The pADPr separated by high-resolution elec-
trophoresis is stained directly on the gel using a GELCODE color Silver Stain kit
(Pierce). Despite the fact that this procedure permits the detection of polymers up
to 3 mers, it is less sensitive than the immunodetection method. The results presented
in Figure 14.5 represent a silver stain coloration of various concentrations of pADPr
synthesized with purified PARP.

14.2.2.9 Detection of pADPr by Immunocytochemistry and
Flow Cytometry

For immunocytochemistry, cells grown on coverslips were washed following treat-
ments with cold PBS, fixed on ice in 3.7% formaldehyde for 15 min, washed with
PBS and permeabilized in PBS, containing 0.2% NP-40 for 15 min at room tem-
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FIGURE 14.5 Determination of pADPr sizes by silver staining. pADPr synthesized in vitro
was resolved by polyacrylamide gel electrophoresis and revealed by silver staining of the gel.

perature. After another washing with PBS, coverslips were saturated with PBS-MT
for 1 h and incubated overnight at 4°C with anti-pADPr antibody. Cells were washed
with PBS-MT prior to incubation for 30 min with fluorescein isothiocyanate (FITC)-
conjugated second IgG (Jackson ImmunoResearch). Coverslips were washed with
PBS and water after which they were dried. The mounting medium p-phenylenedi-
amine diluted in glycerol (0.1% final) was used to prevent fluorescence fading.

Analysis of pADPr by flow cytometry was recently described by us.!” The cells
were washed in cold PBS and fixed for 10 min using a cold mixture (-20°C) of
acetone—methanol (0.3/0.7 v/v). Immunodetection was performed according to the
protocol described for immunocytochemistry, except that between each step cells
were spun in a tabletop microcentrifuge for 20 s. The cells were analyzed on an
Epics Elite ESP cytometer (Coulter Electronics).

14.2.3 DetecTtioN OF PARP CLeAVAGE DURING CELL DEATH

PARP is cleaved during apoptosis into a 89-kDa and a 24-kDa fragment®-¥’ (see
Chapter 10 by Germain et al.). PARP cleavage is concomitant with the internucleo-
somal degradation of DNA and was observed in almost all cases of apoptosis. Due
to its high abundance, early cleavage, and the availability of specific antibodies,
detection of PARP cleavage is widely used as a specific marker for apoptosis. PARP
is also cleaved during necrosis into 50-, 40-, and 35-kDa fragments.’® Thus, the
differential cleavage of PARP during apoptosis and necrosis could be used to deter-
mine the mode of cell death.

14.2.3.1 Western Blotting Detection of PARP

Preparation of cell extracts was done as described previously.?’ After drug treatments,
cells were washed with ice-cold HEPES, lysed in reducing loading buffer (62.5 mM
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Tris-HCI, pH 6.8; 4 M urea; 10% glycerol; 2% SDS; 0.3% bromophenol blue; 5%
-mercaptoethanol) and sonicated to break the DNA. Samples were incubated at
65°C for 15 min before electrophoresis.

Tissue samples were prepared according to Shah et al.?® Briefly, tissues were
homogenized in ice-cold extraction buffer containing 50 mM glucose, 25 mM Tris-
HCI (pH 8.0), 10 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), and
0.5 pg/ml each of leupeptin, aprotinin, and antipain using a glass homogenizer with
a Teflon pestle. Fractions of the tissue extract were diluted in reducing loading buffer,
sonicated, and heated before electrophoresis.

For electrophoresis, a sample volume equivalent to 1 to 2 x 103 cells or 20 ug
of protein was loaded and resolved on an 8% polyacrylamide gel according to
Laemmli.* The electrophoresis was performed in running buffer (25 mM Tris,
192 mM glycine, 0.1% SDS) at 200 V for 30 min. Proteins were then transferred
onto a nitrocellulose membrane in transfer buffer (25 mM Tris, 192 mM glycine,
20% methanol) with constant stirring at 125 V for 60 min. After the transfer, the
membrane was stained with Ponceau S dye (0.1% Ponceau S, w/v; 5% acetic acid,
v/v) for 1 min and washed in deionized water. Molecular weight standards were
then identified. The nitrocellulose membrane was saturated in PBS-MT for 60 min
and incubated with the monoclonal C;;10 anti-PARP antibody in PBS-MT for time
ranging from 2 h to overnight. The membrane was washed in PBS-MT, incubated
with the peroxidase-conjugated second antibody for 30 min, and washed again with
PBS-MT. The blot was then washed in PBS, and PARP was revealed by a chemi-
luminescence kit.

Figure 14.6 shows an immunodetection of PARP in HL-60 cells treated with
etoposide, an inhibitor of topoisomerase II. It could be seen that a time-dependent
cleavage of PARP is obtained following the treatment. Similar results were obtained
for other cell types and treatments.

14.2.3.2 Activity Western Blot for PARP Detection

This technique allows the immunodetection of poly(ADP-ribose) synthesized fol-
lowing electrophoresis and renaturation of PARP on the membrane.'* This procedure

a 1 >
Etoposide &

S
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Time (h) 2:30 3:00 3:30 4:00 5:00 C
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FIGURE 14.6 Western blot detection of PARP and its 89-kDa apoptotic fragment. HL-60
cells were treated with apoptosis inducer, etoposide, for the indicated times. Following
treatment, 10 pug of cell lysates were resolved using 8% SDS-PAGE, transferred onto a
nitrocellulose membrane, and subsequently analyzed by immunoblotting for PARP cleavage
using the monoclonal anti-PARP C;;10 antibody (dilution 1/10,000).



318 Cell Death: The Role of PARP

can be used for the detection of PARP in many species, particularly when anti-PARP
antibodies are not available.

The preparation of samples and electrophoresis were carried out as for a regular
Western blot (Section 14.2.3.1). After electrophoresis, the gel was incubated at 37°C
for 1 h in running buffer containing freshly added 0.7 M B-mercaptoethanol. This
treatment is necessary to avoid cross-linking between proteins. Proteins were then
transferred onto a nitrocellulose membrane as described (Section 14.2.3.1). Pre-
stained or biotinylated molecular weight standards were used to avoid staining under
acidic conditions, which could destroy the polymerase activity. The membrane was
incubated for 1 h at room temperature in renaturation buffer (50 mM Tris-HCl, pH
8.0; 100 mM NaCl; 1 mM DTT; 0.3% Tween 20; 2 mM MgCl,; and 20 uM Zn (II)
acetate). After this step, the membrane was incubated in renaturation buffer contain-
ing 100 uM of NAD. After pADPr synthesis step, the blot was washed in renaturation
buffer without MgCl,, Zn (II) acetate, and DNA. To remove pADPr noncovalently,
but strongly attached to others proteins, the membrane was washed in SDS buffer
(50 mM Tris-HCI, pH 8.0; 100 mM NaCl; 1 mM DTT; 2% SDS) as described.'* To
detect automodified PARP, Western blotting was done with anti-polymer antibodies
as described (Section 14.2.3.1).

Membranes were eventually erased to be reprobed with the same or other
antibodies according to the erasable Western blot technique described by Kaufmann
et al.** Briefly, membranes were washed in PBS-T (PBS containing 0.1% Tween
20) and incubated for 30 min at 65°C in stripping buffer (62.5 mM Tris-HCI, pH
6.8; 2% SDS; 100 mM B-mercaptoethanol freshly added). The membranes were
washed several times in PBS-T and processed as for a regular Western blot.

Figure 14.7 shows a detection of PARP and its 89-kDa apoptotic fragment by
Western and activity-Western blotting. Blot A represents the immunodetection of
PARP purified from bovine thymus or PARP from HL-60 cells treated with etoposide
using C;;10 antibody. The same samples were used for activity blot in the absence
(Figure 14.7B) or in the presence of activated DNA (Figure 14.7C). Because the
addition of activated DNA results in increased automodification of the full-length
enzyme but not the 89-kDa fragment, it could be omitted if comparison between
PARP and its fragments is required.

ABBREVIATIONS

The abbreviations used are AAGE6, 250 mM ammonium acetate, 6 M guanidine
hydrochloride, 10 mM EDTA (pH 6.0); AAGEY, 250 mM ammonium acetate, 6 M
guanidine hydrochloride, 10 mM EDTA (pH 9.0); ABTS, 2,2’-azino-bis(3-ethylben-
zthiazoline-6-sulfonic acid); Ado, adenosine; BPB, bromophenol blue; BSA, bovine
serum albumin; DBD, DNA binding domain; DHBB, dihydroxyboronyl Bio-Rex;
DTT, dithiothreitol; ELISA, enzyme-linked immunosorbent assay; HEPES, N-[2-
hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid]; HPLC, high-performance lig-
uid chromatography; PES, phenazine ethosulfate; PMSF, phenylmethylsulfonyl flu-
oride; MNNG, 1-methyl-3-nitro-1-nitrosoguanidine; MTT, phenylmethylsulfo-
nylfluoride, 3-[4,5-dimethylthiazol-2-y/]-2,5-diphenyltetrazolium bromide; NAD,
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FIGURE 14.7 Activity western blot detection of PARP. Purified PARP (120 ng) (lane 1) and
cells extracts (1.5 x 10* cells) from control (lane 2) or apoptotic HL-60 cells (lane 3) were
electrophoresed and transferred onto a nitrocellulose membrane. PARP was revealed using
the monoclonal anti-PARP antibody C,;10 (A) or by activity Western blot using the 10H anti-
pADPr antibody. pADPr synthesis was done either in the presence of NAD alone (B) or in
the presence of NAD and activated DNA (C). (From Shah, G. M. et al., Anal. Biochem., 232,
251, 1995.)

nicotinamide adenine dinucleotide; PARP, poly(ADP-ribose) polymerase; PARG,
poly(ADP-ribose) glycohydrolase; pADPr, poly(ADP-ribose); PBS, phosphate-buff-
ered saline; PBS-MT, PBS (pH 7.4) containing 5% nonfat dried milk and 0.1%
Tween 20; PBS-T,, PBS (pH 7.4) containing 0.05% Tween 20; PBS-MT,, PBS-T,
containing 1% nonfat powdered milk; PBS-T, PBS containing 0.1% Tween 20; PCA,
perchloric acid; RAdo, ribosyl adenosine; R,Ado, diribosyl adenosine; TCA, trichlo-
roacetic acid; XC, xylene cyanol.
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15.1 INTRODUCTION

Poly(ADP-ribose) polymerase 1 (PARP-1), discovered more than 30 years ago, was
thought until recently to be solely responsible for the synthesis of ADP-ribose
polymers in animal cells. The recent identification of multiple proteins with PARP
activity! dictates careful reevaluation of the roles of PARP-1 in cell death. Further,
the newly discovered members of the PARP family need to be considered for
potential involvement in cell death signaling pathways. All of the members of the
PARP family have a catalytic domain that contains highly conserved residues
referred to as a PARP signature sequence.? Table 15.1 compares some of the other
properties of the emerging family of PARP proteins.

15.2 PARP-1

The function of PARP-1 has long been closely linked to cell death responses to
genotoxic stress. Early studies demonstrated that PARP-1 and poly(ADP-ribose)
glycohydrolase (PARG) catalyze opposing arms of ADP-ribose polymer cycles with
kinetics that result in a very transient existence of individual polymer molecules.?
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The kinetics of ADP-ribose polymer cycles suggested that they participate in stress
signaling functions. The ability of PARP-1 to deplete a large fraction of the cellular
NAD pool provided a possible mechanism by which energy metabolism regulates
cell death pathways.*> From structural studies, we have learned that the common
factor of genotoxic stress that activates PARP-1 is the recognition of DNA strand
breaks by the double-zinc-finger DNA-binding domain of PARP-1, which in some
way leads to rapid activation of the catalytic domain of the enzyme.? Studies dem-
onstrating that PARP-1 inhibitors or molecular genetic approaches to inactivate
PARP-1 could modulate cell death following genotoxic stress have led to the pos-
tulated roles of PARP-1 in the cell death pathways of apoptosis and necrosis.®

The availability of animals and cells in which the PARP-1 gene has been
disrupted has greatly facilitated understanding of PARP-1 function in cell death.”8
The picture emerging from PARP-1 knockout (KO) cells and animals is that PARP-
1 can serve as either a survival factor or as an effector of cell death following
genotoxic stress.® For example, PARP-1 KO animals and cells derived from them
show decreased survival following treatment with alkylating agents and v irradia-
tion. Under these conditions, PARP-1, functioning in concert with other DNA
damage response checkpoint proteins, appears to promote cell survival by halting
cell cycle progression and activating DNA damage repair pathways.? In contrast to
the increased sensitivity to alkylating agents and 7y irradiation, PARP-1 KO animals
are highly resistant to the damaging effects of oxidative stresses.® The involvement
of PARP-1 in the promotion of cell death following oxidative stresses can occur by
at least two possible mechanisms. In one case, excessive DNA damage results in
hyperactivation of PARP-1, resulting in depletion of the cellular NAD pool to the
extent that impaired energy metabolism leads to cellular necrosis. In the second
mechanism, PARP-1 functions in signaling pathways that promote cell death by
apoptosis. Most studies have attributed the oxidative stress resistance of PARP KO
animals to the absence of PARP-1-mediated necrosis. A number of studies have
demonstrated that PARP-1 mediates some pathways of apoptosis.” Therefore, the
role of PARP-1 in effecting apoptosis vs. necrosis following oxidative stress needs
to be examined. The function of PARP-1 as an effector of cell death has both positive
and negative consequences for the organism. PARP-1 functions to maintain the
genomic integrity of the organism in cases where cell death is promoted in cells that
might undergo malignant transformation. On the other hand, in conditions such as
ischemia—reperfusion injury, the PARP-1 death effector function threatens the life
of the organism.

15.3 TANKYRASE

The availability of PARP-1 KO animals has contributed to a major paradigm shift
in understanding of ADP-ribose polymer metabolism. The demonstration that cells
with a disrupted PARP-1 gene retain the ability to synthesize ADP-ribose polymers!'®
suggested the presence of additional enzyme(s) with PARP activity. Indeed, this has
proved to be the case. The discovery that chromosome termini (telomeres) containing
a unique PARP activity brings new perspective for the involvement of ADP-ribose
polymer cycles in modulating cell cycle regulation and cell death.!" Tankyrase is a
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protein that has a catalytic domain homologous to PARP-1; however, its overall
domain structure is vastly different. In sharp contrast to PARP-1, tankyrase does not
appear to require DNA for activity. Thus, the discovery of tankyrase provided the
first example for involvement of ADP-ribose polymer cycles in functions unrelated
to genotoxic stress responses. Telomeres are the terminal regions of chromosomes
that contain unique repetitive DNA sequences and G-rich single-stranded overhangs
that are stabilized by the telomere specific proteins TRF1 and TRF2.!? Telomere
maintenance is closely linked to pathways of cell death. Because of the single-strand
overhangs, telomeres cannot be replicated completely by the replication machinery
responsible for overall chromosome replication. Telomere length can be extended
by action of a cellular reverse transcriptase termed telomerase, but most normal
human tissues do not contain this activity.'>!¢ Thus, in most cells, chromosome
telomeres shorten with each round of replication, resulting in telomere erosion.'*
Telomere erosion leads to cellular senescence and induction of cell death when
telomeres shorten to the point that a stable telomere structure cannot be maintained.
Senescence and induction of cell death are attributed to the detection of eroded
telomeres by DNA damage checkpoint proteins like p53,'* which leads to prolonged
cell cycle blocks and induction of apoptosis.

Until recently no clear vision of how telomeres escape detection by DNA damage
checkpoint proteins had emerged. Recently, a model for a telomere loop structure!?
has been proposed in which TRF1 binds to and aligns double-stranded telomere
DNA" into a structure (t-loop) that allows the G-rich overhangs to invade and form
a displacement loop (D-loop) with double-stranded telomere DNA. The formation
and/or stabilization of the D-loop is promoted by TRF2. In contrast to normal cells,
most cancer cells contain high levels of telomerase and thus maintain unlimited
proliferation potential by avoiding the cell death that results from telomere erosion.
When telomerase is present, the telomere loop structure also likely needs to be
disassembled and reassembled to allow telomere length maintenance in cancer cells.
Tankyrase provides a potentially interesting link to telomere maintenance and thus
to mechanisms of cell death in both normal and abnormal cells. In vitro, tankyrase
interacts with and catalyzes ADP-ribose polymer modification of the telomere-
specific protein TRF1. The telomere loop model suggests a role for tankyrase and
PARG in disassembly and reassembly of the loop structure to allow for telomere
replication and/or telomere length maintenance in cells containing telomerase.!
Tankyrase-catalyzed addition of negatively charged polymers to TRF1 could allow
disassociation of TRF1 from telomere DNA and disassembly of the loop. Likewise,
PARG-catalyzed degradation of TRF1-associated ADP-ribose polymers could result
in reassociation of TRF-1 and reassembly of the telomere loop. Limiting tankyrase
or PARG activity may result in cell cycle blocks since TRF-1 may not be removed
under these circumstances. While there is limited information on telomere replication
in higher organisms, it appears to be a late S-phase event. Several studies of PARP
inhibitors have shown them to cause late S and G, cell cycle blocks.!®2! The effects
of PARP inhibitors and substrate restriction on cell cycle progression need to be
reexamined in terms of possible effects on tankyrase. Further, studies of cell cycle
progression in PARP-1-disrupted cells and the construction of cell and animal models
with tankyrase disruption and genetic crosses between PARP-1 and tankyrase KO
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animals should provide interesting insight into the role of tankyrase in cell cycle
regulation and cell death.

15.4 PARP-2

A second link of ADP-ribose polymer metabolism to genotoxic stress has been
established by the discovery of a protein termed PARP-2.222* Like PARP-1, PARP-
2 is activated by DNA breaks, but it detects DNA breaks by a DNA-binding domain
very different from that of PARP-1.22 A human cDNA with high sequence homology
to PARP-2 also has been reported,? but the protein encoded by this cDNA has not
yet been shown to have PARP catalytic activity. Specific function(s) for PARP-2 are
not yet known, but its nuclear location and activation by DNA damage makes a role
in cell death a likely possibility. PARP-2 activation by genotoxic stress may represent
a signaling function distinct from that catalyzed by PARP-1. For example, PARP-2
may function in regions of chromatin (e.g., telomeres) where activation of PARP-1
must be avoided.

15.5 VAULT-PARP

A second link of ADP-ribose polymer metabolism to processes unrelated to genotoxic
stress has been provided by the discovery of a PARP activity in association with cell
structures known as vaults.? Vaults are large ribonucleoprotein complexes of unknown
function located primarily in the cytoplasmic compartment;?® thus the discovery of
Vault-PARP suggests that ADP-ribose polymer cycles are not restricted to the nucleus.
Like tankyrase, Vault-PARP does not require DNA for activity, but it contains a
domain that interacts with and modifies the major protein component of vaults (MVP).
A third protein component of vaults is TEP-1, which is also a component of the
telomerase complex. Functions of Vault-PARP are not known, but its association with
telomerase-associated proteins and its additional localization in mitotic spindles are
consistent with functions related to cell death—signaling pathways.

15.6 FINAL REMARKS

The presence of multiple PARPs dictates a careful reassessment of the modulation
of cell death by compounds that inhibit the activity of PARP-1. Most compounds
developed against PARP-1 act at or near the nicotinamide region of the NAD-binding
site of the enzyme; thus it is not surprising that commonly used PARP-1 inhibitors
also inhibit the other known PARPs.211:22.25 Tndeed, some of the differences observed
between the effects of PARP inhibitors and those observed in PARP-1 KO cells and
animals may reflect biological effects due to inhibition of one or more of the other
PARPs. The remarkable resistance of PARP-1 KO animals to myocardial infarction,
stroke, shock, diabetes, and neurodegeneration strongly reinforces the notion that
PARP-1 is an important player in cell death pathways. As seen in other contributions
to this book, PARP-1 has emerged as an important potential therapeutic target for
the modulation of cell death pathways. The discovery of multiple proteins with PARP



328 Cell Death: The Role of PARP

activity now makes it likely that the successful therapeutic targeting of PARP-1 for
the modulation of cell death will require the development of compounds that can
selectively inhibit PARP-1.
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aminobenzamide derivatives, 11, 12, 29, 32,
48,49,51-55, 66, 82,85-97,108-110,
140, 188, 212, 216, 255, 262, 280
BGP-15, 169-177
clinical uses of, 16-17,72-73,94, 117-119,
171, 199, 282, 294-295
Consensus structural requirements, 293-294
GPI-650, 14-15, 44, 48, 292
INH2BP, 29, 49, 66, 70, 86-87, 93, 140, 293
isoquinolinones, 13-14, 44, 48, 86, 187,
287-294
lactams, 288-294
naphtalidimes, 288-294
nicotinamide, 14, 44, 48, 52, 70, 73, 86,
108-110, 118-119, 153, 285-288
interactions with transcription factors,
193-195, 199, 252-270, 285-288
isoforms of, 13—14, 197-199, 253, 323-328
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knockout animals
apoptosis in cells from, 197, 213-217,
232-234
E2F-1 expression in cells from, 265
exposed to whole body irradiation, 189—-190
generation of, 112-113, 189, 214, 252,
283-285
genomic instability of, 190-193, 239-242
in diabetes, 112-115, 228
in immune-mediated diseases, 153
in inflammation, 65-70, 198
in myocardial reperfusion, 43, 45, 51
in neuroinjury, 27, 30-32, 228
in shock, 89-91, 95-97
in stroke, 12-17
thymocytes from, 140-146
modulation of gene expression by, 1, 148-151
in inflammation, 72
in myocardial infarction, 54
in shock, 92-97
molecular organization of, 42, 63-64, 184—188,
209, 281
noncleavable mutant of, 195-197, 219,
227-239
physical association of, 259-270
PARP-2, see PARP, isoforms of
Paw edema, 51, 66
Peritonitis, 51
Peroxidation, of lipids, see Lipid peroxidation
Peroxynitrite
cytotoxic effects
in diabetes, 107
in inflammation, 63
in myocardial injury, 49, 53
in neurons, 10, 26-27, 30, 31
in shock, 82-84, 89, 94-97
in thymocytes, 132-153, 214
generation of
in inflammation, 42, 44, 63, 132
in shock, 83
in the central nervous system, 10
in the heart, 26-27
Pertussis toxin, 187
Peyer plaques, see Epithelium
P53
apoptosis, role of, 148, 212-213, 235-239,
255-258, 264, 267-270, 280, 284
Phospholipase A2, 28, 48
Pleurisy, 51
Poly(ADP-ribose), see also PARP
immunohistochemical staining for, 15, 33, 44
measurements of, 309-315
by cellular radiolabeling, 309-310
by ELISA, see ELISA
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by flow cytometry, see Flow cytometry
by gel electrophoresis, see Gel
electrophoresis
by HPLC, 311
by immunodot, see Immunodot
by nonisotopic methods, 310-316
purification of, 311
Poly(ADP-ribose) glycohydrolase, 64, 184, 230,
256, 281, 306, 323
Poly(ADP-ribosyl)ation, see also PARP
of nuclear proteins, 252-268
Postsynaptic density protein (PSD), 9, 12
Potassium
neuroinjury, role of, 27
withdrawal of, apoptosis induced by, 147
Procaspase, 231-232, 254, see also Caspases
Proliferation, 191
Propydium iodide, 140-142
Prostaglandins, 66—68
Proteases, 90
Protein kinase C, 54, 93, 146, 215
P-selectin, see Adhesion molecules
P21-activated kinase, 196, 217
Purines
as inhibitors of PARP, 145-146, 292
Pyknosis
in diabetes, 114
in neuroinjury, 25
Pyramidal cells, 30

R

Radiation, ionizing, 1, 11, 14, 83, 116, 148, 184,
188-190, 215, 239, 252, 294

Random mutagenesis, 188

Reactive oxygen species, see Superoxide

Recombination, 151-154

Repair, see DNA, repair of

Reperfusion, see Ischemia-reperfusion injury

Replication forks, 185

Respiratory chain, see Mitochondria

Retinoids, 150, 153

Retinoid X receptor, 149

RXR-alpha, 185, 199

S

SCID, 151, 190
Sepsis, see Shock, endotoxic
Serum starvation, 265
Shock, 81-97, 280
endotoxic, 62, 65, 81-87, 136, 198
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hemorrhagic, 62, 87-88
lymphocyte function and, 137
Short patch repair, 193
Silver stain of PARP, 315
Sister chromatid exchange, 14, 73, 239, 253
S-nitroso-N-acetyl-DL-penicillamine (SNAP)
as a nitric oxide donor, 49, 85
Skeletal muscle ischemia-reperfusion, 48
Skin lesions
in PARP-deficient animals, 284
Splanchnic ischemia-reperfusion, 46, 48, 65,
88-89
SP-1, 267
Staphylococcal enterotoxin B
effects on thymus, 133, 136
Stem cells, 191
Streptozocin
as a diabetes inducer, 105-111, 113-115
DNA alkylation by, 108
Stroke, 1-3, 7-17, 25-30, 48, 198, 280, 294
Sulfur mustard, 229
Superoxide anion
in diabetes, 107, 111, 115-119
in inflammation, 62-64, 132
in myocardial reperfusion, 48, 49
in neuroinjury, 26, 31-32
in shock, 81-82, 89, 94-97
in thymocyte death, 143-145
production of by antiviral agents, 168—171
Superoxide dismutase
activity of, in the central nervous system,
26
activity of, in the heart, 48
activity of, in shock, 82, 84, 86

T

Tankyrase, 198, 306, 324-327, see also PARP,
isoforms of
and islet cell death, 117
TEF-1, 185, 267
Telomerase, 168
Tetraploidity, 240
TFIIF, 267
3-aminobenzamide, see Aminobenzamide
derivatives
3’-azido-3’-deoxythymidine (AZT), 168-171
Thymocytes
mechanism of cell death, 52-53
nitric oxide and peroxynitrite toxicity,
132-153
selection, 133, 142-144, 210
Tissue plasminogen activator (TPA)
and stroke treatment, 16

337

T-lymphocytes

development of, 151-153

in diabetes, 106

interactions with macrophages, 136
proliferation, gene expression, 137-138

Topoisomerase I

inhibition of, 190, 214, 235, 253, 258-264

Topoisomerase II, 168, 235, 253, 258-264
TPEN, 144

Transgultaminase, 150-151

Traumatic brain injury, see Neurotrauma
Traumatic spinal cord injury, see

Neurotrauma

Trinitrobenzenesulfonic acid (TNBS)

colitis, induced by, 6, 66—-68

Tumor growth delay, 174
Tumor necrosis factor alpha

apoptosis induced by, 147, 196, 211-214, 218,
284

in colitis, 65, 72

in diabetes, 106-107, 111

in myocardial reperfusion, 51-55

in neuroinjury, 25

in shock, 94

receptor family, 133, 195

2'3’-dideoxycytidine, 169-171

X

Xanthine oxidase

in colitis, 62-63, 72

in diabetes, 107, 111

in myocardial reperfusion, 43
in shock, 83

XRCCl1, 193-195

Y

YY1, 186, 199, 267

U

Ubiquitin-conjugating enzyme, 194
Ultrapotent inhibitors of PARP, see PARP,

inhibitors of

w

Western blot

determination of PARP activity by, 306-307,
319
determination of PARP cleavage, 316-318
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Vascular reactivity, 82, 91, 96 Zidovudine, 49

Vasoconstriction, 81, 91 Zinc

Vasorelaxation, 84, 91 as a co-factor in PARP related assays, 318
Vault-PARP, 327; see also PARP, isoforms of intracellular, role in cell death, 144—146
V(D)J recombination, 151-153 Zinc fingers of PARP, see PARP, domains of
Venules, 52 Zymosan

inflammation, induced by, 51-52, 63, 89-91
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Poly (ADP-ribose) polymerase (PARP), also termed poly (ADP-ribose)
synthetase (PARS), is a nuclear enzyme with a wide range of functions,
including regulation of DNA repair, cell differentiation, and gene expression.
More than a decade after the identification of PARP-like enzymatic activities
in mammalian cells, a novel role was proposed for this enzyme,
mediating a suicidal mechanism triggered by DNA strand breakage. This
hypothesis has since become a controversial centerpiece of the PARP field,
with many experimental systems both confirming and extending the PARP
suicide theory.

Featuring contributions from researchers in the diverse fields of neuroinjury,
myocardial injury, diabetes, shock, and inflammation, this text examines

the current status of the field of PARP and cell death. Cell Death: The Role
of PARP also explores PARP and apoptosis, PARP and DNA repair, as well
as PARP and regulation of gene expression. Separate chapters focus on
developments in the areas of pharmacological inhibition of PARP and novel

ways of measuring PARP activation. Furthermore, the emerging field of
PARP isoforms is addressed.

FEATURES

® Examines the current status of the field of PARP and cell death

® Discusses PARP and apoptosis, PARP and DNA repair, and PARP and
regulation of gene expression

® Focuses on developments in the areas of pharmacological inhibition of
PARP and on novel ways of measuring PARP activation

® Addresses the emerging field of PARP isoforms
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