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PARP-1: A Regulator of Genomic Stability Linked
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1. Introduction

Ageing of organisms is commonly defined as the time-depen-
dent general decline of physiological functions accompanied by
a progressive increase in the risk of morbidity and mortality.[1] It
appears that the major driving force of the ageing process is
damage inflicted on cellular macromolecules, which interferes
with their function. Such damage is mostly derived from low
molecular weight reactive compounds that arise within the body
during normal metabolism and are linked with important cellular
functions such as oxygen transport, respiration, phagocyte
activity or detoxification reactions. Most prominent among such
endogenous damaging agents are reactive oxygen species
(ROS), which can lead to a state termed oxidative stress, if
produced in excessive amounts.[2] It is the damage to DNA that
may be particularly hazardous, since unlike other macromole-
cules DNA is subject to little if any turnover, which could dilute
the damage. DNA damage and some of its irreversible con-
sequences that are collectively referred to as ªgenomic insta-
bilityº (e.g. chromosomal aberrations, sister chromatid exchange
[SCE] as well as DNA translocations, deletions, amplifications and
other kinds of mutations) would rapidly accumulate and disturb
DNA replication, gene expression and ultimately cellular and
tissue homeostasis if there were no effective cellular defence and
repair systems in place. A central prediction of the ªdisposable
soma theoryº[3] is that longevity has evolved by allocation of
increasing proportions of available bioenergy to somatic main-
tenance and repair pathways, thereby making cellular compo-
nents, cells and organisms more resistant to stress (including
genotoxic stress) and allowing for better functional preservation
(including integrity and stability of the genome) over time.

2. Poly(ADP-ribosyl)ation

Our research interest has been focused on poly(ADP-ribosyl)-
ation, a posttranslational modification of various nuclear pro-
teins (Figure 1), representing an immediate cellular response to
DNA damage induced by ionizing radiation, alkylating agents
and oxidants.[4±14] Poly(ADP-ribosyl)ation is catalysed mostly by
the 113-kDa enzyme poly(ADP-ribose) polymerase-1 (PARP-1)
with NAD� serving as substrate. Recently, several additional
polypeptides catalysing poly(ADP-ribosyl)ation have been iden-
tified. These new members of the ªPARP familyº seem to account

for about 10 % of cellular poly(ADP-ribose) formation stimulated
by DNA breaks. PARP-1 is constitutively expressed, at a level
depending on the type of tissue or cell. However, it is the contact
with DNA single- or double-strand breaks, mediated by two zinc
fingers located in the amino-terminal DNA-binding domain
(DBD) of the enzyme, that causes activation of the catalytic
centre residing within the carboxy-terminal NAD�-binding
domain. The crystal structure of the latter domain has been
determined, revealing a striking homology with catalytic do-
mains of bacterial toxins that act as mono-ADP-ribosyl trans-
ferases and allowing the authors to propose a detailed reaction
mechanism of PARP-1 at the molecular level.[4] In living cells
PARP-1 itself is the major target protein (ªacceptorº) for covalent
modification with poly(ADP-ribose). This automodification is
thought to occur mostly on a specific domain located between
the DBD and the NAD�-binding domain. Several additional
acceptor proteins have been identified in living cells, such as
histones and topoisomerases, and in vitro many more proteins
can undergo poly(ADP-ribosyl)ation. The existence of poly(ADP-
ribose) in cells is transient and tightly linked with the existence of
DNA strand breaks, since the half-life of poly(ADP-ribose) is very
short under conditions of DNA breakage, due to rapid degra-
dation by poly(ADP-ribose) glycohydrolase and other catabolic
enzymes.

While the molecular functions of PARP-1 and/or poly(ADP-
ribose) have not been fully elucidated yet, a fairly large number
of hypotheses have been proposed,[4, 7] many of which are based
on work on subcellular systems only and therefore are of
uncertain relevance for the in vivo situation. Functions of PARP-1
and/or poly(ADP-ribose) have been proposed (i) in the signalling
of DNA damage induced by alkylating agents, oxidants and
ionizing radiation and in the recruiting of enzymes involved in
DNA base excision repair ; (ii) in the regulation of genomic
stability in cells under genotoxic stress (see Section 4); (iii) in
DNA replication; (iv) as a co-activator of transcription; and (v) in
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energy metabolism, with repercussions on apoptotic and
necrotic cell death. Some of the proposed scenarios are not
mutually exclusive.

A vast number of studies have been performed at the cellular
and in vivo level using various strategies to abrogate poly(ADP-
ribosyl)ation. These strategies include use of competitive low
molecular weight PARP inhibitors, expression of a dominant
negative PARP-1 version, PARP-1 antisense RNA expression, or
PARP-1 gene disruption in the mouse germ line. Such studies
have firmly established two contrasting functions of PARP-1,
their respective relevance depending on the intensity of DNA
damage inflicted and the cellular proliferation or differentiation
status: (i) In proliferating normal and malignant cells exposed to
low-level DNA damage, poly(ADP-ribosyl)ation significantly
contributes to cellular recovery from cytotoxicity. This effect
has been linked mechanistically with an involvement of PARP-1
in DNA base excision repair. Furthermore, there is clear evidence
that poly(ADP-ribosyl)ation counteracts the induction of ge-
nomic instability by DNA damage as assessed by several
biological markers, such as chromosomal aberrations, SCE, gene
amplification, or mutagenesis. (ii) In contrast to such ªcytopro-
tectiveº functions, PARP-1 overactivity can lead to cell suicide
due to severe and irreversible depletion of NAD� and con-
sequently of ATP pools. Whether this overactivity is due to acute,
unusually strong activation or to significantly prolonged activa-
tion at rather normal activity levels, or whether it represents a
ªrelativeº overactivation due to an unusually low cellular
regeneration capacity for NAD� is unknown as yet. Further,
whether the ensuing cell death occurs as necrosis under all
circumstances or may include apoptosis as well remains to be
established. Suicidal PARP-1 overactivation has been observed in
several nonproliferative cell types in vivo and in culture,

including (i) pancreatic islet cells exposed to ROS, nitric oxide or
streptozotocin; (ii) neurones after regional ischaemia-reperfu-
sion damage of the brain (known to induce release of ROS and
nitric oxide) ; and (iii) dopaminergic neurones exposed to
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP; a drug
known to induce production of ROS selectively in the dopami-
nergic neurones of the substantia nigra, thereby leading to
selective neuronal death and Parkinson's syndrome). Cell death
in post-ischaemic heart and skeletal muscle and renal tubular
cells also appears to result from excessive PARP-1 activity. PARP-1
is instrumental in the above-mentioned pathological conditions
not only as an effector of cell death by energy depletion, but also
as a co-transactivator with nuclear factor-kB (NF-kB), a crucial
transcription factor in inflammatory processes and circulatory
shock, mediating induction of inducible nitric oxide synthase
(iNOS) expression and enhanced formation of nitric oxide (NO)
and consequently peroxynitrite, thus providing another source
of DNA strand breakage.

There has been considerable interest in the role of PARP-1 and
poly(ADP-ribosyl)ation specifically in apoptotic cell death. Apop-
tosis is clearly associated with dramatic changes concerning the
poly(ADP-ribosyl)ation system.[15] There is a well-documented
proteolytic cleavage of PARP-1 into a 85-kDa and a 25-kDa
fragment by activated caspase-3 during the execution phase of
apoptosis, which is one of the most common biochemical
markers of apoptosis. This cleavage should abrogate the
responsiveness of PARP-1 to DNA strand breaks. Given the
extremely large number of endogenous DNA strand breaks
being formed during apoptosis, any ensuing PARP-1-mediated
NAD�/ATP depletion could represent a serious obstacle to
completion of the apoptotic programme known to require
substantial amounts of bioenergy. Therefore, PARP-1 cleavage

Figure 1. Schematic representation of poly(ADP-ribose) synthesis. Poly(ADP-ribose) polymerases cleave the glycosidic bond between nicotinamide and ribose in NAD�

and transfer the resulting ADP-ribosyl moiety to glutamate residues of acceptor proteins (ªinitiation reactionº) or to other ADP-ribosyl moieties already transferred
(ªelongation reactionº). Repeated reaction cycles then lead to the formation of poly(ADP-ribose) chains, with branching events occurring at regular intervals.
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could help to safeguard sufficient bioenergy for successful
completion of apoptosis. Furthermore, inactivation of PARP-1 as
a ªsurvival factorº may prevent futile cycles of repair, thus
contributing to an irreversible commitment to cell death. On the
other hand, it should be noted that there is evidence from
studies in several different cell systems for a substantial
accumulation of poly(ADP-ribose) (i.e. the product of PARP
activity) in apoptotic cells. In conclusion, no clear picture has
emerged so far as to whether there are, in the various phases of
apoptosis, any causative roles to play either for intact PARP-1
protein, for its cleavage products, for poly(ADP-ribose) synthesis,
or for the associated consumption of NAD� (or their presumed
prevention by PARP-1 cleavage, respectively).

3. Relationship between poly(ADP-
ribosyl)ation and mammalian life span

We first addressed the question of a possible relationship
between poly(ADP-ribosyl)ation and longevity several years ago,
measuring the poly(ADP-ribosyl)ation capacity (i.e. maximally
inducible PARP activity) of permeabilised mononuclear leuko-
cytes from 13 mammalian species with life spans ranging from 4
to 120 years.[16] We detected a positive correlation of poly(ADP-
ribosyl)ation capacity with life span, the difference between the
shortest lived (rat) and longest lived species (human) in our study
being fivefold. To our surprise, the correlation was not due to any
systematic differences in the PARP-1 expression levels, suggest-
ing some qualitative difference of PARP-1 in cells from different
species. In order to see whether this was related to variation in
the primary structure of PARP-1, we then overexpressed PARP-1
cDNA from rat[17] and man[18] in the baculovirus system, purified
the recombinant proteins and performed a comparative enzy-
mological study. In analyses of the automodification reaction,
human PARP-1 consistently displayed up to twofold higher
activity than the rat counterpart.[19] Therefore, it appears that
some (as yet unknown) differences at the level of primary
structure of the enzyme have a significant impact on specific
enzyme activity but, at the present state of knowledge, cannot
fully account for the longevity-related differences in cellular
poly(ADP-ribosyl)ation capacity. We currently speculate that
accessory factors, known to interact with PARP-1 protein and to
modulate its level of DNA-break-induced activity, may also have
important roles to play in this context.

In an independent line of research, we have shown that
lymphoblastoid cell lines established from peripheral blood
samples from a French population of centenarians possessed
significantly higher poly(ADP-ribosyl)ation capacity than cell
lines from controls.[20] Intriguingly, specific enzyme activity was a
more powerful parameter to discriminate between centenarian
and control samples than total activity. Assuming that this could
be a direct consequence of genetic polymorphisms in the PARP-
1 gene, we have recently sequenced the complete PARP-1 open
reading frame from 18 subjects and identified a total of four new
polymorphisms, one of which causes a codon change. We then
studied a much larger number of human samples (324
centenarian and 324 controls) by allele-specific PCR for the
frequency of these new polymorphisms, but our data did not

reveal an association of any of the alleles with longevity,[21]

indicating that genetic factors other than variation in the
primary structure of PARP-1 polypeptide should underlie the
observed increase in poly(ADP-ribosyl)ation capacity in cells
from centenarians.

4. Poly(ADP-ribosyl)ation and the maintenance
of genomic stability

Over the past decade we have developed molecular genetic
approaches to study the biological role of PARP-1 in cells : We
could show in transient transfection assays that overexpression
of the PARP-1 DBD leads to transdominant inhibition of
poly(ADP-ribosyl)ation by competition for DNA strand breaks.[18]

To analyze in detail the biological consequences, we established
stable transfectants that overexpress the PARP-1 DBD under the
control of the hormone-inducible mouse mammary tumour
virus promoter. We could show that overexpression leads to a
dramatic sensitization of the cells to the cytotoxic effects of
g radiation or alkylating agents (i.e. agents known to strongly
stimulate PARP-1 activity under normal conditions) while leaving
normal cell growth undisturbed.[22] PARP-1 DBD overexpression
also potentiated the induction of gene amplification[23] and of
mutations[24] by alkylating agents. In line with results from other
groups that used other strategies to block cellular poly(ADP-
ribosyl)ation, our data therefore indicated that PARP-1 activity
contributes to cell survival and maintenance of genomic stability
under conditions of genotoxic stress.

In a complementary approach, we overexpressed full-length,
wild-type human PARP-1 in hamster cells and demonstrated that
this intervention leads to above-normal levels of poly(ADP-
ribose) in living cells.[25, 26] Studying cell survival under genotoxic
stress, we detected a slight but significant sensitization of the
cells to g radiation, which, viewed together with our above-
mentioned results on transdominant inhibition of poly(ADP-
ribosyl)ation, indicated that the natural level of cellular poly-
(ADP-ribose) is optimized for cell survival. Importantly, however,
SCE induction by the alkylating agent MNNG was strongly
suppressed under conditions of PARP-1 overexpression.[26] If this
result is viewed together with a substantial body of data from
the literature showing that abrogation of PARP(-1) activity leads
to upregulation of carcinogen-induced SCE, PARP-1 emerges as
an important regulator of alkylation-induced SCE formation,
imposing a control that is strictly negative and commensurate
with enzyme activity level.

5. Summary and outlook

After more than 30 years of research into poly(ADP-ribosyl)ation,
many ideas and scenarios that have been proposed concerning
its biological and molecular function are still highly controversial.
Nevertheless, there is a general agreement that abrogating
PARP(-1) activity under conditions of mild DNA damage leads to
significant potentiation of genomic instability. This has led to
considering PARP-1Ðlike a number of other proteins interacting
with damaged DNAÐa ªguardian of the genomeº.[27] By keeping
the incidence of genomic instability events low, PARP-1 would
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be expected to be a retarding factor both in carcinogenesis and
in ageing (Figure 2). However, based on abrogation experiments
alone, it cannot be resolved whether this function is

Figure 2. Working hypothesis on the role of PARP-1 in controlling the rate of
carcinogenesis and ageing through its function as a negative regulator of
genomic instability. A tilted ªTº sign denotes inhibition. For details see text.

ªconstitutiveº or regulatory. Based on our recent PARP-1 over-
expression experiments[26] in conjunction with our comparative
work showing a link between high cellular poly(ADP-ribosyl)-
ation capacity and long life span,[16, 19, 20] the picture is emerging
that PARP-1 actually behaves as a regulatory factor, responsible
for tuning the rate of genomic instability events, which are
provoked by the constant attack by endogenous and exogenous
DNA-damaging agents, to a level that is just appropriate for the
longevity potential of a given organism or species (Figure 2). It
will be exciting to see if this scenario holds true in vivo.

I wish to thank my present and former co-workers for their
commitment and excellent work and many colleagues from other
institutes for their willingness to collaborate. Our own work cited in
this article was supported by grants from the Deutsche For-
schungsgemeinschaft (Bu 698/2-1, -2, -3, and -4), and from the EU
Commission (Concerted Action Programme on ªMolecular geron-
tology : the identification of links between ageing and the onset of
age-related diseases [MOLGERON]º; BMH1 CT94 1710).

[1] Molecular GerontologyÐResearch Status and Strategies (Eds. : S. I. S.
Rattan, O. Toussaint), Plenum, New York, NY, 1996.

[2] G. M. Martin, S. N. Austad, T. E. Johnson, Nat. Genet. 1996, 13, 25 ± 34.
[3] T. B. Kirkwood, Nature 1977, 270, 301 ± 304.
[4] Poly(ADP-ribosylation) reactions : From DNA damage and stress signalling

to cell death (Eds. : G. de Murcia, S. Shall), Oxford University Press, Oxford,
2000.

[5] F. R. Althaus, H. E. Kleczkowska, M. Malanga, C. R. Muntener, J. M. Pleschke,
M. Ebner, B. Auer, Mol. Cell. Biochem. 1999, 193, 5 ± 11.

[6] R. Alvarez-Gonzalez, T. A. Watkins, P. K. Gill, J. L. Reed, H. Mendoza-Alvarez,
Mol. Cell. Biochem. 1999, 193, 19 ± 22.

[7] A. Bürkle in Cancer ResearchÐan encyclopedic reference (Ed. : M. Schwab),
Springer, Heidelberg, 2001.

[8] D. D'Amours, S. Desnoyers, I. D'Silva, G. G. Poirier, Biochem. J. 1999, 342,
249 ± 268.

[9] M. K. Jacobson, E. L. Jacobson, Trends Biochem. Sci. 1999, 24, 415 ± 417.
[10] H. C. Ha, S. H. Snyder, Neurobiol. Dis. 2000, 7, 225 ± 239.
[11] M. Masutani, T. Nozaki, K. Nakamoto, H. Nakagama, H. Suzuki, O. Kusuoka,

M. Tsutsumi, T. Sugimura, Mutat. Res. 2000, 462, 159 ± 166.
[12] S. L. Oei, J. Griesenbeck, M. Schweiger, Rev. Physiol. Biochem. Pharmacol.

1997, 131, 127 ± 73.
[13] M. E. Smulson, C. M. Simbulan-Rosenthal, A. H. Boulares, A. Yakovlev, B.

Stoica, S. Iyer, R. Luo, B. Haddad, Z. Q. Wang, T. Pang, M. Jung, A. Dritschilo,
D. S. Rosenthal, Adv. Enzyme Regul. 2000, 40, 183 ± 215.

[14] C. Szabo, V. L. Dawson, Trends Pharmacol. Sci. 1998, 19, 287 ± 298.
[15] A. I. Scovassi, G. G. Poirier, Mol. Cell. Biochem. 1999, 199, 125 ± 137.
[16] K. Grube, A. Bürkle, Proc. Natl. Acad. Sci. USA 1992, 89, 11 759 ± 11 763.
[17] S. Beneke, R. Meyer, A. Bürkle, Biochem. Mol. Biol. Int. 1997, 43, 755 ± 761.
[18] J. H. Küpper, G. de Murcia, A. Bürkle, J. Biol. Chem. 1990, 265, 18 721 ±

18 724.
[19] S. Beneke, R. Alvarez-Gonzalez, A. Bürkle, Exp. Gerontol. 2000, 35, 989 ±

1002.
[20] M. L. Muiras, M. Müller, F. Schächter, A. Bürkle, J. Mol. Med. 1998, 76, 346 ±

354.
[21] F. Cottet, H. BlancheÂ , P. Verasdonck, I. Le Gall, F. Schächter, A. Bürkle, M. L.

Muiras, J. Mol. Med. 2000, 78, 431 ± 440.
[22] J. H. Küpper, M. Müller, M. K. Jacobson, J. Tatsumi-Miyajima, D. Coyle, E. L.

Jacobson, A. Bürkle, Mol. Cell. Biol. 1995, 15, 3154 ± 3163.
[23] J. H. Küpper, M. Müller, A. Bürkle, Cancer Res. 1996, 56, 2715 ± 2717.
[24] J. Tatsumi-Miyajima, J. H. Küpper, H. Takebe, A. Bürkle, Mol. Cell. Biochem.

1999, 193, 31 ± 35.
[25] L. van Gool, R. Meyer, E. Tobiasch, C. Cziepluch, J. C. Jauniaux, A.

Mincheva, P. Lichter, G. G. Poirier, A. Bürkle, J. H. Küpper, Eur. J. Biochem.
1997, 244, 15 ± 20.

[26] R. Meyer, M. Müller, S. Beneke, J. H. Küpper, A. Bürkle, Int. J. Cancer 2000,
88, 351 ± 355.

[27] P. A. Jeggo, Curr. Biol. 1998, 8, R49 ± R51.

Received: January 23, 2001 [M 184]


