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DNA Excision Repair and DNA Damage-Induced Apoptosis

Are Linked to Poly(ADP-Ribosyl)ation but Have Different
Requirements for p53
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Poly(ADP-ribose) polymerase (PARP) is a DNA binding zinc finger protein that catalyzes the transfer of
ADP-ribose residues from NAD™ to itself and different chromatin constituents, forming branched ADP-ribose
polymers. The enzymatic activity of PARP is induced upon DNA damage and the PARP protein is cleaved
during apoptosis, which suggested a role of PARP in DNA repair and DNA damage-induced cell death. We have
generated transgenic mice that lack PARP activity in thymocytes owing to the targeted expression of a
dominant negative form of PARP. In the presence of single-strand DNA breaks, the absence of PARP activity
correlated with a strongly increased rate of apoptosis compared to cells with intact PARP activity. We found
that blockage of PARP activity leads to a drastic increase of p53 expression and activity after DNA damage and
correlates with an accelerated onset of Bax expression. DNA repair is almost completely blocked in PARP-
deficient thymocytes regardless of p53 status. We found the same increased susceptibility to apoptosis in PARP
null mice, a similar inhibition of DNA repair kinetics, and the same upregulation of p53 in response to DNA
damage. Thus, based on two different experimental in vivo models, we identify a direct, p53-independent,
functional connection between poly(ADP-ribosyl)ation and the DNA excision repair machinery. Furthermore,

we propose a p53-dependent link between PARP activity and DNA damage-induced cell death.

Poly(ADP-ribose) polymerase (PARP) is rapidly activated
during the cellular response to DNA damage and is part of a
large network of safeguard mechanisms protecting cells from
genotoxic damage (7, 8, 14, 15, 21). Upon DNA damage,
PARP binds to DNA at the sites where double-strand breaks
emerge and catalyzes the formation of branched ADP-ribose
polymers from NAD™. PARP has a molecular mass of 116 kDa
and contains two zinc fingers located at the N terminus next to
a bipartite nuclear localization signal sequence which form a
DNA binding moiety that functions as a sensor for single- and
double-strand DNA breaks. The central part of the enzyme
contains the automodification domain, and the C terminus
harbors the NAD™ binding site. Physiological substrates for
polymer attachment are DNA binding proteins such as his-
tones and PARP itself (7).

The localization of PARP and its activity to modify chroma-
tin constituents after genotoxic stress have prompted specula-
tions about its function in DNA repair, DNA recombination,
and the maintenance of genomic integrity (15, 37). In addition,
PARP function has been associated with apoptosis because it
is cleaved during apoptosis into two subfragments of 89 and 24
kDa (5, 44). To shed more light on the role of PARP and its
role in apoptosis and DNA repair, several experimental ap-
proaches have been followed. One that involves the inhibition
of PARP has been addressed by the use of either antisense
strategies or 3-aminobenzamide, which is a competitor for
NAD™ (25, 41, 42, 44), or by the expression of the DNA
binding domain (DBD) of PARP, which acts as a dominant
negative inhibitor (16, 17, 18, 29, 35, 39). With the latter strat-
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egy, the activity of PARP to synthesize poly(ADP-ribose) is
inhibited by interfering with the ability of endogenous PARP
to bind to DNA strand breaks. Experiments with 3-aminoben-
zamide or the PARP DBD have produced similar results and
demonstrated that the absence of PARP activity renders cells
more susceptible to apoptosis upon DNA damage either by
irradiation or by treatment with alkylating agents such as N-
methyl-N'-nitro-N-nitrosoguanidine (MNNG), which predom-
inantly induces DNA single-strand breaks. However, these ex-
periments did not provide direct evidence for a role of PARP
or its activity in DNA repair and did not clarify the molecular
basis of a function of PARP in apoptosis. The second approach
to elucidate the mechanisms that mediate the observed effects
of PARP used gene targeting. To date, three groups have
inactivated the PARP gene in mice but have obtained different
results (8, 26, 51, 52). One group reported enhanced sensitivity
of these mice toward alkylating agents and a decreased DNA
excision repair rate of PARP null cells (8, 49). In this experi-
ment only the coding region for the second zinc finger was
disrupted, leaving the potential to express a truncated PARP
protein with residual function. However, further analysis
showed that the fourth exon of the PARP gene, which com-
prises the DBD and nuclear localization signal, was partially
disrupted and not expressed in the PARP null mice generated
by de Murcia et al. (8). The second group did not observe any
effect on DNA damage-induced apoptosis or DNA repair;
however, no analysis of DNA break resealing was done in the
latter study (51, 52), leaving the question of PARP function
unresolved. In addition, the role that pS3 and its effectors play
in DNA damage-induced apoptosis or DNA repair with regard
to PARP function has not been established.

To clarify the role of PARP and p53 in DNA repair and
DNA damage-induced apoptosis, we have chosen an approach
which allows inhibition of PARP activity in vivo in a particular
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FIG. 1. Introduction of a functionally active dominant negative mutant of PARP into the germ line of transgenic mice. (a) Schematic representation of the construct
used to express the DBD of PARP in T cells of transgenic mice. (b) Expression of the lck-PARP DBD transgene in extracts from thymi of mice from four different
transgenic lines (lck-PARP DBD lines 1, 2, 3, and 4). The level of transgene expression was measured by direct scanning of the ECL-treated membrane after blotting
with a video camera and subsequent analysis by the AIDA software (Raytest, Straubenhardt, Germany) on a Fuji phosphorimager. PARP DBD expression was found
to be higher in lines 1 and 2 than in lines 3 and 4. The PARP DBD protein was detected with the monoclonal antibody CII10, which recognizes the hPARP transgene
and the endogenous mPARP. Relative expression levels are given in arbitrary units (au) obtained through the scanning procedure. (c¢) Dominant negative effect of the
expression of the PARP DBD in T cells. Thymocytes from wild-type and lck-PARP DBD transgenic mice were treated with MNNG, and the formation of
poly(ADP-ribose) was followed by immunofluorescence. Compared to nontransgenic (non tg) controls, thymocytes from Ick-PARP DBD transgenic mice lack
detectable polymer formation after MNNG treatment. (d) Expression level of the PARP DBD in different organs of a transgenic mouse of ick-PARP DBD line 2. As
a control, an extract from a nontransgenic thymus was loaded. The PARP DBD protein was detected with the monoclonal antibody CII10, which recognizes the hPARP
transgene and the endogenous mPARP. The relative amount of PARP DBD protein expression in splenocytes is detectable but very low (data not shown).

cell type. We used the Ick promoter to express the PARP DBD
in T cells of transgenic mice and were able to successfully block
poly(ADP-ribosyl)ation in these cells. We report here that the
absence of PARP activity clearly enhances apoptosis upon
DNA damage. We demonstrate that susceptibility to apoptosis
is mediated through the activation of p53 and an accelerated
upregulation of Bax. Further, we demonstrate that DNA exci-
sion repair is almost completely inhibited in T cells with inac-
tive PARP and that this lack of repair capacity is independent
of p53.

MATERIALS AND METHODS

Generation of transgenic mice. The construct used to generate /ck-PARP
DBD transgenic mice is shown schematically in Fig. la. The construct was
obtained by inserting a fragment encoding the human PARP (hPARP) DBD into
the lck vector. The vector contained the proximal lck promoter and the genomic
sequence of the human growth hormone (hGH) gene in a pBluescript backbone
and has been used extensively for the generation of transgenic mice with expres-
sion targeted to the T-cell compartment. The construct was freed from backbone
sequences, purified, and injected into fertilized mouse oocytes essentially as
described elsewhere (12). The fertilized mouse oocytes were derived from mat-
ings between (C57BL/6 X C3H)F, mice. Successful integration of the injected
DNA was monitored by Southern analysis of tail tip DNA as described elsewhere
(12). All transgenic mouse lines were maintained by breeding the obtained
founders for three or more generations with inbred C57BL/6 animals. Prepara-
tion of genomic DNA from tail tips and DNA blotting were performed as
described elsewhere (12, 36). The PARP probe was the 1.2-kb PARP DBD
cDNA fragment (14).

Cell extracts and immunoblotting. Extracts from thymi were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto membranes, and the hPARP DBD protein or the intact and
cleaved mouse PARP (mPARP) was detected with mouse monoclonal antibody
CII10, against the DBD, and a secondary antibody carrying horseradish perox-
idase. hPARP DBD protein alone was probed with mouse monoclonal antibody
FI23 and the appropriate secondary antibody. Enzymatic activity was detected
using an ECL kit (Amersham) according to the specifications of the manufac-
turer. Equal and homogeneous transfer of proteins from the gel to membranes
was routinely controlled by Ponceau staining of the membrane. For extract
preparation, thymocytes were explanted from animals upon autopsy in 5 ml of
phosphate-buffered saline (PBS), collected by centrifugation, and lysed in 100 pl
of extraction buffer (50 mM HEPES [pH 7.8], 20 mM NaF, 1 mM sodium
orthovanadate, 1 mM sodium molybdate, 450 mM NaCl, 0.2 mM EDTA, 25%
glycerol, 1 pg of aprotinin/pl, 1 pg of leupeptin/ul, 0.5 mM phenylmethylsulfonyl
fluoride, 1 mM dithiothreitol, 1% NP-40). The lysate was cleared by centrifuga-
tion; the supernatant was separated by SDS-PAGE and transferred onto a
nitrocellulose membrane. The membrane was blocked for 1 h in PBS with 3%
skim milk and then incubated overnight in blocking solution containing the
appropriate antibodies at 0.3 ng/ml. Blots were developed with appropriate
secondary antibodies and ECL detection reagents (Amersham) as proposed by
the manufacturer.

Antibody staining procedures and quantification of apoptotic cells. Single-cell
suspensions were prepared as described previously (30) at the time of autopsy
from thymus in PBS supplemented with 0.5% fetal calf serum (staining solution).
Cells were washed in this solution and incubated on ice for 30 min with anti-
bodies directly conjugated with fluorochromes. For propidium iodide labeling
and quantification of cell death, cells were washed once with cold PBS and fixed
with ethanol overnight at —20°C. The cells were again washed and then incu-
bated in propidium iodide (2 pg/ml; Sigma) in PBS-RNase (10 wg/ml) for 30 min
at room temperature and analyzed by fluorescence-activated cell sorting (FACS).
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Detection of poly(ADP-ribose). To analyze poly(ADP-ribose) formation, cells
from thymi of wild-type and /ck-PARP DBD transgenic mice were sedimented
for 15 min onto polylysine (Sigma)-pretreated coverslips, washed with PBS, and
treated with 50 puM MNNG (Sigma)-PBS supplemented with 1 mM CacCl, at
37°C for 20 min. After being washed with PBS, the cells were fixed with 10%
ice-cold trichloroacetic acid and subjected to PARP-specific immunofluores-
cence as described elsewhere (18).

DNA fragmentation assay. Isolated thymocytes were treated with 40 pM
MNNG or X irradiation (2 Gy); after incubation for 4 h, the cells were harvested
and lysed with proteinase K for 2 h at 56°C. Proteins were extracted with
phenol-chloroform, and the DNA was precipitated with 3 volumes of 100%
ethanol. After a wash with 70% ethanol, the pellet was resolved in Tris-EDTA
buffer, and DNA content was measured at 260 nm. DNA was subjected to
agarose gel electrophoresis and analyzed by ethidium bromide staining under a
standard UV transilluminator.

Comet assay. A 100-pl aliquot of a cell suspension was mixed with 500 pl of
0.75% agarose and spread on microscope slides precovered with 0.1% agarose.
After gelling at 0°C, the cells were lysed in a 2.5% SDS solution (pH 9.5) for 15
min. Following a 5-min wash in distilled water, electrophoresis was carried out in
Tris-borate-EDTA buffer (pH 8.3) for 5 min on a modified flat-bed electrophore-
sis apparatus with an electric field of 2.5 V/ecm (current, 15 to 18 mA). Under
these conditions, the DNA of each cell forms a comet-shaped structure with a
head and a tail portion. The tail size correlates with the induced DNA damage
and chromatin unfolding. DNA repair can be estimated by the shrinkage of the
comet tail over time. To examine the individual comets, the slides were stained
with a fluorescent dye (propidium iodide). For the measurement of the comets,
a fluorescence microscope was coupled with an intensified target camera, and an
interactive digital image analysis system was established (2, 3, 31).

Transient transfection assays. EL-4 T cells (2 X 107) were electroporated at
950 pF and 200 V with 2 pg of human MDM2 (hMDM?2) or mutant MDM2-
luciferase reporter plasmid (53) and 13 ug of lck-PARP DBD expression con-
struct or empty Ick vector as a control. After 14 h, the transfected cells were
treated for 20 min with 40 pM MNNG in PBS, then transferred into fresh
medium, and incubated for another 4 h before luciferase activity was determined.
Other portions of transfected cells were either irradiated with 2 Gy and then
incubated in medium for 4 h or treated for 2 h with 50 pM etoposide. After
treatment, extracts were prepared and luciferase activity was determined with a
luminometer.

RESULTS

We have generated transgenic mice that overexpress the
DBD of PARP, which comprises the N terminus of the PARP
protein from amino acids 1 to 376 (Fig. 1), with the intention
to block the enzymatic activity of the endogenous PARP in a
dominant negative manner. It has been demonstrated that the
expression of this PARP DBD can efficiently block PARP
activity in cell lines (16, 17, 18, 29, 35, 39). Thus, the human
cDNA coding for the PARP DBD was placed between the
proximal Ick promoter and genomic sequences derived from
the hGH gene (Fig. 1a) to target expression of the transgene to
the T-lymphoid lineage. Mice of two transgenic lines (Ick-
PARP DBD lines 1 and 2) expressed the PARP DBD trans-
gene at highest levels in the thymus (Fig. 1b) and other T-cell-
containing tissues such as spleen and lymph nodes, but not in
other organs (Fig. 1d), and at levels significantly higher than
the endogenous PARP level (Fig. 1b and d); these mice were
chosen for further investigation. To test if the overexpression
of this dominant negative PARP mutant can inhibit the enzy-
matic activity of the endogenous PARP, thymocytes from line
2 transgenic mice were treated with the monofunctional alky-
lating agent MNNG, which causes DNA single-strand breaks.
Cells were then checked for the formation of ADP-ribose
polymer by immunofluorescence analysis. This experiment
demonstrated clearly the absence of PARP activity in the
transgenic thymocytes compared to wild-type thymocytes, in-
dicating the functionality of the transgene and the validity of
the chosen approach (Fig. 1c). Similar results were obtained
for cells from transgenic line 1 but not for the lines 3 and 4
(data not shown), which express lower levels of the PARP
DBD, suggesting that a threshold level is necessary for the
DBD to exert its dominant negative effect on the endogenous
PARP.
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Next we tested the cell death rates of thymocytes from Ick-
PARP DBD transgenic mice upon the induction of DNA dam-
age by treatment with MNNG or after a single 2-Gy dose of X
irradiation, both of which predominantly cause DNA single-
strand breaks. This was measured by counting the percentage
of cells that contain sub-G, amounts of propidium iodide-
stained DNA after ethanol fixation by FACS (6, 34, 47). Com-
paring thymocytes from Ilck-PARP DBD transgenic animals
with cells from nontransgenic controls, we found that PARP
DBD expression correlated with a significantly higher cell
death rate upon both irradiation and MNNG treatment (Fig.
2a and b). Similar results were obtained with etoposide (Fig.
2c¢). The presence of nucleosomal DNA degradation and cleav-
age of endogenous PARP (Fig. 3) confirmed that the stimuli
used indeed caused apoptotic cell death. As extracts from the
same number of cells were loaded per lane, the higher sensi-
tivity of PARP DBD-expressing thymocytes to DNA damage is
again reflected by larger amounts of degraded DNA as well as
by the earlier cleavage of endogenous PARP (Fig. 3). In con-
trast, this enhanced sensitivity for DNA damage-induced apo-
ptosis by the PARP DBD was completely lost in thymocytes
from mice that carried the Ick-PARP DBD transgene and
lacked the p53 gene (Fig. 2a and b). The cell death rate of cells
from these combinatorial mutant mice after treatment was
indistinguishable from rates obtained from untreated non-
transgenic controls or from treated p53-deficient thymocytes
(Fig. 2a and b).

Next, we compared the sensitivity of thymocytes from Ick-
PARP DBD transgenic mice upon a single dose (2 Gy) of X
irradiation with that of cells from PARP-deficient mice gener-
ated by gene targeting (51, 52) as well as combinatorial mutant
mice that lack both PARP and p53 or lack PARP but express
the PARP DBD transgene (Fig. 2d). Cells from PARP-defi-
cient mice showed the same sensitivity for cell death as cells
from Ick-PARP DBD mice and cells from mice lacking PARP
and expressing the DBD transgene (Fig. 2d). In addition, the
absence of p53 rescued thymocytes from apoptosis even in the
absence of PARP (Fig. 2d). This demonstrates that thymocytes
expressing PARP DBD cannot be distinguished from PARP
null cells with regard to a heightened sensitivity for p53-de-
pendent apoptosis in response to DNA damage. Furthermore,
we have investigated whether the inactivation of PARP can
interfere with DNA repair processes in our transgenic model.
The formation of single-strand breaks and subsequent strand
break resealing was stimulated by treatment of cells with
MNNG or by X irradiation (2 Gy). The repair rate (i.e., re-
sealing of broken DNA ends and chromatin condensation) of
these cells was measured by the comet assay (2, 3, 31), which
represents one of the most sensitive methods available to
quantify DNA repair activity in living cells. Allowing different
time periods for repair after the initial stimulus, thymocytes
were embedded in agarose, spread on microscope slides, lysed
in SDS buffer (pH 9.5), subjected to single-cell gel electro-
phoresis in buffer (pH 8.3), and stained with propidium iodide.
Under these conditions, the DNA of those cells that harbor the
induced DNA strand breaks migrates toward the anode and
appears as a comet. The total fluorescence of an individual
comet is measured, and the fluorescence signals of the head
and tail portions are calculated. The tail/head ratio of fluores-
cence is used as a measure of the individual DNA damage by
incision/unwinding and for the resealing-condensation activity.

Clearly, thymocytes from both line 1 and line 2 of Ick-PARP
DBD transgenic mice displayed a significant inhibition of DNA
repair activity upon MNNG treatment over a time period of
180 min compared to cells from nontransgenic controls (Fig.
4). Strikingly, this block of DNA resealing was not affected by
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FIG. 2. Thymocytes expressing PARP DBD or lacking the PARP gene are
more sensitive to apoptosis upon DNA damage only in the presence of p53. (a
to ¢) Thymocytes were explanted from lck-PARP DBD transgenic mice and from
nontransgenic (non tg) controls and were either irradiated (2 Gy) (a) or treated
with MNNG (40 pM) (b) or etoposide (50 pM) (c). Before treatment and at
different time points thereafter, samples were analyzed for the percentage of
apoptotic cells. Shown are mean values with standard deviations representative
of three independent sets of experiments. Each data point represents an average
value with standard deviation obtained from measurements of three different
mice. (d) Thymocytes were explanted from PARP null mice (PARP™/7), from
mutant mice that are PARP null and express the PARP DBD (PARP™/,
Ick-PARP-DBD) from mice that are deficient for both PARP and p53
(PARP /7, p537/7), and from nontransgenic controls and were irradiated with
a single pulse of 2 Gy. Before treatment and at different times thereafter,
samples were analyzed for the percentage of apoptotic cells. Shown are mean
values with standard deviations representative of three independent sets of
experiments. Each data point represents an average value with standard devia-
tion obtained from measurements of three different mice.

the absence of p53 in cells from Ick-PARP DBD transgenic/
p53 null mice (Fig. 5a). Cells from p53 null mice with intact
PARP activity showed wild-type repair kinetics (Fig. 5a). In a
second set of experiments, the comet assay was performed on
thymocytes that were irradiated with 2 Gy. Immediately after
this radiation pulse, repair kinetics were taken over a period of
120 min. Similarly to the MNNG-treated cells, thymocytes
from Ick-PARP DBD transgenic mice showed a strong reduc-
tion in the ability to reseal DNA strand breaks and to condense
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chromatin structure upon X irradiation (Fig. 5b). Again, this
reduction did not appear to depend on p53, since irradiated
thymocytes from Ick-PARP DBD/p53 null mice showed the
same degree of repair inhibition as cells from lck-PARP DBD
with an intact p53 gene (Fig. 5b). In contrast, thymocytes from
p53-deficient mice that did not carry the Ick PARP DBD trans-
gene repaired DNA lesions at a wild-type rate (Fig. 5b).

We next wished to investigate whether cells that lack PARP
function due to the overexpression of the dominant negative
PARP mutant behave differently from cells of mice that are
PAREP deficient due to gene targeting. We found that thymo-
cytes lacking PARP function due to either gene disruption or
DBD expression showed significantly inhibited repair kinetics
(Fig. 6). In addition, the lack of p53 did not alter DNA repair
under the conditions used regardless of whether PARP was
functional (Fig. 6). Expression of a PARP DBD in PARP null
thymocytes still showed unaltered inhibition of DNA repair
(Fig. 6a). This suggests that the expression of a PARP domi-
nant negative mutant is comparable to the lack of PARP due
to gene disruption with regard to DNA single-strand break
repair and the requirements of p53 in this process. The finding
that lack of PARP activity leads to a sensitization of cells for
apoptosis upon DNA damage in a p53-dependent manner
prompted us to test the effect of the dominant negative PARP
mutant on the activity and the expression of p53 in T cells. To
measure p53 activity, we transiently transfected a reporter
gene construct containing a luciferase gene driven by the
350-bp fragment of the hMDM?2 intronic promoter that in-
cludes the p53 response element (53) into EL-4 T cells. After
transfection, the cells were either irradiated with 2 Gy or
treated with 40 puM MNNG for 20 min, harvested after 4 h, and
checked for luciferase activity. Transfection of the Ick-PARP
DBD construct stimulated transcription from the reporter a
further two- to fourfold after MNNG treatment or vy irradia-
tion compared to cells that were transfected with the empty Ick
vector and were treated likewise (Fig. 7a and b). Western blot
analysis showed that the block of poly(ADP-ribosyl)ation
through the PARP DBD mutant protein provoked a much
higher induction of p53 expression levels in Ick-PARP DBD-
transfected EL-4 cells than is reached in irradiated cells trans-
fected with the vector control (Fig. 6b). This demonstrated that
inhibition of poly(ADP-ribosyl)ation could potentiate p53 ac-
tivity significantly by allowing or stimulating a strongly in-
creased accumulation of p53 protein levels (23, 42, 43).

A number of potential direct or indirect downstream effec-
tors of p53 have been identified, among them the proapoptotic
protein Bax (27, 28). Thymocytes from Ick-PARP DBD trans-
genic, p53~/~, and PARP™/~ mice, combinatorial [ck-PARP
DBD/PARP "/~ and PARP /" /p53™/~ mutants, and nontrans-
genic controls were X irradiated with a single dose of 2 Gy and
checked for p53 and Bax protein expression and N-terminal
PARP/DBD cleavage by Western blotting. p53 as well as Bax
expression is slightly induced in wild-type thymocytes 3 h after
2-Gy irradiation (Fig. 8). However, thymocytes with a p53
wild-type gene but disrupted PARP function, due to either
gene targeting or DBD expression, showed higher levels of p53
and Bax protein 3 h after 2-Gy irradiation compared to wild-
type controls (Fig. 8). This effect was not observed in thymo-
cytes that were p53 deficient. This suggests that one effect of
the loss of PARP function is a premature activation and accu-
mulation of p53, which in turn may provoke an accelerated
upregulation of Bax protein levels (23, 27, 43). In addition, the
pS3-dependent increase of Bax protein level is accompanied by
an accelerated cleavage of endogenous PARP or of both en-
dogenous PARP and PARP DBD in those thymocytes which
expressed the transgene (Fig. 8).
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FIG. 3. Accelerated apoptosis in thymocytes from lck-PARP DBD transgenic mice is reflected by earlier cleavage of endogenous PARP and increased DNA
laddering. (a) To monitor endogenous PARP cleavage, thymocytes of lck-PARP DBD transgenic mice and nontransgenic (non tg) littermates were cultured and either
left untreated or irradiated with a single dose of 2 Gy. Samples were taken at the indicated time points after the stimulus and were analyzed by Western blotting. Equal
loading of each lane was controlled by Ponceau staining (not shown). (b) To confirm that both X irradiation and treatment with MNNG induce apoptosis, genomic
DNA prepared from thymocytes of lck-PARP DBD transgenic and nontransgenic control mice after treatment with MNNG was analyzed on agarose gels. The presence

of nucleosomal DNA degradation indicates apoptosis.

Next, we wanted to test whether the higher rate of apoptosis
and the lack of DNA repair in PARP DBD-expressing cells are
influenced by the antiapoptotic factor Bcl-2. To this end, the
lck-PARP DBD transgenic mice were crossed with Ew bcl-2
transgenic animals, which express high levels of Bcl-2 in all
lymphoid cells, which protect them from various apoptotic
stimuli with the exception of Fas triggering (13, 40). Thymo-
cytes from animals carrying both lck-PARP DBD and Ew bcl-2
alleles were fully protected from DNA damage-induced death
by 40 .M MNNG (Fig. 9a) or 2-Gy irradiation (not shown).
The effect of the PARP DBD was eliminated, and the cells
from doubly transgenic animals were protected to the same
degree as cells expressing only Bcl-2. However, the presence of
Bcl-2 did not alter repair kinetics of thymocytes treated with
MNNG or with 2-Gy X irradiation (not shown) and did not
affect the inhibitory activity of PARP DBD on DNA repair
(Fig. 9b).

DISCUSSION

Our finding that thymocytes from PARP DBD-expressing
transgenic mice have a drastically reduced repair rate of DNA
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FIG. 4. Inhibition of poly(ADP-ribosyl)ation inhibits DNA strand break re-
sealing upon MNNG treatment or X irradiation. Comet assays were performed
to assess the effects of PARP DBD expression on the resealing of DNA strand
breaks. Thymocytes of Ick-PARP DBD transgenic mice and age-matched non-
transgenic (non tg) control littermates were prepared, treated with 40 pM
MNNG for 20 min, stained with propidium iodide, and analyzed for comet
formation. Given are average values with standard deviations from 40 cells per
sample and time point against elapsed time after the stimulus. In each case, a
representative of three independent experiments is depicted. For measurement
of the comets, a fluorescence microscope was coupled with an intensified target
camera, and an interactive digital image analysis system was established.

single-strand breaks (Fig. 3) is in complete agreement with
data generated by Trucco et al. with fibroblasts from their
PARP-deficient mice (49). In contrast, the Wang group did not
find alterations in the expression of reporter genes from dam-
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FIG. 5. Influence of p53 and PARP on DNA resealing after induction of
damage by MNNG treatment and X irradiation. (a) Comet assay to compare
DNA repair kinetics after MNNG treatment between cells from Ick-PARP DBD
mice, pS3-deficient animals, mice that are both p53 deficient and carry an Ick-
PARP DBD transgene, and age-matched nontransgenic (non tg) littermate con-
trols. (b) Comet assay to compare DNA repair kinetics after X irradiation with
a single dose of 2 Gy between cells from Ick-PARP DBD mice, p53-deficient
animals, mice that are both p53 deficient and carry an lck-PARP DBD transgene,
and age-matched nontransgenic littermate controls. Given are average values
with standard deviations from 40 cells per sample and time point against elapsed
time after the stimulus. In each case, a representative of three independent
experiments is depicted. For measurement of the comets, a fluorescence micro-
scope was coupled with an intensified target camera, and an interactive digital
image analysis system was established.
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FIG. 6. Influence of p53 and PARP deficiency on DNA resealing after in-
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that are both p53 deficient and PARP null (p53~/~, PARP™/7), and age-
matched nontransgenic littermate controls. Given are average values with stan-
dard deviations from 40 cells per sample and time point against elapsed time
after the stimulus. In each case, a representative of three independent experi-
ments is depicted. For measurement of the comets, a fluorescence microscope
was coupled with an intensified target camera, and an interactive digital image
analysis system was established.

aged plasmid DNA transfected in cells derived from their
PARP null mice (51). Although the authors conclude from this
that PARP is not involved in DNA repair, their experimental
design may have been not sensitive enough to detect a role of
PARP in DNA single-strand break repair. The fact that comet
assays with cells from the PARP null mice of Trucco et al. (49)
and with thymocytes from our PARP DBD transgenic mice
both show drastically reduced DNA repair indicates that ex-
pression of a PARP DBD in transgenic mice creates a pheno-
type that is identical to the one found in animals with targeted
deletions of the PARP gene. Moreover, our own experiments
in which we compare thymocytes from PARP null mice from
Wang et al. (51) with thymocytes from our Ick-PARP DBD
mice also showed a similar strong reduction of DNA repair
rates. In addition, our data are similar to a number of exper-
imental findings with PARP inhibitors or with PARP antisense
strategies (9). Thus, we conclude that our strategy to inactivate
only one function of PARP, namely, its enzymatic activity, and
leave its DNA binding ability intact by expressing the PARP
DBD was successful in generating a bona fide alternative
knockout model. This model not only allows study of a distinct
PARP function but may also serve to resolve discrepancies that
have arisen between different PARP knockout models gener-
ated by gene targeting (8, 51, 52).

The higher rate of DNA damage-induced apoptosis that we
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FIG. 7. Expression and activity of p53 upon DNA damage depend on
poly(ADP-ribosyl)ation. (a) Luciferase activity (in relative light units [RLU])
after transient transfection of EL-4 T cells with the Ick-driven PARP DBD
(Ick-PARP-DBD) or the empty lck vector. Transcriptional transactivation of the
MDM?2 reporter was measured in untreated cells or upon treatment with MNNG
(left) or after X irradiation (2 Gy; right). Given are average values with standard
deviations from three independent transfections. (b) Immunoblot analysis of p53
expression levels. EL-4 T cells were transiently transfected with either the empty
Ick vector or the Ick-PARP DBD expression construct and left untreated or
irradiated (2 Gy). After 4 h of exposure to the stimulus, cell extracts were
prepared and analyzed by Western blotting. Equal loading of each lane was
controlled by Ponceau staining (not shown).

observe in cells that lack PARP activity is in agreement with
findings from PARP null mice generated by the de Murcia
group (8) but is at variance with the first results on PARP-
deficient mice obtained by Wang et al. (51). However, Wang
and coworkers reported in a subsequent study a significantly
increased sensitivity of PARP null animals toward alkylating
agents without looking at a particular cell type (52). It has been
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FIG. 8. Expression levels of PARP, the PARP DBD transgene, p53, and Bax
upon X irradiation in transgenic, null, and combinatorial mutant mice. The
immunoblot shows expression levels of the proteins in thymocytes from the
indicated mice 3 h after X irradiation (2 Gy). Equal loading of each lane was
controlled by Ponceau staining (not shown).
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FIG. 9. High levels of Bcl-2 block sensitization of thymocytes for apoptosis by
PARP DBD but do not interfere with DNA repair. (a) Thymocytes were ex-
planted from Ick-PARP DBD, Ew bcl-2, or double-transgenic mice and from
nontransgenic (non tg) controls and were treated with MNNG (40 wM). Before
treatment and at different times thereafter, samples were analyzed for the per-
centage of apoptotic cells. Shown are mean values with standard deviations
representative of three independent sets of experiments. (b) Comet assay to
compare DNA repair kinetics after MNNG treatment between cells from Ick-
PARP DBD mice, Ep bcl-2 animals, and mice carry both an lck-PARP DBD
transgene and an Ep bcl-2 transgene (cells from age-matched nontransgenic
littermate controls behaved like cells from Ep bcl-2 mice [not shown]). Given are
average values with standard deviations from 40 cells per sample and time point
against elapsed time after the stimulus. In each case, a representative of three
independent experiments is depicted.

demonstrated (references 4, 8, 22, and 52 and this study) that
different cell types of PARP knockout mice behave differently
with regard to apoptosis and necrosis. It is possible that fibro-
blasts or myeloid cells may need an early burst of poly(ADP-
ribosyl)ation to undergo apoptosis (44). However, in our study
using thymocytes, the situation is very likely to be different, and
the absence of poly(ADP-ribosyl)ation clearly sensitizes cells
for apoptosis regardless of whether the lack of PARP activity
is due to a targeted knockout of the PARP gene or expression
of the PARP DBD.

Our data demonstrate a strict requirement of p53 for accel-
erated cell death after DNA damage in PARP DBD-express-
ing thymocytes and show that Bcl-2 overexpression inhibits this
sensitization. Mice that express a PARP DBD but lack p53
allowed us to study the role of p53 and PARP in the DNA
excision repair process of single-strand breaks and to clarify
the question of whether a functional connection exists between
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p53 activation and poly(ADP-ribosyl)ation. Comet assays dem-
onstrated that the inactivation of PARP and the loss of the
ability to react to DNA damage with poly(ADP-ribosyl)ation
dramatically reduce the DNA repair capacity of cells regard-
less of whether p53 or Bcl-2 is present. This was true for
thymocytes from PARP null mice and from /ck-PARP DBD
transgenic mice. Both stimuli used here, X irradiation and
MNNG treatment, are known to induce the DNA excision
repair pathways in cells (18, 29, 50). Our results suggest that
these DNA excision repair processes require poly(ADP-ribo-
syl)ation but are completely independent of the presence or
activation of Bcl-2 or p53. This is a novel and unexpected
finding which makes a role of p53 in base excision repair
processes very unlikely, while it is well established that p53 is
required for other repair pathways (45, 50). As expected, Bcl-2
acts downstream of DNA damage and excision repair as an
antiapoptotic molecule that does not protect from damage but
inhibits apoptosis, most likely by counteracting Bax-induced
apoptosis.

The upregulation of p53 expression and activity and the
accelerated induction of Bax expression strictly correlated with
the expression of the PARP DBD but also with the absence of
PARP in cells from PARP null mice and thus with the lack of
poly(ADP-ribosyl)ation. This offers an explanation for our
findings that thymocytes from lck-PARP DBD mice and from
PARP null mice undergo apoptosis much more rapidly than
cells with intact PARP. The cause for this upregulation of p53
and Bax and for the observed sensitization for apoptosis by
PARP inhibition could be the lack of DNA repair and an
increased persistence of DNA strand breaks in cells with no
PARP activity. However, we cannot rule out that the PARP
DBD used here has other, unknown functions besides blocking
poly(ADP-ribosyl)ation that may interfere with apoptosis and
DNA repair. Although it has not been demonstrated unequiv-
ocally, PARP is thought to dissociate from DNA after auto-
modification and the modification of other chromatin constit-
uents (1, 32, 33, 38). It is possible that the PARP DBD
molecule remains bound to DNA (46) and blocks DNA break
resealing, which would exclude a direct role of PARP or
poly(ADP-ribose) in the repair process. However, in light of
our findings with cells from PARP knockout mice, we consider
this unlikely and favor a model with a direct role of PARP and
the poly(ADP-ribose) polymer in DNA damage-induced apo-
ptosis and DNA break rejoining for several reasons.

The published PARP knockout study that analyzed DNA
resealing in fibroblasts clearly demonstrated an inhibition of
DNA repair in the absence of PARP (49). The experiments
presented here, using thymocytes from PARP-deficient mice
or PARP DBD-expressing mice, as well as experiments where
PARP was depleted by antisense RNA expression (9) confirm
this. All of these findings suggest a dependence of DNA re-
sealing on the ADP-ribose polymer since in different experi-
mental strategies lack of repair correlates with the absence of
polymer. In addition, Lee et al. (19, 20) showed that PARP
could act as an inhibitor of simian virus 40 DNA replication in
vitro when only the DNA polymerase a-primase (monopoly-
merase) system was used. This inhibition was due to binding of
PARP to the ends of nascent DNA chains rather than to its
ability to synthesize poly(ADP-ribose). However, when a di-
polymerase system including the proliferating cellular nuclear
antigen (PCNA) and polymerase & was used, PARP was dis-
placed from the strand breaks and both leading- and lagging-
strand synthesis could occur (10). Interestingly, it was shown
recently that both PCNA and polymerase 8 participate in DNA
base excision repair (48). Thus, it is conceivable that a PARP
DBD molecule is replaced from a DNA break by the base
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excision repair machinery. Furthermore, we show that p53
levels as well as Bax levels rise well above control levels in
PARP DBD-expressing thymocytes as well as in PARP-nega-
tive thymocytes upon DNA damage. It is generally accepted
that DNA strand breaks serve as a sensor for the induction of
pS3 expression. Hence, it is unlikely that the PARP DBD
remains irreversibly bound to DNA strand breaks since this
may interfere with the strong induction of p53 expression levels
observed here.

Taken together, the data presented here provide direct exper-
imental evidence for a connection between PARP activity and
DNA base excision repair that is independent of pS3 and for a
second link between PARP and DNA damage-induced apoptosis
that requires p53 and is inhibited by Bcl-2. Our findings favor a
model that would integrate poly(ADP-ribosyl)ation and the
ADP-ribose polymer itself into the signaling of DNA damage-
induced cell death and the execution of DNA base excision repair
and place it as a regulatory element upstream of p53 and Bax. All
experimental data that support this model were gathered in pri-
mary murine thymocytes. Although it is possible that this model
holds generally, we cannot rule out that alternative mechanisms
prevail in other cell systems.
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