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The aim of this work was to study the role of the tumor suppressor p53 and of poly(ADP-ribose) transferase
(pADPRT) in the control of hepatocyte apoptosis in two different in vivo models, i.e., during the process of
tumor initiation by the genotoxin and cytotoxin N-nitrosomorpholine (NNM) and after withdrawal of the
hepatomitogen cyproterone acetate (CPA). Treatment with NNM induces apoptosis followed by necrosis and
regenerative DNA synthesis. At the first wave of apoptosis 12 h after NNM application, no p53 expression could
be detected by immunohistochemical analysis and immunoblotting. However, 24 h after treatment, numerous
p53-positive hepatocyte nuclei were detected, whereas hepatocytes in early and later stages of apoptosis were
always negative. Simultaneously with the increased p53 levels, p21 protein was induced. This was accompa-
nied by a block in replicative DNA synthesis, as detected by proliferating-cell nuclear antigen immunostaining.
Concomitantly with the increase in apoptosis, dramatic degradation of the nuclear enzyme pADPRT was ob-
served, as evidenced by immunoblotting and activity blotting. The decrease in pADPRT enzymatic activity
observed 12 h after treatment coincided with the greatest extent of pADPRT cleavage. One prominent cleav-
age product was 64 kDa, suggesting that granzyme B was involved in pADPRT degradation. In the second in
vivo model we used, i.e., withdrawal of treatment with the hepatomitogen CPA, apoptosis of excessive hepa-
tocytes but no necrosis occurs. Again, no induction of p53 expression could be detected in the liver even at the
maximum level of apoptosis, whereas a strong correlation between induction of apoptosis and cleavage of
pADPRT to a 64-kDa fragment was observed. These results from whole-animal experiments strongly suggest
that the induction of apoptosis in rat liver after genotoxic and cytotoxic damage and during regression of
hyperplasia is driven by a p53-independent pathway but is accompanied by cleavage of pADPRT. Mol. Carcinog.
24:263–275, 1999. © 1999 Wiley-Liss, Inc.
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INTRODUCTION

Rat liver is an excellent tool for studying the com-
plex regulation of apoptosis in vivo [1,2]. Apoptosis
is essential for the maintenance of homeostasis of
cell number within the organ; that is, extra hepato-
cytes are produced in response to hepatomitogens
such as cyproterone acetate (CPA). These excess cells
are eliminated by apoptosis when treatment with the
hepatomitogen is discontinued [3]. Apoptosis may
also be induced by administration of genotoxic and
cytotoxic hepatocarcinogens such as N-nitroso-
morpholine (NNM). We found that during tumor
initiation, NNM causes severe hepatotoxicity, in-
creases in apoptosis and necrosis, and subsequently
regenerative DNA synthesis. Coincidently, initiated
liver cells emerge, divide, and form small preneo-
plastic cell clones [4]. Apoptosis after NNM treatment
serves to eliminate damaged or initiated liver cells;
this mechanism probably eliminates a considerable
number of preneoplastic clones [2,4]. This important
defense strategy against potentially harmful cells may
also occur in human liver after drug- or virus-induced
hepatitis [2]. We have shown that extracellular sig-

nals such as transforming growth factor β1 and fast-
ing enhance apoptosis [5–7]. By applying this knowl-
edge, we were able to eliminate preneoplastic cells
from the liver and to reduce the subsequent risk for
cancer [6,7]. However, with respect to potential thera-
peutic possibilities, the intracellular signals involved
in the control of apoptosis and their mode of action
are insufficiently known.

The p53 tumor suppressor gene is essential for the
maintenance of DNA replication fidelity [reviewed
in 8–12]. The wild-type (wt) p53 protein is expressed
in cell nuclei in extremely low amounts because of
its short half-life [13]. In response to DNA damage
by genotoxic agents, the rate of synthesis and the
stability of the protein increase markedly [14–17].
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The resulting accumulation of p53 protein inhibits cell-
cycle progression [18–20] and may even induce apop-
tosis [21–24], thereby preventing proliferation of cells
with damaged DNA. The exact molecular mechanism
of the protective effects of wt p53 is the focus of in-
tense research. The anti-proliferative function of wt
p53 is mediated by binding of the protein to a variety
of target genes, such as the cell cycle–related genes
gadd45, mdm-2, and p21Waf1/Cip1/Sdi1 [25–29]. The p21
protein is involved in cell-cycle arrest at G1 by inhibi-
tion of cyclin-dependent protein kinase 2 and of pro-
liferating-cell nuclear antigen (PCNA)–dependent DNA
replication [30–32]. Much less is known about the role
of p53 in the induction of apoptosis. It was shown
that wt but not mutant p53 mediates apoptosis in re-
sponse to various stimuli, such as oncogenes or
genotoxic agents [21,33–34].

In response to DNA damage, another nuclear pro-
tein, poly(ADP-ribose) transferase (pADPRT) is strongly
stimulated, resulting in the synthesis of oligo(ADP-
ribose) or poly(ADP-ribose) chains covalently coupled
to various acceptor proteins. As a result, DNA repair is
induced or DNA degradation is prevented [reviewed
in 35–37]. pADPRT is antagonized by poly(ADP-ribose)
glycohydrolase, which hydrolyzes the glycosidic link-
ages of poly(ADP-ribose).

There is increasing evidence that pADPRT and p53
are functionally related. Under certain experimental
conditions, p53 protein and pADPRT form complexes,
leading to unusual cytoplasmic sequestration of
pADPRT and poly(ADP-ribosyl)ation of mutant p53
[38,39]. pADPRT-deficient cell lines show reduced
baseline levels of p53 and respond less to VP-16–in-
duced apoptosis [40–42]. Furthermore, in pADPRT
knockout mice, cellular levels of wt p53 are lower be-
cause of the reduced stability of the protein [42].

The aim of the work described here was to study
the role of p53 and pADPRT in the control of hepato-
cyte apoptosis in two different in vivo models, i.e.,
during the process of tumor initiation by NNM and
after withdrawal of the hepatomitogen CPA. For this
purpose, the kinetics of apoptosis induction was com-
pared with that of the expression of p53 mRNA and
protein and with the activities of pADPRT and the
antagonist poly(ADP-ribose) glycohydrolase. We
showed that induction of apoptosis in rat liver after
genotoxic and cytotoxic damage by NNM and during
regression of hyperplasia after withdrawal of CPA treat-
ment seemed to occur by a p53-independent path-
way. However, cleavage of pADPRT occurred early in
hepatocyte apoptosis in vivo, which might impair p53
stabilization and which substantiates the importance
of pADPRT for mediating survival and death of cells.

MATERIALS AND METHODS

Animals and Treatment

Three- to five-week-old male and female SPF Wistar
rats were obtained from the Forschungsinstitut für
Versuchstierzucht und Versuchstierhaltung (Him-

berg, Austria). The animals were randomly assigned
to experimental groups and kept under standardized
conditions (Macrolon cages, 23 ± 2°C, 40–70% rela-
tive humidity). Three weeks before treatment, the
animals were adapted to an inverted light-dark
rhythm with lights off from 10 a.m. to 10 p.m. and
lights on from 10 p.m. to 10 a.m. To synchronize
hepatic DNA synthesis to a single wave per day by
rhythmic feeding according to previous descriptions
[7,43], food (Altromin 1321N; Altromin; Lager, Ger-
many) was available to the animals for 5 h from 10
a.m. to 3 p.m. Immediately before application, NNM
(Serva, Heidelberg, Germany) was dissolved in phos-
phate-buffered saline, pH 7.4. The rats were given a
single dose of 250 mg/kg body weight NNM by gav-
age between 8 p.m. and 9 p.m., when the wave of
hepatic DNA synthesis was at its peak. Controls were
treated with the pure solvent only. The animals were
killed by decapitation under CO2 narcosis 12, 24, 36,
and 84 h after NNM application.

Female Wistar rats, kept on rhythmic feeding, re-
ceived CPA (Schering, AG, Berlin, Germany) dissolved
in maize oil by gavage at 9 a.m. for 7 d as previously
described [3]. Controls were treated with maize oil
only. The animals were killed by decapitation 7, 12,
24, and 48 h after the last application of CPA. The
animal tests were performed according to the Aus-
trian guidelines for animal care and treatment.

The experimental NNM treatment of male rats was
performed twice. At least three animals per sex, treat-
ment group, and time point were evaluated by all
of the following morphological and biochemical
methods.

Antibodies

Monoclonal anti-p53 antibodies recognizing both
wt and mutant p53 (Ab-1) and anti–Waf-1 antibod-
ies (Ab-5) from Oncogene Research Products, Inc.
(Cambridge, MA) were used. Anti-PCNA antiserum
was obtained from Coulter Immunology (Hialeah,
FL). Specific anti-pADPRT antibodies raised in rab-
bits were purified by affinity chromatography by
using human pADPRT [44] immobilized on Sepharose
as described in detail previously [45]. Polyclonal an-
tisera Boe and N-20, raised against pADPRT, were
obtained from Boehringer (Mannheim, Germany)
and from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA), respectively. Anti-pADPRT antibody N-20 rec-
ognizes an epitope in the N terminus of the pADPRT
protein located between amino acids 1 and 20.
Polyclonal anti-pADPRT antibody Boe and those gen-
erated in our laboratory show similar specificity and
target epitopes restricted to the central and C-termi-
nal domains and do not react with the N-terminal
part of pADPRT. Horseradish peroxidase (HRP)–con-
jugated or biotinylated anti-mouse or anti-rabbit
antibodies (Amersham International, Little Chalfont,
England) were used as second antibodies for detec-
tion of specific immune complexes.
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Histology

Tissue slices about 3 mm thick were fixed in 4%
buffered formalin or Carnoy’s solution and embed-
ded in Paraplast. Sections 2 µm thick were cut. The
Carnoy-fixed tissue was stained with hematoxylin
and eosin for quantitation of apoptotic bodies (ABs).
Formalin-fixed material was used for the immuno-
histochemical detection of PCNA and p53, which was
performed exactly as previously detailed [38,46].

Determination of Necrosis

The extent of cell lysis by necrosis was estimated
by determining serum glutamate dehydrogenase ac-
tivity, with a commercial test kit (Merck-1-Test Nr.
3373; Merck, Darmstadt, Germany). Areas of necrotic
liver tissue were measured with a semiautomatic
image analyzer (VIDS IV; Ai-Tektron GmbH,
Meerbusch, Germany).

Determination of Apoptosis

The incidence of remains of hepatocytes undergo-
ing death by apoptosis (apoptotic bodies (ABs)) was
determined in hematoxylin and eosin–stained sec-
tions according to previous morphological descrip-
tions [3] by scoring at least 4000 hepatocytes per
animal. The number of ABs found was expressed as
a percentage of the number of intact hepatocytes.
Because the interindividual variation was small, we
pooled the results on apoptosis obtained from livers
of the same treatment groups.

RNA Isolation and Northern Blot Analysis

Total cellular RNA was prepared by the guanidium
isothiocyanate–phenol–chloroform extraction proce-
dure. To rule out degradation of RNA during mRNA
isolation, highly concentrated total RNA samples (50
µg) were separated by 1% agarose gel electrophore-
sis, transferred onto nylon membranes (GeneScreen;
NEN Life Sciences Products, Boston, MA), and hy-
bridized with a 32P-labeled p53 cDNA probe. The blots
were rehybridized with a 32P-labeled glyceraldehyde-
3-phosphate dehydrogenase probe as an internal
control for RNA loading.

Preparation of Crude Tissue Extracts

Frozen tissue samples were homogenized with RIPA
buffer (50 mM Tris-HCl, pH 7.4; 500 mM NaCl; 1%
Nonidet-P40; 0.5% sodium deoxycholate; 0.1% so-
dium dodecyl sulfate (SDS); 0.05% NaN3; and 1 mM
phenylmethylsulfonyl fluoride (PMSF)) in a glass ho-
mogenizer at 4°C, and the homogenates were cen-
trifuged. The clear supernatant was used for further
analysis.

Isolation of Nuclei and Preparation of
Nuclear Extracts

To avoid proteolytic degradation of proteins, all
isolation steps were performed at 4°C in the pres-
ence of protease inhibitors (CE = 1 mM PMSF and

100 µM Pefabloc). The nuclei were isolated by the
method of Tata [47] and were extracted with buffer
consisting of 0.4 M NaCl; 10 mM Tris-HCl, pH 7.4; 3
mM MgCl2; 2 mM β-mercaptoethanol; and 1 mM
PMSF for 30 min at 4°C.

Preparation of Poly(ADP-ribose) Chains

Labeled poly(ADP-ribose) was prepared by modifi-
cation of the method described by Menard and
Poirier [48] by using human pADPRT overexpressed
in insect cells transfected with a recombinant
baculovirus [44].

Determination of pADPRT Activity

To determine pADPRT activity, aliquots of
nuclear extracts were incubated with 100 µM
[32P]NAD; 100 mM Tris-HCl, pH 8.0; 10 mM MgCl2;
0.1 mM dithiothreitol (DTT); and 0.1 mM PMSF at
25°C for 10 min [49]. The reaction was terminated
by transfer of the tubes to an ice-water bath and
addition of 3-aminobenzamide to a final concen-
tration of 5 mM. After addition of unlabeled NAD
to a final concentration of 5 mM, the radioactivity
of material insoluble in 20% trichloroacetic acid
was determined. One enzyme unit was defined as
the enzyme activity catalyzing the incorporation
of 1 nmol of ADP-ribose into acid-insoluble mate-
rial per minute.

Determination of Glycohydrolase Activity

The activity of poly(ADP-ribose) glycohydrolase
in nuclear extracts was assayed in triplicate accord-
ing to the method described previously [50] by
using 32P-labeled poly(ADP-ribose) (average chain
length = 30) as a substrate.

Determination of Protein Content

Aliquots of isolated nuclei were dissolved in non-
reduced SDS sample buffer. The protein concentra-
tions of nuclear extracts and samples dissolved in
SDS sample buffer were determined by using the
Pierce assay (Pierce, Rockford, IL) with bovine serum
albumin as the standard.

Immunoblotting

Proteins dissolved in SDS sample buffer contain-
ing 50 mM DTT were boiled for 3 min and immedi-
ately cooled. Then 1 µL of 2.6 M DTT per 100-µL
sample was added. Equal amounts of nuclear pro-
teins were loaded on a 10% SDS polyacrylamide slab
gel, electrophoretically separated [51], and transferred
onto a nitrocellulose membrane (Bio-Rad Laborato-
ries, Richmond, CA). The immobilized proteins were
stained with Ponceau S. Immunodetection of p53 was
performed with monoclonal antibody Ab-1 (PAb421)
and immunodetection of p21 protein with a specific
polyclonal antibody (Ab-5). For detection of pADPRT,
affinity-purified anti-pADPRT antibodies were used.
The immune complexes were detected with appro-
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priate HRP-conjugated second antibodies and en-
hanced chemiluminescence detection reagent
(Amersham International).

Activity Blotting

Detection of pADPRT activity on nitrocellulose
sheets was performed according to a procedure de-
scribed by Simonin et al. [52]. The activity blotting
was performed in the absence of exogenous DNA to
achieve comparable intensity of bands representing
the full-length pADPRT and its C-terminal fragments.

Statistical Analysis

Statistical analysis was performed by using a non-
parametric ANOVA test.

RESULTS

Evaluation of Apoptosis

Killing the male and female rats within the first
days after application of NNM revealed considerable
loss of liver tissue. At the 12-h time point, a first wave
of apoptosis occurred and was followed by peaks at
24 and 36 h (Figure 1A and B). At all time points
investigated, apoptosis was predominant in areas
close to central veins (Figure 1A and B). In both sexes,
hepatocellular necrosis appeared also around the
central veins, but not before 36 h after NNM treat-
ment (Figure 1B). Determination of serum activity
of glutamate dehydrogenase, a marker for necrotic
cell death, revealed a basal level of 4.99 ± 0.04 U/L, a
slight elevation to 23.9 ± 9.5 U/L 12 h after NNM
application, and a continuous increase to 726.2 ±
574.4 U/L at the 84-h time point. At the maximum
amount of damage, morphometric analysis demon-
strated that about 45% of the total liver area was
affected by necrosis. On the border of necrotic areas,
liver cell death through apoptosis was detected (Fig-
ure 1B, panel b). Hepatocytes near periportal areas
were essentially unaffected. At 84 h, there was a sharp
decline in apoptosis that coincided with a high level
of regenerative DNA synthesis, as shown by the dra-
matic increase in PCNA-positive nuclei (Figure 1A).
In contrast to apoptotic cells, most of the replicat-
ing nuclei were found close to the periportal area
(Figure 1A).

Increase in p53 Protein Level in Response to
NNM Treatment

To examine the effect of NNM treatment on the
activation of p53 protein, isolated and separated
nuclear proteins obtained from male and female liver
and male testis were subjected to immunoblotting
with anti-p53 antibodies. As shown in Figure 2, p53
protein was not detectable in liver nuclei isolated
from untreated controls and 12 h after NNM appli-
cation. A distinct increase in the p53 level occurred
at 24 h after treatment and persisted for another 12
h. At the 84-h time point, when replicative DNA syn-

thesis rose, p53 protein was again undetectable. The
kinetics of p53 accumulation in the livers of females
was similar to that of males, being highest 24 h after
NNM. As shown in Figure 2, no positive signal could
be detected in testis samples collected from untreated
or NNM-treated males; testis is not a target organ of
NNM toxicity and was used as negative control.

In a second independent experiment, the results
were the same, except that the highest p53 induc-
tion in the liver was observed even later, at 36 h af-
ter treatment (data not shown).

Enhancement of p53 Transcription

In the second experiment, we determined whether
the observed increase in p53 in rat liver was due to
enhanced rates of transcription or to protein stabili-
zation. No p53 RNA could be detected in liver from
untreated controls (Figure 3). The first p53-positive
signal was observed 12 h after NNM application, in-
creased during the next 24 h, and had disappeared
at 84 h (Figure 3). Total RNA from primary rat cells
overexpressing mouse p53135val, used as positive con-
trols, gave considerably stronger signals than did the
liver samples. These findings suggest that the induced
expression of p53 protein in the liver after NNM treat-
ment was due to enhanced transcription.

Immunohistochemical Demonstration of p53

Twelve hours after NNM treatment, no p53 pro-
tein was detected in liver tissue by immunohis-
tochemical staining. At the 24-h time point, about
15% of hepatocyte nuclei in the intermediary zone
of the liver lobules were clearly positive for p53 (Fig-
ure 4). In the periportal and perivenous parts, only a
few positive nuclei (less than 1%) could be found.
Cells in both early apoptosis (as defined by chroma-
tin condensation but unaltered cytoplasm) and later
stages were p53 negative (Figure 4). At 84 h, p53 pro-
tein was no longer detectable, although apoptotic
activity in the liver was still elevated (data not
shown). These results, showing temporal and spatial
segregation of p53 accumulation from apoptosis,
again substantiate that p53 may not directly be in-
volved in hepatic apoptosis after genotoxic and cy-
totoxic insult by NNM.

Enhancement of p21 Level after NNM Treatment

We also examined the effect of NNM treatment
on p21 levels by immunoblotting with anti–Waf-1
antibody. As shown in Figure 5, p21 protein was not
detectable in samples obtained from untreated con-
trols and from specimens 12 h after NNM applica-
tion. The p21 level increased 24 h after NNM
treatment and declined thereafter. No differences
were observed between females and males. In testis
no reactivity with anti–Waf-1 antibodies occurred.
The temporal coincidence of activation of p53 and
p21 in liver but not in testis is compatible with p21
expression mediated by p53.
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Figure 1. (A) Incidence of PCNA-positive nuclei (% labeling
index (LI)) and of apoptosis (% AB) in the livers of female and
male rats after NNM treatment. At least three animals per sex
and time point were evaluated. Two thousand hepatocyte nu-
clei and 4000 hepatocytes per rat were scored for the determi-
nation of % labeling index and % AB, respectively; 50% of the
nuclei and cells evaluated were from periportal zones (open
bars), and the other 50% were from perivenous zones (hatched

bars) of the liver lobules. The incidence data are given with
95% confidence intervals (error bars); no overlap of error bars
indicates significance at P < 0.05. (B) NNM-induced apoptosis
and necrosis of hepatocytes 12 h (panel a) and 36 h (panel b)
after treatment. Small arrowheads point to apoptotic bodies;
larger arrowheads indicate areas of necrosis. The asterisk marks
the central vein. Magnification, 100×.
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Cleavage of pADPRT after NNM Treatment

To examine the effect of NNM treatment on the
expression of pADPRT, we used two different ap-
proaches. First, blots were incubated with antiserum
that reacted with the first 20 amino acids of the en-
zyme at the N terminus (N-20) and that visualized
full-length 116-kDa pADPRT in all liver and testis
samples (Figure 6, upper panels). Then, blots were
subsequently stained with polyclonal anti-pADPRT
antibody Boe, which recognizes broad-range epitopes
but not the N terminus (Figure 6, middle panels). By
this approach, intact pADPRT was discriminated from
fragmented forms with or without the N-terminal
part (Figure 6).

As soon as 12 h after NNM treatment, the inten-
sity of the 116-kDa protein band, corresponding to
the intact enzyme, decreased in the liver (Figure 6,
upper panels). Coincidently, a heavily stained band
of approximately 64 kDa and occasionally 54 kDa
appeared and persisted through most of the obser-
vation period (middle panels). This cleavage of
pADPRT at 12 h was seen in the liver of all NNM-
treated animals (Figure 6 shows results from three
individual rats). Immunostaining of purified human
pADPRT subjected to limited proteolysis revealed a
series of reactive fragments ranging from 116 to about
40 kDa. This substantiates that the 64- and 54-kDa
bands represented discrete proteolytic fragments of
pADPRT occurring during apoptosis (upper and
middle panels).

Figure 2. Effect of NNM treatment on the expression of p53
protein. Liver and testis samples were separately collected and
used for isolation of nuclei. By this procedure, the remains of
necrotic cells were removed. Nuclear proteins (20 µg/lane) were
electrophoretically separated on 10% SDS slab gels and trans-
ferred onto nitrocellulose. The blots were incubated with anti-
p53 antibody diluted to a final concentration of 1:800 and

subsequently with biotinylated anti–mouse immunoglobulin
G at a dilution of 1:2500. The immune complexes were detected
after incubation with streptavidin coupled to HRP and enhanced
western blotting chemiluminescence reagent. Biotinylated pro-
teins were used as molecular weight markers. As a positive con-
trol, chromatographically purified human wt p53 protein (0.2
µg) was used.

Figure 3. Activation of p53 RNA transcription in rat liver
after NNM treatment. Total RNA (50 µg/lane) was electro-
phoretically separated, transferred onto a membrane, and hy-
bridized with a 32P-labeled p53 cDNA probe. The blot was
stripped and reprobed with 32P-labeled glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). Radioactive signals were de-
tected autoradiographically. Two rat cell clones overexpressing
p53135val (52/114 and 52/123) were used as positive controls.
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Figure 4. Expression of p53 protein in rat liver 24 hr after
NNM treatment. p53-positive hepatocyte nuclei are indicated
by brown immunostaining. The arrowheads point to p53-nega-
tive apoptotic hepatocytes in an early stage of apoptosis, with
the beginning of chromatin condensation at the nuclear mem-
brane (A); in a more advanced stage of apoptosis, with chro-
matin fragments and condensation of the cell (B); and in the
final uptake of an apoptotic body by phagocytosis by an intact
hepatocyte (C). Magnification, 150×.

Figure 5. Transient expression of p21 protein in rat liver
after NNM treatment. Nuclear proteins (20 µg/lane) separated
on 15% SDS gels were subjected to immunoblotting with anti-
p21 antibodies diluted 1:500. Molecular weight markers im-

mobilized on nitrocellulose were stained with Ponceau S. The
markers are lactate dehydrogenase (36 kDa), carbonic anhy-
drase (31 kDa), trypsin inhibitor (21 kDa), lysozyme (14 kDa),
and aprotonin (6 kDa).
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To ensure that the lower-molecular-weight bands
were not artifacts, immunoblotting was performed
after pre-adsorption of purified pADPRT with anti-
bodies that completely abolished their immunore-
activity (data not shown). The results were identical
when either the Boe antiserum or antiserum pro-
duced by our laboratory were used (data not shown).

In the second approach, we used activity blotting
to detect intact pADPRT and its C-terminal fragments
encompassing the substrate binding domain in situ.
As shown in Figure 6 (lower panels), the 116- and
64-kDa polypeptides recognized by the Boe antise-
rum incorporated 32P-labeled NAD, confirming that
the 64-kDa protein represented a C-terminal frag-
ment of the enzyme. In conclusion, the extent of
pADPRT degradation occurring 12 h after NNM ap-
plication implies that the degradation accompanies
or even precedes the first morphologically visible
events of apoptosis.

In contrast to the series of heterogenous fragments
of human pADPRT appearing after limited proteoly-
sis, in treated rat liver only two defined degradaton
products lacking the N-terminal part were generated.
In testis, which is not a target of NNM toxicity, ac-
tivity blotting revealed only a single radioactive band
of 116 kDa, confirming that cleavage of pADPRT was
not seen in the negative control.

Effect of NNM Treatment on the Activity of
pADPRT and Poly(ADP-ribose) Glycohydrolase

To exclude artificial stimulation of pADPRT dur-
ing preparation, we determined in nuclear extracts
the activity not only of pADPRT but also of poly(ADP-
ribose) glycohydrolase, an enzyme that is not acti-
vated unspecifically and that reflects pADPRT
activity. Twelve hours after NNM application, the
activity of hepatic pADPRT was decreased signifi-
cantly (Figure 7A), which coincided with extensive
proteolytic degradation of the enzyme. Thereafter
enzyme activity gradually increased up to 84 h after
NNM application. The time course of the activity of
poly(ADP-ribose) glycohydrolase in liver was similar
to that of pADPRT (Figure 7B).

NNM treatment did not alter the activity of
pADPRT in testis. The basal activity of testicular
glycohydrolase was about fourfold higher than that
in liver and also remained unaffected by NNM.

Induction of Apoptosis during Regression of Liver
Hyperplasia after CPA Withdrawal

Rat liver hyperplasia was induced by repeated treat-
ment with the hepatomitogen CPA. As shown in Fig-
ure 8, the apoptotic activity was slightly elevated at
7 h, was significantly increased as soon as 13 h after

Figure 6. Cleavage of pADPRT in rat liver in response to
NNM treatment. Nuclear proteins (30 µg) separated on 10%
SDS slab gels were renatured and transferred onto nitrocellu-
lose. The blots were incubated with [32P]NAD in an appropri-
ate buffer, exposed to Kodak film (lower panels), and
subsequently subjected to immunoblotting (upper panels) with

affinity purified anti-pADPRT antibody N-20 diluted 1:1000.
After incubation with anti–goat immunoglobulin G antibodies
linked to HRP immune complexes were detected by chemilu-
minescence. The blots were extensively washed overnight and
incubated with affinity purified anti-pADPRT antibody (Boe)
diluted 1:2000 and with anti-rabbit antibodies linked to HRP.
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Figure 7. Effect of NNM application on the activities of
pADPRT (A) and of poly(ADP-ribose) glycohydrolase (B). The
activities of solubilized pADPRT and poly(ADP-ribose)
glycohydrolase were measured in triplicate as described in
Materials and Methods. The activity of pADPRT is given as mU/
µg protein. The values of poly(ADP-ribose) glycohydrolase are
normalized to the activities of respective controls, and activity
in control rats was as follows: in female liver, 1.14 pmol/min/µg
protein; in male liver, 1.26 pmol/min/µg protein; and in testis,
5.2 pmol/min/µg protein.

Figure 8. Incidence of apoptosis (% AB) after withdrawal
of CPA treatment. At least three animals per time point were
evaluated. Four thousand hepatocytes were scored for the de-
termination of % AB. Incidences are given with 95% confidence
intervals (error bars); no overlap of error bars indicates signifi-
cance at P < 0.05.

the last CPA application, and underwent a second
wave at 48 h. No predominant localization of apop-
tosis within the liver lobules was observed. Glutamate
dehydrogenase activity in the serum was not signifi-
cantly elevated, confirming that cell death occurred
predominantly by apoptosis (basal level, 3.5 ± 0.7
U/L; 24 h after CPA withdrawal, 5.0 ± 2.6 U/L; 48 h
after withdrawal, 6.0 ± 3.6 U/L).

Lack of p53 Expression in Hyperplastic Liver
During Regression

In immunoblotting experiments, no p53 protein
could be detected in controls and at the indicated times
after CPA withdrawal. However, a strong signal on the
blot was obtained with purified human wt p53, which
served as a positive control (data not shown).

Proteolytic Cleavage of pADPRT After CPA
Withdrawal

As soon as 7 h after the last CPA application, a
proteolytic pADPRT fragment of 64 kDa was gener-
ated (Figure 9). This degradation product was not
only immunoreactive with Boe antibody but also
incorporated 32P-labeled substrate. The degradation
of pADPRT significantly increased after 13 h, reached
the highest extent at 24 h, and thereafter decreased
slightly. Comparison of the time course of apoptosis
and the kinetics of proteolytic cleavage of pADPRT
showed striking temporal coincidence.
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cause most experiments have been performed with
tissue-culture systems and cell lines that were poised
for apoptosis, it has become necessary to study the
role of p53 in apoptosis in the intact animal. One
would expect that application of NNM, a potent cy-
totoxic and genotoxic hepatocarcinogen generating
DNA single- and double-strand breaks, results in p53-
mediated apoptosis [54]. However, NNM-induced
apoptosis in rat liver occurred in a pattern tempo-
rally and spatially different from that of p53-protein
expression, as shown by several lines of evidence: (i)
a first wave of apoptosis appeared as soon as 12 h
after NNM treatment, whereas p53 protein was not
detected before 24 h after treatment; (ii) apoptotic
activity continued although p53 protein had disap-
peared 84 h after treatment; (iii) apoptosis predomi-
nated around the central venules, whereas p53-positive
staining occurred in the intermediary zone of the liver
lobules; and (iv) hepatocytes exhibiting morphologi-
cal characteristics of early stages of apoptosis did not
express p53 protein, whereas vital cells clearly did. Also,
in the second experimental model, the reversal of CPA-
induced liver hyperplasia occurred by p53-indepen-
dent apoptosis of excessive liver cells [3]; under this
regimen, hepatic necrosis does not occur. These re-
sults are consistent with several previous findings,
e.g., p53-null mice show an appropriate apoptotic
response of thymocytes upon treatment with gluco-
corticoids [24], and p53 deficiency of hepatocytes
does not affect apoptosis after DNA damage [55]. In
irradiated mice, some tissues show a dramatic accu-
mulation of p53, whereas in liver and other organs
this effect cannot be seen; moreover, the induction
of p53 is not necessarily associated with apoptosis,
as shown for bone osteocytes [56]. This substanti-
ates that alternative, p53-independent apoptotic
pathways exist and may depend on the kind of sig-
nal or cell type. In NNM-treated liver, the induction
of p53 appeared to be involved in the arrest of the
cell cycle, as replicative DNA synthesis was sup-
pressed as long as p53 and p21 remained elevated.
This effect of p53 may allow the repair of potentially
harmful DNA damage.

Our data demonstrated that in rat liver apoptosis
was accompanied by proteolytic degradation of
pADPRT. Then, a 64-kDa C-terminal fragment was
generated, and coincidently the intensity of the in-
tact band of 116 kDa and the enzymatic activity of
pADPRT declined. The activity of poly(ADP-ribose)
glycohydrolase, the specific antagonist of pADPRT,
was also affected during NNM-induced apoptosis,
reflecting alterations in pADPRT activity  and cellu-
lar levels of poly(ADP-ribose). The sizes of the pro-
tease-generated fragments of pADPRT were similar
during apoptosis induced by NNM and by withdrawal
of CPA. In a variety of cell lines and in a cell-free
system, apoptosis is associated with the degradation
of pADPRT to a N-terminal truncated fragment of
about 85 kDa [57,58]. At least four different proteases

Figure 9. Degradation of pADPRT in rat liver after cessa-
tion of CPA treatment. Activity blotting and immunoblotting
were performed as described in Materials and Methods.

DISCUSSION

Apoptosis in the liver and other organs is neces-
sary to appropriately delete extra and damaged cells
[2]. We showed that it may also protect against tu-
mor formation by removing mutated and preneo-
plastic cells [1,2,4,6,7]. Even in frank malignancy,
such as hepatocellular carcinoma, the intrinsic high
rate of apoptosis can be further elevated, leading to
regression of the tumors [2,53]. Thorough knowledge
of the signal-transduction cascade leading to apop-
tosis is therefore of potential therapeutic benefit for
cancer therapy.

The tumor suppressor p53 has been reported to
regulate apoptosis in several cell types [21–23]. Be-
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responsible for the cleavage of pADPRT have been
described [59–64]. Caspase-3 (formerly called prICE,
CPP32, Yama, and apopain) was identified as
pADPRT-specific protease recognizing a tetrapeptide
sequence proximal to the cleavage site between Asp216

and Gly217 [63,64]. The region immediately surround-
ing this site is conserved in humans, cattle, and chick-
ens. We observed in our in vivo experiments that
the 64-kDa fragment of pADPRT was truncated at
the N terminus and included the substrate binding
domain at the C terminus, as shown by activity blot-
ting. The smaller pADPRT fragment of about 54 kDa,
occasionally seen in NNM-treated livers failed to re-
act with N-20 and to bind 32P-labeled substrate, sug-
gesting further processing of the 64-kDa fragment at
the C terminus. With respect to the kind of protease
involved in this alternative cleavage of pADPRT,
pADPRT may be converted first into an 85-kDa pep-
tide by caspase 3 and then to the 64-kDa fragment
by other proteases. However, it cannot be ruled out
that pADPRT is cleaved in different ways. In
granzyme B–mediated apoptosis of Jurkat cells, gen-
eration of a 64-kDa pADPRT fragment was reported
[65]. A cleavage product of the same size also ap-
pears after in vitro incubation of isolated pADPRT
with granzyme B [66].

We have obtained evidence that pADPRT and p53
may be functionally related. We used rat primary cells
overexpressing the temperature-sensitive (ts) mouse
mutant p53135val, which is oncogenic and located in
the cytoplasm at 37°C and which exhibits tumor
suppressor activity and translocation into the nucleus
at 32°C [18]. In these cells, the ts p53 protein and
pADPRT form tight complexes; at 37°C an unusual
cytoplasmic sequestration of pADPRT by ts p53 was
observed, leading to poly(ADP-ribosyl)ation of the
mutant form of ts p53 [38,39]. pADPRT-deficient cell
lines show reduced baseline levels of p53, fail to ac-
cumulate p53 after etoposide–VP-16 treatment, and
subsequently respond less to VP-16–induced apop-
tosis [40–42]. We recently showed that the lowered
p53 level in pADPRT knockout mice cells is due to
reduced stability of regularly spliced wt p53 protein
[42]. Because in the study reported here, a lack of
p53 expression was observed during apoptosis, it
appears possible that deficiency of intact pADPRT in
apoptosing cells impaired the stabilization of p53
protein. In support of this hypothesis, the recovery
of pADPRT activity in the liver 24 h after NNM treat-
ment was accompanied by p53 induction.

The molecular and biological significance of pro-
teolytic cleavage of pADPRT during apoptosis is still
unclear. In general, proteolytic fragmentation of
pADPRT results in the separation of the 85k Da C-
terminus, which has automodification and catalytic
domains, from the N-terminus, which has the two
DNA-binding motifs. This cleavage abolishes the
DNA-binding ability of the enzyme and renders it
insensitive to activation by DNA strand breaks. This

could prevent pADPRT from being recruited to sites
of DNA injury and could cancel pADPRT’s normal
function in DNA repair. Considering the negative
regulation of the Ca++/Mg++-dependent endonuclease
by ADP ribosylation [67,68], elimination of pADPRT
would restore the full cleavage activity of the nu-
clease, which could push the cell into DNA fragmen-
tation and apoptosis. The importance of pADPRT
degradation in the execution of apoptosis was also
shown by decreased apoptotic activity in caspase-3–
deficient mice [69,70]. When cells were cultivated
with peptides including the caspase-3 cleavage se-
quence, the rate of apoptosis was reduced dramati-
cally [63,71].

In conclusion, this study supports the importance
of pADPRT for survival and death of cells in animal
models of hepatocarcinogenesis and of hyperplastic
liver growth.

ACKNOWLEDGMENTS

We are grateful to Dr. Gilbert de Murcia for the
baculovirus expressing full-length human pADPRT
and to Dr. Steve A. Maxwell for the baculovirus ex-
pressing human wt p53. We would like to thank M.
Schippel, W. Reinthaler, S. Magyar, and H. Koudelka
for excellent technical assistance and Dr. C. Cerni
and Professor Dr. R. Schulte-Hermann for critical
reading of the manuscript. This work was supported
by grant from the Herzfelder’sche Familienstiftung.

REFERENCES

1. Bursch W, Oberhammer F, Schulte Hermann R. Cell death by
apoptosis and its protective role against disease. Trends Pharmacol
Sci 1992;13:245–251.

2. Schulte-Hermann R, Bursch W, Grasl-Kraupp B. Active cell death
(apoptosis) in liver biology and disease. In: Boyer JL, Ockner RK,
editors. Progress in liver diseases. p. 1–35. W.B. Saunders; 1995.

3. Bursch W, Taper HS, Lauer B, Schulte-Hermann R. Quantitative
histological and histochemical studies on the occurrence and
stages of controlled cell death (apoptosis) during regression of
rat liver hyperplasia. Virchovs Arch B 1985;50:153–166.

4. Schulte-Hermann R, Bursch W, Grasl-Kraupp B, Oberhammer
F, Wagner A. Programmed cell death and its protective role
with particular reference to apoptosis. Toxicol Lett 1992;64/
65:569–574.

5. Oberhammer F, Pavelka M, Sharma S, et al. Induction of apopto-
sis in cultured hepatocytes and in regressing liver by transforming
growth factor-β1. Proc Natl Acad Sci USA 1992;89:5408–5412.

6. Müllauer L, Grasl-Kraupp B, Bursch W, Schulte-Hermann R. Trans-
forming growth factor β1-induced cell death in preneoplastic
foci of rat liver and sensitization by the antiestrogen tamoxifen.
Hepatology 1996;23:840–847.

7. Grasl-Kraupp B, Bursch W, Ruttkay-Nedecky B, Wagner A, Lauer
B, Schulte-Hermann R. Food restriction eliminates preneoplastic
cells through apoptosis and antagonizes carcinogenesis in rat
liver. Proc Natl Acad Sci USA 1994;91:9995–9999.

8. Cox LS, Lane DP. Tumour suppressors, kinases and clamps: How
p53 regulates the cell cycle in response to DNA damage. BioEssays
1995;17:501–508.

9. Donehower LA, Bradley A. The tumor suppressor p53. Biochim
Biophys Acta 1993;1155:181–205.

10. Ullrich SJ, Anderson CW, Mercer WE, Appella E. The p53 tumor
suppressor protein, a modulator of cell proliferation. J Biol Chem
1992;267:15259–15262.

11. Velculescu VE, El-Deiry WS. Biological and clinical importance of
the p53 tumor suppressor gene. Clin Chem 1996;42:858–868.

12. Vogelstein B, Kinzler KW. p53 function and dysfunction. Cell
1992;70:523–526.



274 WESIERSKA-GADEK ET AL.

13. Reich NC, Levine AJ. Growth regulation of a cellular tumour an-
tigen, p53, in nontransformed cells. Nature 1984;308:199–201.

14. Maltzman W, Czyzyk L. UV irradiation stimulates levels of p53
cellular tumor antigen in nontransformed mouse cells. Mol Cell
Biol 1984;4:1689–1694.

15. Kastan MB, Onyekwere O, Sidransky D, Vogelstein B, Craig RW.
Participation of p53 protein in the cellular response to DNA dam-
age. Cancer Res 1991;51:6304–6311.

16. Fritsche M, Haessler C, Brandner G. Induction of nuclear accu-
mulation of the tumor-suppressor protein p53 by DNA-damag-
ing agents. Oncogene 1993;8:307–318.

17. Lu X, Lane DP. Differential induction of transcriptionally active
p53 following UV or ionizing radiation: Defects in chromosome
instability syndromes? Cell 1993;75:765–778.

18. Eliyahu D, Michalovitz D, Eliyahu S, Pinhashi-Kimhi O, Oren M.
Wild-type p53 can inhibit oncogene-mediated focus formation.
Proc Natl Acad Sci USA 1989;86:8763–8767.

19. Finlay CA, Hinds PW, Levine AJ. The p53 proto-oncogene can
act as a suppressor of transformation. Cell 1989;57:1083–1093.

20. Lin D, Shields MT, Ullrich SJ, Appella E, Mercer WE. Growth ar-
rest induced by wild-type p53 protein blocks cells prior to or
near the restriction point in late G1 phase. Proc Natl Acad Sci
USA 1992;89:9210–9214.

21. Yonish-Rouach E, Resnitzky D, Lotem J, Sachs L, Kimchi A, Oren
M. Wild-type p53 induces apoptosis of myeloid leukaemic cells
that is inhibited by interleukin-6. Nature 1991;352:345–347.

22. Shaw P, Bovey R, Tardy S, Sahli R, Sordat B, Costa J. Induction of
apoptosis by wild-type p53 in a human colon tumor-derived cell
line. Proc Natl Acad Sci USA 1992;89:4495–4499.

23. Lowe SW, Schmitt EM, Smith SW, Osborne BA, Jacks T. p53 is
required for radiation-induced apoptosis in mouse thymocytes.
Nature 1993;362:847–849.

24. Clarke AR, Purdie CA, Harrison DJ, et al. Thymocyte apoptosis
induced by p53-dependent and independent pathways. Nature
1993;362:849–852.

25. El-Deiry WS, Kern SE, Pietenpol JA, Kinzler KW, Vogelstein B.
Definition of a consensus binding site for p53. Nat Genet
1992;1:45–49.

26. Funk WD, Pak DT, Karas RH, Wright WE, Shay JW. A transcrip-
tionally active DNA-binding site for human p53 protein com-
plex. Mol Cell Biol 1992;12:2866–2871.

27. Smith ML, Chen I-T, Zhan Q, et al. Interaction of the p53-regu-
lated protein Gadd 45 with proliferating cell nuclear antigen.
Science 1994;266:1376–1380.

28. Momand J, Zambetti GP, Olson DC, George D, Levine AJ. The
mdm-2 oncogene product forms a complex with the p53 pro-
tein and inhibits p53-mediated transactivation. Cell 1992;
69:1237–1245.

29. El-Deiry WS, Tokino T, Velculescu VE, et al. WAF-1, a potential
mediator of p53 tumour suppression. Cell 1993;75:817–825.

30. Harper JW, Adami GR, Wei N, Keyomarsi K, Elledge SJ. The p21
Cdk-interacting protein Cip1 is a potent inhibitor of G1 cyclin-
dependent kinases. Cell 1993;75:805–816.

31. Flores-Rozas H, Kelman Z, Dean FB, et al. Cdk-interacting pro-
tein 1 directly binds with proliferating cell nuclear antigen and
inhibits DNA replication catalyzed by the DNA polymerase δ ho-
loenzyme. Proc Natl Acad Sci USA 1994;91:8655–8659.

32. Waga S, Hannon GJ, Beach D, Stillman B. The p21 inhibitor of
cyclin-dependent kinases controls DNA replication by interac-
tion with PCNA. Nature 1994;369:574–578.

33. Mowat MR. p53 in tumor progression: Life, death and every-
thing. Adv Cancer Res 1998;74:25–48.

34. Yonish-Rouach E, Deguin V, Zaitchouk T, et al. Transcriptional
activation plays a role in the induction of apoptosis by transiently
transfected wild-type p53. Oncogene 1995;11:2197–2205.

35. Berger NA. Poly(ADP-ribose) in the cellular response to DNA dam-
age. Rad Res 1985;101:4–15.

36. Shall S. ADP-ribose in DNA repair. In: Hayaishi O, Ueda K, edi-
tors. ADP-ribosylation reactions. London: Academic Press;
1982;477–520.

37. Ueda K, Hayaishi O. ADP-ribosylation. Ann Rev Biochem
1985;54:73–100.

38. Wesierska-Gadek J, Bugajska-Schretter A, Cerni C. ADP-
ribosylation of p53 tumor suppressor protein: Mutant but not
wild-type p53 is modified. J Cell Biochem 1996;62:90–101.

39. Wesierska-Gadek J, Schmid G, Cerni C. ADP-ribosylation of wild-
type p53 in vitro: Binding of p53 protein to specific p53 consen-
sus sequence prevents its modification. Biochem Biophys Res
Commun 1996;224:96–102.

40. Whitacre CM, Hashimoto H, Tsai M-L, Chatterjee S, Berger SJ,
Berger NA. Involvement of NAD-poly(ADP-ribose) metabolism in

p53 regulation and its consequences. Cancer Res 1995;55:3697–
3701.

41. Agarwal ML, Agarwal A, Taylor WR, Wang Z-Q, Wagner EF, Stark
GR. Defective induction but normal activation and function of
p53 in mouse cells lacking poly-ADP-ribose polymerase.
Oncogene 1997;15:1035–1041.

42. Wesierska-Gadek J, Wang Z-Q, Schmid G. Reduced stability of
regularly spliced but not alternatively spliced p53 protein in PARP
deficient mice cells. Cancer Res 1999;59:28–34.

43. Schulte-Hermann R. Two-stage control of cell proliferation in-
duced in rat liver by α-hexachlorocyclohexane. Cancer Res
1977;37:166–171.

44. Giner H, Simonin F, de Murcia G, Menissier-de Murcia J. Over-
production and large-scale purification of the human poly(ADP-
ribose) polymerase using a baculovirus expression system. Gene
1992;114:279–283.

45. Mosgoeller W, Steiner M, Hozak P, Penner E, Wesierska-Gadek
J. Nuclear architecture and ultrastructural distribution of poly(ADP-
ribosyl)transferase, a multifunctional enzyme. J Cell Sci
1996;109:409–418.

46. Foley J, Ton T, Maronpot R, Butterworth B, Goldsworthy TL.
Comparison of proliferating cell nuclear antigen to tritiated thy-
midine as a marker of proliferating hepatocytes in rats. Environ
Health Perspect 1993;101 (suppl 5):199–206.

47. Tata JR. Isolation of nuclei from rat liver and other tissues. Meth-
ods Enzymol 1974;31:253–262.

48. Menard L, Poirier GG. Rapid assay of poly(ADP-ribose)
glycohydrolase. Biochem Cell Biol 1987;65:668–673.

49. Wesierska-Gadek J, Sauermann G. Modification of nuclear ma-
trix proteins by ADP-ribosylation. Association of nuclear ADP-
ribosyltransferase with the nuclear matrix. Eur J Biochem
1985;153:421–428.

50. Tanuma S-I, Endo H. Purification and characterization of an (ADP-
ribose)n glycohydrolase from human erythrocytes. Eur J Biochem
1990;191:57–63.

51. Laemmli UK. Cleavage of structural proteins during the assem-
bly of the head of bacteriophage T4. Nature 1970;227:680–685.

52. Simonin F, Briand J-P, Muller S, de Murcia G. Detection of
poly(ADP-ribose) polymerase in crude extracts by activity-blot.
Anal Biochem 1991;195:226–231.

53. Grasl-Kraupp B, Ruttkay-Nedecky B, Müllauer L, et al. Inherent
increase of apoptosis in liver tumors: Implications for carcinogen-
esis and tumor regression. Hepatology 1997;25:906–912.

54. Brambilla G, Carlo P, Finollo R, Sciaba L. Dose-response curves
for liver DNA fragmentation induced in rats by sixteen N-nitroso
compounds as measured by viscometric and alkaline elution analy-
ses. Cancer Res 1987;47:3485–3491.

55. Bellamy COC, Clarke AR, Wyllie AH, Harrison DJ. p53 deficiency
in liver reduces local control of survival and proliferation, but
does not affect apoptosis after DNA damage. FASEB J
1997;11:591–599.

56. Midgley CA, Owens B, Briscoe CV, Thomas BD, Lane DP. Cou-
pling between gamma irradiation, p53 induction and the apop-
totic response depends upon cell type in vivo. J Cell Sci
1995;108:1843–1848.

57. Kaufmann SH. Induction of endonucleolytic DNA cleavage in
human myelogenous leukemia cells by etoposide, camptothecin
and other cytotoxic anticancer drugs: A cautionary note. Cancer
Res 1989;49:5870–5878.

58. Kaufmann SH, Desnoyers S, Ottaviano Y, Davidson NE, Poirier
GG. Specific proteolytic cleavage of poly(ADP-ribose) polymerase:
An early marker of chemotherapy-induced apoptosis. Cancer Res
1993;53:3976–3985.

59. Lazebnik YA, Kaufmann SH, Desnoyers S, Poirier GG, Earnshaw
WC. Cleavage of poly(ADP-ribose) polymerase by a proteinase
with properties like ICE. Nature 1994;371:346–347.

60. Fernandes-Alnemri T, Litwack G, Alnemri ES. Mch2, a new mem-
ber of the apoptotic CED-3/Ice cysteine protease gene family.
Cancer Res 1995;55:2737–2742.

61. Gu Y, Sarnecki C, Aldape RA, Livingston DJ, Su MS-S. Cleavage
of poly(ADP-ribose) polymerase by interleukin-1β converting
enzyme and its homologs TX and Nedd-2. J Biol Chem
1995;270:18715–18718.

62. Lazebnik YA, Takahashi A, Poirier GG, Kaufmann SH, Earnshaw
WC. Characterization of the execution phase of apoptosis in vitro
using extracts from condemned-phase cells. J Cell Sci Suppl
1995;19:41–49.

63. Nicholson DW, Ali A, Thornberry NA, et al. Identification and
inhibition of the ICE/CED-3 protease necessary for mammalian
apoptosis. Nature 1995;376:37–43.

64. Tewari M, Quan LT, O’Rourke K, et al. Yama/CPP-32β, a mam-
malian homolog of CED-3, is a CrmA-inhibitable protease that



pADPRT IN p53-INDEPENDENT APOPTOSIS 275

cleaves the death substrate poly(ADP-ribose) polymerase. Cell
1995;81:801–809.

65. Froelich CJ, Hanna WL, Poirier GG, et al. GranzymeB/perforin-
mediated apoptosis of Jurkat cells results in cleavage of
poly(ADP-ribose) polymerase to the 89-kDa apoptotic fragment
and less abundant 64-kDa fragment. Biochem Biophys Res
Commun 1996;227:658–665.

66. Quan LT, Tewari M, O’Rourke K, et al. Proteolytic cleavage of
the cell death protease Yama/CPP32 by granzyme B. Proc Natl
Acad Sci USA 1996;93:1972–1976.

67. Yoshihara K, Tanigawa Y, Burzio L, Koide SS. Evidence for ade-
nosine diphosphate ribosylation of Ca2+, Mg2+-dependent en-
donuclease. Proc Natl Acad Sci USA 1975;72:289–293.

68. Tanaka Y, Yoshihara K, Itaya A, Kamiya T, Koide SS. Mechanism
of the inhibition of Ca2+, Mg2+-dependent endonuclease of bull
seminal plasma induced by ADP-ribosylation. J Biol Chem
1984;259:6579–6585.

69. Kuida K, Zheng TS, Na S, et al. Decreased apoptosis in the brain
and premature lethality in CPP32-deficient mice. Nature
1996;384:368–372.

70. Woo M, Hakem R, Soengas MS, et al. Essential contribution of
caspase 3/CPP32 to apoptosis and its associated nuclear changes.
Genes Dev 1998;12:806–819.

71. Enari M, Talanian RV, Wong WW, Nagata S. Sequential activa-
tion of ICE-like and CPP32-like proteases during Fas-mediated
apoptosis. Nature 1996;380:723–726.


	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Fig. 9

