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Abstract
p53 is a complex molecule involved in apoptosis, cell cycle
arrest, and DNA repair. Since apoptosis may play an important
role in deletion of neoplastic cells, an understanding of the
mechanism of p53-induced apoptosis may be critical for
possible future therapeutic interventions. Recent evidence
suggests that p53-induced apoptosis may involve members of
the nucleotide excision repair (NER) family, linking these two
cellular events. Our work using a temperature-sensitive p53
construct further analyzes p53-induced apoptosis in cultured
murine mammary epithelial cells and also suggests that DNA
repair plays a role in that process. Although p21 is induced in
our system, apoptosis occurs without a detectable preceding
G1 cell cycle arrest and independent of cellular alterations
brought on by the temperature shift. In addition, clonogenic
assays suggest that early stages of p53-induced apoptosis
may be reversible upon removal of the apoptosis stimulus. As
a possible explanation for this reversibility, our results show
that general DNA repair activity increases early in p53-induced
apoptosis. We also show that caspase-3 is activated at a
timepoint when colony formation begins to drop, suggesting a
possible mechanism for the point of no return in p53-induced
apoptosis. Cell Death and Differentiation (2000) 7, 393 ± 401.
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Introduction

Apoptotic cell death is a critical element in the defense against
unrestrained cellular proliferation and its induction is the
desired goal of many cancer therapies.1 ± 3 Therefore, an

understanding of the mechanisms regulating apoptosis is
presently a major research focus. Among the many molecules
implicated in its control, p53 is essential in apoptosis induced
by DNA damage.4,5 Furthermore, p53's importance in tissue
size homeostasis is reflected in the fact that it is mutated in
over 50% of all human tumors.6,7 Accordingly, a complete
understanding of the many facets of p53 function is crucial in
advancing therapies and ultimately benefiting cancer patients.

The functional complexity of p53 is reflected in its roles
in many cellular processes, such as apoptosis, G1 arrest,
and DNA repair. p53 functions as a transcription factor and
upregulates a number of genes involved in these
processes.8 Perhaps the best understood function of p53
is its ability to induce G1 cell cycle arrest through the
upregulation of p21Waf1/Cip1, which binds to and negatively
regulates cyclin/cdk complexes. p21 is induced by p53 in
times of cellular stress, transiently halting the cell cycle
presumably to allow time for DNA repair to occur.9,10

Recently, attention has also focused on the role of p53 in
DNA repair.11 One of p53's activities in repair involves its
transcriptional activation of gadd45, which contains a p53-
binding site in its promoter.8,12 GADD45 interacts with
PCNA and stimulates nucleotide excision repair activity
when overexpressed.13 p53 is also involved in repair
through its direct interactions with critical components of
the nucleotide excision repair machinery. Specifically,
immunoprecipitation experiments have shown that p53
binds to three of the subunits of the TFIIH transcription/
repair complex: XPB, XPD, and the p62 subunit.14,15 p53's
ability to recognize and bind to damaged DNA also suggests
a role in repair, perhaps by localizing repair molecules to
sites of damaged DNA through its ability to interact with both
the DNA and proteins of the repair system.16,17

Unlike p53's direct action in eliciting G1 arrest through p21
upregulation, p53's mechanistic involvement in apoptosis is
not completely understood. One pathway of apoptosis
induction by p53 is through its transcriptional activation of
bax,18 a proapoptotic member of the bcl-2 family.3,19

However, this is not the only mechanism involved, as p53-
dependent apoptosis can proceed in a Bax-independent
manner.20 In addition, p53 has been shown to upregulate a
number of other genes that may be involved in apoptosis
induction. For example, p53 transcriptionally activates
PAG608, a nuclear zinc finger-containing protein that
induced apoptosis when overexpressed.21 A similar study
revealed that p53 activates a number of genes involved in the
generation or response to oxidative stress, such as the
human homologue of a mouse etoposide-inducible gene
(Ei24) and certain oxidoreductases.22 Finally, p53 upregu-
lates the TRAIL-receptor gene DR5/KILLER, which activates
a caspase cascade upon ligand binding resulting in
proteolysis of critical cellular proteins and cell death.23

Although much is known about p53-induced apoptosis,
many questions remain to be answered. For example, how
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does p53 regulate and discriminate between a cell
undergoing G1 arrest, DNA repair, and/or apoptosis? Can
apoptosis occur in cells independent of cell cycle stage and
p21 status? And finally, can apoptosis induction by p53
also involve induction of DNA repair pathways? Work in our
laboratory is focused on the role of DNA repair in the
process of apoptosis. Recent evidence suggests a direct
involvement between members of the nucleotide excision
repair family and p53 in the induction of apoptosis. In this
study, the authors suggest that p53-induced apoptosis is
attenuated in cells deficient in the repair enzymes XPB or
XPD.24 Our current work further examines p53-induced
apoptosis and also suggests a role for DNA repair. We
show that p53-induced apoptosis can occur in spite of p21
upregulation but without a G1 cell cycle arrest. We also
show that early stages of apoptosis may be reversible, and
that DNA repair is activated early in the process. Finally,
caspase studies suggest that activation of caspase-3 may
signal the point of no return in these cells.

Results

p53 induces apoptosis at the permissive
temperature

In order to study DNA repair in p53-induced apoptosis, we
chose the MOD cell line, which is a mouse mammary
carcinoma cell line25 that contains a truncated p53 mRNA
and no detectable p53 protein.26 A temperature-sensitive p53
plasmid was transfected into the MOD cells. This plasmid
generates a p53 protein that is inactive at 378C, but by
incubating these cells at the permissive temperature of 308C,
the transfected p53 behaves as wildtype and is activated.27

Because p53 protein levels do not increase with time at 308C
(data not shown), p53 activation was examined through the
ability to induce apoptosis and transcriptionally upregulate p21
in these cells. p53 temperature-sensitive cells (p53ts) were
placed at 308C for various times and the DNA was extracted
and run on an agarose gel. The presence of oligonucleosomal-
length fragments of DNA by 12 and 18 h at 308C is indicative of
apoptosis (Figure 1) and shows that p53 is activated at the
permissive temperature. In addition to the p53ts construct, we
also made a constitutively mutant p53 cell line (p53mut) as a
control for the p53ts cells. In this cell line, p53 is inactive at both
378C and 308C. When DNA from p53mut cells treated at 308C
is run on an agarose gel, no fragmentation is seen, even by
18 h (Figure 1). This data shows that p53 is active in the p53ts
cells at 308C and induces apoptosis.

Temperature-shift alone causes a reduction in
DNA, RNA, and protein synthesis rates, but
activation of p53 is necessary to induce apoptosis

In order to determine the effects of temperature-shift on these
cells, assays were done on both the p53ts and p53mut cells
with 3H-thymidine, -uridine, and -amino acid incorporation at
378C and for various times at 308C (Figure 2A,B). These
results show that temperature reduction in both cell lines
results in similar decreases of DNA, RNA, and protein
synthesis within 3 h at the permissive temperature. Note

that these reductions are not due to active p53, as both the
p53ts and p53mut cells are similarly affected. These results
along with the DNA fragmentation analysis (Figure 1) confirm
that it is active p53 that is inducing apoptosis in the p53ts cells
at the permissive temperature and it is not just an effect of
temperature shift.

p53 induces p21, but G1 arrest does not occur

p53 functions as a transcriptional activator of a number of
genes, including p21, bax and gadd45.4,8,28 In our cells, Bax
and GADD45 proteins were found not to be upregulated at the
permissive temperature (data not shown). However, as an
attempt to analyze p53 activation and cell cycle dependence
on the induction of apoptosis and DNA repair, we examined
p21 induction through immunoblotting. As seen in Figure 3A,
p21 is induced within 6 h in the p53ts cells, and remains
elevated throughout the timepoints studied. This is a p53-
dependent induction, as p21 levels in the p53mut cells are
similar to that of the p53ts cells at the nonpermissive
temperature of 378C and do not change with time at the
permissive temperature. Because p21 binds to and inacti-
vates cyclin/cdk complexes and causes a G1 cell cycle
arrest,10 we wanted to determine whether or not this p21
induction also caused a G1 cell cycle arrest in our system. To
address this issue, cell cycle analysis was performed on log-
phase p53ts and p53mut cells. Cell were grown at 378C, and
then shifted to 308C for 6, 12, and 18 h, and then the
percentage of cells in each cycle phase was determined by
flow cytometry. As Figure 3B illustrates, there is no G1 cell
cycle arrest induced in these cells, even after 18 h at 308C. In
addition, temperature shift to 308C does not appear to affect

Figure 1 DNA is fragmented in p53 temperature-sensitive cells but not in p53
mutant cells with incubation at the permissive temperature. Cells were
incubated at 378C (control) or at 308C, and the DNA was extracted and run on
a 1.5% agarose gel. Lane 1: molecular weight marker; lanes 2 ± 5: p53ts DNA
from 378C, and 6, 12, and 18 h at 308C, respectively; lanes 6 ± 9: p53mut DNA
from the same treatment groups
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the cell cycle, as both the p53ts and the p53mut cells are
similarly unaffected (Figure 3B, C). These results suggest that
p53 is indeed inducing p21 expression, but apoptosis is
proceeding in a cell cycle-independent manner, and that
apoptosis appears to occur without G1 arrest in these cells.

To support the contention that p53 activation and p21
upregulation do not result in cell cycle arrest in these cells,
we determined the percentage of cells with labeled nuclei
(labeling index, or L.I.) after a 1-h pulse with 3H-thymidine,
followed by autoradiography. As seen in Table 1, both cell
lines show a large percentage of cells with labeled nuclei at
378C, with similar small decreases at the permissive
temperature. It is interesting that data obtained with L.I.
does not fully correlate with the flow cytometry data.
Quantitative comparison would be problematic since L.I.
measures all attached cells, while flow cytometry measures
only individual cells detached by trypsin treatment. There-
fore, cell groups may fall outside the detection window. We
also know that trypsin treatment damages some cells,

which would possibly result in further cell selection.
However, this data provides further evidence for the lack
of G1 arrest by p53 activation and suggests that the small
decreases in L.I. are due to the lower temperature.

Figure 2 Temperature-shift reduces DNA, RNA, and protein synthesis
independent of p53 activity. Cells were incubated at 378C or 308C for the
indicated times. One mCi/ml of 3H-amino acids, 3H-uridine, or 3H-thymidine
was added for the last hour of each treatment, and 3H-incorporation was
measured by scintillation counting. Bars represent per cent incorporation
(+S.E.M.) compared to 378C control cells, which were set at 100%. (A) p53ts
cells; all P50.001 except *P<0.007. (B) p53mut cells; all P40.001 except
*P=0.002, **P40.004. Statistical comparisons were between the 378C and
308C groups

Figure 3 p53 upregulates p21 but does not induce G arrest. (A) Protein
extracts were obtained from p53ts and p53mut cells incubated at 378C or 308C
for the indicated times, run on a 12% polyacrylamide gel, transferred to PVDF
membranes and immunoblotted with anti-p21. The blot was then stripped and
reprobed with anti-b-tubulin as a loading control. (B) Cell cycle analysis of
p53ts cells. Cells were incubated at 378C or 308C for the indicated times, fixed,
and analyzed by flow cytometry. Bars represent the percentage of cells from
each treatment group in the different phases of the cell cycle (+S.E.M.). (C)
Cell cycle analysis for p53mut cells. For (B) and (C), differences within each
group are not statistically significant
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Colony formation is not reduced during early
stages of apoptosis

In order to correlate actual cell survival with apoptosis
induction, two methods were employed. First, we used the
terminal deoxynucleotidyl-transferase mediated dUTP nick
end labeling method (TUNEL) to determine the percentage of
cells undergoing apoptotic DNA fragmentation induced by
p53 activation (Figure 4A). Second, a clonogenic assay was
used to determine cell viability (Figure 4B). As the TUNEL
assay shows, apoptosis can be detected by 6 h after p53
activation, with approximately 15% of the cells staining
positive. The percentages of apoptotic cells increase with
increasing times at 308C, with 20% of the cells TUNEL-
positive by 12 h, and 45% positive by 18 h. Interestingly, the
clonogenic assay reveals that after 6 h at 308C, colony
formation remains at control levels, even though 15% of cells
are apoptotic by the TUNEL assay at this time. At later stages
of apoptosis, however, colony formation drops to approxi-
mately 60% after 12 h at 308C and 25% after 18 h. This
suggests that early stages of apoptosis, but not later stages,
may be reversible upon removal of the apoptotic stimulus.

DNA repair is activated in early p53-induced
apoptotic extracts

For further characterization of early apoptotic cells, we
decided to analyze one of the DNA repair pathways in
apoptotic cells, nucleotide excision repair (NER). To
accomplish this, we used a modified in vitro repair assay
based upon a previously published method29 in which a
plasmid (pUC19) was damaged with cisplatin and extracts
from apoptotic cells were added to the damaged plasmid in
the presence of labeled nucleotides. Cisplatin creates
adducts in DNA30 that are repairable by NER, so if repair
occurs in this assay, labeled nucleotides will be incorporated
into the damaged plasmid. The process can then be
measured by densitometry of the labeled pUC19. After
incubating the cisplatin-treated pUC19 and an untreated
control plasmid (pBR322) with 32P-dATP and extracts from
p53ts and p53mut cells incubated at 378C (controls) or 308C,
the plasmids were repurified and run on an agarose gel
(Figure 5A). The gel was then dried and exposed to film
(Figure 5B). Densitometry of the pUC19 bands (Figure 5C)
shows that NER in the non-apoptotic p53mut cells is reduced
by temperature shift to 69% after 6 h at 308C and almost

completely inhibited by 12 and 18 h at 308C. In contrast, NER
is not reduced in the apoptotic p53ts cells, but is actually
activated in early stages, as both the 6-h and the 12-h
timepoints at 308C show even greater repair activity than the
378C control extracts. This activity is not present in the late-
staged apoptotic extract (18 h at 308C), as NER activity is
greatly reduced. These results confirm that DNA repair is
activated in early stages of p53-induced apoptosis.

Caspase-3 activity increases at 308C

Because caspase activation appears to play a role in the
demise of the apoptotic cell,31,32 we were interested in the
timing of caspase activation in our p53-induced system. As
p53 has been shown to activate caspase-3,33 we decided to
analyze it in the p53ts cells. As seen in Figure 6, caspase-3 is
activated after 6 h at 308C, and its activity is maximal after

Table 1 Labeling index in p53ts and p53mut cells

L.I.

p53ts A
B

378C
6 h 308C

59.0+1.7
48.0+2.1

n = 20
n = 20

p53mut C
D

378C
6 h 308C

57+5.0
44.0+2.0

n = 15
n = 20

p53ts and p53mut cells were incubated at 378 or 308C for 6 h in 35-mm
diameter culture dishes. For the last hour of incubation, 5 mCi/ml 3H-thymidine
was added to the media. Cells were then ®xed with methanol and dried, and
Kodak NTB-2 emulsion was added to the dishes in the dark. After 24 h, the
emulsion was developed, and cells containing grains over the nucleus were
counted. The labeling index (L.I.) is shown as the average percentage of positive
cells, +S.E.M. ANOVA analysis: A vs B, P<0.001; C vs D, P = 0.01

Figure 4 Colony formation is higher than expected in early stages of p53-
induced apoptosis. (A) TUNEL assay, p53ts cells. Cells were incubated at
378C or 308C for the indicated times and subjected to the TUNEL assay
(Trevigen). Bars represent the percentage of TUNEL-positive cells counted in
five different fields per treatment group (+S.E.M.); all P50.001 except
*P = 0.006. Statistical comparisons were between the 378C and 308C groups.
(B) Clonogenic assays, p53ts cells. Cells were plated and left at 378C for 24 h,
incubated at 378C or 308C for the indicated times, then returned to 378C for the
remainder of 72 h. Cells were then fixed, and colonies were counted. The
number of colonies counted from the 378C control samples were set at 100%,
and the 308C treatment groups were compared to the controls (+S.E.M.);
*P50.001
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12 h at 308C. This 12-h timepoint is concurrent with the drop in
colony formation (see Figure 4B), suggesting a possible
correlation between maximal caspase activation and the point
of no return in p53-induced apoptosis.

Discussion

Although it isclear thatp53 isactively involved in the inductionof
apoptosis, the actual mechanisms of this process remain
uncertain. The present study attempts to further dissect the
activities of p53 and determine the interrelations between G1
cell cycle arrest, DNA repair, and apoptosis. We show that early
stages of p53-induced apoptosis may be reversible and that
DNA repair is activated and may be involved in this reversibility.

Western blots and flow cytometry experiments show that
p53-induced apoptosis can occur despite the induction of

p21 and independently of G1 cell cycle arrest (Figure 3 and
Table 1). Previous studies have focused on the apoptosis
versus cell cycle arrest properties of p53 and have shown
that the induction of p21 is a common mechanism of p53-
induced G1 cell cycle arrest.9,10 Unlike other studies that
have shown a dominant apoptotic response,34 we have
shown that p53 can induce p21 upregulation and induce
apoptosis simultaneously, without any preceding G1 arrest.
Our data strongly suggests that either cell cycle arrest is

Figure 5 DNA repair is activated in early apoptotic extracts. An undamaged
plasmid (pBR322, upper band) and a cisplatin-damaged plasmid (pUC19,
lower band) were incubated in the presence of 32P-dATP with extracts from
p53ts or p53mut cells incubated at 378C or 308C for 6, 12, or 18 h. The
plasmids were then purified and run on an agarose gel (A). The gel was dried
and exposed to X-ray film (B). Densitometry analysis was used to determine
the amount of incorporation into the damaged plasmid, and bars in (C)
represent the amount of incorporation from each extract into the cisplatin-
damaged pUC19 plasmid. The amount of repair seen in the 378C controls was
set at 100%, and the 308C samples were compared to the controls. Similar
results were seen on at least three separate experiments

Figure 6 Caspase-3 is maximally active at 12 h after p53 induction. Cells
were treated at 378C or 308C for the indicated times, and cell extracts from
each were measured for caspase-3 activity. The pan-caspase inhibitor z-VAD-
fmk was added to the cells at the start of each incubation (50 mM), and
absorbance at 405 nm was measured for each sample (+S.E.M.); *P=0.002
compared to 378C control. Bars show the average of three experiments

Figure 7 Results summary of p53ts cells. DNA repair is activated in early
stages of p53-induced apoptosis, and colony formation remains at control
levels. However, both repair and colony formation are reduced in late stages of
the apoptotic process. Caspase-3 levels are maximal at a time when colony
formation levels begin to decline, suggesting a possible mechanism for the
point of no return in these cells. Repair levels shown are the averages of four
different in vitro repair assays. Apoptosis=percentage TUNEL-positive cells;
colony formation=percentage of colonies formed at 308C vs 378C (100%);
repair=percentage of repair activity at 308C vs 378C (100%); caspase-
3=percentage increase of 308C samples over 378C
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not necessary for the induction of apoptosis, or that both
phenomena may be unrelated in our experimental data.

Previous results in our laboratory have suggested that
early stages of cycloheximide-induced apoptosis in human
adrenocortical carcinoma cells may also be reversible,
perhaps through DNA repair.35 Therefore, we have
examined DNA repair in our p53-induced cell system.
Since p53 is involved in DNA repair as well as
apoptosis,11,36,37 we hypothesized that DNA repair may be
active and play a regulatory role in p53-induced apoptosis.
Consistent with this notion, our clonogenic assay results
show that colony formation remains at control levels even at
a time when 15% of the cells are TUNEL-positive (Figure 4).
Although this experiment does not directly analyze DNA
repair, it does reflect the possibility that early in the apoptotic
process (6 h at 308C in our system) cells can still survive if
the apoptotic stimulus is removed. As TUNEL-positive cells
contain fragmented DNA, this suggests DNA repair as a
likely mediator in this reversibility.

There are many other cellular events occurring in various
stages of apoptosis besides DNA fragmentation: caspase
activation,38,39 mitochondrial signaling,40 and bcl-2 family
interactions.3 We now have examined DNA damage and
repair as molecular paradigms for cellular injury and repair. It
is known that p53-mediated DNA repair activity is increased
by UV irradiation,41 ± 43 so we hypothesized that apoptotic
DNA damage may have similar effects on DNA repair. In
order to examine DNA repair capabilities in apoptotic cells,
we chose an in vitro repair assay that analyzes nucleotide
excision repair activity. Although we are not yet certain what
pathway(s) would be used to repair apoptotic DNA, NER
may be a good indicator of general DNA repair activity, as
NER is the most common DNA repair pathway.44 Results of
this assay show that the process of NER is actually
upregulated in early stages of apoptosis (Figure 5).
Interestingly, repair activity remains high even after 12 h of
p53 induction, when colony formation levels begin to
decline. Only after 18 h of p53 activation do we see a
reduction in NER activity, when apoptosis levels are high
and colony formation is significantly reduced. This is in direct
contrast to NER activity in the non-apoptotic p53mut cells,
which is reduced by temperature decrease. These results
suggest that the process of p53-induced apoptosis itself
may be activating DNA repair programs.

If early stages of p53-induced apoptosis are indeed
reversible through DNA repair, it is of interest to determine
when the point of no return occurs in this system. One
possibility of an irreversible apoptotic event involves the
destruction of cellular proteins through proteolysis by
caspases.45 Recent studies have shown that caspase-3 is
necessary for DNA fragmentation and morphological
changes in apoptosis.46 We therefore analyzed caspase-3
activation in our p53-induced apoptotic cells. As seen in
Figure 6, caspase-3 is activated by 6 h after temperature
shift, but gains maximal activity after 12 h of p53 activation.
Interestingly, the 12-h timepoint is when colony formation
begins to decline (Figure 4B), suggesting that maximal
caspase-3 activity may indeed signal the point of
irreversibility in p53-induced apoptosis. An alternative
hypothesis suggests that, in chemically-induced forms of

apoptosis involving p53, caspase activation occurs after the
point of no return.47 In this model, caspases are
responsible for later apoptotic phenotypes, but not for the
actual commitment to cell death. This hypothesis would
explain why in the p53ts cells colony formation is still at
control levels after 6 h of p53 activation (Figure 4B), even
though caspase-3 activity has already increased.

Figure 7 summarizes our results and shows the
percentage of apoptotic cells, colony formation, and DNA
repair and caspase-3 activities as a function of p53
induction. At early stages of p53-induced apoptosis, repair
levels remain high, as does colony formation. With longer
periods of p53 induction, however, colony formation drops
and DNA repair levels are decreased. Because early
stages of p53-induced apoptosis appear reversible and
DNA repair activity remains functional, this suggests that
the pathways involved in the apoptotic process do not
result in early inhibition of DNA repair. However, certain
repair molecules may eventually be cleaved and inactivated
by caspases,48 and caspase-3 is maximally activated by
12 h at the permissive temperature in our cells. As the point
of no return occurs sometime between 6 and 12 h in these
cells, caspase activation suggests a possible mechanism
for irreversibility in apoptosis induction.

As previously mentioned, it is unclear what DNA repair
pathways may be involved in repairing apoptotic DNA. Due
to the nature of apoptotic DNA fragmentation, the double-
strand break repair pathway may be involved. The
mechanisms of double-strand break repair remain un-
known, but the DNA-dependent protein kinase (DNA-PK)
is required.49,50 Interestingly, DNA-PK is a cleavage
substrate for activated caspases.51 In addition, other DNA
repair proteins are also cleaved by caspases, such as
poly(ADP-ribose) polymerase.52 As previously discussed
and as seen in Figure 6, maximal caspase activity occurs
around 12 h after p53 activation in the temperature-
sensitive cells, the same time that colony formation begins
to decline. This suggests that molecules such as DNA-PK
may be degraded and that the double-stranded DNA repair
mechanisms will no longer function. However, as seen in
the in vitro repair assay (Figure 5), NER is not inhibited,
even by 12 h after p53 activation. It is possible that NER
mechanisms are not subjected to inactivation by caspases
and that repair still occurs even after the cell reaches an
irreversible stage of apoptosis. This finding may reflect the
evolutionary importance of maintaining the overall integrity
of DNA repair mechanisms.53

The question then remains, what is the role of NER in
apoptosis? Immunoprecipitation experiments have shown
that p53 directly interacts with critical components of the NER
machinery, namely XPB, XPD, and the p62 subunit.14,15,54

This suggests that p53 may be involved in recruiting these
molecules to sites of damaged DNA, as p53 has been shown
to recognize and bind to single-stranded or mismatched
DNA.16,17 It is even of greater interest that cell lines containing
mutations in XPB or XPD inhibited p53-induced apoptosis,24

suggesting a direct role for NER enzymes in the p53-induced
apoptosis program. This implies that not only can repair
reverse p53-induced apoptosis, but that repair molecules may
be essential in the apoptotic process itself.
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An important issue is how broad the regulatory role of
DNA repair is in apoptosis of other cell types. We
mentioned above the possible role of NER components in
p53-induced apoptosis.24 Our laboratory has also deter-
mined that xeroderma pigmentosum group A cell lines that
are deficient in DNA repair show an increase in UV-induced
apoptosis when compared with normal fibroblasts (LE
Gerschenson, et al, personal communication). The above
results further suggest that DNA repair is involved in
apoptosis regulation.

Our data fits two possible models. The first suggests that
at the inducing temperature (308C), p53 is activated, resulting
in DNA damage, which is followed by increased DNA repair
activity. Initial DNA damage is then repaired and apoptosis is
reversed. However, some cells may reach a point of no return
after which the DNA repair systems can no longer cope with
the extensive damage and apoptotic cell death occurs. An
alternative explanation would be that just decreasing the
temperature to 308C results in DNA damage. p53 recognizes
that damage and signals for increased DNA repair activity,
which could then trigger apoptotic cell death. We favor the
former hypothesis, since cells containing the mutant p53 do
not show evidence of DNA damage at the permissive
temperature when compared with the p53ts cells (Figure 1).
It still remains to be determined how p53 activation results in
DNA damage and apoptotic cell death, which is an area of
intense research.

Our work, along with others55 is beginning to suggest an
order in apoptotic events. We hypothesize that early stages
of apoptosis, including such early events as membrane
phosphatidylserine flipping56 and initial 50 ± 300 kb DNA
breaks,57 are reversible. Indeed, initial experiments with the
p53ts cells using flow cytometry and fluorescent activated
cell sorting show that early-staged PS-positive cells
incubated at 308C can survive if the apoptotic stimulus is
removed and the cells are returned to 378C (Geske et al,
manuscript in preparation). This reversibility may be
centered around DNA repair. If the apoptotic stimulus is
removed and DNA repair remains active, cellular mechan-
isms such as transcription and translation can initiate again
and rescue the cell. However, if DNA repair is overwhelmed
by the amount of DNA damage (i.e. 200 bp fragments) and/
or if repair proteins are inactivated by caspase proteolysis,
then the cell cannot recover and dies. We propose that it is
the failure of repair that actually results in the irreversibility
of p53-induced apoptosis. Further research will determine if
this hypothesis applies to different cell types.

Materials and Methods

Cell culture

MOD cells were originally obtained from a mouse mammary
carcinoma25 and contain a truncated p53 mRNA and nonfunctional
p53 protein.26 We stably transfected these cells with either a
temperature-sensitive p53 plasmid (p53ts) or a constitutively mutant
p53 (p53mut). The p53ts plasmid results in a valine substituted for
alanine at amino acid #135 of the mouse protein, while the p53mut
construct contains a cysteine to phenylalanine substitution at amino
acid #132. Both plasmids are a chimera of mouse p53 cDNA and
genomic DNA under the transcriptional control of a Harvey sarcoma

virus long terminal repeat.27 Although the MOD parent cell line
contains no p53, we felt the p53mut cell line was a better control for the
p53ts cells in that there is only a single amino acid difference between
the two cell lines. Both cell lines exhibit the same growth rate. These
plasmids were cotransfected with a neo-resistance vector at a ratio of
20 : 1 (p53 vector : neoR vector) and cells are maintained in DMEM/F12
media supplemented with EGF (12.5 ng/ml), insulin (10 mg/ml), 1%
serum, and 200 mg/ml Geneticin (Gibco/BRL).

DNA fragmentation analysis

Cells were incubated at either 378C or 308C for indicated times. Media
was then removed and digestion buffer was added (0.1 M NaCl,
10 mM Tris pH 8, 25 mM EDTA, 0.5% SDS, 0.3 mg/ml proteinase K).
The cells were scraped off the plates with a rubber policeman and
incubated at 508C overnight, followed by a phenol/chloroform
extraction and a chloroform extraction. DNA was then treated with
RNase (20 mg/ml) for 1 h at 378C, followed by another phenol/
chloroform extraction, and purified by ethanol precipitation. The
concentration of DNA was determined by OD260 measurement, and
30 mg of DNA/lane was run on a 1.5% agarose gel (Trevigen) in a
0.25% Orange G loading buffer, stained with ethidium bromide,
visualized on a UV light box, and photographed. The molecular weight
marker used was pBR322 cut by HpaII, which results in bands at 622,
527, 404, and 309 base pairs, and a series of bands between 242 and
180 base pairs.

TUNEL assay

Cells were incubated at either 378C or 308C for indicated times. Cells
were trypsinized (0.05% trypsin, 0.02% EDTA), washed in HBSS
(floating cells included), spun again and the pellet was fixed in 95%
ethanol for 10 min, followed by another spin. The cell pellet was then
removed and placed on a piece of histology wrap paper, put into a
cassette, and paraffin-embedded. Sections were then cut and put onto
slides for TUNEL analysis. Slides were deparaffinized and treated with
Cytopore (Trevigen) for 90 min, followed by removal of excess
endogenous peroxidase by a 5-min H2O2 treatment. The TUNEL
assay was performed as per manufacturer's instructions (Trevigen),
followed by staining with Red Counterstain B for 3 min. Positive cells
stained blue and were counted on an Olympus BX40 microscope at
6006. Two different investigators (FJ Geske and LE Gerschenson)
viewed at least five separate fields per slide and the average number
of positives were obtained.

Western blotting

Cells were incubated at either 378C or 308C for indicated times, the
media removed, and RIPA buffer was added (50 mM Tris, 150 mM
NaCl, 2 mM EDTA, 50 mM NaF, 1% Triton X-100, 1% Na-
deoxycholate, 0.1% SDS, 1 mM DTT, 5 mM Na-orthovanadate,
1 mg/ml aprotinin, 0.5 mg/ml leupeptin). Extracts were then scraped
off the plates, boiled for 5 min, and spun at 10 000 r.p.m. for 30 min.
Twenty mg/lane (as determined by Bradford assay) was run on a 12%
polyacrylamide gel in a loading buffer of 2% SDS, 10% glycerol,
60 mM Tris pH 6.8, and 2% b-mercaptoethanol, transferred to PVDF
membrane, blocked in 5% blocking buffer (Amersham) 3 ± 18 h, and
incubated with a p21 polyclonal antibody (Calbiochem) for 1 h.
Protein-antibody complexes are detected by the ECL/ECL-Plus
method according to manufacturer's instructions (Amersham). Blots
were stripped at 508C (100 mM b-mercaptoethanol, 2% SDS, 62.5 mM
Tris-HCl pH 6.7) for 30 min, blocked overnight, and reprobed with a
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mouse monoclonal anti-b tubulin antibody (Boehringer Mannheim) as
a loading control.

Flow cytometry

Cells were incubated at either 378C or 308C for indicated times,
trypsinized and washed twice in PBS, and then resuspended in cold
70% ethanol. Cells were again washed in PBS, resuspended at a
concentration of 2.56106 cells/ml in 200 ml, and then treated with
100 mg propidium iodide and 400 units RNase for 30 min at 48C.
Cellular DNA content was then analyzed using a Coulter XL flow
cytometer, and cell cycle analysis was carried out using Phoenix
software.

Labeling index

Cells were incubated at either 378C or 308C for 6 h in 35 mm diameter
culture dishes. 3H-thy (5 mCi/ml) was added to the media for the last
hour of incubation, and cells were then fixed with 100% methanol and
air-dried overnight. Kodak NTB-2 emulsion was then added to each
dish, which were stored in the dark for 4 days. The emulsion was then
developed, and cells containing at least 5 grains over the nucleus were
counted as positive, since less than 5 grains per nuclei was
established as background.

3H-incorporation assays

Cells were incubated at either 378C or 308C for indicated times. One
mCi/ml of 3H-amino acids, 3H-uridine, or 3H-thymidine was added for
the last 1 h of each treatment. Dishes were then rinsed five times in
PBS, followed by addition of either 20% TCA or 0.5 M NaOH. Proteins,
RNA, or DNA were then vacuumed through 0.45 m filters (Millipore)
and counted by scintillation counters. Each treatment group also had
total DNA content measured by Hoescht assay to account for cell
number, and results are analyzed as c.p.m/mg DNA.

Clonogenic assays

Two thousand cells were plated on 35 mm diameter culture dishes and
allowed to attach overnight at 378C. Dishes were either left at 378C for
72 h (control) or put at 308C for 6, 12, or 18 h, then returned to 378C for
the remainder of 72 h. Cells were fixed for 2 min in methanol, dried,
and stained with 0.1% toluidine blue. Colonies counted as positive
contained eight or more cells (representing at least three cell
doublings). The number of colonies obtained in the 72-h 378C dishes
was set at 100% and compared to the 308C-treated dishes. To control
for groups of cells that may have attached upon initial plating, dishes
were examined just 18 h after plating. The number of cell groups
containing eight or more cells counted was consistently between 5 and
10% of the number of colonies counted in the 378C control treatments.
Therefore, this background was found not to influence the final colony
counts or statistical analysis. In addition, this assay was also
performed by treating cells at 378C or 308C first, and then replating
the cells and counting colonies after 72 h. Both techniques showed
similar results but the former was chosen for its simplicity.

In vitro repair assay

The in vitro repair assay is based on a similar assay described by
Wood et al.29 Cell extracts were first prepared from cells incubated at
either 378C or 308C for 6, 12, and 18 h. After incubation, cells were
harvested, washed in PBS and homogenized. Proteins were

precipitated with ammonium sulfate and concentrated by two spins
in Amicon 3 microconcentrator tubes. Bradford assays were used to
determine final protein concentration. The repair assay was then
conducted and occurs in a buffer of HEPES (45 mM), KCl (70 mM),
MgCl2 (7.4 mM), EDTA (0.4 mM), ATP (2 mM), 20 mM of dGTP, dCTP,
and dTTP, phosphocreatine (40 mM) and creatine phosphokinase
(2.5 mg) along with 300 ng each of pBR322 (undamaged) and pUC19
(damaged with 0.01 mM cisplatin, 16 h at 378C). To the repair reaction,
4 mCi of 32P-dATP and 40 mg of cell extract were added, and the
reaction was incubated at 308C for 6 h. The reaction was terminated
with EDTA and plasmids were extracted by ProCipitate (CPG, Inc.)
and precipitated with ethanol. Plasmids were then resuspended and
linearized with EcoRI and run on a 1% agarose gel. The gel was dried
and exposed to Kodak XAR film. Densitometry analysis (STORM
system, Molecular Dynamics) determined the amount of incorporation
into the damaged pUC19 plasmid and was used as a measure of NER.
The amount of incorporation in the control cells (378C) was set at
100% and compared to the experimental conditions (308C).

Caspase-3 assay

Cells were incubated at either 378C or 308C for the indicated times,
washed in HBSS, trypsinized, and pelleted by centrifugation. The pan-
caspase inhibitor z-VAD-fmk was added to the appropriate cells at the
start of each incubation (50 mM). Cells were then washed once in cold
PBS and spun again. Final cell pellets were resuspended in 150 ml of
cell lysis buffer (Promega) and snap-frozen in a methanol/dry ice bath.
The cells were then quick-frozen and thawed two more times, followed
by incubation on ice for 15 min. The cell suspensions were then spun
at 10 000 r.p.m. for 30 min and supernatants were collected. The
Bradford assay was used to determine protein concentration of each
sample (in triplicate). Caspase-3 activity was then measured using the
CaspACE assay system (Promega) according to manufacturer's
instructions, and absorbance at 405 nm was measured by a 96-well
plate reader (Molecular Devices, Inc).

Statistical analysis

All statistics were performed by analysis of variance (ANOVA) using
the Stats Plus program (Human Systems Dynamics).
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