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ABSTRACT

Background: Apoptosis is a natural process by which
damaged and potentially tumorigenic cells are removed.
Induction of apoptosis is important in chemotherapy
aimed at eliminating cancer cells. We address the mech-
anisms by which this process can be triggered in cells that
are recalcitrant to cell death induced by DNA-damaging
agents.
Materials and Methods: Normal human fibroblasts
and lymphoblasts, and fibroblasts with defined genetic
changes, were treated with DNA-damaging agents and
inhibitors of transcription. Westem blotting was used to
study the expression of some of the key factors involved
in the response to DNA damage and the induction of
apoptosis, namely, p53, p2IWAFLOCSP1, Mdm2, Bax, and
CD95 (Fas/APO1). Apoptosis was followed by various
criteria, including DNA fragmentation, specific proteoly-
sis, cell morphology, viability, and FACS scan for sub-GI
cells.
Results: Normal human fibroblasts were more resistant
than lymphoblasts to DNA damage-induced apoptosis.

The DNA-damaging agents mitomycin C and cisplatin
induced rapid apoptosis of fibroblasts with defects in the
repair of transcribed DNA, compared with wild-type cells
or those with defects in overall genome repair. Short-
term treatment with inhibitors of RNA polymerase II
transcription, actinomycin D, and a-amanitin induced
rapid cell death of normal fibroblasts. These results show
that there is a link between defective transcription and
apoptosis. Treatments and genetic backgrounds that fa-
vored apoptosis were associated with efficient and pro-
longed induction of p53 and often altered or imbalanced
expression of its downstream effectors p2 1WAFI,Cipl and
Mdm2, whereas there were no changes in Bax or CD95
(Fas/APOI).
Conclusion: Transcription inhibitors increase p53 levels
and are better inducers of apoptosis than DNA-damaging
agents in some cell types. Apoptosis might be triggered
by blocked polymerases and/or faulty expression of
downstream effectors.

INTRODUCTION
Premalignant and aberrant cells are eliminated
by mechanisms involving the tumor suppressor
p53 (1-5). A variety of cellular stresses, such as
damaged DNA, viral infection, hypoxia, and de-
pletion of ribonucleotides pool, can trigger post-
translational stabilization and activation of p53
(6-1 1). Activated p53 suppresses cellular growth
through induction of either growth arrest
(12,13) and/or apoptosis (1,14).

The mechanisms of p53-mediated growth ar-
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rest are fairly well understood and are essentially
mediated by transactivation of the gene for the
cyclin-dependent kinase inhibitor (CM)
p21WAFI,ciPl (15). Wild-type p53 is also required
for Gasl- and c-Abl-mediated growth suppres-
sion (16-18). Less well understood are the
mechanisms of p53-induced apoptosis, its major
tumor-suppressing function (19-23). p53 in-
duces apoptosis through both transcription-de-
pendent (24,25) and -independent mechanisms
(26-29). A transcription-independent apoptotic
pathways could involve interactions between
p53 and transcription/repair factor TFIIH
(28,30,31). Transcription-dependent pathways
include regulation of the genes for Bax, Bcl-2,
the death receptor CD95 (Fas/APO-1), and the
mdm2 proto-oncogene (32-36).

Up-regulation of pro-apoptotic Bax and
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TABLE 1. Human primary cells

Passage
Name Description No.

GM01953B Normal lymphoblasts
GM03348C Normal fibroblasts 11-15
CS3BE CSA fibroblasts 21-24
CS1AN CSB fibroblasts 15-18
GM02995 XPC fibroblasts 7-10
GM03248 XPD fibroblasts 6-9
GM03021B XPG fibroblasts 12-15

down-regulation of anti-apoptotic Bcl-2 sensi-
tizes certain cell types to apoptotic stimuli
(32,37,38). y-irradiation of mice leads to p53-
dependent up-regulation of Bax and apoptosis
only in T lymphocytes and epithelial cells of the
small intestine (39). In contrast to Bax, Mdm2
inhibits p53-mediated apoptosis through binding
to the N-terminal transactivation domain
(40,41). p53 is involved in apoptosis of cell types
other than thymocytes and epithelia. Fibroblasts
from p53 knock-out mice are resistant to various
DNA-damaging agents compared with wild-type
(42). Rapid stabilization of p53 is associated with
the high sensitivity of DNA repair-deficient xe-
roderma pigmentosum (XP) and Cockayne's
syndrome (CS) fibroblasts to certain DNA-dam-
aging agents (43,44).

In this study, we investigated the factors that
increase the sensitivity of fibroblasts to apoptosis.
We have found that factors that affect transcrip-
tion sensitize fibroblasts to apoptosis, including
transcription inhibitors and genetic changes that
affect transcription-coupled DNA repair. We dis-
cuss the possibilities that apoptosis might be trig-
gered by either direct effects of blocked polymer-
ase on p53 and/or faulty expression of
downstream effectors. Understanding the mech-
anisms by which apoptosis can be triggered in
recalcitrant cells could greatly help in patholog-
ical situations in which therapeutic approaches
are aimed at triggering apoptosis.

MATERIALS AND METHODS

Cells, Chemicals, and Treatments

Human primary untransformed lymphoblasts
and fibroblasts (Table 1) were either purchased
from NIGMS Human Genetic Mutant Cell Repos-

itory (Coriell Institute) or they were kindly pro-
vided by N. Jaspers and J. H. Hoeijmakers (CS
strains). Cells were grown either in RPMI (lym-
phoblasts) or in Dulbecco's modified Eagle's me-
dium (fibroblasts), supplemented with 15% fetal
calf serum (FCS), nonessential amino acids, vi-
tamins, and antibiotics at 37°C in humidified
tissue culture incubators with 5% CO2. Actino-
mycin D, a-amanitin, cisplatin, 5,6-dichloro-1-
beta-D-ribofuranosyl-benzimidazole (DRB), mit-
omycin C, and MTT were purchased from Sigma.
Cells were treated with drugs dissolved in the
growth medium at the indicated concentrations,
either continuously, or for 12 hr, in which case
they were washed, reefed with fresh medium
without drugs, and incubated further for the in-
dicated times. Cell samples were taken at various
times and analyzed for protein expression or apo-
ptosis by different criteria.

Antibodies, Gel Electrophoresis, and
Immunodetection
Harvested cells were lysed by heating to 950C for
5 min in SDS electrophoresis loading buffer con-
taining 1 mM CaCl2. Equal quantities of protein,
determined by the Biorad protein assay, were
electrophoresed on SDS gels and transferred to
nitrocellulose membranes which were probed
with appropriate antibodies followed by en-
hanced chemiluminescence (ECL) reagents (Am-
ersham). Western blots were reprobed with anti-
TBP monoclonal antibodies (3G3, Y. Lutz,
IGBMC) to verify equal loading. The different
antibodies used were DO-1 (p53; 45), 826PAb
(Mdm2, rabbit serum containing antibodies
against N-terminal 220 amino acids of human
Mdm2), 590PAb and 592PAb (p21WAFl ,cipL pu-
rified rabbit antibodies recognizing p21WAFI,CIPL
synthetic peptides amino acids 81-98 and 131-
148, respectively), N20 (Bax, Santa Cruz Bio-
technology) and C-20 (CD 95 [Fas/APO-1],
Santa Cruz Biotechnology). Apoptosis-con-
nected proteolytic cleavage of poly-(ADP ribosy-
lase) polymerase (PARP; 46) was detected with
aF2 polyclonal antibodies that recognize full-
length PARP and its 25-kDa N-terminal proteo-
lytic fragment (kindly provided by G. de Murcia).
A 23-kDa proteolytic fragment of an unknown
42-kDa protein, which is abundant in fibroblasts
but undetectable in lymphoblasts, was recog-
nized by the 592PAb antibodies. Proteolytic
cleavage of the 42-kDa protein was found to be a
marker of apoptosis from studies in CHP234 neu-
roblastoma cells, where it occurred at the same
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time as PARP cleavage (data not shown), and
from comparisons with other criteria of apoptosis
in fibroblasts (morphology, fluorescence-acti-
vated cell sorting [FACS] scanning and cleavage
of chromosomal DNA, data not shown).

DNA Extraction and Cell Viability Assays
Cells used for extraction of low- to medium-
molecular-weight DNA that appears during apop-
tosis were washed with phosphate-buffered sa-
line (PBS) and permeabilized with DNA
extraction buffer (47). Extracted extrachromo-
somal DNA was treated with phenol/chloroform,
ethanol precipitated, separated in 1% agarose
gels, and stained with ethidium bromide.

Drug-induced changes in cell viability were
determined by the Triazolyl blue assay (MUT as-
say; 48). Relative cell viability that reflected the
number of living cells was calculated as the ratio
of (A570:A630) at different times to time zero.
Average values from two independent experi-
ments were plotted against time.
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RESULTS

Primary Lymphoblasts and Fibroblasts
Differ in Their Sensitivity to DNA Damage

DNA damage stabilizes wild-type p53 and leads
to growth arrest and, in some cases, apoptosis.
We compared the effects of the DNA cross-link-
ing anti-cancer agent, mitomycin C, on induc-
tion of p53, p21w-F1,cip1 with apoptosis of nor-

mal primary lymphoblasts and fibroblasts. The
cells were continuously treated with 10 ,uM mi-
tomycin C and at various times samples were

analyzed by Western blotting, DNA gel electro-
phoresis, and FACS scanning (Fig. 1). There were
marked differences in the effects on the two cell
types. p53 protein levels increased more rapidly
in lymphoblasts than in fibroblasts (Fig. 1A;
equal amounts of total protein were analyzed
and loading was verified by reprobing for TBP,
not shown). However, the p53-inducible cyclin-
dependent kinase inhibitor (CKI) p21WAFI,Cipl
was not induced in lymphoblasts but increased
with similar kinetics as p53 in fibroblasts. The
lack of p21wAF1,cipl induction in lymphoblasts
was correlated with an increased sensitivity to
apoptosis, as shown by a number of criteria, in-
cluding extractable extrachromosomal DNA,
proteolytic cleavage, cells with a sub-GI comple-
ment of DNA, and morphology. With lympho-

FIG. 1. Induction of p53 and apoptosis in nor-
mal primary B lymphoblasts and fibroblasts
Cell cultures were continuously treated with 10 ,uM
mitomycin C, combined samples of both attached
and floating cells were taken at the indicated time
points, and analyzed. (A) Western blots of whole-
cell extracts were probed with antibodies recognizing
p53, p21WAFI,Cipl and either the N-terminal part of
PARP (lymphoblasts) or a 42-kDa protein (fibro-
blasts) (see Materials and Methods). Arrowheads
point to the 25-kDa fragment of PARP and the 23-
kDa fragment of a 42-kDa protein that are cleavage
products generated during apoptosis. Cells were also
analyzed for extractable DNA (negatives of represen-
tative agarose gels are shown). Arrows above the
p53 immunoblots indicate the time when the first
signs of apoptosis (presence of extractable DNA,
apoptosis-related proteolytic cleavage, and changes
in cell morphology) were detected. M, 1-kb ladder
(Gibco BRL). (B) Cell cycle analysis of treated cells
at indicated time points. DNA content is shown on a
logarithmic scale. The sub-GI area contains apopto-
tic cells.

blasts, there was an increase after 6-18 hr of
nucleosomal ladder-sized DNA (Fig. IA). With
fibroblasts, there was an increase after 54 hr of
larger fragmented DNA, another sign of apopto-
sis (see the bands larger than the biggest 12-kb
marker in Fig. IA) (44,49). Proteolytic cleavage
of PARP was detected by 6-18 hr in lympho-
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blasts (see the 25-kDa fragment in Fig. IA) and
of a 42-kDa protein after 54 hr in fibroblasts (see
the 23-kDa cleavage product in Fig. IA and also
Materials and Methods). FACS scan analysis af-
ter 54 hr showed that there was an increase in
the proportion of cells with a sub-Gl content of
DNA, which accounted for about 50% of the
total for lymphoblasts and 10% for fibroblasts
(Fig. 1B). Visually, there were more "blebbing
cells" with condensed nuclei among the lympho-
blasts than the fibroblasts (not shown). These
results show that although mitomycin C induced
p53 in both lymphoblasts and fibroblasts, the
consequences for the two cell types was very
different, in that fibroblasts were much more
resistant to apoptosis. This could be related to the
induction of p2 IWAFL,Cipl in fibroblasts but not in
lymphoblasts (see below). We then investigated
drug treatments and genetic changes that might
favor apoptosis in fibroblasts.

Apoptosis Induced by DNA Damage Is
Faster in Cells with Deficiencies in
Transcription-Coupled DNA Repair
DNA repair-deficient cells, such as xeroderma
pigmentosum (XP) or Cockayne's syndrome
(CS) fibroblasts, are known to be more sensitive
to various DNA-damaging agents than normal
fibroblasts. We examined human primary fibro-
blasts with known deficiencies in DNA repair
(Table 1). They were treated with mitomycin C
and analyzed for the induction of p53,
p2IWAFlICipl and apoptosis, as described above.
XPG fibroblasts, which are deficient in both tran-
scription-coupled and overall DNA repair, in-
duced p53 faster than did normal fibroblasts
(compare Fig. 2A with Fig. LA). The onset of
apoptosis was about 24 hr faster than in the
normal fibroblasts, as judged by protein cleavage,
DNA gel electrophoresis, and visually (Fig. 2A
and data not shown). p21WAF1,Cipl protein levels
increased with kinetics similar to p53 but then
declined at later times (Fig. 2A). All the primary
fibroblasts that were deficient in transcription-
coupled DNA repair (CS, XPD, XPG) responded
to mitomycin C treatment with fast stabilization
of p53 protein and rapid apoptosis (Fig. 2B, the
onset of apoptosis was determined as in Figs. IA
and 2A and is marked by arrows above the p53
immunoblots). In contrast, XPC fibroblasts,
which are deficient in overall genome DNA re-
pair, showed kinetics of p53 induction and resis-
tance to mitomycin C that were similar to that of
normal fibroblasts (compare normal and XPC
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FIG. 2. p53 induction and apoptosis in DNA
repair-deficient fibroblasts
Cells were treated with 10 ,uM mitomycin C and
samples were collected at the indicated time points.
(A) Extracts of XPG fibroblasts were analyzed for
p53 and p21WAFl,Cipl protein levels, apoptosis-con-
nected proteolytic cleavage of a 42-kDa protein, and
for the presence of extractable DNA, as described for
normal fibroblasts in Figure 1. (B) Kinetics of p53
induction and apoptosis in mitomycin C-treated pri-
mary fibroblasts. Cell samples were analyzed as in A,
but only the p53 immunoblots are shown. Arrows
indicate the time when first signs of apoptosis were
detected, as in Figure 1. M, migration of the 1-kb
ladder.

lanes in Fig. 2B). Sensitivity to apoptosis seemed
to be correlated with the kinetics of p53 induc-
tion rather than absolute levels, possibly because
the amount of p53 does not reflect activity or
that additional factors are involved (note that
equal amounts of total protein were analyzed).
These results show that deficiencies in transcrip-
tion-coupled DNA repair rather than overall ge-
nome DNA repair increase the rate of apoptosis
in fibroblasts.

Transcription Inhibitors Induce Apoptosis
of Normal Fibroblasts
DNA damage in transcribed DNA could stimulate
apoptosis through inhibition of transcription. In
this case, inhibitors of transcription might be ef-
ficient inducers of apoptosis in normal fibro-
blasts. We compared the effects of inhibitors of
transcription (actinomycin D, a-amanitin, and
DRB) and a DNA-damaging agent (cisplatin) on
fibroblasts. A short-term treatment was used to
study the reaction and the recovery from the
effects of the inhibitors. The cells were treated for
12 hr, washed to remove the excess of inhibitors
or DNA-damaging agent, and, after various
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FIG. 3. Effects of DNA-damaging drugs and inhibitors of transcription on the viability of normal hu-
man fibroblasts and expression of p53 and its effectors
Human primary fibroblasts (GM03348C) were treated with medium only (untreated, untr.) or with medium con-
taining cisplatin (CisPt, 10 ,uM), actinomycin D (ActD, 0.4 ,uM), a-amanitin (aAM, 1 ,uM), and DRB (DRB, 100
,uM) for 12 hr (marked by an arrow on the x-axis of the cell viability graph). The cells were then washed, refed
with fresh medium, and incubated for 84 hr more. Cell samples for protein analysis (A, Western blots on the left
side of the figure), MTT-based cell viability assays (A, graph on the right side of the figure) and FACS scan analysis
(B) were harvested at the indicated time points. Equal amounts of total protein were loaded onto SDS polyacryl-
amide gels and Western blots were probed with antibodies that recognize p53, p2lWAFl CcPl, and Mdm2 (only the
corresponding parts of the Western blots are shown). Arrowheads on the right side of Mdm2 Western blots indi-
cate Mdm2. The values in the cell viability graphs are averages from two independent experiments with a differ-
ence of less than 20%. (B) Cell cycle analysis of untreated (untr.) and actinomycin D (ActD)-treated cells after 96
hr. DNA content is shown on a logarithmic scale. The sub-GI area (D) contains apoptotic cells.

times, were analyzed for p53 expression by
Western blotting and for viability by the MTT cell
proliferation assay. The MTT assay was found to
be the most efficient and reproducible method to
quantify apoptosis, with variations between ex-

periments of less than 20%. We confirmed that
the cells were undergoing apoptosis by FACS
scan analysis, specific proteolysis, DNA fragmen-
tation, and morphology (see below for actinomy-

cin D and data not shown). Cisplatin induced fast
stabilization of p53 (Fig. 3A). However, even
after 84 hr (96 hr of total incubation), the ma-

jority of the cells were viable (Fig. 3A, see the
graph on the right). Actinomycin D also induced
fast stabilization of p53 with similar kinetics, but
the cells died rapidly of apoptosis, as quantitated
by the MUT assay (Fig. 3A). As expected from
apoptosis, the number of cells with a sub-GI
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content of DNA increased dramatically (Fig. 3B,
15% in untreated cells, 60% in treated cells after
96 hr). a-Amanitin induced p53 more slowly but
still stimulated apoptosis more efficiently than
cisplatin. DRB induced a transient burst of p53,
with little consequence for cell survival. These
results show that transcription inhibitors that in-
duce prolonged stabilization of p53 can trigger
apoptosis more efficiently than the DNA-damag-
ing agent cisplatin in fibroblasts.

Altered Expression of Downstream
Effectors of p53 Is Associated with
Induction of Apoptosis in Normal
Fibroblasts
Transcription inhibitors may affect the expres-
sion of genes that are normally stimulated by p53
in response to DNA damage. Western blots were
used to analyze the expression of p21WAFI,Cipl,
Mdm2 (Fig. 3A), Bax, and Fas/APO-1 (not
shown). Cisplatin induced rapid accumulation of
p53, closely followed by p2IWAFT ciPl, and later
Mdm2 (Fig. 3A, see untreated samples for the
zero time points for all samples). In contrast,
actinomycin D, which also rapidly induced p53,
had only a small and barely detectable effect on
p21WAF1,ciPl levels and stimulated Mdm2 with
delayed kinetics. a-Amanitin induced p53 and
p21wAFI,cipl with delayed kinetics and Mdm2
levels hardly varied. DRB produced a transient
burst of p53 followed by a slight increase in
p21WAFl.ciPl and little change in Mdm2. Bax and
Fas/APO- 1 levels were not altered by any of the
treatments (data not shown). These results cor-
relate induction of apoptosis by transcription in-
hibitors with altered expression of the effectors
p21WAFclciPl and Mdm2.

Transcription-Coupled DNA Repair
Deficiency Alters the Response to
Transcription Inhibitors
Deficiency in transcription-coupled DNA repair
sensitizes fibroblasts to DNA damage induced ap-
optosis, suggesting that it may also affect the
outcome of inhibition of transcription. Cock-
ayne's syndrome A and B (CSA and CSB) fibro-
blasts were treated with cisplatin and the tran-
scription inhibitors for 12 hr, washed, and
analyzed for induction of p53, p2lw"l.cIPl,
Mdm2, and cell survival, as described above. Cis-
platin induced rapid accumulation of p53 and
fast induction of p2jWAF1,CIp1 and Mdm2, which
decreased later when the cells died (Fig. 4, see

untreated samples for the zero time points for all
samples). Actinomycin D also induced p53 with
similar kinetics. However, there was delayed but
sustained induction of p21IWAFl CiCl and Mdm2,
reminiscent of normal fibroblasts treated with
cisplatin, and the cells survived. a-Amanitin con-
sistently had little effect on CSA fibroblasts. In
contrast, with CSB, it induced p53 and cell death
and a much attenuated response at the level of
p2IWAJU ClP' and Mdm2. DRB induced a tran-
sient burst of p53, a weak response at the level of
p2 1WAFL,cIPl and Mdm2, and little effect on cell
survival, a response similar to that in normal
fibroblasts. These results show that sensitivity to
apoptosis is correlated with altered kinetics of
induction of p53 and its effectors p21WA 1,Cipl
and Mdm2. The differences in kinetics were re-
producibly observed in different experiments
(note that one representative experiment is
shown for the Western blots in Fig. 4). Induction
of pro-apoptotic Bax and Fas/APO-1 have been
shown to be mediated by p53 under certain con-
ditions (33,38). However, we did not observe
up-regulation of either Bax or Fas/APO-1 pro-
teins in any of the drug-treated fibroblasts strains
(data not shown). These results show that tran-
scription-coupled DNA repair deficiency alters
the response to transcription inhibitors, which
suggests that they are interconnected rather than
independent processes.

DISCUSSION
We have examined an important question relat-
ing to both normal cellular functions and the
treatment of pathologies such as cancer: what
makes a cell more or less sensitive to induction of
apoptosis. We have found an interesting link
between defects in transcription and induction of
apoptosis. Furthermore, we found that inhibitors
of transcription Induce accumulation of p53.

p53 protein levels are usually low in normal
cells and increase in response to various stress
signals. The best characterized signal is DNA
damage of various forms (4); others are hypoxia
(50) and depletion of ribonucleotide triphos-
phate pools (11). We show that p53 levels rise In
response to transcription inhibitors and cell
death is associated with prolonged induction of
p53, as would be expected for p53 monitoring of
correct transcription that is required for normal
progression through the cell cycle.

Normal B lymphoblasts are more sensitive
than primary fibroblasts to the DNA-damaging
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FIG. 4. Effects of DNA-damaging drugs and inhibitors of transcription on the viability of Cockayn's
syndrome fibroblasts and induction of p53 and its effectors
Cockayn's syndrome A (CS3BE) (A) and B (CSIAN) (B) fibroblasts were treated and analyzed as described for
normal fibroblasts in the legend of Figure 3. The values in the cell viability graphs are averages for two indepen-
dent experiments.

agents mitomycin C and cisplatin, which trigger
rapid accumulation of p53 and apoptosis. Prolif-
erating EBV-transformed B cells are known to be
sensitive to DNA-damaging agents but growth-
stimulated primary B lymphoblasts are appar-
ently resistant to cisplatin treatment (51,52). The
B lymphoblasts that were used in our experi-
ments were not transformed with EBV but still
readily underwent apoptosis after challenge with
mitomycin C. Their sensitivity to DNA-damaging
drugs could be connected with their inability to
induce p21wAFl,cipl expression (see below).

Primary fibroblasts with defined genetic al-
terations in DNA repair pathways helped us to
identify factors that participate in induction of
apoptosis. The resistance of fibroblasts to apopto-
sis is not simply related to the extent of DNA
damage. XPC fibroblasts, which are deficient in
repair of transcriptionally silent DNA but not in
transcription-coupled DNA repair, are as resis-
tant to DNA damage induced apoptosis as normal
fibroblasts. These results are in apparent contra-

diction with their poor clonogenic survival after
UV treatment (43). A possible explanation is that
unrepaired DNA maintains higher levels of p53
and extended growth arrest, which prevents col-
ony formation but not survival. XPD, XPG, and
CS fibroblasts, which are deficient in transcrip-
tion-coupled DNA repair, underwent rapid ap-
optosis when treated with mitomycin C or cis-
platin. Apoptosis may be triggered by the
persistence of damage to essential genes or by the
failure to restore RNA synthesis (43,44). CS fi-
broblasts are deficient in transcription (53-55) as
well as transcription-coupled DNA repair
(56,57), both of which may influence their re-
sponse to DNA-damaging agents. Defects in tran-
scription may signal cell death in the absence or
presence of DNA damage and may also have
effects through altered expression of down-
stream targets of p53.

The kinetics of p53 induction and expression
of its target genes p2JWAF1,CiPlI mdm2, Bax, and
FasIAPO-1 were compared in treated cells. Bax
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and Fas/APO-1 have been shown to be p53-
inducible in ML-1 and BRK cells (Bax; 38,58)
and in an adenocarcinoma cell line (Fas; 33).
However, their levels did not changed in any of
the fibroblasts strains and most probably did not
contribute to induction of apoptosis. We ob-
served that sensitivity to apoptosis of fibroblasts
and lymphoblasts was associated with prolonged
induction of p53 often accompanied by altered
expression of either p2 1WAFI,Cipl Mdm2, or
both. There are a number of examples. Actino-
mycin D treatment of normal fibroblasts
(Fig. 3A) leads to cell death and a rapid increase
in p53 that is not accompanied by the increases
in p2 IWAFL,Cipl or Mdm2 seen in cells resistant to
apoptosis, such as normal fibroblasts treated with
cisplatin (Fig. 3A) or CSA, or CSB fibroblasts
treated with actinomycin D (Fig. 4). Mitomycin
C treatment of lymphoblasts induces apoptosis
and p53 with no increase in p2lwAF1,c1Pl,
whereas treatment of fibroblasts does not induce
cell death but upregulates both p53 and
2IWAFI,Cipl There is a graded response to a-

amanitin in that there is extensive cell death
when p53 is induced strongly, but p21WAFI,Cipl
and Mdm2 are hardly detectable (CSB, Fig. 4B);
there is less cell death when there is a more
pronounced increase in p21WAAFLCiPl and Mdm2
(normal fibroblasts, Fig. 3A), which is nonethe-
less delayed compared with normal fibroblasts
treated with cisplatin which survive (Fig. 3A).
Apoptosis has always been associated with an
increase in p53. For example, a-amanitin stimu-
lated p53 and apoptosis in CSB, but did not affect
p53 levels nor stimulate apoptosis in CSA
(Fig. 4). However, high p53 levels per se were
not sufficient to induce apoptosis. The rapidity
rather than the level of p53 induction was cor-
related with the sensitivity of repair-deficient
cells to apoptosis induced by mitomycin C (see
Fig. 2). Equivalent amounts of p53 were induced
in cisplatin- and actinomycin D-treated CSA and
CSB fibroblasts (Fig. 4), but only cisplatin in-
duced apoptosis. These results suggest that im-
balances in the relative levels of induction of
p21WAFI ciPl and Mdm2 could affect p53's ability
to induce apoptosis. Experiments are in progress
to test this hypothesis, using antisense or HPV E6
to modulate the different effectors. Interestingly,
rapid down-regulation of p2 1WAFLCiP1 in Baf-3
cells after interleukin 3 (IL-3) withdrawal is as-
sociated with rapid apoptosis (59). Furthermore,
several recent studies have shown that the pro-
apoptotic function of p53 is inhibited by
p2 1WAFL,Cipl -mediated growth arrest (25,60-63)

and Mdm2 overexpression (40,41). Mdm2 and
p21WAFl"cPl regulate the p53 and Rb pathways,
respectively, and imbalances in the two path-
ways are associated with apoptosis (4).

Inhibition of transcription might trigger ap-
optotic functions of p53 that do not require tran-
scription. It is possible that transcription com-
plexes, stalled by DNA damage or inhibitors of
transcription elongation (actinomycin D and a-
amanitin), recruit p53 and convert it to a pro-
apoptotic form. p53 may be modified by compo-
nents of the transcription and DNA repair
machinery, such as the kinase associated with
TFIIH. This working model is a framework for
further experiments that explain our observa-
tions and the known properties of p53. Ljung-
man and Zhang (44) independently suggested
that persistent transcription-blocking lesions,
due to defective transcription-coupled repair,
may trigger apoptosis. We show in addition that
inhibitors of transcription can induce apoptosis.
p53 has apoptotic functions that are distinct from
transcription regulation. For example, p53 has
an N-terminal proline-rich region that is re-
quired for growth suppression but not transcrip-
tion (64,65). We found that actinomycin D treat-
ment leads to apoptosis of normal but not CSA or
CSB fibroblasts. Both CSA and CSB proteins in-
teract with TFIIH (66,67), and CSB and TFIIH
interact with p53 (30,31); they could affect re-
cruitment and modification of p53.

Stabilized p53 might not always be compe-
tent to induce apoptosis. Treatment of fibroblasts
with DRB resulted in a strong increase in p53
protein levels but did not lead to apoptosis. DRB
inhibits TFIIH-mediated phosphorylation of the
C-terminal repeats of the largest subunit of RNA
polymerase II and consequently, elongation of
transcription (68). p53 interacts with TFIIH, and
it is conceivable that the TFIIH kinase could di-
rectly (through phosphorylation of p53) (69) or
indirectly (phosphorylation of an auxiliary fac-
tor) affect the proapoptotic function of p53. SAP
kinases may also influence p53-mediated ap-
optosis, since they can phosphorylate the N ter-
minus of p53 (70) and are connected with the
induction of apoptosis (71,72). Finally, down-
stream effectors of p53 could modulate its ap-
optotic functions: p21WAFI Cipl by its ability to
inhibit cyclin-dependent kinases that phosphor-
ylate p53 (73,74), and Mdm2, by complex for-
mation (40,41). Our results, in accordance with
these studies, suggest that deregulation of the
expression of the p53 target genes p2IWAFl,CiPl
and Mdm2, and possibly also phosphorylation of
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p53, could affect the ability of p53 to induce
apoptosis in damaged or stressed cells.

In summary, a stressed transcriptional state
in the cell may be a trigger for p53 and apoptosis
in a manner similar to that in DNA damage or
metabolism. Inhibitors of transcription may be
useful in treatments aimed at inducing apoptosis
of cells that are resistant to DNA-damaging
agents.
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