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Abstract

 

Chemotherapeutic drugs are cytotoxic by induction of apop-

tosis in drug-sensitive cells. We investigated the mechanism

of bleomycin-induced cytotoxicity in hepatoma cells. At

concentrations present in the sera of patients during ther-

apy, bleomycin induced transient accumulation of nuclear

wild-type (wt) p53 and upregulated expression of cell sur-

face CD95 (APO-1/Fas) receptor in hepatoma cells carrying

wt p53 (HepG2). Bleomycin did not increase CD95 in hep-

atoma cells with mutated p53 (Huh7) or in hepatoma cells

which were p53

 

2

 

/

 

2

 

 (Hep3B). In addition, sensitivity towards

CD95-mediated apoptosis was also increased in wt p53 pos-

itive HepG2 cells. Microinjection of wt p53 cDNA into

HepG2 cells had the same effect. In contrast, bleomycin did

not enhance susceptibility towards CD95-mediated apoptosis

in Huh7 and in Hep3B cells. Furthermore, bleomycin treat-

ment of HepG2 cells increased CD95 ligand (CD95L)

mRNA expression. Most notably, bleomycin-induced apop-

tosis in HepG2 cells was almost completely inhibited by anti-

bodies which interfere with CD95 receptor/ligand interaction.

These data suggest that apoptosis induced by bleomycin is

mediated, at least in part, by p53-dependent stimulation of

the CD95 receptor/ligand system. The same applies to other

anti-cancer drugs such as cisplatin and methotrexate. These

data may have major consequences for drug treatment of

cancer and the explanation of drug sensitivity and resis-

tance. (

 

J. Clin. Invest.

 

 1997. 99:403–413.) Key words: apop-

tosis 
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Introduction

 

Chemotherapeutic drugs cause DNA damage and kill cancer
cells mainly by apoptosis (1, 2). The mechanisms of drug-
induced apoptosis, however, are poorly understood. Recent
studies suggest that p53 may be required for apoptosis in cells
treated with chemotherapeutic drugs or radiation (1, 3). The
p53 tumor suppressor gene is an essential mediator of the cel-

lular response to DNA damage in mammalian cells. Both G

 

1

 

cell cycle arrest (4–6) and apoptosis (7–9) after DNA damage
were shown to depend on normal p53 function (10). The p53
protein senses genotoxic stress or DNA damage. This results
in nuclear accumulation of p53. Subsequently, p53 activates the
transcription of several genes whose products are involved in
DNA repair or apoptosis. Some of the genes regulated by p53
have been identified. These genes include muscle creatinine
kinase (11), gadd/45, waf-1/cip-1, bcl2/bax, cyclin G, mdm2,
TGF-

 

a

 

, IGF-binding protein, and Fas. (4–6, 12–15). The exact
mediators of apoptosis after p53 activation are not known.
Owen-Schaub et al. (16) have shown that introduction of wt or
temperature-sensitive p53 into human tumor cell lines en-
hances expression of the CD95 (APO-1/Fas) receptor. 

CD95 is a type I transmembrane receptor that belongs to
the nerve growth factor/tumor necrosis factor receptor super-
family. Triggering of CD95 by the CD95 ligand (CD95L) or by
agonistic antibodies results in rapid induction of apoptosis in
susceptible cells (17–19). CD95L has recently been cloned and
found to be a type II transmembrane protein that belongs to
the corresponding TNF family (20, 21).

The CD95 receptor/ligand system plays an important role
in downregulation of the immune response. In addition, the
CD95 and the perforin system mediate T cell cytotoxicity
(22–24). CD95 is constitutively expressed in a wide range of
tissues, including the liver (25–27). The liver is highly sensitive
to CD95-mediated induction of apoptosis. Thus, mice injected
intraperitoneally with anti-CD95 antibody died within several
hours from fulminant hepatic failure due to generalized apop-
tosis of hepatocytes (26). Likewise, human hepatocytes in pri-
mary culture undergo apoptosis upon stimulation with agonis-
tic anti-CD95 antibodies (25). Moreover, upregulated CD95
receptor- and/or CD95L mRNA levels were detected in differ-
ent acute and chronic liver diseases (25).

We have analyzed the mechanisms by which cytotoxic
drugs kill hepatoma cells in vitro. We found that these drugs
kill these cells by induction of apoptosis. Therefore, we tested
whether drug-induced apoptosis involves the CD95 receptor/
ligand system and is dependent on the function of p53. Our
data show that antineoplastic drugs induce apoptosis in wt p53
carrying hepatoma cells by upregulation of the CD95 receptor
and the CD95L.

 

Methods

 

Cell lines

 

The following cell lines were used: (

 

a

 

) HepG2 cells derived from a
human hepatoblastoma (28) only expressing small amounts of wild-
type p53 (unpublished sequence data from our laboratory); (

 

b

 

) Huh7
cells derived from a hepatocellular carcinoma (29) and shown to ex-
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press p53 with increased half life as a result of a point mutation at
codon 220 (30); and (

 

c

 

) Hep3B cells (28) deficient of p53 (31). HepG2
and Huh7 cells were maintained in Dulbecco’s modified Eagle me-
dium (DMEM; Flow Laboratories, Meckenheim, Germany) contain-
ing 10% FCS, 5 mmol/liter glutamine, 100 

 

m

 

g/ml penicillin (all from
Flow Laboratories).

Hep3B were grown in MEM (Milieu Essentiel Minimum; Labora-
toires Eurobio, Raunheim, Germany).

 

Treatment with anticancer agents

 

The different cell lines were treated with bleomycin (Mack, Illertis-
sen, Germany) at a dose range of 60 ng/ml to 6 mg/ml, or with doxo-
rubicin (Rhône-Poulenc, Köln, Germany) at a dose range of 0.4 ng/ml
to 4 

 

m

 

g/ml for 3 h up to 72 h. Furthermore, cisplatin at a dose range of
0.1 ng/ml to 0.1 mg/ml or methotrexate at a dose range of 0.1 ng/ml to
1 mg/ml, were applied. The concentrations relevant for therapy are
1.5–3.0 

 

m

 

g/ml for bleomycin (32), 0.4–1.6 

 

m

 

g/ml for cisplatin (33, 34),
7–12 

 

m

 

g/ml for methotrexate (35), and 0.001–0.02 

 

m

 

g/ml for doxorubi-
cin (36) in patients’ sera. 

 

Treatment with IgG 3 anti-APO-1 and F(ab)

 

9

 

2

 

 

 

–anti-APO-1

 

CD95 receptor stimulation was performed with the monoclonal anti-
body anti-APO-1 at concentrations of 100 ng/ml as described (17,
37, 38). CD95 receptor blocking experiments were performed by treat-
ment with F(ab)

 

9

 

2

 

-anti-APO-1 fragments as previously described (38). 

 

Statistical analysis

 

To examine whether synergy (39, 40) between APO-1 stimulation and
concurrent bleomycin treatment is observed, a balanced two-way
ANOVA (model with fixed effects) was performed. Statistical analy-
sis was carried out with the SAS software system (SAS Institute Inc.,
Cary, NC).

 

Immunohistochemistry

 

HepG2 cells grown on cover slips were fixed for 2 min in a 1:1 (vol/
vol) mixture of acetone and methanol and air dried. Immunohis-
tochemistry of p53 was performed as described (41), using Do1 (Di-
anova, Hamburg, Germany) as first antibody.

 

Immunoblot (Western blot)

 

Cultured cells were homogenized in sample buffer (50 mM Tris-CL,
pH 6.8, 2% SDS, 100 mM dithiothreitol). Protein concentration was
measured using the Bio-Rad protein assay (Bio-Rad Laboratories,
Munich, Germany). Briefly, an aliquot of each sample equivalent to
10 

 

m

 

g protein was boiled in 20 

 

m

 

l sample buffer, separated on a 12%
SDS-polyacrylamide gel (PAGE), and electrophoretically transferred
to nitrocellulose filters using the Bio-Rad electrotransfer system
(Bio-Rad Laboratories, Munich, Germany). P53 was detected with
the mouse monoclonal antibody PAb 1801 (Dianova, Hamburg, Ger-
many) or the polyclonal rabbit antiserum HZp53R as first antibody
as described (42).

 

Metabolic labeling with [

 

35

 

S]methionine, immunoprecipitation, 
and autoradiography

 

HepG2 and Huh7 cells were plated in six-well dishes (2 

 

3 

 

10

 

5

 

/well) at
60% confluence. Cells were treated with bleomycin or doxorubicin as
described above for 3 h. HepG2 and Huh7 cells were then metaboli-
cally labeled for 3 h in 2 ml of 10% dialyzed FCS/methionine-free me-
dium with 20 

 

m

 

Ci/ml [

 

35

 

S]methionine. Cells were collected with a
rubber policeman and centrifuged for 5 min at 13,000 

 

g

 

. The cells
were lysed in lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 5 mM
EDTA, 1% NP-40, 1 mM PMSF).

Monoclonal antibodies PAb 1801 or PAb 421 (Dianova, Hamburg,
Germany) were adsorbed to 20 

 

m

 

l of preswollen protein A–Sepharose
(Sigma, Munich, Germany) in phosphate-buffered saline (PBS) for
2 h at room temperature. After washing three times with lysis buffer
supernatants of the cells were added and incubated 2 h at room tem-
perature.

 

The immunoprecipitates were boiled in sample buffer and sepa-
rated by 10% SDS-PAGE. The gel was then dried and subjected to
autoradiography.

 

 [

 

3

 

H]Thymidine incorporation

 

Cell proliferation was determined in 35-mm culture plates. 1 

 

m

 

Ci/ml
[

 

3

 

H]thymidine (Amersham Buchler, Braunschweig, Germany) was
added to each culture well for 3 h before harvesting the cells. Sub-
sequently, the tissue culture plates were placed on ice and the liver
cells washed twice with ice-cold PBS and harvested with 1% Triton
X-100/PBS.

Incorporated [

 

3

 

H]thymidine was measured in a liquid scintillation
counter (Beckman, Munich, Germany). Growth inhibition by bleo-
mycin or doxorubicin was calculated as the percentage reduction in
[

 

3

 

H]thymidine uptake compared with untreated controls. Results are
shown as the mean of six independent culture plates

 

6

 

SD.

 

Detection of apoptosis

 

FACS

 

®

 

 analysis.

 

Apoptosis was assessed by fluorescence-activated
cell sorting (FACS

 

®

 

) analysis carried out in a FACScan

 

®

 

 flow cyto-
meter (Becton Dickinson, Heidelberg, Germany) using the LYSIS II
software system.

Hepatocytes, floating in the culture medium were collected by
centrifugation at 200 

 

g

 

. Adherent hepatocytes were harvested by in-
cubation with 1% trypsin for 1 min. The cells were washed with PBS,
fixed in 70% ethanol and stained with propidium iodide (50 

 

m

 

g/ml
PBS). DNA fluorescence was measured in a FACScan

 

®

 

 according to
the method of Nicoletti et al. (43).

 

DNA fragmentation.

 

Internucleosomal DNA fragmentation was
assessed by the method of Sellins and Cohen as described (44) after
harvesting adherent and floating cells from a 70 cm

 

2

 

 subconfluent cul-
ture dish.

 

DAPI and TUNEL staining.

 

Cells were grown on plastic cover
slips. DAPI (4

 

9

 

,6-diamidino-2-phenylindole; Sigma, Munich, Ger-
many) staining of cellular DNA, was performed as described (25).
The cover slips were viewed under the fluorescence microscope
(Zeiss, Axiophot, Göttingen, Germany) at 420 nm.

TUNEL staining (45) was performed as described in the Boeh-
ringer kit (Boehringer, Mannheim, Germany).

 

Microinjection

 

 

 

For microinjection about 2,000 HepG2 cells were seeded onto CELLo-
cate coverslips (Eppendorf, Hamburg, Germany). The following day
about 50 cells (per coverslip) in DMEM supplemented with 10%
FCS, 1

 

3 

 

non-essential amino acids (GIBCO, Eggenstein, Germany)
and 10 mM Hepes (pH 7.4) were injected with 100 ng/

 

m

 

l H

 

2

 

O p53
wild-type DNA or different control DNA constructs with the CMV
promoter in 1% tetramethylrhodamine isothiocyanate-dextran (

 

M

 

r

 

 

 

5

 

4400) using the Microinjector 5242 (Eppendorf, Hamburg, Germany)
connected to the automated injection system (Zeiss, Göttingen, Ger-
many). The settings were 70–100 hPa and 0.1 s. After 48 h of incuba-
tion the medium was changed and 100 ng/ml agonistic IgG3 anti-
APO-1 mAb were added and the cells were further incubated for 24 h.
Surviving microinjected cells were counted under the fluorescence
microscope. 

 

Immunostaining of p53.

 

After microinjection and further incuba-
tion for 48 h HepG2 cells were fixed in methanol and washed with
PBS/0.1% Triton X-100. p53 was stained with the mouse monoclonal
antibody PAb 1801 (10 ng/ml) followed by FITC-conjugated goat-
anti-mouse IgG (5 ng/ml).

 

Detection of CD95 (APO-1/Fas)

 

CD95 cell surface expression was assessed by FACScan

 

®

 

. Anti-APO-1
(IgG3, 

 

k

 

) was used as purified biotinylated antibody. Quantum Red
streptavidin (Sigma, Munich, Germany) was used as secondary re-
agent for indirect immunofluorescence. All purchased reagents were
used according to the manufacturer’s instructions. Fluorescence anal-
ysis was carried out at 4

 

8

 

C in PBS with 0.1% sodium azide. Hepatoma
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cells were incubated in 200 

 

m

 

l staining buffer with biotinylated anti-
APO-1. After 15 min incubation, cells were washed twice, incubated
for 15 min with Quantum Red streptavidin, washed twice again and
assayed. Upon data acquisition a gate was set on intact cells by for-
ward/side scatter analysis and 5,000–10,000 viable cells were ana-
lyzed.

 

Detection of CD95 ligand expression by in situ hybridization

 

HepG2 cells at 60% confluence were incubated on two-well chamber
slides (Lab-Tek

 

®

 

, Nunc Inc., Naperville, IL) with 6 mg/ml bleomycin
for 24 h. After washing with PBS the cells were fixed for 20 min in 4%
paraformaldehyde, dehydrated in ethanol and air dried.

For in situ hybridization the cells were pretreated for 20 min at
37

 

8

 

C with proteinase K (1 

 

m

 

g/ml in 2

 

3

 

 SSC; 0.1% SDS). The reaction
was stopped by 0.1 M glycine, the cells were fixed with 4% parafor-
maldehyde and washed with 2

 

3

 

 SSC. After treatment for 10 min in

0.25% acetic anhydride in 0.1 M triethanolamine, pH 8.0 the cells
were dehydrated through an ascending series of ethanol and air dried.

Digoxygenin labeled anti-sense RNA corresponding to the se-
quence coding for amino acids 100 to 246 of the human CD95-ligand
was generated using in vitro transcription with T7 polymerase (Boeh-
ringer, Mannheim, Germany). The length was reduced to approxi-
mately 250 nucleotide fragments by limited alkaline hydrolysis (46).
The hybridization mixture contained 100 pg/

 

m

 

l digoxygenin-labeled
RNA, 50% deionized formamide, 10% dextran sulfate, 2

 

3

 

 SSC, 1

 

3

 

Denhardt’s mixture (0.02% wt/vol), 0.1% SDS, 500 

 

m

 

g/ml yeast
tRNA, 100 

 

m

 

g/ml hering sperm DNA. This mixture was spread over
the pretreated, dried cells and covered with parafilm. The slides were
incubated overnight at 37

 

8

 

C in a moist chamber containing 50% form-
amide. Thereafter, the slides were washed with 2

 

3 

 

SSC (30 min), di-
gested with 5 

 

m

 

g RNase A (20 min) and again washed with 0.5

 

3

 

 SSC
(20 min) at 37

 

8

 

C. 

Figure 1. P53 induction in HepG2 cells after treatment with DNA-damaging agents. (A) Western blot of HepG2 cells treated with doxorubicin, 
4 ng/ml (dox 1), demonstrating a transient increase in p53 levels 3–6 h after the onset of treatment. Huh7 cells with mutant p53 served as posi-
tive control. (B) Autoradiography after endogenous labeling with [35S]methionine and immunoprecipitation of p53 3–6 h after the onset of bleo-
mycin treatment, 6 mg/ml (bleo 1), demonstrates synthesis of p53. (C) Immunohistochemistry of HepG2 cells after treatment with bleomycin, 6 
mg/ml (bleo 1, right panel), reveals nuclear accumulation of p53. (Left panel) Untreated controls.
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Digoxygenin-labeled RNA was detected immunologically by a
polyclonal anti-digoxygenin sheep antibody conjugated with alkaline
phosphatase (Boehringer), visualized using NBT and BCIP as sub-
strate at room temperature overnight in the dark. Slides were
mounted with Elvanol and viewed under a microscope (Zeiss, Axio-
phot, Göttingen, Germany).

 

Detection of CD95 ligand mRNA expression by PCR

 

Total cellular RNA was prepared from 1

 

 3 

 

10

 

6

 

 HepG2, Hep3B and
Huh7 cells treated with 0.6 mg/ml and 6 mg/ml bleomycin for 24 h, us-
ing the Rneasy-Kit (Qiagen, Hilden, Germany), following the manu-
facturer’s instructions. The efficiency of the RT and the amount of
RNA used in the RT-PCR were verified by detection of the human

 

b

 

-actin mRNA with RT-PCR. 1 

 

m

 

g of total cellular RNA was ret-
rotranscribed after heat denaturation (3 min, 60

 

8

 

C) and annealing
with oligo (dT) primers (16-mer, Perkin Elmer, Weiterstadt, Ger-
many) in the presence of 75 U MnLV RT (Perkin Elmer), 67 

 

m

 

M
MgCl

 

2

 

 and 63 

 

m

 

M of each dNTP in 20 

 

m

 

l for 45 min at 42

 

8

 

C. Reac-
tions were stopped by heat inactivation for 5 min at 90

 

8

 

C. Aliquots of
10 

 

m

 

l of the cDNA were then amplified in a DNA thermocycler
(Stratagene, Heidelberg, Germany) with 2.5 U of Ampli Taq DNA-
polymerase AS (Perkin Elmer), 10 pM of both upstream and down-
stream APO-1L Primers, and 2.5 

 

m

 

M of both upstream and down-
stream human 

 

b

 

-actin primers in a volume of 50 

 

m

 

l. Each PCR cycle

consisted of a denaturation step (94

 

8

 

C, 1 min), an annealing step
(56

 

8

 

C, 1 min), and an elongation step (72

 

8

 

C, 1 min). The primers used
for amplification of the CD95L have been described recently (47).
The PCR products were analyzed on a 1.4% TBE agarose gel.

 

Cytotoxicity assay

 

Crystal violet assay.

 

A 100 

 

m

 

l suspension of 7 

 

3 

 

10

 

3

 

 cells was added
to each well of 96-well plates 24 h before the assay. Various concentra-
tions of anti-APO-1, bleomycin and F(ab)

 

9

 

2

 

-anti-APO-1 fragments were
added to the target cells. After 3–72 h, cells were stained with 0.5%
crystal violet in 20% methanol. Cell viability was determined by elut-
ing the dye from the stained cells with 0.1 M sodium citrate/0.1 M cit-
ric acid and 50% ethanol, and absorbance was measured at 540 nm (48).

 

MTT assay.

 

The MTT assay is a colorimetric assay based on the
ability of the viable cells to reduce a soluble yellow tetrazolium salt
(MTT) to blue formazan crystals. The cells were plated as described
above for the crystal violet assay and appropriate concentrations of
the different drugs were added. After 3–72 h 5 mg/ml MTT dye was
added and the plates were incubated for 12 h. Optical density was de-
termined by eluting the dye with isopropanol/formic acid, and absor-
bance was measured at 540 nm. 

Crystal violet and MTT assay were performed in parallel. Results
are shown as the mean of six independent wells

 

6

 

SD. To rule out that
drug treated cells may simply arrest growth, making it difficult to de-

Figure 2. Induction of growth arrest and apoptosis in 
hepatoma cells by treatment with DNA damaging 
agents. (A) DNA-synthesis as measured by [3H]thy-
midine incorporation in HepG2 cells bearing wt p53 
(m) and in Huh7 cells with mutant p53 (j) treated 
with bleomycin, 6 mg/ml. Data are shown as the 
mean6SD of six independent culture plates and are 
expressed as percentage of untreated controls. (B) 
Kinetics of induction of apoptosis as detected by pro-
pidium iodide staining and FACS® analysis of 
HepG2 cells treated with bleomycin, 6 mg/ml (m). 
Untreated controls (n). (C) Internucleosomal DNA 
fragmentation (DNA-“laddering”) after treatment of 
HepG2 cells with 6 mg/ml bleomycin (bleo 1). 
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termine what percentage of the reduced crystal violet/MTT is due to
apoptosis, all cytotoxicity assays were verified by FACS® analysis us-
ing the Nicoletti method (43) to assess specific apoptosis.

Results

Transient nuclear p53 accumulation after treatment of hepatoma

cells with DNA damaging agents. Untreated HepG2 cells only
showed basal p53 expression. Treatment of HepG2 cells with
bleomycin or doxorubicin resulted in transient accumulation
of p53 as detected by Western blotting (Fig. 1 A). An in-
creased p53 signal was detectable 3 h after the onset of drug
treatment. Maximum levels of about 5 to 10 times the control
values were reached within 3 to 6 h after treatment. Elevated
p53 levels returned to control values within 24 h after treat-
ment. (Fig. 1 A). Likewise, 3 to 6 h after the onset of drug
treatment of HepG2 cells a transient increase of [35S]methio-
nine-labeled p53 was observed (Fig. 1 B). In contrast to HepG2
cells, Huh7 cells expressing high constitutive levels of mutated
p53 (p53-220 cys) (Fig. 1, A and B) did not show a significant
increase in p53 expression after drug treatment (Fig. 1 B).
Hep3B cells without endogenous p53 expression did not show
a p53 signal by Western blotting before and after bleomycin
treatment (data not shown). In HepG2 cells immunohistologi-
cal analysis revealed increased p53 levels and showed a clear
nuclear accumulation of the protein induced by bleomycin
treatment (Fig. 1 C).

Induction of growth arrest and apoptosis by DNA damag-

ing agents in human hepatoma cells.  [3H]Thymidine incorpo-
ration in HepG2 cells after treatment with DNA damaging

agents showed a significant reduction in DNA synthesis. In
contrast, Huh7 cells were remarkably insensitive to doxorubi-
cin- and bleomycin treatment (Fig. 2 A).

We further investigated whether growth arrest after treat-
ment by cytotoxic drugs was due to induction of apoptosis.
Propidium iodide staining and FACS® analysis revealed induc-
tion of apoptosis in bleomycin-treated HepG2 cells (Fig. 2 B).
Apoptosis was also shown by the typical “ladder” pattern of
DNA fragmentation (Fig. 2 C). 

Upregulation of the CD95 receptor in HepG2 cells and in-

creased responsiveness towards induction of apoptosis by anti-

APO-1 antibodies after bleomycin treatment. To study the in-
volvement of the CD95 receptor/ligand system in drug-induced
apoptosis we investigated CD95 mRNA and protein expres-
sion by semi-quantitative RT-PCR and FACS® analysis. 

Bleomycin treatment resulted in enhanced transcriptional
activation shown by augmentation of CD95 mRNA expression
in HepG2 cells with wt p53. Huh7 cells (mut 220) and Hep3B
cells (p53 2/2) did not upregulate CD95 mRNA upon bleo-
mycin treatment (Fig. 3 A). 

HepG2 cells showed a basal expression of the CD95 recep-
tor in 10 to 15%, Huh7 cells in up to 3% and Hep3B cells in up
to 3% of the cells. HepG2 cells revealed a marked upregula-
tion of the CD95 receptor after drug treatment, up to 80% re-
ceptor expressing cells. This upregulation was only seen in wt
p53 expressing HepG2 cells (Fig. 3 B). In contrast, neither
Huh7 cells, bearing a point mutation in codon 220 of the p53
gene, nor Hep3B cells, lacking p53, responded to bleomycin
treatment with upregulation of the CD95 receptor (Fig. 3 B).

Upregulation of CD95 receptor expression after drug treat-

Figure 3. Upregulation of the CD95 receptor after 
bleomycin treatment. (A) Semi-quantitative
RT-PCR analysis of CD95 receptor mRNA expres-
sion in HepG2, Hep3B and Huh7 cells after treat-
ment with bleomycin 0.6 and 6 mg/ml. CD95 mRNA 
was induced in HepG2 cells (p53 wt) but not in Huh7 
cells with mutant p53 and not in Hep3B cells without 
p53. (B) CD95 receptor expression by FACS® analy-
sis in HepG2 with wt p53 (left column), Huh7 with 
mutant p53 (middle column) and Hep3B lacking p53 
(right column). Cells were left untreated (upper 

panel) or received treatment with 0.6 mg/ml bleomy-
cin (middle panel) or 6 mg/ml bleomycin (lower 
panel). Only HepG2 cells displayed enhanced CD95 
receptor expression up to over 80% positive cells in 
response to bleomycin treatment in a dose depen-
dent manner.
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ment resulted in increased responsiveness towards CD95 stim-
ulation. Treatment with anti-APO-1 alone led to specific cell
death in up to 10% of the HepG2 cells, whereas it did not af-
fect viability in Huh7 and Hep3B cells (Fig. 4 A). In HepG2
cells treated with bleomycin for 48 h, CD95 receptor stimula-
tion with anti-APO-1 resulted in induction of apoptosis in up
to 75% of the cells, dependent on the concentration of bleomy-
cin applied (Fig. 4, A–C). Stimulation of CD95 by anti-APO-1
and concurrent bleomycin treatment did not only show an ad-
ditive effect but synergized in the induction of apoptosis in p53
wt hepatoma cells. To test for synergy a two-way ANOVA
model with fixed effects was performed (P , 0.0001). 

As a control, the p53 mutant Huh7 cells and the p53 null
Hep3B cells were tested. Anti-APO-1 did not produce addi-

tional toxicity in comparison with bleomycin treatment alone
in Huh7 and in Hep3B cells (Fig. 4 A). Similar as bleomycin
treatment microinjection of wt p53 cDNA into HepG2 cells re-
sulted in nuclear accumulation of p53 (not shown) and in-
creased sensitivity towards CD95 mediated apoptosis (Fig. 4 D). 

Induction of apoptosis by bleomycin is mediated by in-

creased expression of CD95L. To obtain further insight into
the mechanism of bleomycin-induced apoptosis, we also ana-
lyzed CD95L expression upon drug treatment. Fig. 5 A shows by
in situ-hybridization that CD95L mRNA is highly elevated
upon treatment of HepG2 cells with bleomycin. This was con-
firmed by PCR analysis. Bleomycin, at concentrations measured
in patients’ sera during therapy, stimulated CD95L mRNA ex-
pression in vitro in HepG2 cells. Hep3B cells (p53 2/2) did

Figure 4. Increased responsiveness to-
wards induction of apoptosis by CD95 
stimulation after bleomycin treatment. 
(A) Cytotoxicity assay with MTT stain-
ing of viable cells. HepG2 cells, Huh7 
cells and Hep3B cells were treated with 
different doses of bleomycin (60 ng/ml 
to 6 mg/ml) alone for 48 h and in combi-
nation with or without anti-APO-1, 100 
ng/ml for a further 24 h. Data are 
expressed as fraction of the living 
cells treated with bleomycin only 
(mean6SD, n 5 6 wells). Only HepG2 
cells with wt p53 showed an increased 
susceptibility towards induction of 
apoptosis by anti-APO-1 antibodies af-
ter bleomycin treatment. A two-way 
ANOVA with fixed effects revealed a 
synergistic interaction between anti-
APO-1- and bleomycin-induced cell 
death (P , 0.0001). (B) DAPI staining 
and (C) TUNEL staining of HepG2 
cells treated with 6 mg/ml bleomycin 
alone (2) for 48 h or in combination 
with 100 ng/ml anti-APO-1 (1) for a 
further 24 h. Combined treatment led to 
an increase in nuclear condensation and 
fragmentation as morphological signs of 
apoptosis. (D) Increased responsiveness 
towards induction of apoptosis by CD95 
stimulation after microinjection of wt 
p53 cDNA. HepG2 cells (about 50 cells 

per experiment) were microinjected with wt p53 cDNA in 4 independent experiments. After 48 h 100 ng anti-APO-1 was added for 12 h and the 
surviving cells were counted under the microscope. Each dot represents the percentage of dead cells/microinjected cells from an independent 
well.
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also respond by CD95L upregulation towards bleomycin treat-
ment. In contrast, bleomycin treatment of Huh7 with mutant
p53 did not result in upregulation of the CD95L (Fig. 5 B).
These findings suggested that bleomycin-induced apoptosis in
HepG2 cells with wt p53 might be mediated, at least in part, by
the activity of the CD95L. The assumption that apoptosis in-
duced by bleomycin in HepG2 cells is mediated via the CD95/
CD95L system was strongly supported by CD95 blocking ex-
periments. Fig. 5 C shows that bleomycin-induced apoptosis
after 72 h of culture can almost completely be inhibited by
F(ab)92-anti-APO-1 antibody fragments, known to interfere
with CD95 receptor/ligand interaction (37). Thus, bleomycin-
induced apoptosis is mediated, at least in part, through a death
signal by increased expression of CD95L binding to the CD95
receptor. Furthermore, in long-term [3H]thymidine-labeled
cultures, we could show that treatment with F(ab)92-anti-APO-1

antibody fragments affects true survival of the cells. Thus, the
proliferation of treated HepG2 cells was double to triple that
of HepG2 cells treated with bleomycin only. These data show
that F(ab)92-anti-APO-1 antibody treatment affects true sur-
vival in HepG2 cells treated with cytotoxic drugs and does not
simply delay the kinetics of death in the cells.

Anticancer drugs with different mechanisms of action in-

duce apoptosis via the CD95 system. Cisplatin and methotrex-
ate have been shown to trigger nuclear accumulation of the tu-
mor suppressor protein p53 (49). Cisplatin and methotrexate
treatment lead to a marked increase in CD95 mRNA and pro-
tein expression in wild type p53 expressing HepG2 cells. Upon
cisplatin treatment, CD95 expression by FACS® analysis was
enhanced up to 50% positive cells. Methotrexate treatment re-
sulted in CD95 receptor upregulation up to 70% positive cells.
As upon bleomycin treatment neither Huh7 cells (mut 220)

Figure 5. Induction of the 
CD95L by bleomycin. (A) 
CD95L mRNA in-situ hybrid-
ization of untreated HepG2 
cells (2) and after treatment 
with 6 mg/ml bleomycin for 24 h 
(1). (B) Semi-quantitative PCR 
analysis of CD95L mRNA ex-
pression in HepG2, Hep3B and 
Huh7 cells upon treatment with 
bleomycin 0.6 mg/ml and 6 mg/
ml. CD95L mRNA expression 
was induced in HepG2 cells 
(p53wt) and in Hep3B cells 
(p532/2) but not in Huh7 cells 
(p53mut). (C) Inhibition of ble-
omycin-induced apoptosis by 
F(ab)92-anti-APO-1. Cytotoxic-
ity assay with crystal violet 
staining of viable cells. HepG2 
cells were treated with 6 mg/ml 
bleomycin for 72 h alone or in 
combination with CD95 recep-
tor-antagonizing F(ab)92-anti-
APO-1 antibody fragments. 
F(ab)92-anti-APO-1 antibody 
fragments were able to pre-
serve up to 80% of the cells 
from death. 
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nor Hep3B cells (p53 2/2) upregulated CD95 mRNA and
protein in response to anticancer therapy (Fig. 6, A and B).
This was confirmed by stimulation of CD95 by anti-APO-1 an-
tibodies and concurrent cisplatin or methotrexate treatment.
In HepG2 cells treated with cisplatin or methotrexate for 48 h,
CD95 receptor stimulation with anti-APO-1 antibodies re-
sulted in further induction of apoptosis in 50% of the cells
compared to cisplatin and methotrexate treatment alone. As in
combined bleomycin and anti-APO-1-treatment, anti-APO-1
antibodies did not further enhance apoptosis in comparison
with cisplatin and methotrexate alone in Huh7 and in Hep3B
cells (data not shown). 

Methotrexate treatment induced CD95L mRNA expres-
sion at 10 mg/ml and 100 mg/ml in all three cell lines, with the
exception of the high dose methotrexate in Huh7 cells. CD95L
mRNA expression was weaker in Huh7 cells with mutant p53
than in HepG2 cells (wt p53) and in Hep3B cells (p53 2/2)
(Fig. 6 C). Cisplatin treatment was not found to initiate CD95L

mRNA expression at 12 h, 24 h and 48 h after the onset of
treatment (data not shown). 

Thus, methotrexate- and cisplatin-induced apoptosis in-
volves similar mechanisms as shown for bleomycin treatment. 

Discussion

The data in this paper show that cytotoxicity in hepatoma cells
by the anti-cancer drugs bleomycin, doxorubicin, cisplatin, and
methotrexate is mediated by induction of apoptosis. In addi-
tion, bleomycin treatment resulted in accumulation of nuclear
p53 and stimulated increased expression of cell surface CD95
in the drug-sensitive wt p53 hepatocellular carcinoma cell line
HepG2. Bleomycin did not increase CD95 in two hepatoma
lines with dysfunctional p53. Bleomycin enhanced CD95-
induced apoptosis in HepG2 cells. In contrast, in p53 mutant
Huh7 cells and in p53 negative Hep3B cells, stimulation of

Figure 6. Induction of the CD95 system 
by anticancer drugs with different mecha-
nisms of action. (A) Semi-quantitative 
PCR analysis of CD95 receptor mRNA 
expression in HepG2, Huh7 and Hep3B 
cells. CD95 mRNA was induced in 
HepG2 cells (p53 wt) by cisplatin at
1 mg/ml and 10 mg/ml and by methotrexate 
at 10 mg/ml and 100 mg/ml. Huh7 cells with 
mutant p53 and p53 deficient Hep3B cells 
did not respond to anticancer therapy with 
upregulation of CD95 receptor mRNA. 
(B) CD95 receptor expression by FACS® 
analysis in HepG2 with wt p53 (left column), 
Huh7 with mutant p53 (middle column) 
and Hep3B lacking p53 (right column). 
Only HepG2 cells displayed enhanced 
CD95 receptor expression up to 50% posi-
tive cells in response to cisplatin and up to 
70% positive cells in response to metho-
trexate. (C) CD95 ligand expression after 
treatment with methotrexate. Semi-quan-
titative PCR analysis of CD95 ligand 
mRNA expression in HepG2, Hep3B, and 
Huh7 cells after treatment with metho-
trexate at 10 mg/ml and 100 mg/ml. Metho-
trexate induced CD95 ligand mRNA ex-
pression in all three cell lines with the 
exception of the high dose methotrexate 
in Huh7. The CD95 mRNA expression 
was weaker in Huh7 cells with mutated 
p53 than in p53 wt and p53 deficient cells.
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CD95 does not increase death after bleomycin treatment. Fur-
thermore, bleomycin treatment increased expression of CD95L
mRNA. Finally, bleomycin-induced apoptosis in HepG2 cells
could almost completely be inhibited by antibodies which
block binding of CD95L to the CD95 receptor. Thus, bleomy-
cin-induced apoptosis was shown to be mediated by stimula-
tion of the CD95 receptor/ligand system.

Upregulation of the CD95 system might therefore be a ma-
jor cause of apoptosis in anticancer therapy. We could show
that anticancer drugs with different mechanisms of action, like
cisplatin and methotrexate, do also exert their effects via the
CD95 (APO-1/Fas) receptor/ligand system. Subsequent to the
investigation of CD95 receptor and ligand expression in hepa-
toma cells, we are currently investigating the involvement of
the CD95 receptor/ligand system in the chemotherapeutic
treatment of different solid cancers, including gastrointestinal
and breast cancer cell lines. Preliminary data indicate that acti-
vation of the CD95 system is involved in induction of apopto-
sis in response to anticancer therapy in different solid human
tumor cell lines. Furthermore, data by Friesen et al. (50) show
CD95L upregulation in drug induced apoptosis in leukemia
cell lines. Apoptosis by the CD95 system might therefore play
a general role for cytotoxicity by anti-cancer drugs in a variety
of cells of different histotype. 

In addition to the data of Friesen et al. (50), which show
upregulation of the CD95L in leukemia cell lines, constitu-
tively expressing CD95, we could demonstrate that anticancer
agents at concentrations relevant for therapy of patients lead
to an upregulation of both, the CD95 receptor and the CD95
ligand in cell lines of a solid human tumor. Thus, upregulation
of the CD95 receptor and/or the CD95 ligand might render a
tumor cell sensitive towards chemotherapy. On the contrary,
drug resistance could result from downregulation of the CD95
receptor. Thus, anticancer agents, stimulating CD95L expres-
sion cannot induce apoptosis in tumor cells that have downreg-
ulated CD95. This is supported by our findings in Hep3B cells
which show stable CD95 receptor expression of only 3%. In
these cells CD95 ligand induction by cytotoxic agents does not
induce further toxicity. Indeed, in studying the CD95 system in
patients with HCC, we could demonstrate loss of CD95 recep-
tor and gain of CD95L expression compared to normal liver
tissue (Strand, S., P.H. Krammer and P.R. Galle, manuscript
submitted for publication). Alterations of the CD95 receptor/
ligand system might constitute new mechanisms of drug resis-
tance. These mechanisms might exist apart from the known
mechanisms of amplification of mdr1, overexpression of bcl-2,
BCR-ABL, or mdm2 proteins, or underexpression of DNA
topoisomerase II. 

Chemoresistance has also been linked to mutations in p53.
This is supported by our finding of a reduced responsiveness of
Huh7 cells bearing mutant p53 towards bleomycin treatment
as compared to the responsiveness of HepG2 cells with wt p53.
This demonstrates the requirement of wt p53 for chemother-
apy-induced apoptosis in these cells. This requirement has also
been shown for a variety of other non-hepatoma cell lines and
in animal experiments (3, 51). However, there are also con-
flicting data suggesting that the relation between p53 status
and chemoresistance may be tissue-specific (52–54). In fact,
mutations of p53 in many human malignancies have been
linked to poorer prognosis (55, 56). 

The action of p53 and its effect on the CD95 receptor/
ligand system is unclear. Our data show that stimulation of the

CD95 receptor did only occur in HepG2 cells with intact p53.
Hepatoma cells with mutant p53 and p53 null cell lines did not
upregulate the CD95 receptor after cytotoxic therapy. This is
supported by our data from the microinjection experiments.
Direct injection of wt p53 cDNA into the nucleus of HepG2
cells increased susceptibility towards CD95 mediated apopto-
sis. These data are in accordance with data by Owen-Schaub
et al. (16) demonstrating, that only the wt form of a tempera-
ture sensitive mutant of p53 could induce CD95 expression.
Stimulation of CD95 expression by p53 was shown to be de-
pendent on transcriptional activity (16). It is possible therefore,
that the promoter of the CD95 receptor gene is stimulated
by p53 dependent transcriptional activity directly. Alterna-
tively, p53 might activate transcription factors which regulate
the CD95 receptor gene. Intact wt p53 is required to mediate
such activity. Thus, wt p53 might sense DNA damage in cells
treated with anti-cancer drugs such as bleomycin and stimulate
expression of the CD95 receptor gene. Our laboratory is cur-
rently undertaking experiments to further investigate a possi-
ble p53 effect on the CD95 receptor promoter.

Upregulation of the CD95 ligand after bleomycin treat-
ment was demonstrated in p53 wt and p53 deficient hepatoma
cell lines, but not in cell lines with mutant p53. This would ar-
gue for a gain of function of mutant p53 in the sense of a possi-
ble inhibition of CD95L expression. However, methotrexate
treatment resulted in a slight upregulation of the CD95L in
Huh7 cells. Thus, the regulation of the CD95L does not solely
depend on p53, and p53 independent mechanisms must be in-
volved in the regulation of CD95L. 

The function of the CD95 system is complex and involves
expression of membrane-bound or soluble CD95 receptor or
ligand, a sensitive CD95 receptor signaling pathway and a bal-
ance of pro-apoptotic and anti-apoptotic programs (57). Re-
cently, part of the CD95 signaling cascade has been elucidated
(reviewed in references 58 and 59). Oligomerization of the
CD95 receptor by agonistic anti-CD95 antibodies or by CD95L
is essential for the CD95-mediated apoptotic signal. Oligomer-
ization of CD95 causes binding of FADD and the effector pro-
tease FLICE, a novel member of the ICE/CED-3 family to the
intracellular CD95 associated death-inducing signaling com-
plex (DISC) (60). The assembly of this signaling complex oc-
curs in a hierarchical manner upon receptor activation. The
death domain of the receptor binds to the death domain of the
adapter molecule FADD, which binds and activates FLICE to
generate the most apical enzymatic component of a death cas-
cade composed of other ICE/CED-3 family members (61).
Further downstream, after DISC formation, ICE-like pro-
teases (62, 63) propagate the apoptotic signal and catalyze a
variety of substrates. The CD95 signaling cascade is still in-
complete and might be positively or negatively modulated by
members of the bcl-2 family (64, 65) or the activity of kinases
or phosphatases such as RIP, HLP, or FAP-1 (66). Moreover,
members of the bcl-2 family have recently been shown to in-
terfere with both the p53 and the CD95 system in some cells. It
has been shown that bcl-2 overexpressing mice do not respond
to CD95 stimulation with liver failure, in contrast to wt-con-
trols (67). On the other hand, bcl-2 and its antagonist bax have
been shown to be regulated by p53 (68, 69). 

Drug sensitivity or resistance will be affected by alterations
of any components of this pathway. Insight into the interac-
tions of the components of the CD95 signaling pathway will
therefore provide the basis for modulation of CD95 sensitivity
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and for the development of drugs which either specifically en-
hance or reduce apoptosis induced by anti-cancer drugs.

It is likely that these data have profound implications for
the future management of drug treatment in patients with ma-
lignant diseases, particularly for the understanding of drug
sensitivity and resistance. Sensitivity to anticancer therapy will
therefore depend, at least in part, on the integrity of the p53
and the CD95 receptor/ligand system. In contrast, malfunction
of these systems might result in development of drug resis-
tance. This might be useful in a clinical setting to increase cyto-
static anti-tumor action and to reduce systemic side effects.

These data may also have implications for p53 gene ther-
apy. In the first phase I clinical trial of p53 gene therapy in lung
cancer, Roth and colleagues (70) demonstrated that introduc-
tion of wild type p53 into tumor cells resulted in induction of
apoptosis of the tumor cells and in control of tumor growth in
patients with relapsed lung cancer (whose tumors all carried a
p53 mutation). Our data suggest, that upregulation of the
CD95 system may account for the apoptosis inducing effect of
wild type p53. Thus, wt p53 gene transfer and chemotherapy
might cooperate to optimize future cancer therapy.
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