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Abstract Activation of the mitogen-activated protein
kinases ERK1/2 by the chemotherapeutic agent cisplatin
has been shown to result in either survival or cell death.
The downstream mediators of these opposing effects are
unknown, as are the upstream signaling molecules. Acti-
vation of ERK is required for accumulation and phos-
phorylation of p53 following cisplatin treatment. We
studied the role of ERK activation after cisplatin treat-
ment under p53-negative and p53-positive conditions
using a tetracycline-dependent expression vector in Saos-
2 osteosarcoma cells. Dose-dependent activation of ERK
first occurred 3–6 h after a 2-h cisplatin incubation and
declined after 12–24 h in several tumor cell lines. Incu-
bation of cell lines with theMEK1 inhibitors PD98059 or
UO126 after, but not during, cisplatin treatment com-
pletely inhibited cisplatin-induced activation of ERK.
The activation of ERK by cisplatin was inhibited by
transient transfection with dominant-negative Ras-N17
in Saos-2 cells. Treatment of cells with PD98059 or
UO126 after cisplatin incubation or inhibition of signal-
ing through ERK by tetracycline-regulated expression of
dominant-inhibitory ERK enhanced resistance to cispla-
tin in p53-negative osteosarcoma cells and reduced cispl-
atin-induced apoptosis. P53 was stabilized and
phosphorylated in a MEK1-dependent manner after cis-
platin incubation inKelly neuroblastoma cells. Inhibition
of signaling through ERK increased cell survival after
cisplatin treatment in these cells as well. Expression of
functional p53 did not change the proapoptotic effects of
ERK activation in response to cisplatin in Saos-2 cells.
Our results suggest that cisplatin-induced activation of

ERK is mediated by Ras. ERK activation increased cis-
platin-induced cell death independently of p53 in osteo-
sarcoma and neuroblastoma cell lines.
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Introduction

Cisplatin (cis-platinum(II)diaminedichloride) is a che-
motherapeutic agent used in the treatment of a wide
range of human malignancies, e.g. Ewing sarcoma, os-
teosarcoma and neuroblastoma. Cellular drug resistance
together with a narrow therapeutic range is the major
cause of treatment failure [13]. One important mecha-
nism leading to acquired drug resistance is through al-
tered signal transduction to growth or apoptosis [8, 16,
18, 22]. Understanding the detailed signaling events
underlying cisplatin-induced apoptosis or repair would
help to develop new treatment strategies to improve the
therapeutic benefits.

The signaling events implicated in survival, growth
arrest or programmed cell death in response to DNA-
damaging stress include the activation of mitogen acti-
vated protein kinase pathways. Cisplatin has been
shown to cause activation of ERK (extracellular regu-
lated kinase, mitogen-activated protein kinase) in ovar-
ian tumor cell lines, neuroblastoma and HeLa cells but
not in keratinocytes [5, 15, 21, 23, 25, 30]. The induction
of ERK activation in ovarian tumor cells occurs either
early or after several hours during continuous treatment
with cisplatin [5, 15, 23]. Whether cisplatin activates the
ERK signaling pathway directly or through the induced
DNA damage remains unclear. The cisplatin-induced
signaling events leading to the activation of ERK seem
to include growth factor receptors [30]. However, pro-
tein kinase C has also been suggested to be involved in
the phosphorylation of ERK by cisplatin [15].

Inhibition of ERK activation results in increased sen-
sitivity to cisplatin-induced cell death in ovarian cancer
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cell lines and one melanoma cell line, but in increased
resistance against cisplatin in HeLa cells and other mela-
noma cell lines [5, 15, 19, 23, 25, 30]. None of the described
downstream mediators of cisplatin-induced activation of
ERK so far explains its divergent cellular effects. It has
recently been shown that ERK phosphorylates and sta-
bilizes p53 and alters p53 target gene expression after
cisplatin treatment, but the biological consequences have
not yet been addressed [7, 24]. It has been suggested that
ERKmaymediate cisplatin-induced accumulation of p53
to trigger apoptosis [21]. However, other forms of DNA
damage-induced activation of ERK increase cell death
independently of p53 [2, 28].

The p53 tumor suppressor plays a major role in DNA
damage-induced growth arrest and apoptosis. Inactiva-
tion of the p53 pathway causes resistance to cisplatin [1,
12, 33, 34]. Stabilization of p53 and phosphorylation of
serine residues in the N-terminus near the mdm2-bind-
ing site following DNA damage regulate the activity of
p53. Therefore, the p53 status of tumor cells may de-
termine the diverging cellular consequences of cisplatin-
induced activation of ERK.

Here we report that cisplatin-induced activation of
ERK is mediated by Ras after short-term treatment. In-
hibition of signaling through ERK using either pharma-
cological inhibitors of MEK1 or tetracycline-regulated
expression of a dominant-inhibitory mutant of ERK en-
hanced cell survival after cisplatin incubation and reduced
cisplatin-induced cell death in p53-negative osteosarcoma
cells. Induction of p53 using a tetracycline-regulated p53
expression system did not alter the proapoptotic effect of
cisplatin-induced activation of ERK.

Materials and methods

Materials

The ERK, JNK and p38 antibodies, anti-phosphospecific ERK
and p38 antibodies as well as the anti-phosphospecific p53 anti-
body were from New England Biolabs (Beverley, Mass.), the anti-
phosphospecific JNK antibodies were from Calbiochem (La Jolla,
Calif.), the p53 and hemaglutinin (HA) tag antibodies were from
Santa Cruz Biotechnology (Santa Cruz, Calif.), UO126 was from
Promega (Madison, Wis.) and PD98059 was from Calbiochem.
G418 and tetracycline were purchased from Sigma (St. Louis,
Mo.). Cisplatin was purchased from ASTA Medica. A stock so-
lution of cisplatin dissolved in 0.9% NaCl was stored at –20�C.
The plasmids KRSPA-Ras-N17 and KRSPA were generously
provided by Dr. Troppmaier (Wuerzburg, Germany). The plasmid
containing dominant-inhibitory HA-ERK1-KR under the control
of a tetracycline-responsive element was a gift from Dr. Mivechi
(Augusta, Ga.).

Cell lines, culture and transfection

The cell lines Saos-2 (osteosarcoma) and Kelly (neuroblastoma)
were obtained from the German Collection of Microorganisms and
Cell Cultures (DMSZ). Cells were routinely maintained in RPMI-
1640 medium supplemented with 10% (Kelly) or 20% (Saos-2) fetal
calf serum (FCS) without antibiotics in a humidified atmosphere
containing 5% CO2 at 37�C. Saos-2 cells containing a reverse tet-
racycline-controlled transactivator were from BD-Clontech (Hei-
delberg, Germany) and cultured in RPMI supplemented with 10%

FCS and 100 lg/ml G418. They were transfected with the plasmid
containing HA-ERK1-KR together with a plasmid transferring
puromycin resistance (ratio 1:20) using a lipid-based transfection
reagent (lipofectamine plus, Gibco, San Diego, Calif.). After se-
lection with puromycin the resistant Saos-2 cells were tested for the
regulated induction of HA-ERK-KR by withdrawal of tetracycline.
The cells were called STO-KR and maintained in medium with
100 lg/ml G418, 2 lg/ml puromycin and 2 lg/ml tetracycline. The
S-p53-7 cell line is a Saos-2 cell line containing full-length p53
under the control of a tetracycline-regulated promoter [4]. It was
routinely maintained in RPMI-1640 supplemented with 10% FCS
and 1 lg/ml puromycin, 250 lg/ml G418 and 2 lg/ml tetracycline.
KRSPA-Ras-N17 and KRSPA were transiently transfected into
Saos-2 cells by calcium phosphate precipitation and treated 48 h
later.

Treatment of cells

Cells were grown in 45-mm dishes to 80% confluence for immu-
noblot studies and seeded at a density of 105/ml or 5·104/ml in 96-
well plates the day prior to therapy for the cytotoxicity or apoptosis
assay, respectively. They were treated with the cytotoxic drug for 2
or 24 h. In experiments with PD98059 and UO126, cells were either
pretreated for 30 min or treated after cisplatin incubation for a
maximum of 24 h as indicated in the Results. The concentration of
dimethyl sulfoxide (DMSO) was 0.1%; this concentration neither
induced activation of ERK nor changed the cytotoxicity of cispl-
atin (data not shown). Control cells were treated with DMSO only.
After treatment, cells were washed twice with prewarmed phos-
phate-buffered saline and fresh medium was added. After incuba-
tion at 37�C for the indicated times, the appropriate assays were
performed. Tetracycline was withdrawn from S-p53-7 cells from
48 h before cisplatin incubation for 72 h to induce the expression of
p53 and from STO-KR cells from 24 h before cisplatin incubation
for 48 h to induce expression of HA-ERK-KR.

Cytotoxicity assay

The MTT assay, originally developed by Mosmann, was performed
with some minor modifications [3, 20]. The relationships between
seeding density, incubation volume and incubation period were
established for the cell lines after growth studies.

After 4 days of culture, 25 ll MTT (2 mg/ml in 0.9% NaCl)
was added to each well and the cells were incubated at 37�C for a
further 4 h. The medium was carefully aspirated from the plates.
The formazan was solubilized by adding 100 ll 100% DMSO to
each well. Immediately after resolubilization, all plates were scan-
ned at 540 nm on a scanning multiwell spectrophotometer. The
values from each experiment represent the average of a minimum
of four wells.

Apoptosis assay

Apoptosis was assessed by a sandwich ELISA from Roche (Roche
Diagnostics, Mannheim, Germany) detecting histone-coupled
DNA fragments in the cytoplasm according to the manufacturer’s
instructions. Briefly, the cytoplasmic fraction of cell lysates from
103 cells was incubated for 2 h with biotinylated antibodies directed
against histones and peroxidase-coupled anti-DNA antibodies,
respectively. After removal of unbound antibodies, 2,2¢-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) was added as a per-
oxidase substrate. Absorption was measured at 405 nm (reference
490 nm) with an ELISA reader. The increase in apoptosis relative
to untreated cells is shown.

Immunoblotting

After treatment, cells were lysed in sodium dodecyl sulfate (SDS)
sample buffer and a fraction from each sample was precipitated
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with 10% trichloroacetic acid and the protein concentration was
determined by bicinchoninic acid (Pierce, Rockford, Ill.). An equal
amount of protein from each sample (30 lg) was resolved by SDS-
PAGE using 10% polyacrylamide gels and transferred to nitro-
cellulose membranes. The membranes were blocked with 5%
nonfat dried milk, washed and incubated with the primary anti-
bodies overnight at 4�C. Following a 1-h incubation with peroxi-
dase-conjugated secondary antibodies proteins were visualized by
enhanced chemiluminescence (Amersham Pharmacia Biotech, Pis-
cataway, N.J.).

Sequence analysis of p53 in Kelly cells

Total RNA was purified using a single-step protocol. The RNA
was denatured at 70�C for 5 min and cDNA synthesis was then
carried out at 42�C for 60 min in a total volume of 20 ll using
random hexamer primers (Roche, Mannheim, Germany). The en-
tire p53 cDNA (accession number K03199) was amplified in two
overlapping fragments. For amplification of the first p53 fragment
5¢-CTTCCGGGTCACTGCCATGGAG-3¢ and 5¢-GGGCCTGA
CCATCGCTATCTGAG-3¢ oligonucleotides were used. The sec-
ond p53 fragment was amplified with primers 5¢-GTGAGGCGCT
GCCCCCACCATGAG-3¢ and 5¢-CTGAGTCAGGCCCTTCT
GTCTTG-3¢. PCR products were cloned by means of a TA cloning
kit (Invitrogen, Groningen, The Netherlands) and four individual
clones were sequenced for each fragment.

Results

Cisplatin induces a persistent, Ras-dependent activation
of ERK secondary to cisplatin-induced injury

In order to confirm and extend recent data that ERK is
activated by cisplatin in tumor cells [5, 15, 21, 23], cul-
tured Saos-2 osteosarcoma cells were exposed to cispl-
atin for 2 h and activation of ERK was determined by
immunoblot analysis using an antibody specific to the
phosphorylated form of ERK. ERK was not activated
during cisplatin incubation (data not shown). Cisplatin
induced a dose-dependent increase in ERK activity
starting 3–6 h from the end of cisplatin incubation and
declining after 12–24 h (Fig. 1). Cisplatin-induced acti-
vation of ERK was also detected during long-term in-
cubation with cisplatin, in a neuroblastoma cell line
(Kelly), a Ewing sarcoma cell line (Cado-ES) and K562
cells (data not shown). No activation of SAPK/JNK,
but phosphorylation of p38 was detected in Saos-2 cells
after short-term cisplatin treatment with concentrations
up to 50 lg/ml (data not shown).

We sought to determine whether cisplatin directly
activates the ERK signaling cascade or indirectly
through induced cellular damage. Indirect evidence from
the timing of ERK phosphorylation suggests that the
activation may occur after cisplatin-induced damage
[23]. To determine whether activation of the ERK sig-
naling cascade is a direct consequence of cisplatin
treatment, we inhibited the ERK-activating kinase
MEK1 (mitogen-activated protein kinase kinase 1) by
PD98059 or UO126 prior to cisplatin incubation [6, 9,
10] and measured ERK phosphorylation by immunob-
lotting with antiphosphospecific ERK antibodies. Inhi-
bition of MEK1 prior to and during the 2-h cisplatin

incubation did not prevent cisplatin-induced ERK acti-
vation (Fig. 2A). These results suggest that the ERK
signaling cascade may not be activated directly by
cisplatin.

To verify that cisplatin-induced ERK activation oc-
curs after cisplatin-induced cell injury, we inhibited
MEK1 at different times after cessation of cisplatin
treatment by UO126. ERK activation was not inhibited
by incubation with UO126 in the first 2 h after the 2-h
cisplatin treatment in Saos-2 cells (Fig. 2A). However,
inhibiting MEK1 by UO126 during the third hour after
cisplatin treatment completely inhibited ERK activation
by cisplatin, as did incubation of the cells with either
PD98059 or UO126 during the whole time after cisplatin
treatment (Fig. 2B, C). Cells treated with the protein
kinase C activator phorbol myristate acetate (PMA) and
the MEK1 inhibitors during PMA treatment served as
control for the MEK1 inhibitors. These findings suggest
that the ERK signaling cascade may be activated by
secondary damage induced by cisplatin.

General inhibition of growth factor signaling path-
ways by suramin as well as antioxidative pretreatment
prevents cisplatin-induced ERK activation and apopto-
sis in HeLa cells [30]. To further define upstream sig-
naling events, we tested the possibility that Ras mediates
the activation of ERK by cisplatin. Dominant-negative
Ras (Ras-N17) was transiently transfected into Saos-2

Fig. 1A–C. Cisplatin activates ERK in a time- and dose-dependent
manner in Saos-2 cells.A,BSaos-2 cellswere treatedwith 1 lg/ml (A)
or 20lg/ml (B) cisplatin for 2 h.At the indicated times thereafter cells
were lysed and ERK activation assessed by Western blotting using
antibodies to the phosphorylated formofERK1and 2.C Saos-2 cells
were incubated with the indicated concentrations of cisplatin for 2 h
followed by 6 h at 37ºC without the drug. ERK activation was again
determined by Western blotting
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cells and cisplatin-induced activation of ERK was de-
tected by immunoblotting using antiphosphospecific
ERK antibodies. Activation of ERK by cisplatin but not
by PMA was inhibited by Ras-N17 (Fig. 2D), but not by
the control plasmid KRSPA, suggesting that Ras me-
diates the phosphorylation of ERK by cisplatin.

Inhibition of cisplatin-induced activation of ERK
increases survival and reduces apoptosis of Saos-2 cells

The activation of ERK by different stresses has been
suggested to be involved in repair processes helping the
cells to survive a potentially lethal treatment [14, 17, 31].
Inhibition of signaling through ERK by inhibition of
MEK1 sensitizes some ovarian cell lines and one mela-
noma tumor cell line to cisplatin-induced cytotoxicity, in
accordance with the general view of ERK as a mediator
of survival signals [15, 19, 23].

We therefore investigated whether inhibition of ERK
activation during or after the 2-h cisplatin exposure
sensitized for cisplatin-induced cell death. Inhibition of
MEK1 by UO126 for 3 to 24 h after cisplatin treatment
did not enhance cellular sensitivity to the drug. In con-
trast cisplatin-induced cytotoxicity was even reduced
(Fig. 3A). This result was confirmed by inhibiting
MEK1 with increasing doses of either PD98059 or
UO126 for 24 h after cisplatin treatment (Fig. 3B, C)
and during long-term (24 h) cisplatin treatment with
simultaneous inhibition of MEK1 (Fig. 3D).

Since pharmacological protein kinase inhibitors have
a limited specificity we stably transfected a tetracycline-
regulated dominant inhibitory mutant of ERK (HA-
ERK-KR) into Saos cells (Fig. 3E). Cellular sensitivity
against cisplatin was tested with and without genetically
inhibiting signaling through ERK using the MTT assay.
Overexpression of HA-ERK-KR after withdrawal of
tetracycline decreased the cytotoxicity of cisplatin on
Saos-2 cells, again confirming that activation of ERK in
response to cisplatin leads to an increase in cell death
(Fig. 3E).

Recently, it has been shown in HeLa cells that acti-
vation of ERK mediates an increase in apoptosis [30].
To determine whether inhibition of MEK1 reduces cis-
platin-induced apoptosis, Saos-2 cells were incubated
with UO126 or PD98059 for 24 h after the 2-h cisplatin
treatment and apoptosis was assessed by an ELISA for
the detection of intracytoplasmic DNA fragments.
MEK1 inhibition by both UO126 and PD98059 reduced
cisplatin-induced apoptosis (Fig. 4).

These results collectively suggest that cisplatin-
induced activation of ERK does not enhance resistance
to the cytotoxic effects of cisplatin but is related to cis-
platin-induced cell death in Saos-2 cells as at is in HeLa
cells [30].

p53 accumulation and phosphorylation after cisplatin
treatment depends on MEK1 but does not alter
the proapoptotic effect of cisplatin-induced activation
of ERK

Since ERK has been identified as a p53 kinase even
during cisplatin treatment [23, 27] and Saos-2 and HeLa
cells do not express p53, we investigated the possibility
that the status of p53 determines whether activation of
ERK by cisplatin signals to survival or cell death.

Fig. 2A–D. Activation of ERK occurs Ras-dependently secondary
to cisplatin-induced damage. A–C Saos-2 cells were treated with
20 lg/ml cisplatin for 2 h. A MEK1 was inhibited by 20 lM
UO126 during or for 1–3 h after cisplatin incubation. All cells were
harvested 3 h after the 2-h cisplatin treatment. B, C MEK1 was
inhibited by 20 lM UO126 for 3 and 6 h after the end of cisplatin
incubation. Control cells were incubated with 100 mM PMA for
15 min. Activation of ERK was inhibited by 20 lM UO126 (B) or
100 lM PD98059 (C) after cisplatin treatment or during incubation
with PMA. D Saos-2 cells were transiently transfected with
plasmids KRSPA (control) or KRSPA-Ras-N17 and treated with
20 lg/ml cisplatin for 2 h or 100 nM PMA for 15 min 48 h later.
ERK activation was determined again by Western blotting 6 h
after cisplatin treatment
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MEK1-dependent stabilization and phosphorylation of
p53 at serine 15 in response to cisplatin was confirmed in
the p53-positive neuroblastoma cell line Kelly by im-
munoblotting with an antiphosphospecific antibody
(Fig. 5A). The cytotoxicity of cisplatin in p53-positive
Kelly neuroblastoma cells was assessed with and without
inhibiting MEK1 by UO126 or PD98059. Inhibition of
signaling though ERK increased cell survival in this p53-
positive cell line as it did in the p53-negative Saos-2 cells
(Fig. 5B). Sequencing revealed no mutation that

changed the corresponding amino acid sequence of p53
in Kelly cells. However, the p53-dependent apoptotic
pathway might be disrupted in this cell line as well. We
therefore analyzed the role of p53 on the proapoptotic
effect of cisplatin-induced activation of ERK using a
Saos-2 cell line expressing full-length p53 under the

Fig. 3A–E. Inhibition of MEK1 after cisplatin treatment increases
survival of Saos-2 cells. A–C Saos-2 cells were treated with 5 or
10 lg/ml cisplatin for 2 h followed by treatment with 20 lM
UO126 for 3–24 h (A) or increasing concentrations of UO126 (B)
or PD98059 (C) for 24 h. Cytotoxicity was determined by the MTT
assay. Cell survival is indicated relative to control cells incubated
with the MEK1 inhibitor only (n=8, mean±SEM for each
treatment group). D Saos-2 cells were treated with 1 or 5 lg/ml
cisplatin for 24 h together with 20 lM UO126. Cytotoxicity was
assessed by the MTT assay (n=8, means±SEM). E Tetracycline
was removed from STO-KR cells for the indicated times
and expression of HA-ERK-KR was determined by immunob-
lotting with an HA antibody (upper panel). STO-KR cells were
incubated with or without tetracycline from 24 h prior to a 24-h
incubation with cisplatin. Cytotoxicity was determined by the MTT
assay (n=5, means±SEM) Fig. 4. Inhibition of MEK1 after cisplatin treatment decreases

apoptosis of Saos-2 cells. Saos-2 cells were treated with 50 lg/ml
cisplatin for 2 h followed by incubation with 100 lM PD98059 or
10 or 20 lM UO126. Apoptosis was assessed by an ELISA for
cytoplasmic DNA fragments. Apoptosis is indicated relative to
control cells not treated with cisplatin (n=4, means±SEM)
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control of a tetracycline-regulated promoter (S-p53-7)
[4]. p53 was induced in a time-dependent manner after
tetracycline withdrawal in the S-p53-7 cell line (Fig. 6A).
Phosphorylation of ERK after cisplatin treatment was

induced and was inhibited independently of the p53
status in S-p53-7 cells (Fig. 6B). Inhibition of MEK1
reduced the rate of cisplatin-induced apoptosis inde-
pendently of the status of p53 in S-p53-7 cells (Fig. 6C).
These results suggest that cisplatin-induced accumula-
tion and phosphorylation of p53 is controlled by the
ERK signaling pathway. However, expression of p53
does not alter the proapoptotic effect of activated ERK
in p53-negative Saos-2 cells compared to Saos-2 cells
reconstituted with wild-type p53.

Discussion

Cellular drug resistance against cisplatin can be medi-
ated by altered signal transduction pathways. Activation
of the ERK signaling cascade has been implicated in
cellular resistance to cisplatin [15, 19, 23, 25] in accor-
dance with the general view of ERK as a mediator of
survival signals [14, 17, 31]. Inhibition of signaling
through ERK by the MEK1 inhibitors PD98059 or
UO126 sensitizes some ovarian cell lines and one mela-
noma tumor cell line to cisplatin-induced cytotoxicity
[15, 19, 23]. In HeLa cells and our osteosarcoma and
neuroblastoma cells, however, survival was increased in
tumor cells treated with the MEK inhibitors at con-
centrations and treatment times that inhibit ERK acti-
vation [30] (Figs. 3 and 5) and by genetically inhibiting
signaling through ERK. These results support recent
findings that activation of ERK by means of different
cytotoxic agents is involved in the induction of apoptosis
and cell cycle arrest [2, 28].

These opposing observations on the biological con-
sequences of activation of the ERK signaling pathway
by cisplatin together with data identifying ERK as a p53
kinase even during cisplatin treatment [24, 27] led to the
speculation that p53 may determine the cellular fate of
cisplatin-induced activation of ERK [21]. Our findings
show that the proapoptotic effect of cisplatin-induced
activation of ERK is independent of the p53 status of
the cells, although the ERK signal transduction pathway
takes part in the accumulation and phosphorylation of
p53 in response to cisplatin. The resulting model that a
p53-independent apoptotic pathway controlled by ERK
is activated after genotoxic stress – or a survival signal
downregulated by ERK – is supported by recent results
on Taxol- and etoposide-induced ERK-dependent
apoptosis [2, 28]. This implies that, for the clinical situ-
ation, the concept of inhibiting the Ras–ERK signaling
pathway [26] together with conventional chemotherapy
may not be appropriate for all tumor types. In contrast,
tumor survival may even be promoted if Ras–ERK in-
hibition is applied together with DNA-damaging agents
for patients with sarcomas or embryonal tumors inde-
pendent of the p53 status of the cells.

Our results support the view that cisplatin does not
activate the ERK signaling cascade directly, but through
the induced damage [23]. Upstream signaling events
leading to ERK phosphorylation include Ras-dependent,

Fig. 5A, B. Inhibition of MEK1 after cisplatin treatment decreases
p53 stabilization and phosphorylation and increases survival in p53
positive Kelly cells. A p53 is stabilized and phosphorylated in a
MEK1-dependent manner at serine 15 after cisplatin incubation.
Kelly cells were treated with 20 lg/ml cisplatin for 2 h. At the
indicated times thereafter cells were lysed and total p53 was
assessed by Western blotting using antibodies specific for p53 or the
serine 15 phosphorylated form of p53. MEK1 was inhibited by
20 lM UO126 for 6 and 24 h after the end of the cisplatin
incubation and total p53 and phosphorylated p53 were assessed by
Western blotting. B Kelly cells were treated with 5 or 10 lg/ml
cisplatin for 2 h followed by treatment with either UO126 or
PD98059 for 24 h. Cytotoxicity was determined by the MTT assay.
Cell survival is indicated relative to control cells incubated with the
MEK1 inhibitor only (n=5, means±SEM)
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PKC-dependent or sphingosine-induced phosphoryla-
tion of Raf1 and MEK1. General inhibition of growth
factor signaling pathways by suramin as well as antioxi-
dative pretreatment prevent cisplatin-induced ERK
activation and apoptosis in HeLa cells [30]. Together with
earlier observations that the cytotoxicity of cisplatin is
associated with generation of reactive oxygen species,
these findings form the basis for a model presented by
Wang et al. that oxidants generated in response to
cisplatin activate growth factor receptors followed by
Ras-mediated activation of Raf-MEK1 and ERK [30].
Our finding that dominant-negative Ras inhibits ERK
phosphorylation induced by cisplatin provides further
evidence for the involvement of aRas-dependent pathway
in cisplatin-induced activation of ERK.

The immediate downstream signaling events of cis-
platin-induced activation of ERK leading to the induc-
tion of p53 independent cell death are unknown.
Prolonged or constitutive activation of the ERK sig-
naling pathway triggers in some cell systems p53-inde-
pendent expression of p21WAF1 and GADD45 also by
DNA damage which in turn could be connected to cell
cycle arrest and apoptosis [11, 28, 29, 32]. Whether
p21WAF1 constitutes a component of the cisplatin-
induced apoptotic response mediated by the ERK
signaling cascade is the subject of further studies.

To summarize, ERK activation is Ras-dependent
after cisplatin-induced cellular damage. ERK activation
increased cisplatin-induced cell death independently of

p53 in a neuroblastoma cell line and an osteosarcoma
cell line. Further work is needed to characterize the
molecular background of the cell type specificity of this
proapoptotic effect as well as the downstream signaling
events connecting the activation of ERK in response to
cisplatin to the initiation of apoptosis.
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