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Abstract

Assessment of specific apoptosis and survival pathways implicated in anticancer drug action is important for understanding drug
mechanisms and modes of resistance in order to improve the benefits of chemotherapy. In order to better examine the role of mitogen-
activated protein kinases, including JNK and ERK, as well as the tumor suppressor p53, in the response of tumor cells to chemotherapy, we
compared the effects on these pathways of three structurally and functionally distinct antitumor agents. Drug concentrations equal to 50
times the concentration required to reduce cell proliferation by 50% were used. Vinblastine, doxorubicin, or etoposide (VP-16) induced
apoptotic cell death in KB-3 carcinoma cells, with similar kinetic profiles of PARP cleavage, caspase 3 activation, and mitochondrial
cytochrome c release. All three drugs strongly activated JNK, but only vinblastine induced c-Jun phosphorylation and AP-1 activation.
Inhibition of JNK by SP600125 protected cells from drug-induced cytotoxicity. Vinblastine caused inactivation of ERK whereas
ERK was unaffected in cells exposed to doxorubicin or VP-16. Inhibition of ERK signaling by the MEK inhibitor, U0126, potentiated
the cytotoxic effects of vinblastine and doxorubicin, but not that of VP-16. Vinblastine induced p53 downregulation, and chemical
inhibition of p53 potentiated vinblastine-induced cell death, suggesting a protective effect of p53. In contrast, doxorubicin and
VP-16 induced p53, and inhibition of p53 decreased drug-induced cell death, suggesting a pro-apoptotic role for p53. These results
highlight the differential roles played by several key signal transduction pathways in the mechanisms of action of key antitumor
agents, and suggest ways to specifically potentiate their effects in a context-dependent manner. In addition, the novel finding that
JNK activation can occur without c-Jun phosphorylation or AP-1 activation has important implications for our understanding of
JNK function.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction in response to chemotherapy can involve the induction or

activation of various mediators such as p53, ceramide, or Fas

Anticancer drugs exert their lethality by inducing apop-
tosis in tumor cells in vitro and in vivo, and both the
mitochondrial and death receptor pathways have been impli-
cated in various studies [1-5]. The triggering of apoptosis
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L, as well as modulation of the expression or function of
members of the Bcl-2 family or other apoptotic regulators.
Conversely, tumor cells often respond to chemotherapy by
engaging protective mechanisms, and survival signaling can
antagonize chemotherapy. For example, NFxB activation is
a common anti-apoptotic response to chemotherapy [6].
Thus, the balance and integration of multiple survival and
death pathways dictates the overall outcome, and it has
become evident that a greater understanding of the mole-
cular mechanisms of action of antitumor agents will require
elucidation of these complex signaling pathways.
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MAPKSs, which include the ERK, JNK, and p38 sub-
groups, play key roles in survival, proliferation, and apoptosis
[7]. A large body of evidence has accumulated to show
that antitumor agents alter the activity of different MAPK
subgroups in many cancer cell lines [8]. Importantly,
pharmacological or molecular modulation of MAPK sig-
naling has been shown in many cases to influence the
apoptotic response to antitumor agents [8,9]. Such results
suggest that MAPKs may mediate destructive and/or pro-
tective responses to these drugs. However, the roles played
by MAPKSs tend to be strongly context-dependent, influ-
enced by the cell type, drug concentration and duration
of exposure, and on the type of assay used to monitor
apoptosis or cell survival [8]. For example, while ERK
activation is a common response to cisplatin, inhibition of
MEK/ERK sensitizes ovarian cancer cell lines to cisplatin,
suggesting a protective role for ERK [10], whereas inhibi-
tion of MEK/ERK blocks cisplatin-induced apoptosis in
HeLa cells, suggesting instead an active role for ERK in
cell death [11]. Similarly, the role of JNK signaling in the
response of tumor cells to anticancer drugs is complex, and
both destructive and protective roles have been proposed in
different systems [8]. Another example is represented by
the key protein p53, which can exhibit opposing functions,
either supporting cell survival or promoting apoptosis,
depending on the specific prevailing circumstances and
conditions [12].

Assessment of the importance and role of specific death
and survival pathways in anticancer drug action is com-
pounded by lack of standardization, with different studies
conducted under widely different conditions. In order to
gain a better understanding of the role of MAPK and p53
pathways in the response of tumor cells to chemotherapy,
we set out to directly compare the effects of three structu-
rally and functionally distinct antitumor agents in a well-
characterized cell line, KB-3 carcinoma cells. The results,
described herein, are both revealing and surprising, and
provide novel insight into the roles that the JNK, ERK, and
p53 signaling pathways play in the fate of cells exposed to
different types of chemotherapeutic drugs.

2. Materials and methods
2.1. Materials

Antibodies to JNKI1, JNK2, ERK1/2 and actin were
obtained from Santa Cruz Biotechnology; antibodies to
p21 and cytochrome ¢ were from Pharmingen; antibody
to PARP was from Calbiochem; antibody to p53 was
from NeoMarkers; antibody to c-Jun was from Transduc-
tion Laboratories; and phosphospecific antibodies for
c-Jun (Ser63) and ERK1/2, as well as the fusion protein
GST-c-Jun (1-79), were from Cell Signaling. The caspase
3 substrate (DEVD-AMC) and the JNK inhibitor
SP600125 were obtained from Biomol. SP600125 was

also provided as a kind gift of Celgene, Signal Research
Division. The MEK inhibitor U0126 was from Promega
and the p53 chemical inhibitor pifithrin-ot was from Alexis
Biochemicals. Vinblastine, doxorubicin, and etoposide
(VP-16) and other chemicals were obtained from Sigma
Chemical Co.

2.2. Cell culture and treatment

The KB-3 cell line, which expresses a low level of wild-
type p53, was kindly provided by Dr. M.M. Gottesman
(National Cancer Institute). Stock solutions of drugs and
other compounds were made in DMSO, the final concen-
tration of which did not exceed 0.2% in the medium, with
controls receiving vehicle alone. Cells were treated at
about 70% maximum density; cells that became non-
adherent after treatment were combined with those that
remained adherent.

2.3. Subcellular fractionation and immunoblotting

Whole cell extracts were made as described previously
[13]. Cytosolic and mitochondria-enriched extracts were
prepared by lysing cells in 20 mM HEPES, pH 7.4, 2 mM
EDTA, 2 mM EGTA, 2 mM DTT, and 10 mM NazVO,.
After passage through a 20-gauge syringe needle, the
lysate was centrifuged (1000 g, 10 min) and the resulting
supernatant was centrifuged again (100,000 g, 1 hr) to
obtain a cytosolic fraction (supernatant) and a particulate
fraction (pellet) enriched in mitochondria. The pellet was
suspended in lysis buffer containing 0.5% Triton X-100.
Immunoblotting was performed as described previously
using 50 pg protein per lane [13].

2.4. Caspase 3 assay

Caspase 3 activity was measured with DEVD-AMC as
substrate as described previously [13], with results
expressed as mean £+ SD (N = 3).

2.5. JNK assay

JNK activity by measured by immunocomplex assay,
with GST-c-Jun and [y*?>P]ATP as substrates, as described
previously [14]. Quantitation of 3?P-labeled substrate
was performed by phosphorimager analysis as described
[15].

2.6. Other techniques

AP-1 transcriptional activity was measured using a
standard luciferase system as described in detail previously
[15]. The viability of KB-3 cells after drug treatment was
measured by standard MTT assay, with each condition in
triplicate, and results expressed as percent control or OD
units (mean = SD). Drug treatment time varied from 48 to
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96 hr as indicated in individual experiments. To evaluate
the effects of the p53 inhibitor pifithrin-o on drug-induced
cell death, cells were treated with 20 uM pifithrin-o for
1 hr prior to the addition of either vinblastine, doxorubicin,
or VP-16. After 48 hr, cells were stained with trypan blue,
and those excluding or including the dye were scored as
alive or dead cells, respectively. Two hundred cells were
scored for each condition, and results presented as percen-
tage of dead cells (mean 4= SD, N = 4).

3. Results
3.1. Kinetics and characteristics of apoptosis induction

In order to directly compare possible involvement of the
JNK, ERK, and p53 pathways in the apoptotic actions of
the three drugs chosen for study (vinblastine, doxorubicin,
and VP-16), we first performed standard MTT assays, to
ascertain I1Csg values. Thus, KB-3 cells were treated with
increasing concentrations of the three drugs and viable
cell mass relative to control determined after 96 hr. The

concentration required to reduce KB-3 viable cell mass by
50% of the control under these conditions was 0.6 nM for
vinblastine, 20 nM for doxorubicin, and 300 nM for VP-16
(data not shown). For the experiments reported here, the
following concentrations, equivalent to ICsy x 50, were
used: 30 nM vinblastine; 1 pM doxorubicin; and 15 uM
VP-16. KB-3 cells were next treated with the drugs for
time periods of 0—48 hr and extracts analyzed for PARP
cleavage and caspase 3 activity, two well-established
hallmarks of apoptosis. PARP cleavage was first evident
at about 24 hr of treatment with vinblastine or VP-16, and
at about 28 hr with doxorubicin, confirming that each drug
induced apoptosis with a similar kinetic profile (Fig. 1A).
Additionally, each drug caused activation of caspase 3,
with increased activity occurring mainly during the second
day of treatment (Fig. 1B), consistent with the PARP
cleavage data. However, while the kinetics of caspase 3
activation was similar, the relative magnitude varied, with
VP-16 > doxorubicin > vinblastine. Finally, each drug
also caused a time-dependent release of mitochondrial
cytochrome c to the cytosol, first apparent at the earliest
time-point examined of 12 hr (Fig. 1C).
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Fig. 1. Kinetics of PARP cleavage, caspase 3 activation, and cytosolic cytochrome ¢ accumulation in response to chemotherapeutic drugs. KB-3 cells were
treated with 30 nM vinblastine (VBL), 1 uM doxorubicin (DOX), or 15 puM VP-16 for the times indicated. (A) Cell extracts were subjected to
immunoblotting for PARP, with uncleaved (110 kDa) and cleaved (85 kDa) species indicated. (B) Caspase 3 activity with DEVD-AMC as substrate,
expressed as fluorescent intensity units with background subtracted, was determined as described in Section 2. Results are presented as mean + SD of three
independent determinations. (C) Cytosolic extracts were subjected to immunoblotting for cytochrome c. The samples generated from cells treated with
vinblastine were also subjected to immunoblotting for actin as a loading control; similar results were found for the other sample sets.
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3.2. Kinetics of JNK activation

We had previously reported that vinblastine, doxorubi-
cin, and VP-16 activated JNK in KB-3 cells [14]. We now
sought to compare the effects on JNK of drug concentra-
tions, equivalent to ICsy x 50 values, and establish a rela-
tionship to the kinetics of apoptotic induction. Cells were
treated for periods up to 48 hr, as in Fig. 1A, and JNK
activity determined by immunocomplex assay with GST-c-
Jun as substrate (Fig. 2). Activation of JNK by vinblastine
was clearly biphasic, with an initial peak representing
about 10-fold activation at 8 hr, and a second peak of
slightly lower activity at 32—40 hr. JNK activation in
response to doxorubicin also peaked at about 8 hr, with
sustained activity up to 48 hr. The pattern of activation in
response to VP-16 was more complex, with an initial peak
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of activation observed were highly reproducible and similar
profiles and extents of JNK activity were found in two
repeats of these experiments. Similar results were also
obtained using an independent “pull-down” assay, where
glutathione beads with bound GST-c-Jun substrate were
used to capture JNK from the cell extracts (data not shown).

Immunoblotting of cell extracts with antibodies against
JNKI1 and JNK2 was performed to examine JNK protein
expression after drug treatment. As shown in Fig. 2C,
JNK2 (p54) and JNKI1 (p46) levels remained fairly con-
stant under these conditions, although after prolonged drug
treatment of 48 hr, some apparent cleavage of JNK2
had occurred. These results indicate that drug-mediated
JNK activation is not a result of increased JNK protein
expression. Actin was also used as a loading control and
the level of expression was similarly unchanged after drug
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Fig. 2. Drug-induced JNK activation. KB-3 cells were treated with 30 nM vinblastine (VBL), 1 uM doxorubicin (DOX), or 15 uM VP-16 for the times
indicated, and cell extracts subjected to JNK immunocomplex assay, as described in Section 2. (A) Autoradiograph of phosphorylated GST-c-Jun substrate;
treatment times (in hr) indicated. (B) Quantitation of results by phosphorimager analysis. Results shown are representative of three independent experiments.
(C) Cell extracts from control and drug-treated cells were subjected to immunoblotting for JNK1, JNK2, and actin, as indicated.



C. Brantley-Finley et al./Biochemical Pharmacology 66 (2003) 459469 463

il p————y e I gl N V)]
VBL
- o e D e @ e - +«— @-c-Jun
[ e — ———— — — ——— P | «—— c-Jun
DOX
| +— (B -c-Jun
- — ------... <+«— c-Jun
VP-16
e e @ ¥ | +— ®-c-Jun

0 4 812 16 20 24 28 32 36 40 44 48 hr

Fig. 3. Differential effect of drugs on c-Jun phosphorylation and expression. KB-3 cells were treated with 30 nM vinblastine (VBL), 1 uM doxorubicin
(DOX), or 15 pM VP-16 for the times indicated. Cell extracts were prepared and subjected to immunoblotting with a phosphorylation-independent c-Jun
antibody or an antibody recognizing c-Jun phosphorylated at Ser63 (P-c-Jun).

3.3. Differential effects on c-Jun phosphorylation/AP-1
activation

One of the main functions of JNK is to phosphorylate
the amino-terminus of c-Jun, with subsequent AP-1 tran-
scriptional activation [16]. Indeed, c-Jun phosphorylation
is widely regarded as an inevitable consequence of
JNK activation. KB-3 cells were treated with vinblastine,
doxorubicin, or VP-16, as in Fig. 1A, and c-Jun amino-
terminal phosphorylation examined by immunoblotting
using a phospho-specific (Ser63) c-Jun antibody (Fig. 3).
In response to vinblastine, c-Jun phosphorylation was
observed at early time points, reached a broad maximum
at 20-32 hr, and declined to near undetectable levels by
48 hr. c-Jun expression, assessed with a highly specific
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Fig. 4. Effect of drugs on AP-1 transcriptional activity. KB-3 cells were
transiently transfected with a firefly luciferase reporter gene under control
of two copies of an AP-1 site (TRE2-Luc) and with control Renilla
luciferase under control of a constitutive promoter (TK-Luc). Cells were
then untreated or treated for 24 hr with 30 nM vinblastine, 1 pM
doxorubicin, or 15 uM VP-16, and luciferase activities determined. Results
(mean = SD, N = 3) are expressed as average relative firefly luciferase
activity normalized to Renilla activity.
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Fig. 5. Inhibition of JNK by SP600125 and effect of JNK inhibition on
cell viability after drug treatment. (A) KB-3 cells were untreated or treated
for 24 hr with 30 nM vinblastine (VBL), 20 uM SP600125, or both, with the
JNK inhibitor added 1 hr prior to VBL, as indicated. Cell extracts were
prepared and subjected to immunoblotting for c-Jun phosphorylated at Ser63
(P-c-Jun); c-Jun expression, using a phosphorylation-independent antibody;
and actin. (B) KB-3 cells were treated with 20 pM SP600125 (+SP) or
vehicle (—SP) for 1 hr, and then further treated with vehicle (control, CONT)
or either 30 nM vinblastine (VBL), 1 uM doxorubicin (DOX) or 15 uM VP-
16 for 48 hr. Viable cell mass was determined by MTT assay, as described in
Section 2. Results are expressed as mean + SD (N = 6). Viable cell mass
after drug treatment was highly significantly different in the presence vs.
absence of SP600125 in each case (P < 0.001 by two-tailed  test).
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phosphorylation-independent c-Jun antibody, showed a
similar profile. A parallel increase in phosphorylation
and expression of c-Jun is expected, due to a positive
feedback loop where activated c-Jun induces expression
of its own gene, together with increased stability of the
phosphorylated protein [17,18]. The kinetics of vinblas-
tine-induced c-Jun phosphorylation paralleled the kinetics
of JNK activation to a close degree, although c-Jun phos-
phorylation was more sustained and not as markedly
biphasic. In stark contrast, in doxorubicin-treated cells,
c-Jun phosphorylation was only detectable after prolonged
treatment times of 3648 hr (Fig. 3), and thus occurred
well after JNK activation, and furthermore was subsequent
to apoptosis induction shown in Fig. 1. This delayed
phosphorylation of c-Jun was accompanied by an increase
in c-Jun expression, and c-Jun expression also increased at
earlier time-points, but in the absence of detectable phos-
phorylation. Results for VP-16 were essentially identical to
those with doxorubicin, with detectable phosphorylation of
c-Jun only occurring after prolonged treatment (Fig. 3).

Amino-terminal phosphorylation of c-Jun is accompa-
nied by AP-1 transcriptional activation. Therefore, AP-1
activation was measured using a luciferase reporter system
as described in Section 2, after 24 hr treatment of cells
with the drugs. An increase in AP-1-dependent luciferase
activity was observed after vinblastine treatment, but
AP-1 activity remained at basal levels after treatment
with doxorubicin or VP-16 (Fig. 4). Thus, doxorubicin
and VP-16 fail to induce c-Jun phosphorylation or AP-1
activation despite JNK activation.

3.4. Effect of JNK inhibition on drug cytotoxicity

In order to determine the role of JNK activation in
drug-induced cytotoxicity, we utilized the newly available
JNK inhibitor, SP600125 [19]. SP600125 was an effective
inhibitor in this system, and at a concentration of 20 uM
almost completely inhibited drug-induced JNK activation,
as determined by inhibition of vinblastine-induced c-Jun
phosphorylation and expression (Fig. SA). To determine
the effect of JNK inhibition on drug cytotoxicity, cells were
pretreated with SP600125 or vehicle for 1 hr, and then
either untreated or treated with vinblastine, doxorubicin, or
VP-16, and cell viability assays performed. As shown in
Fig. 5B, SP600125 protected cells from each of the three
drugs, with cell viability highly significantly increased in
the presence of the JNK inhibitor. It is evident that
SP600215 partially protected cells from vinblastine and
doxorubicin and almost completely abrogated VP-16-
induced lethality under these conditions. These results
indicate that JNK plays a destructive role in the mechanism
of action of each of the three drugs, and may be particularly
relevant to VP-16-induced cell death.

3.5. Effects of drugs on ERK signaling and
consequences of ERK inhibition

JNK and ERK often play opposing roles, with one
pathway antagonizing the other. We had previously shown
that ERK was constitutively activated in KB-3 cells,
and that vinblastine treatment caused a time-dependent
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Fig. 6. Effect of drugs on ERK activation. KB-3 cells were treated with 30 nM vinblastine (VBL), 1 uM doxorubicin (DOX), or 15 pM VP-16 for the times
indicated. Cell extracts were prepared and subjected to immunoblotting with a phosphorylation-independent ERK1/2 antibody or an antibody recognizing

phosphorylated, activated ERK1/2 (P-ERK).
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decrease in ERK activity, in parallel with JNK activation
[20]. In order to demonstrate whether ERK inactivation
accompanied drug-induced JNK activation in KB-3 cells,
the effects of the chemotherapeutic drugs on ERK activity
were examined. Phospho-ERK levels declined with vin-
blastine treatment, but remained fairly constant after treat-
ment with doxorubicin or VP-16 (Fig. 6). In all cases, total
ERK Ievels remained relatively unchanged. Thus, vinblas-
tine, but not doxorubicin or VP-16, promoted inactivation
of ERK, and in the case of the latter two drugs, apoptosis
was induced and JNK activated without evident alteration
in the status of ERK.

Because activated ERK may promote cell survival [21],
it was of interest to determine whether ERK inhibition
modulated the apoptotic response to drug treatment. There-
fore, cells were pretreated with the MEK inhibitor U0126
[22], and then treated with vinblastine, doxorubicin, or
VP-16. For these experiments, drug concentrations were
lowered to the icsq values, so that possible additive effects
of U0126 on drug cytotoxicity could be evaluated. First,
the ability of the MEK inhibitor U0126 to inhibit ERK
activation was examined. Cells were pretreated with
20 uM U0126 and then treated with vinblastine, doxoru-
bicin, or VP-16, and after 48 hr, cell extracts were prepared
and subjected to immunoblotting with the phospho-ERK
antibody. As shown in Fig. 7A, U0126 was very effective,
inhibiting ERK activity both in control and drug-treated
cells. It should be noted that 0.6 nM vinblastine only induces
ERK inactivation after prolonged treatment (>72 hr), as
opposed to 30 nM vinblastine which more rapidly inacti-
vates ERK (Fig. 6). Thus, under the experimental conditions
of Fig. 7A, ERK remains partially active upon treatment
with vinblastine alone.

To determine the effect of ERK inhibition on drug
cytotoxicity, standard MTT assays were conducted under
identical conditions. The results are presented in Fig. 7B.
Inhibition of ERK by U0126 had no affect on the viability
of control cells. However, U0126 strongly potentiated
cytotoxicity induced by vinblastine or doxorubicin, but
had no effect on VP-16-treated cells.

3.6. Effect of drugs on p53 expression and
consequences of p53 inhibition

The possible role of p53 in apoptosis induced by the
chemotherapeutic drugs was evaluated by examining p53
levels after drug treatment, and by the use of pifithrin-a, a
chemical inhibitor of p53 function [23]. KB-3 cells express
low levels of wild-type p53 [15]. Vinblastine induced a
time-dependent decrease in p53 protein expression, to
levels that were almost undetectable. Similarly, the p53
target and cyclin kinase inhibitor, p21, was detectable in
control cells, and vinblastine caused a reduction to near
non-detectable levels at most time-points (Fig. 8). In
contrast, both doxorubicin and VP-16 induced p53 expres-
sion, and in parallel p21 expression, with the greatest
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Fig. 7. Inhibition of ERK by U0126 and effect of ERK inhibition on cell
viability after drug treatment. (A) KB-3 cells were untreated or treated
with 0.6 nM vinblastine (VBL), 20 nM doxorubicin (DOX), or 300 nM
VP-16, in the presence or absence of 20 uM UO0126, for 48 hr, with the
MEK inhibitor added 1 hr prior to drug addition. Cell extracts were
prepared and subjected to immunoblotting with a phosphorylation-
independent ERK1/2 antibody or an antibody recognizing phosphorylated,
activated ERK1/2 (P-ERK). (B) KB-3 cells were treated for 72 hr as in (A),
and relative cell viability determined by MTT assay, as described in
Section 2. Results are expressed as mean = SD (N = 3).
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Fig. 8. Effect of drugs on p53 and p21. KB-3 cells were treated with 30 nM vinblastine (VBL), 1 uM doxorubicin (DOX), or 15 uM VP-16 for the times
indicated, cell extracts were prepared, and subjected to immunoblotting with antibodies to p53 or p21 as indicated. Note that the (uppermost) p53 immunoblot
after VBL treatment was deliberately overexposed during processing of the ECL image relative to those after DOX or VP-16 treatment, to allow the reduction

in p53 expression to be visualized.

increase occurring at 24—48 hr. (Note that the p53 immu-
noblot after vinblastine treatment was deliberately over-
exposed relative to the two others shown, to allow the
reduction in p53 expression to be visualized.) In order to
determine the possible role of p53 in apoptosis, cells were
pretreated with pifithrin-o, and then with the chemo-
therapeutic drugs, and cell viability determined (Fig. 9).
Pifithrin-o increased the extent of cell death induced by
vinblastine, but decreased the extent of cell death induced
by doxorubicin or VP-16. These results suggest that p53
plays opposite roles in cell death induced by the micro-
tubule inhibitor compared to that induced by the two DNA
damaging drugs.

4. Discussion

In this study, we examined and compared the roles of
JNK, ERK, and p53 pathways in the mechanism of action
of three important chemotherapeutic agents, namely vin-
blastine, doxorubicin, and VP-16. In order to make com-
parisons under similar conditions, we used a concentration
of each drug that was equivalent to 50 times the 1c5 value
determined from standard MTT assays. Because the MTT
assay measures the number of viable cells after incubation,
ICso values derived from this assay can be influenced by
effects of drugs on both proliferation and cell death. Thus,
equivalent drug concentrations based on the MTT assay
may not be equi-apoptotic. However, under the conditions

used in this study, each drug induced apoptotic cell death
with closely similar kinetics. Thus, the kinetics of PARP
cleavage and of caspase 3 activation was similar for each
drug, as was the kinetics of cytochrome c release. The
finding that all three drugs promoted cytochrome c release
suggests an involvement of the mitochondrial apoptotic
pathway in cell death induced by these agents. However,
this does not rule out possible involvement of other apop-
totic pathways, including death receptor signaling, in the
process. For example, vinblastine treatment of KB-3 cells
leads to increased expression of TNF-o mRNA [15],
which may also play a role in apoptosis induction by this
agent. Interestingly, caspase 3 was activated to different
extents by the drugs (Fig. 1B), despite the fact that PARP
cleavage was similar, or in the case of vinblastine, some-
what more pronounced after 48 hr treatment (Fig. 1A).
These results suggest that other or additional caspases
may also be involved in PARP cleavage. Caspase 3 is only
one of several effector caspases [24] and a more detailed
examination of the spectrum of caspases activated will
be required to clarify the role of individual caspases in
drug-induced apoptosis.

JNK activation was a relatively early event in the
response of KB-3 cells to each of the chemotherapeutic
drugs (Fig. 2). Although the patterns of JNK activation
were complex, the maximum extent of activation was
similar for each drug, ranging from 8- to 12-fold over
basal. In the case of vinblastine treatment, JNK activation
was temporally associated with c-Jun phosphorylation.
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Fig. 9. Effect of the p53 inhibitor, pifithrin-o,, on drug-induced cell death.
KB-3 cells were treated with 20 uM pifithrin-o. for 1 hr prior to the
addition of either 30 nM vinblastine (VBL), 1 uM doxorubicin (DOX), or
15 uM VP-16. After 48 hr, cells were stained with trypan blue, and those
excluding or including the dye were scored as alive or dead cells,
respectively. Two hundred cells were scored for each condition, and results
presented as percentage of dead cells (mean & SD, N = 4).

However, JNK activation in response to doxorubicin or VP-
16 was not associated with c-Jun phosphorylation. Based on
the relative kinetics of the events examined, c-Jun appears
to be a primary target of vinblastine-activated JNK, but not
of JNK activated by the other two drugs. Indeed, the time-
course of c-Jun phosphorylation in response to these latter
drugs, relative to PARP cleavage and caspase 3 activation,
suggests that c-Jun phosphorylation is a secondary, post-
apoptotic event, and perhaps a consequence of apoptosis.
To our knowledge, this is the first report of JNK activation
in the absence of c-Jun phosphorylation. The finding that

c-Jun is not an obligate substrate of JINK and that JNK can
signal in the absence of c-Jun/AP-1 activation has important
implications for understanding JNK function. Furthermore,
in cases where c-Jun is not the primary target, attempts to
block the pathway at the level of c-Jun itself may have a
neutral effect, and findings from such studies should be
interpreted with caution. Other substrates may be targeted
by JNK activated by doxorubicin and VP-16. However,
while many potential JNK substrates have been described
[16], the ones pertinent in this context await identification.

Inhibition of JNK signaling by the specific inhibitor
SP600125 protected cells from the cytotoxic effects of
vinblastine, doxorubicin and VP-16. These results indicate
that JNK signaling plays a destructive role in each case.
However, the mechanism of pro-apoptotic signaling may
be different in each case because only vinblastine activated
c-Jun/AP-1 whereas the other drugs failed to do so. These
findings suggest that INK may mediate its effects through
multiple mechanisms that may differ depending on the
stimulus.

While all three drugs activated JNK, only vinblastine
modulated ERK, with a decrease in activity, whereas in
response to doxorubicin or VP-16, ERK was maintained in
an active state. These results show that JNK and ERK are
not necessarily reciprocally regulated. However, based on
results with the MEK inhibitor U0126, ERK appeared
to play different roles. Thus, ERK inhibition potentiated
vinblastine and doxorubicin-mediated cytotoxicity, whereas
inhibition of ERK did not influence cell killing by VP-16.
These results suggest that ERK plays a protective role in
cells treated with vinblastine or doxorubicin but a neutral
role in cells treated with VP-16. These findings are in
agreement with other reports where the role of ERK differs,
from pro-apoptotic, to pro-survival, to neutral, and appears
to depend on a host of parameters including the cell type,
drug dose, and the status of other signal transduction
pathways [8]. However, in many cases MEK inhibitors
enhance the apoptotic actions of anticancer drugs, including
apoptosis induced by paclitaxel [25,26], vinblastine ([27];
this study), and cisplatin [10,28,29], suggesting a strong
potential for MEK inhibitors as chemosensitizers in specific
cancer therapies [9].

Another important mediator of apoptosis is the tumor
suppressor p53. Wild-type p53 is well known to induce
either cell cycle arrest or apoptosis in cells that undergo
DNA damage, acting in a crucial G1 checkpoint [12].
Doxorubicin and VP-16, both of which cause DNA
damage, among other perturbations, both induced p53
expression in KB-3 cells. Importantly, inhibition of p53
partially protected the cells from these agents, suggesting
the mechanism is in part p53-dependent. In contrast,
vinblastine caused downregulation of p53, and prior inhi-
bition of p53 enhanced vinblastine-induced cell death.
These results suggest that p53 protects cells from micro-
tubule inhibition. This is in agreement with evidence from
paclitaxel-treated p53 knockout cells. In the absence of
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p53, cells with damaged spindles adapt without dividing
into a Gl-like state followed by resynthesis of DNA [30].
Thus, p53 functions in a post-mitotic checkpoint, arresting
cells that have exited mitotic arrest after spindle disruption,
blocking S phase reentry, and protecting cells from sub-
sequent cell death. Chemical inhibition of p53 would be
expected to be akin to p53 ablation, and thus enhance the
toxicity of microtubule inhibitors, as we found (Fig. 9).
These results suggest that pS3 inhibitors may have poten-
tial as chemosensitizers for microtubule active drugs.
Interestingly, a major function of c-Jun is in transcriptional
downregulation of p53 [31]. Our data are consistent with
such a model. Thus, vinblastine activates c-Jun/AP-1, and
p53 is downregulated; c-Jun is likely directly responsible
for pS3 downregulation because the latter event is blocked
in cells expressing dominant-negative c-Jun [15]. These
events may be important to promote cell cycle reentry and
subsequent apoptosis after aberrant mitotic exit of vinblas-
tine-treated cells, as discussed above. In contrast, because
pS3 induction may be required for doxorubicin and
VP-16 induced cell death, it is logical that c-Jun/AP-1 is
not activated by these drugs, because c-Jun, as a negative
regulator, would oppose p53 function. Separation of JNK
activation from c-Jun/AP-1 induction in the case of these
DNA-damaging drugs may be critical to allow p53 to
perform a proapoptotic function. Finally, p53 is a potential
substrate of JNK [32], and may act as a JNK target in
doxorubicin- and VP-16-treated cells. This possibility is
currently under investigation.
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