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ABSTRACT

Paclitaxel is a novel anticancer drug that has demonstrated
efficacy toward treating several malignant tumor types. Here,
we demonstrate that c-Jun NH,-terminal kinase (JNK), but not
p38 mitogen-activated protein kinase or extracellular signal-
regulated kinase 1/2, was persistently activated by paclitaxel or
other microtubule-damaging agents within human leukemia
HL-60 cells. Overexpression of a dominant-negative mutant,
mitogen-activated protein kinase kinase 1 (MEKK1-DN) or
treatment with JNK-specific antisense oligonucleotide pre-
vented paclitaxel-induced JNK activation, Bcl-2 phosphoryla-
tion and apoptosis. Furthermore, we found that the full-length
MEKK1 was cleaved to a 91-kDa carboxyl-terminal fragment at
the earlier time of apoptosis induced by microtubule-damaging
agents. This cleavage, however, occurred consistently with
JNK activation and Bcl-2 phosphorylation, but preceded DNA
fragmentation in cells in response to paclitaxel activity. The

caspase inhibitor Ac-Asp-Glu-Val-Asp-CHO (DEVD-CHO),
but not Ac-Tyr-Val-Ala-Asp-CHO (Ac-YVAD-CHO), effectively
blocked MEKK1 cleavage, JNK activation, Bcl-2 phosphoryla-
tion, and subsequent apoptosis. Subcellular fractionation re-
vealed that the 91-kDa C-terminal MEKK1 fragment was trans-
located to cytosol. Notably, the MEKK1 fragment could be
coimmunoprecipitated with anti-JNK antibodies, suggesting
that a signaling complex of C-terminal MEKK1/stress-activated
protein kinase/extracellular-signal regulated kinase 1/JNK
formed during apoptosis induced by microtubule-damaging
agents. Taken together, our results suggest that disruption of
cytoarchitecture by paclitaxel triggers a novel apoptosis-sig-
naling pathway, wherein an active DEVD-directed caspase
(DEVDase) initially cleaves MEKK1to generate a proapoptotic
kinase fragment that is able to activate JNK and subsequent
Bcl-2 phosphorylation, finally eliciting cell death.

c-Jun N-terminal kinase (JNKs), known as stress-acti-
vated protein kinases (SAPKs), is a member of the family of
mammalian mitogen-activated protein (MAP) kinase that
mediates intracellular signals originated from diverse extra-
cellular stimuli, including growth factors, cytokines, UV
light, heat shock, and a variety of anti-cancer drugs (Chen et
al., 1996; Osborn and Chambers, 1996; Verheij et al., 1996).
The activation of JNK involves a protein kinase cascade
wherein mitogen-activated protein kinase kinase-1 (MEKK1)
(Lange-Carter et al., 1993) activates SAPK kinase-1 (SEK1)
(Yan et al., 1994) and ultimately activates JNK. The activa-

This work was supported by National Science Council of Taiwan Grant NSC
89-2320-B-002-015.

tion of the JNK cascade in cells leading to a wide range of
cellular functions including inflammation, cell growth, and
cell death. Recently, a number of studies have referred to
extensive efforts attempting to decipher the role of JNK in
apoptosis. Various well known chemotherapeutic drugs, such
as doxorubicin, vinblastine, VP-16, camptothecin, and pacli-
taxel have been demonstrated to be capable of activating
JNK (Seimiya et al., 1997), these drugs being critical for the
apoptosis-triggering program for different cell lines. The ex-
pression of a dominant-negative mutant of MEKK1 or JNK
prevented the induction of apoptotic cell death by UV-C,
y-irradiation, or anticancer drugs (Faris et al., 1996). These
observations suggest an essential role for JNK in the regu-
lation of apoptosis induced by diversified stimuli.

ABBREVIATIONS: JNK, c-Jun N-terminal kinase; SAPK, stress-activated protein kinase; MAP, mitogen-activated protein; MEKK, mitogen-
activated protein kinase kinase; SAPK, stress-activated protein kinase; SEK, stress-activated protein kinase kinase; DEVDase, Asp-Glu-Val-Asp-
directed caspase; DTT, dithiothreitol; PAGE, polyacrylamide gel electrophoresis; DN, dominant negative; Dex, dexamethasone; VCR, vincristine;

VBL, vinblastine; ERK, extracellular signal-regulated kinase.
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Once activated, JNK phosphorylates several transcription
factors, including c-Jun, ATF-2, and Elk-1 (Gupta et al.,
1995), thereby regulating gene expression. In some cases,
however, activation of these transcription factors seems to be
indirect and to be insufficient to account for the JNK-medi-
ated apoptosis, suggesting that certain alternative down-
stream targets for JNK are involved in the apoptosis mech-
anism. The antiapoptotic gene Bcl-2 protects cancer cells
from apoptosis induced by a variety of anticancer agents
(Kim et al., 1997). Bcl-2 protein is known to function up-
stream to block the activity of a family of proteins, known as
caspases, that cleave and degrade a number of substrates
located after aspartic acid residues (Nicholson et al., 1995).
The heterodimerization status of Bcl-2, with its proapoptotic
family members such as Bax, Bak, or Bad, modulates apo-
ptosis by regulating caspase activity (Oltvai and Korsmeyer,
1994). Recently, paclitaxel and other microtubule-interfering
agents have been found to induce Bcl-2 phosphorylation, thus
altering its heterodimerization with Bax (Haldar et al.,
1995), ultimately encouraging the cell to undergo apoptosis.
Interestingly, several kinases have been implicated in this
phosphorylation event, including c-Raf-1 (Blagosklonny et
al., 1997), protein kinase A (Srivastava et al., 1998), and JNK
(Maundrell et al., 1997). These studies suggest that JNK or
other kinases trigger apoptosis program in cells may mediate
through the phosphorylation of Bcl-2 protein.

Although some caspases are regulated, in part, by the
antiapoptotic protein Bcl-2, other caspases are regulated via
unknown mechanisms. Caspase substrates have been iden-
tified, including poly(ADP-ribose) polymerase (Lazebnik et
al., 1995), lamin (Lazebnik et al., 1995), fodrin (Cryns et al.,
1996), protein kinase C & (Emoto et al., 1995), retinoblastoma
protein (An and Dou, 1996), DNA-dependent protein kinase
(Casciola-Rosen et al., 1995), and the protease itself. Some
caspase substrates were cleaved to functionally inactive spe-
cies; others, in contrast, were cleaved to functionally active
species. Interestingly, the JNK kinase kinase MEKK1 could
be cleaved by DEVDase early in the genotoxin-induced apo-
ptotic response (Widmann et al., 1998). It was found that the
initial cleavage of MEKK1 generated a proapoptotic kinase
fragment that was able to activate JNK and subsequent
caspases to facilitate the onset of apoptosis. These findings
provide an important insight into the apoptotic mechanism
by which MEKXK1 plays a critical role in the balance between
antiapoptotic and proapoptotic pathways.

Paclitaxel is an effective agent in the treatment of breast,
ovarian, lung, and head and neck cancers (Sarosy and Reed,
1993). Paclitaxel promotes tubulin polymerization, thus al-
tering the dynamic equilibrium of the assembling and disas-
sembling of microtubules, and causing mitotic arrest for di-
viding cells (Horwitz, 1992). The precise mechanisms of
paclitaxel-induced cytotoxicity and apoptosis, however, have
not been elucidated completely. Recently, several studies
have found that JNK activation induced by paclitaxel treat-
ment is required for apoptosis (Amato et al., 1998; Lee et al.,
1998). Other studies, however, have argued against this find-
ing (Wang et al., 1999). Such controversial findings prompted
us to study the role of JNK in paclitaxel-induced Bcl-2 phos-
phorylation and apoptosis in greater detail. We were also
interested in examining whether caspase-dependent MEKK1
cleavage is involved in paclitaxel-induced apoptosis signal-
ing. Our studies delineate a signal pathway wherein, upon
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paclitaxel treatment, MEKK1 could be initially cleaved by
DEVDase, which in turn triggers JNK activity and subse-
quent Bcl-2 phosphorylation, finally leading to a positive loop
to increase more caspase activity during apoptotic cell death.

Materials and Methods

Cell Culture and Chemicals. HL-60 cells, a human promyelo-
cytic leukemic cell line, were obtained from American Type Culture
Collection (Manassas, VA). Cells were maintained in a humidified
5% CO, atmosphere and cultured in Roswell Park Memorial Insti-
tute medium supplemented with 10% fetal calf serum, 2 mM glu-
tamine, 100 U/ml penicillin, and 100 U/ml streptomycin. Paclitaxel,
vincristine, and vinblastine were purchased from Sigma Chemical
Co. (St. Louis, MO).

Hypodiploid Cell Assay. Cells were harvested and washed with
PBS, and hypodiploid cells were analyzed by flow cytometer as
described as previously (Kuo et al.,1998).

DNA Fragmentation Assay. HL-60 cells were treated with var-
ious drugs or combined with oligonucleotide for different periods of
time. After that, treated cells were harvested and washed with PBS,
and DNA fragmentation was analyzed by agarose gel electrophoresis
as described previously (Kuo et al., 1999).

Establishment of HL-60/MEKK1-DN Clones. Transfection was
created by electroporation (model T800; BTX, San Diego, CA) of
HL-60 cells with glucocorticoid-inducible pSRa-MEKK (K432 M)
vector (a gift from Dr. Michael Karin of the Department of Pharma-
cology, School of Medicine, University of California, San Diego, La
Jolla, CA). Briefly, cells were suspended in 1 ml of HEPES-buffered
saline containing plasmid DNA and then received electric treatment
as follows: electric amplitude, 900 V; pulse width, 99 ms. After 10
min on ice, the cells were transferred to fresh complete medium and
cultured for 24 h before addition of hygromycin. To avoid problems
with clonal variation, the transfected cells were selected for hygro-
mycin for 4 weeks, and all of the clones were pooled.

Immunoprecipitation and Kinase Activity Assays. Cell lysis
and immune complex kinase assays were performed as described
previously (Shiah et al., 1999). HL-60 cells were treated with differ-
ent drugs, washed twice with ice-cold PBS, and lysed in buffer
containing 20 mM HEPES, pH 7.4, 50 mM B-glycerophosphate, 1%
Triton X-100, 10% glycerol, 2 mM EGTA, 1 mM DTT, 10 mM sodium
fluoride, 1 mM sodium orthovanadate, 1 pg/ml leupeptin, 1 ug/ml
aprotinin, and 1 mM phenylmethylsulfonyl fluoride. The soluble
extracts were prepared by centrifugation at 14,500 rpm for 15 min at
4°. After normalization of protein concentration, equal amounts of
protein were incubated with protein A-Sepharose and anti-JNK1
(1 pg; C17; Santa Cruz Biotechnology, Santa Cruz, CA), anti-ERK1
(1 pg; C16; Santa Cruz Biotechnology), or anti-p38 (1 ug; N20; Santa
Cruz Biotechnology) for 3 h at 4°. The immune complexes were
washed twice with lysis buffer and the once with kinase assay buffer
(20 mM MOPS, pH 7.2, 2 mM EGTA, 20 mM MgCl,, 1 mM DTT, and
0.1% Triton X-100), after which they were resuspended in 20 ul of
kinase assay buffer containing 5 uCi of [y->2P]ATP, 30 wm cold ATP,
and 2 pg of substrate and incubated for 20 min at 30°. Reactions
were terminated by the addition of the SDS sample buffer and
boiling for 5 min. The phosphorylated proteins were resolved by
SDS-PAGE and visualized by autoradiography. Glutathione-S-
transferase-cjun (1/79) was used as a substrate for JNK1, myelin
basic protein was used for assaying ERK1, and ATF-2 was used as a
substrate for p38.

Antisense Oligonucleotides Treatment. The rationale of
JNKI1 antisense oligonucleotide design and treatment is based on the
report by Shiah et al. (1999). The JNK1-specific antisense (5'-GT-
CACGCTTGCTTCTGCTCATGAT-3') and sense (5'-ATCATGAGCA-
GAAGCAAGCGTGAC-3') phosphorothioates were synthesized and
purified by high-performance liquid chromatography (Genset Co.).
These sequences represent amino acids —1 to +7 of JNKI1. The
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oligonucleotides were dissolved in distilled and sterilized water and
added into culture medium. After treatment with the oligonucleo-
tides for 16 h, cells were analyzed the JNKI1 activity and JNK1
protein level.

Western Blot Analysis. Western blot was measured by the
method described previously (Kuo et al., 1998). Briefly, cell lysates
were prepared, electrotransferred, and then immunoblotted with
anti-JNK1, anti-Bcl-2, and anti-MEKK1 (C22) antibodies (Santa
Cruz Biotechnology). Detection was performed with Western blotting
reagent ECL (Amersham), and the chemiluminescence was exposed
by the filters on Kodak X-Omat film (Kodak, Rochester, NY).

In Vivo Phosphorylation of Bel-2. HL-60 cells were incubated
in medium for 4 h in the presence of 250 uCi of [*?Plorthophosphoric
acid per ml and further incubated with or without paclitaxel or plus
DEVD-CHO or YVAD-CHO for 4 h before harvesting. At the end of
the labeling period, the cells were washed and harvested in ice-cold
PBS. The cells were lysed for 30 min on ice in 1 ml radioimmuno-
precipitation assay buffer (10 mM Tris-HCI, pH 7.5, 120 mM naCl,
1% Nonidet P-40, 1% deoxycholate, 0.1% SDS). The lysates were
centrifuged at 900g for 30 min at 4°C. Bcl-2 immunoprecipitation
was conducted at 4°C on the resulting supernatant with anti-Bcl-2
antibody. After centrifugation and washing, the immunoprecipitated
Bcl-2 was resolved by 10% SDS-PAGE, electrotransferred onto NC
filters, and autoradiographed.

DEVDase Activity Assay. DEVDase activity was measured by
the method described previously (Shiah et al., 1999). In brief, cyto-
solic extracts were prepared by repeated cycles of freezing and thaw-
ing in 300 ul of extraction buffer (12.5 mM Tris, pH 7.0, 1 mM DTT,
0.125 mM EDTA, 5% glycerol, 1 mM phenylmethylsulfonyl fluoride,
1 pg/ml leupeptin, and 1 pug/ml aprotinin). Cell lysates (100 ug) were
then diluted with 1 ml of assay buffer (50 mM Tris, 1 mM EDTA, and
10 mM EGTA, pH 7.0) and incubated at 37° for 30 min in dark with
10 uM fluorescence substrate, Ac-DEVD-AMC. The fluorescence of
the cleaved substrate was determined using a spectrofluorometer
(Hitachi F-3000) set at excitation wavelength of 380 nm and an
emission wavelength of 460 nm.

Preparation of Fractionated Proteins. Cells were collected,
washed with ice-cold PBS, and then suspended in buffer A (2 mM
EDTA, 10 mM Tris-HCI, pH 7.5). After incubation on ice for 10 min,
an equal volume of buffer B (0.5 M sucrose, 0.1 M KCI, 10 mM MgCl,,
2 mM CaCl2, 2 mM EDTA, and 10 mM Tris-HCI, pH 7.5) was added.
The nuclear-rich fraction was pelleted by centrifugation (2,700 rpm
for 10 min). The supernatant was removed and placed in a separate
tube and again centrifuged (43,000 rpm for 90 min). The supernatant
was collected as the cytosol-rich fraction, and the pellet was dis-
solved in buffer C (8 mM CHAPS, 150 mM NaCl, 0.1 M sucrose,
2 mM EDTA, 10 mM Tris-HCl, pH 7.5) and incubated at 4°C for 2 h.
The membrane-rich fraction was then collected by centrifugation
(43,000 rpm for 60 min). Each fraction was separated by SDS-PAGE,
and full-length MEKK]1 and its fragment were detected by immuno-
blotting analysis.

Results

The Effect of Paclitaxel on JNK Activation, Bcl-2
Phosphorylation, Cell-Cycle Progression and Apopto-
sis. To explore whether the JNK signaling pathway is acti-
vated within HL-60 cells in response to paclitaxel, we exam-
ined JNK activity by using an immunocomplex kinase assay.
Figure 1A, upper blot, indicates that, after 1 uM paclitaxel
treatment, JNK activity was obviously detectable and in-
creased at 2 h and was sustained for up to 12 h. Western blot
analysis revealed that this JNK activation was not caused by
enhanced expression of JNK protein (Fig. 1A, lower blot). It
has already been recognized that paclitaxel has the ability to
enhance the phosphorylation state of antiapoptotic protein
Bcl-2, and that this can be easily detected using Western

blotting analysis because of the slower blot-migrating form of
Bcl-2. Figure 1B clearly reveals that the phosphorylated
forms of Bcl-2 are initially detected at 2 h, their presence
gradually increasing during the period of paclitaxel treat-
ment. To determine whether the slower-migrating forms of
Bcl-2 represented a phosphorylated form of the protein, we
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Fig. 1. A, JNK activity was induced by paclitaxel. HL-60 cells were
treated with 1 uM paclitaxel for indicated times, after which cells were
harvested and the cytosolic fraction analyzed for JNK activity (upper
blot) or for JNK protein level (bottom panel). The kinase activities were
determined by immunocomplex kinase assay, and the protein levels were
determined by Western blot as described under Materials and Methods.
B, Western blot analysis of the phosphorylation of Bcl-2 by paclitaxel.
Cells were treated with 1 uM paclitaxel for indicated times. C, effect of
paclitaxel on cell cycle progression and apoptosis of HL-60 cells. Cells
were treated with 1 uM paclitaxel for indicated times, then aliquots from
control and drug-treated cultures were removed and fixed in 80% ethanol.
The fixative solution was stained with the fluorescent propidium iodide
for DNA content. Estimates of the cell cycle phase distribution were
calculated using the Multicycle program. The data are the representative
of two independent experiments.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet.’

exposed paclitaxel-treated HL-60 cells to potato acid phos-
phatase. This treatment clearly resulted in the loss of the
slower-migrating forms of the protein and a concomitant
increase in the faster-migrating protein species (data not
shown). Flow cytometric analysis showed that paclitaxel
treatment caused a slight increase in G,/M phase cells and
apoptotic cells (sub-G; cells) at 4 h, and both phases of cells
were evidently increased after 8 h treatment (Fig. 1C). These
observations revealed that the kinetics of JNK activation
preferentially correlated with the degree of Bcl-2 phosphor-
ylation, but preceded the occurrence of apoptosis and G,/M
arrest.

The Role of JNK Activation in Bel-2 Phosphorylation
and Apoptosis. To verify the possible role of JNK in pacli-
taxel-induced Bcl-2 phosphorylation and apoptosis, we trans-
fected and expressed a dominant-negative MEKK1 (MEKK1-
DN) plasmid [pSRa-MEKK1 (K432 M)], which was under
control by the glucocorticoid-inducible promoter, within
HL-60 cells. We have previously shown that the transfec-
tants successfully expressed a dominant-negative form of
MEKK]1 protein in the presence of inducer dexamethasone
(Dex) (Shiah et al., 1999). In this context, we subsequently
treated both the MEKK1-DN-transfected HL-60 (HL-60/
MEKK-DN) and parental HL-60 cells with paclitaxel or other
microtubule-damaging agents such as, vincristine (VCR) or
vinblastine (VBL), and then examined JNK activity and
mechanism of Bcl-2 phosphorylation and apoptosis.

In the absence of Dex, HL-60/MEKK-DN cells expressed a
4.2-, 6.5-, and 7.3-fold level of JNK activity compared with
normal basal conditions in response to 1 uM, respectively,
paclitaxel (TAX.), VCR, and VBL (Fig. 2A, upper blot). By
contrast, in the presence of Dex, HL-60/MEKK-DN expressed
only basal level JNK activity under treatment with the same
microtubule-damaging drugs (Fig. 2A, upper blot). Notably,
we observed that these above-mentioned microtubule-dam-
aging agents could all induce remarkable Bcl-2 phosphoryla-
tion in HL-60/MEKK-DN cells in the absence of Dex (Fig. 2A,
lower blot). By contrast, these drugs all failed to induce the
phosphorylation of Bcl-2 in HL-60/MEKK-DN cells in the
presence of Dex (Fig. 2A, lower blot). Consistent with these
observations, in the absence of Dex, HL-60/MEKK-DN cells
became resistant to apoptosis induced by those microtubule-
damaging drugs, as quantified by the annexin V-positive
cells (Fig. 2B).

Acknowledging that MEKK1-DN may not specifically in-
hibit JNK activity, we thus treated cells with the JNK1-
specific antisense oligonucleotide to block JNK activity. Ini-
tially, HL-60 cells were treated with 25 uM JNK1-specific
antisense oligonucleotide for 16 h before the addition of 1 uM
paclitaxel for various time periods depending upon the spe-
cific experimental protocol. Upon treatment with JNK1 an-
tisense oligonucleotide for periods of up to 16 h, intracellular
levels of JNK1 protein decreased as a consequence, and no
evident cytotoxicity was observed for HL-60 cells (data not
shown). Under such conditions, immunocomplex kinase as-
say reveals that paclitaxel-elicited JNK activity could be
blocked by JNK antisense oligonucleotide but not by its sense
oligonucleotide analog (Fig. 3A, upper blot). Western blot
analysis showed that the paclitaxel-induced phosphorylated
form of Bcl-2 was reduced by the presence of JNK antisense
oligonucleotide (Fig. 3A, middle blot). To further confirm that
the phosphorylation of Bel-2 is indeed blocked by JNK anti-
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sense, the [*?Plorthophosphoric acid-labeled cells exposed to
paclitaxel and sense or antisense oligonucleotide was immu-
noprecipitated with anti-Bcl-2 antibody and resolved by 10%
SDS-PAGE. Consistently, the JNK-specific antisense, but
not sense oligonucleotide, effectively diminished the paclitax-
el-induced ®2P-labeled Bel-2 (Fig. 3A, bottom blot). Agarose
gel electrophoresis showed that paclitaxel-induced DNA frag-
mentation was effectively prevented by JNK antisense oligo-
nucleotide presence (Fig. 3B).

These results clearly suggest that the JNK kinase cascade
is required for paclitaxel-mediated Bcl-2 phosphorylation
and apoptotic cell death for human leukemic HL-60 cells.

DEVDase-Mediated MEKK1 Cleavage Induced by
Paclitaxel. It has been demonstrated that MEKK1 plays a
critical role in regulating both antiapoptotic and proapoptotic
signals depending upon the stimuli integrated within the
cells. Once MEKK1 has been cleaved by a caspase-3-like
protease, this will generate a proapoptotic signal and, in
turn, trigger a caspase feedback loop. Under such a premise,
immunoblot analysis revealed that the 91-kDa MEKK]1 frag-
ment, a C-terminal kinase domain (Widmann et al., 1998),

A HL-60/MEKK1-DN
-Dex +Dex

C TAXVCRVBL C TAX VCRVBL
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C TAX VBL VCR C TAX
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Fig. 2. A, effect of inducible MEKK1-DN on JNK activity induced by
microtubule-damaging agents (upper blot) and Becl-2 phosphorylation
(lower blot). Transfected MEKK1-DN HL-60 cells were incubated with or
without 1 uM Dex for 16 h. Cells were then treated with 1 uM paclitaxel
(TAX), vinblastine (VBL), or vincristine (VCR) for 4 h. Cells were col-
lected, and cell lysates were assayed for JNK activity and Bel-2 phos-
phorylation by immunocomplex kinase assay and Western blot, respec-
tively. B, inhibition of microtubule-damaging agents-induced apoptosis
by expresion of MEKK1-DN. Transfected cells were treated with TAX,
VBL, or VCR for 10 h, then were subjected to analyze the apoptosis.
Apoptosis was determined by stained with anti-annexin V antibody and
analyzed with flow cytometry.

-Dex.
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could be detected as early as 2 h after paclitaxel treatment
(Fig. 4A), because we used an antibody which specifically
recognizes the epitope corresponding to amino acids 663 to
684 mapping at the C-terminal of MEKKI1. Interestingly, the
paclitaxel-mediated MEKK1 cleavage proceeded in parallel
with JNK activation (Fig. 1A). DEVD-directed caspase activ-
ity assay revealing that slight, but significant, DEVDase
activity could be initially detected 2 h after paclitaxel treat-
ment (Fig. 4B). The results cited above suggest that pacli-
taxel induces MEKK1 cleavage, which correlates with the
timing of caspase activation, JNK activation, and Bcl-2 phos-
phorylation.

The Role of DEVDase in Paclitaxel-Induced JNK Ac-
tivation, Bel-2 Phosphorylation, and Apoptosis. To ad-
dress the question of whether or not DEVDase-mediated
MEKK]1 cleavage plays a role in regulating paclitaxel-in-
duced JNK activation, Bcl-2 phosphorylation, and apoptosis,
we used the caspase tripeptide inhibitors Ac-DEVD-CHO
and Ac-YVAD-CHO to examine these responses. Figure 5A
indicates that pretreatment of cells with 75 uM Ac-DEVD-
CHO, effectively inhibited paclitaxel-induced cellular re-
sponses, including MEKK1 cleavage (upper blot), JNK acti-
vation (middle blot), Bel-2 phosphorylation (bottom blot), and
apoptotic cell death. Under the same conditions, however,
another caspase tripeptide inhibitor, Ac-YVAD-CHO, failed
to block the above-reported, paclitaxel-induced cellular alter-

Control Antisense Sense
Paclitaxel (1 pM): - + - + - +
[ @ -GST-c-Jun
an b on oo o 8B — phospherylated Bel-2
TBel-2

o~ —"Plabeled Bcl-2

Control Antisense Sense

Paclitaxel (1 uM): - + - + - +

Fig. 3. Effect of JNKI1-specific antisense oligonucleotide on paclitaxel-
induced JNK activity (A, upper blot), Bcl-2 phosphorylation (A, middle
and bottom blots), and apoptosis (B). HL-60 cells were treated with 25 uM
JNK-specific antisense or sense oligonucleotide phosphorothioates for
16 h before the addition of 1 uM paclitaxel for another 4 h. JNK kinase
activity was performed as described under Materials and Methods. For
detecting Bcl-2 phosphorylation, either using Western blot to examine
the slower migrating form of Bcl-2 proteins (A, middle blot) or using [*?P]
orthophosphoric acid to label cells and radioimmunoprecipitation with
anti-Bcl-2 antibody (A, bottom blot). The analysis of *?P-labeled Bcl-2 is
described under Materials and Methods. The apoptosis assay was per-
formed with DNA fragmentation analyzed by 1.8% agarose gel electro-
phoresis.

ations (Fig. 5B). Also, Ac-DEVD-CHO treatment inhibited
VBL- or VCR-induced MEKK1 cleavage, JNK activation,
Bcl-2 phosphorylation, and apoptosis (Fig. 5C); by contrast,
Ac-YVAD-CHO failed to do so (data not shown).

The results reported above provide an intriguing clue to
the identity and function of the DEVD-CHO-inhibitable
caspase involved in paclitaxel-induced MEKK1 cleavage,
which lies upstream of the site of JNK activation and the
subsequent Bcl-2 phosphorylation.

MEKKI1 Fragment Linkage with JNK in Paclitaxel-
Treated Cells. The caspase inhibitor Ac-DEVD-CHO
blocked MEKK1 cleavage and downstream JNK activity,
suggesting that the MEKK1 C-terminal kinase fragment
may mediate the activating signal to JNK. Initially, we asked
whether the intracellular distribution of full-length MEKK1
and a MEKK1 C-terminal 91-kDa fragment was different for
cells treated with paclitaxel compared with control condi-
tions. Figure 6A indicates that the most abundant full-length
MEKK]1 protein was detected in the membrane fraction of
cells not having been treated with paclitaxel. By contrast, a
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) cow) - = MERRETEH] length
T T T ™ | « MEKKI fragement
B

]
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=

DEVD-directed caspase activity (fold of control)

[ =T R o I P T - e - - T - |

0 1 b { 8

12 (n)

Paclitaxel

Fig. 4. Effect of MEKK1 cleavage and DEVDase activity in HL-60 cells
treated with paclitaxel. A, cells were treated with 1 uM paclitaxel for
indicated times. Cellular lysates were subjected to Western blotting by
using anti-MEKK]1 antibody, which recognizes the epitope corresponding
to amino acids 663 to 684 mapping at the C-terminal of MEKKI1. B, cells
were treated as described in A. Cell lysates were then prepared and
performed to DEVDase activity assay as described under Materials and
Methods. (Columns, means of three independent experiments; bars, S.D.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet’

A
Paclitaxel(1 pM): — —  + +
Ac-DEVD-CHO(75 UM): — + — 4
196 kDa —» MEKKT1 full length
91 kDa —» = 4— MEKKI fragement
@ -~ |« GST-c-jun
v <— P.labeled Bel-2
Apoptotic nuclei(%): 7 11 45 13
B
Ac-DEVD-CHO (75 M): — + — +
VBL(ugM): — — + +
VCR(IgM): + + — —-
s |
196 kDa—| b 4 n m & < DMEKKI full length
91 kDa— | - . ¢ MEKKI fragement
o - < GST-c-jun
= - +FP-labeled Bel-2
Apoptotic nuclei (%): 47 12 53 10
Paclitaxel(1 pM): — — + 4
Ac-YVAD-CHO(75 hM): — +

196 kDa —» = == - =~ |4-MEKKI full length

91 kDa —» = 5= <— MEKKI fragement

4— GST-c-jun

—~ |« P-labeled Bel-2

Fig. 5. Effect of caspase inhibitors on MEKK1 cleavage, JNK activity,
Bcl-2 phosphorylation, and subsequent apoptosis in cells after treatment
with microtubule-damaging agents. A, inhibition of Ac-DEVD-CHO on
paclitaxel-induced MEKKI1 cleavage, JNK activation, Bcl-2 phosphoryla-
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Fig. 6. A, immunoblotting analysis of the 91-kDa MEKK1 fragment in
different subcellular fractions. Cells were treated with or without 1 uM
paclitaxel for 4 h. The cells were then harvested and cytosolic (C) and
membrane (M) fractions were isolated using a detergent lysis method (see
Materials and Methods). The fractions were then analyzed by Western
blotting for MEKK1 and its C-terminal fragment. B, JNK/91-kDa
MEKK]1 fragment complex formation during paclitaxel-induced apoptosis
in HL-60 cells. Coimmunoprecipitation and immunoblotting were per-
formed to investigate the possible JNK-MEKKI1 fragment complex for-
mation. JNK or MEKK1 immunoprecipitates collected from the cytosolic
fraction of HL-60 cells were separated by SDS-PAGE and then immuno-
blotted with antibodies to JNK or MEKKI1.

significant level of a C-terminal 91-kDa fragment was only
observed in the cytosolic fraction for cells treated with pacli-
taxel. This result indicates that the full-length MEKKI1 is
predominantly membrane-associated, and its C-terminal ki-
nase fragment is liberated to cytosol when cells are treated

tion, and apoptosis. HL-60 cells were pretreated with or without 75 uM
Ac-DEVD-CHO for 2 h, and then were treated with 1 uM paclitaxel for
another 4 h. After that, cell lysates were prepared and subjected to
Western blotting, JNK activity assay, and apoptosis assay. The analysis
of 32P-labeled Bcl-2 described under Materials and Methods. B, inhibition
of Ac-DEVD-CHO on VBL or VCR-induced MEKK]1 cleavage, JNK activ-
ity, Bcl-2 phosphorylation, and apoptosis. The samples were prepared
from cells that were treated as in A. C, effect of Ac-YVAD-CHO on
paclitaxel-induced MEKK1 cleavage, JNK activity, and Bcl-2 phosphor-
ylation. HL-60 cells were preincubated 75 uM Ac-YVAD-CHO for 2 h and
after 1 uM paclitaxel for 4 h. Cells were collected and cell lysates were
assayed for MEKKI1 cleavage and JNK kinase activity as described under
Materials and Methods. Cells were labeled with [*?Plorthophosphoric
acid and analyzed; the phosphorylation of Bcl-2 is described under Ma-
terials and Methods.
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with paclitaxel. We further asked whether the MEKK1 91-
kDa fragment would be directly associated with cytosolic
JNK. As depicted in Fig. 6B, JNK proteins were coimmuno-
precipitated with the anti-MEKK1 antibody in paclitaxel-
treated cells but not so for control cells. The 91-kDa MEKK1
fragment was consistently obtained from the immunoprecipi-
tated complex with the anti-JNK antibody in paclitaxel-
treated cells. Such findings suggest that the cleaved 91-kDa
MEKK]1 fragment acts as a proapoptotic mediator to trans-
duce the death signal to the downstream JNK by cytosolic
translocation.

Discussion

In this study, we report that the disruption of the cytoskel-
etal dynamics elicited a novel signal pathway wherein DEV-
Dase initially cleaved MEKK1 protein, after which the elic-
ited 91-kDa C-terminal MEKK]1 fragment was released from
the cellular membrane to associate with and activate the
cytosolic SEK-JNK cascade. This JNK activation further
phosphorylated the Bcl-2 protein, which in turn led to apo-
ptosis. The activation of JNK in response to paclitaxel treat-
ment has been found in various types of cells (Amato et al.,
1998; Lee et al., 1998; Wang et al., 1999); however, the
precise role of JNK in paclitaxel-induced apoptosis still
seems to be controversial. Our current study clearly shows
that JNK activity is dominantly elevated and remains so for
up to 12 h after treatment with paclitaxel (Fig. 1A). Because
the induction of JNK in T-cell activation and apoptosis may
occur, respectively, in a transient and persistent fashion
(Chen et al., 1996), the sustained activation of JNK after
paclitaxel treatment may reflect the apoptosis-inducing char-
acteristics of the drug. This persistent induction of JNK
activity, however, did not occur during paclitaxel-induced
apoptosis in human B lymphoblasts (Amato et al., 1998). In
the present study, the experiment utilizing a dominant-neg-
ative MEKK1 and a JNK-specific antisense oligonucleotide
(Figs. 2A and 3A) have demonstrated the direct involvement
of JNK in paclitaxel-induced apoptosis. Our current results
are consistent with those of a number of other studies (Amato
et al., 1998; Lee et al., 1998; Wang et al., 1998) which have
demonstrated that activated JNK is essential for paclitaxel-
induced apoptosis. Recently, a direct evidence from the study
of JNK knockout fibroblasts revealing that the absence of
JNK in cells resulted in resistance to apoptosis induced by
UV or other chemical drugs (Tournier et al., 2000). Together,
the above results and ours suggest that JNK is preferentially
required for stress-induced apoptosis in a wide variety of
cells. Because MEKK1 may also affect ERK activity in a
dominant-negative fashion (Yujiri et al., 1998), we have de-
termined that the ERK and p38 kinase activity for HL-60
cells after treatment with paclitaxel. The data, however,
reveal that paclitaxel treatment of such cells did not activate
ERK or p38 kinase (data not shown).

Screening of a library of phage-displayed peptides showed
that paclitaxel could directly bind with Bel-2 protein (Rodi et
al., 1999). The paclitaxel binding could inactivate Bcl-2 with
concomitant phosphorylation of Becl-2. Recently, JNK was
reported to be capable of phosphorylating Bel-2 (Maundrell et
al., 1997). Furthermore, two-dimensional peptide-mapping
and -sequencing experiments reveal that three residues
(Ser70, Ser87, and Thr69) within the unstructured loop of

Bcl-2 are phosphorylated via the ASK/JNK pathway in re-
sponse to the activity of a number of microtubule-interfering
agents, including paclitaxel (Yamamoto et al., 1999). How-
ever, it has recently been reported that JNK promoted cell
death by affecting mitochondrial function and cytochrome ¢
release but not by inducing Bcl-2 phosphorylation (Tournier
et al., 2000). In contrast, our data suggest that JNK plays a
crucial role in phosphorylating Bcl-2 in HL-60 cells in re-
sponse to microtubule damage, because the phosphorylation
of Bcl-2 may be completely blocked by JNK-specific antisense
oligonucleotide (Fig. 3A). The conflicting observations on
JNK and Bcl-2 phosphorylation are primarily caused by the
cell type specificity and varied kinds of stimuli. Supportive of
the concept, several candidate kinases, in addition to JNK,
such as Raf (Blagosklonny et al., 1997), cyclin B1/cdc2 kinase
(Ling et al., 1998), and cAMP-dependent protein kinase
(Srivastava et al., 1998), have been found to be involved in
Bcl-2 phosphorylation in different cell types by various stim-
uli.

Uncertainty prevails in the literature as to whether this
phosphorylation activates or deactivates the antiapoptotic
function of Bcl-2. Many investigators have pointed out that
mutants in Ser70 or Ser87 of Bcl-2 were unable to be phos-
phorylated during such a process, becoming resistant to cell
death induced by microtubule-damaging agents (Yamamoto
et al.,, 1999). Another study revealed that Bcl-2 could be
phosphorylated by Cdc2/cyclin B1 kinase, a marker of M-
phase event but not a determinant of apoptosis (Ling et al.,
1998). Our current and unpublished data indicate that block-
age of JNK activity leads to the prevention of Bcl-2 phosphor-
ylation and cell death but not to the G,/M arrest of cells
treated with paclitaxel (data not shown). This indicates that
Bcl-2 phosphorylation is uncoupled from the G,/M arrest for
HL-60 cells in response to paclitaxel. Importantly, our find-
ings are in agreement with the observations that the phos-
phorylation of Bcl-2 would be inactivating, this potentially
augmenting the genesis of cell-death signals.

MEKK]1 is a 196-kDa kinase, and acts upstream of the
JNK pathway. It has recently been demonstrated that
MEKXKT1 is a substrate for caspase-3-like proteases and that
the kinase activity of MEKK1 stimulates caspase-3-like ac-
tivity in cells (Widmann et al., 1998). A mutant of MEKK1
that is resistant to caspase cleavage is less capable of induc-
ing apoptosis than the full-length, wild-type protein, demon-
strating that caspase cleavage of MEKK1 accelerates its ap-
optotic activity. Another study has shown that MEKK1
knockout embryonic stem cells had a greater apoptotic re-
sponse to microtubule damage; activated MEKK]1 signaling
resulted in protecting cells from death (Yujiri et al., 1998).
They thus proposed that MEKK1 exhibited a dual role for
regulating apoptosis via a mechanism of caspase-dependent
cleavage (i.e., caspases act as switches to convert the MEKK1
survival signal to a proapoptotic response). Our data support
this hypothesis and indicate that the cleavage of MEKK1
occurred consistently and contemporaneously with enhanced
JNK activity as well as Bcl-2 phosphorylation and preceded
DNA fragmentation in response to paclitaxel treatment. The
caspase inhibitor DEVD-CHO almost completely blocked pa-
clitaxel-induced MEKK1 cleavage, JNK activation, Bcl-2
phosphorylation, and subsequent apoptosis, suggesting that
DEVDase plays an initial and important/critical role in trig-
gering cell-death signals. A subcellular fractionation assay
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demonstrated that a 91-kDa active C-terminal MEKK]1 frag-
ment is generated and translocates to the cytosol (Fig. 6A).
Interestingly, the 91-kDa MEKKI1 fragment was found to be
associated with JNK protein in cytosol, as evidenced by the
coimmunoprecipitation assay that we conducted (Fig. 6B).
Because the C-terminal half of MEKK1 also binds to MEK4/
SEK1 (Hibi et al., 1993), it is conceivable that the kinase
complex of C-terminal MEKK1/SEK1/JNK exists in cytosol
and facilitates the paclitaxel-induced death-signal transduc-
tion. Contrary to our studies, Gibson et al. (1999) suggest
that MEKK]1 is not significantly proteolyzed in human em-
bryonic kidney 293 cells in response to microtubule-damag-
ing agents. This discrepancy is predictable and may be
caused by the different cellular context. It is generally be-
lieved that blood cells are more susceptible to exogenous
stimuli than other cell types, such as epithelial or fibroblast
cells. Indeed, we found that MEKK1 was not cleaved in
human breast cancer MCF-7 cells after paclitaxel treatment
(M.-L. Kuo, et al., unpublished observations).

It is now well documented that the 91-kDa C-terminal
MEKK]1 fragment is generated because of the cleavage oc-
curring at position Asp874 by a DEVDase (Widmann et al.,
1998). Purified recombinant caspase-3 exerts its proteolytic
activity in vitro. The possibility that other DEVDases may be
involved in the cleavage of MEKK1 in cells should not be
excluded, however. For mammalian cells, procaspases typi-
cally form complexes with Apaf-1 and proapoptotic factors,
namely apoptosome; this complex, however, is functionally
inactive (Cain et al., 1999). When cells are exposed to cyto-
toxic insults, procaspases become active and are released
from the complex to cleave the cellular-defense machinery.
Thus it seems likely that disturbing the cellular cytoarchi-
tecture by microtubule-damaging agents may facilitate the
dissociation of caspases from the apoptosome. Such a hypoth-
esis remains unconfirmed at this stage and warrants further
investigation. In conclusion, we show that paclitaxel induces
apoptosis through a novel signaling pathway in which a
DEVDase initially cleaves MEKK1, resulting in a signaling
cascade mechanism including JNK activation and Bcl-2
phosphorylation.

Acknowledgments

We thank Dr. Michael Karin for his kindness in providing domi-
nant-negative MEKK1 and GST-c-jun constructs.

References

Amato SF, Swart JM, Berg M, Wamebo HdJ, Mehta SR and Chiles TC (1998)
Transient stimulation of the c-Jun-NH,-terminal kinase/activation protein 1 path-
way and inhibition of extracellular signal-regulated kinase are early effects in
paclitaxel-mediated apoptosis in human B lymphoblasts. Cancer Res 58:352—247.

An B and Dou QP (1996) Cleavage of retinoblastoma protein during apoptosis: An
interleukin-1B-converting enzyme-like protease as candidate. Cancer Res 56:438—
442.

Blagosklonny MV, Giannakakou VP, El-Deiry WS, Kingstor DG, Neckers L and Fojo
T (1997) Raf-1/bcl-2 phosphorylation signal from microtubule damage to cell death.
Cancer Res 57:130-135.

Cain K, Brown DG, Langlais C and Cohen GM (1999) Caspase activation involves the
formation of the aposome, a large (approximately 700 kDa) caspase-activating
complex. J Biol Chem 274:22686—-22692.

Casciola-Rosen LA, Anhalt GJ and Rosen A (1995) DNA-dependent protein kinase is
one of a subset of auto-antigens specifically cleaved early during apoptosis.  Exp
Med 182:1625-1634.

Chen YR, Wang X, Templeton D, Davis RJ and Tan THJ (1996) The role of c-jun-
N-terminal kinase (JNK) in apoptosis induced by ultraviolet C and vy radiation:
Duration of JNK activation may determine cell death and proliferation. J Biol
Chem 271:31929-3.

Cryns VL, Bergeron L, Zhu H, Li H and Yuan J (1996) Specific cleavage of a-fodrin

Paclitaxel-Induced Apoptosis through Activation of JNK 261

during Fas- and TNF-induced apoptosis is mediated by an interleukin-13-
converting enzyme/Ced-3 protease distinct from the poly(ADP-ribose) polymerase
protease. JJ Biol Chem 271:31277-31282.

Emoto Y, Manome Y, Meinhardt G, Kisaki H, Kharbanda S, Robertson M, Ghayur T,
Wong WW, Kamen R, Weichselbaum R and Kufe D (1995) Proteolytic activation of
protein kinase Cd by an ICE-like protease in apoptotic cells. EMBO J 14:6148—
6156.

Faris M, Kokot N, Lee L and Nel AE (1996) Regulation of interleukin-2 transcription
by inducible stable expression of dominant negative and dominant active mitogen-
activated protein kinase kinase kinase in Jurkat T cell. «J Biol Chem 271:27366—
27373.

Gibson S, Widman C and Johnson GL (1999) Differential involvement of MEKK1 in
the induction of apoptosis in response to microtubule-targeted drugs verus DNA
damaging agents. J Biol Chem 274:10916-10922.

Gupta S, Campell D, Derijard B and Davis RJ (1995) Transcription factor ATF2
regulation by the JNK signal transduction pathway. Science (Wash DC) 267:389—
393.

Haldar S, Jena N and Croce CM (1995) Inactivation of Bel-2 by phosphorylation. Proc
Natl Acad Sci USA 92:4507—4511.

Hibi M, Lin A, Smeal T, Minden A and Karin M (1993) Identification of an oncop-
rotein- and UV-responsive protein kinase that binds and potentiates the c-JUN
activation domain. Genes Der 7:2135-2148.

Horwitz SB (1992) Mechanism of action of Taxol. Trends Pharmacol Sci 13:134—136.

Kim CN, Wang H, Huang Y, Ibrado AM, Liu L, Fang G and bhalla K (1997)
Overexpression of Bel-xp, inhibits ara-c-induced mitochondrial loss of cytochrome ¢
and other perturbations that activate the molecular cascade of apoptosis. Cancer
Res 57:3115-3120.

Kuo ML, Shen SC, Yang CH, Chuang SE, Cheng AL and Huang TS (1998) Bcl-2
prevents topoisomerase II inhibitor GL331-induced apoptosis in mediated by
down-regulation of poly(ADP-ribose)-polymerase activity. Oncogene 17:2225-
2234.

Kuo ML, Shiah SG, Wang CJ and Chuang SE (1999) Suppression of apoptosis by
Bcl-2 to enhance benzene metabolites-induced oxidative DNA damage and mu-
tagenesis: A possible mechanism of carcinogenesis. Mol Pharmacol 55:894-901.

Lange-Carter CA, Pleiman CM, Gardner AM and Blumer KJ and Johnson GL (1993)
A divergence in the MAP kinase regulatory network defined by MEK kinase and
raf. Science (Wash DC) 260:315-319.

Lazebnik YA, Takahashi A, Moir RD, Goldman RD, Poirier GG, Kaufmann SH and
Earnshaw WC (1995) Studies of the lamin proteinase reveal multiple parallel
biochemical pathways during apoptotic execution. Proc Natl Acad Sci USA 92:
9042-9046.

Lee LF, Li G, Templeton DJ and Ting JPY (1998) Paclitaxel-induced gene expression
and cell death are both mediated by the activation of c-JUN NH,-terminal kinase.
J Biol Chem 273:28253-28260.

Ling LH, Tornos C and Soler-Perez R (1998) Phosphorylation of Bcl2 is a marker of
M phase events and not a determinant of apoptosis. J Biol Chem 273:18984—
18991.

Maundrell K, Antonsson B, Magnenat E, Camps M, Muda M, Chabert C, Gillieron C,
Boschert U, Vial-Knechrt E, Martinou JC and Arkinstall S (1997) Bcl-2 undergo
phosphorylation by c-Jun N-terminal kinase/stress-activated protein kinases in
the pressure of the constitutively active GTP-binding protein Racl. o/ Biol Chem
272:25238 -25242.

Nicholson DW, Ali A, Thornberry NA, Vaillancourt JP, Ding CK, Gallan M, Gareau
Y, Griffin PR, Labekke M, Lazebnik YA, Munday NA, Raju SM and Miller DK
(1995) Identification and inhibition of the ICE/CED-3 protease necessary for
mammalian apoptosis. Nature (Lond) 376:37-43.

Oltvai ZN and Korsmeyer SJ (1994) Checkpoints of dueling dimers foil death wishes.
Cell 79:189-192.

Osborn MT and Chambers TC (1996) Role of the stress-activated c-jun NHy-terminal
protein kinase pathway in the cellular response to Adriamycin and other chemo-
therapeutic agents. J Biol Chem 271:30950-90955.

Rodi DJ, Janes RW, Sanganee HJ, Holton RA, Wallace BA and Makowski L (1999)
Screening of a library of phage-displayed peptides identifies human bcl-2 as a
taxol-binding protein. J Mol Biol 285:197-203.

Sarosy G and Reed E (1993) Taxol dose intensification and its clinical implications.
J Natl Med Assoc 85:427—431.

Seimiya H, Mashima T, Toho M and Tsuruo T (1997) c-Jun NH,- terminal kinase-
mediated activation of interleukin-1-8-converting enzyme/CED-3-like protease
during anticancer drug-induced apoptosis. «/ Biol Chem 272:4631-4636.

Shiah SG, Chuang SE, Chau YP, Shen SC and Kuo ML (1999) Activation of c-Jun
NH,-terminal kinase and subsequent CPP32/Yama during topoisomerase inhibi-
tor B-lapachone-induced apoptosis through an oxidation-dependent pathway. Can-
cer Res 59:391-398.

Srivastava RK, Srivastava AR, Korsmeyer SJ, Nessterova M, Cho-Chung YS and
Longo DL (1998) Involvement of microtubules in the regulation of Bcl2 phosphor-
ylation and apoptosis through cyclic AMP-dependent protein kinase. Mol Cell Biol
18:3509-3517.

Tournier C, Hess P, Yang DD, Xu J, Turner TK, Nimnual A, Bar-Sagi D, Jones SN,
Flavell RA and Davis RJ (2000) Requirement of JNK for stress-induced activation
of the cytochrome c-mediated death pathway. Science (Wash DC) 288:870—879.

Verheij M, Bose R, Lin XH, Yao B, Jarvis WD, Grant S, Birren MdJ, Szabo E, Zon LI,
Kyriakis JM, Haimoratz-Friedman A, Furks Z and Kolesnick RN (1996) Require-
ment for ceramide-initiated SAPK/JNK signaling in stress-induced apoptosis.
Nature (Lond) 380:75-79.

Wang TH, Popp DM, Wang HS, Saitoh M, Maral JG, Henley DC, Ichijo H and
Wimalasena J (1999) Microtubules dysfunction induced by paclitaxel initiates
apoptosis through both c-Jun N-terminal kinase (JNK)-dependent and -indepen-
dent pathways in ovarian cancer cells. J Biol Chem 274:8208-8216.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

262  Shiah et al.

Wang TH, Wang HS, Ichijo H, Giamakakou P, Foster JS, Fojo T and Wimalasena J
(1998) Microtubule-interfering agents activate c-Jun N-terminal kinase/stress-
activated protein kinase through both ras and apoptosis signal-regulating kinase
pathways. J Biol Chem 273:4928-4936.

Widmann C, Gerwins P, Johnson NL, Jarpe MB and Johnson GL (1998) MEK kinase
1, a substrate for DEVD-directed caspases, is involved in genotoxin-induced apo-
ptosis. Mol Cell Biol 18:2416-2429.

Yamamoto K, Ichijo H and Korsmeyer SJ (1999) Bcl2 is phosphorylated and inacti-
vated by an ASK1/Jun N-terminal protein kinase pathway normally activated at
Go/M. Mol Cell Biol 19:8469—8478.

Yan M, Dai T, Deak JC, Kyriakis JM, Zon Li, Woodgett JR and Templeton DJ (1994)

Activation of stress-activated protein kinase by MEKK1 phosphorylation of its
activation SEK1. Nature (Lond) 372:798—-800.

Yujiri T, Sather S, Fanger GR and Johnson GL (1998) Role of MEKK1 in cell survival
and activation of JNK and ERK pathways defined by targeted gene disruption.
Science (Wash DC) 282:1911-1914

Send reprint requests to: Min-Liang Kuo, Ph.D., Laboratory of Molecular
and Cellular Toxicology, Institute of Toxciology, College of Medicine, National
Taiwan University, No. 1, Sec., 1, Jen-Ai Road, Taipei, Taiwan. E-mail:
toxkml@ha.me.ntu.edu.tw

2T0Z ‘T Jeqwadaq uo 1sanb Aq Bio sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

