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Amplification Loop Cascade for Increasing
Caspase Activity Induced by Docetaxel
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Abstract The hierarchy of events accompanying induction of apoptosis by the microtubule inhibitor docetaxel was
investigated in HL-60 human leukemia cells. Treatment of HL-60 cells with docetaxel resulted in the production of
reactive oxygen species (ROS), activation of caspase-3 (-like) protease, c-Jun N-terminal kinase/stress-activated protein
kinase (JNK/SAPK) activation, bcl-2 phosphorylation and apoptosis. Docetaxel elicited ROS production from NADPH
oxidase as demonstrated by specific oxidase inhibitor diphenylene iodonium (DPI). ROS mediated the caspase-3
activation and apoptosis in HL-60 cells. The caspase inhibitor acetyl-Asp-Glu-Val-Asp-aldehyde (Ac-DEVD-CHO)
effectively inhibited JNK/SAPK activation, bcl-2 phosphorylation and partially attenuated the ROS production induced by
docetaxel. Docetaxel-induced bcl-2 phosphorylation was completely blocked by expression of dominant negative JNK or
the JNK/SAPK inhibitor SP600125. Overexpression of bcl-2 partially prevented docetaxel-mediated ROS production and
subsequent caspase-3 activation, thereby inhibiting apoptotic cell death. It is thus conferred that such sequent events as
ROS production, caspase activation, JNK/SAPK activation, bcl-2 phosphorylation and the further generation of ROS
should be parts of an amplification loop to increase caspase activity, thereby facilitating the apoptotic cell death process.
J. Cell. Biochem. 96: 810–820, 2005. � 2005 Wiley-Liss, Inc.
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c-Jun N-terminal kinase (JNK), a stress-
activated protein kinase (SAPK), is a member
of mammalianmitogen-activated protein kinase
(MAPK) family that mediates intracellular
signals originated from diverse extracellular
stimuli, includinggrowth factors, cytokines,UV
light, heat shock, and a variety of anti-cancer

drugs [Osborn and Chambers, 1996; Willaime-
Morawek et al., 2003; Sethi and Sodhi, 2004].
The activation of JNK/SAPK involves a protein
kinase cascade where mitogen-activated pro-
tein kinase kinase-1 (MEKK1) [Davis, 2000]
activates SAPKkinase-1 (SEK1) andultimately
activates JNK/SAPK.The JNK/SAPKsignaling
pathwayshavebeenmechanistically implicated
in the apoptotic response of cells exposed to
stresses [Ip and Davis, 1998]. JNK/SAPK is
required for stress-induced neuronal apoptosis
[Dickens et al., 1997; Willaime-Morawek et al.,
2003]. However, the role of JNK/SAPK in apo-
ptosis of other cell types is controversial and
several studies indicated that JNK/SAPKmight
not mediate apoptotic signaling [Watanabe
et al., 2002; Du et al., 2004; Nishitai et al.,
2004]. On the other hand, apoptosis itself can be
considered as a form of stress, thus, JNK/SAPK
activation may be regarded as a stress response
secondary to apoptosis, rather than a primary
mediator in apoptotic pathways [Ip and Davis,
1998]. Therefore, the basis for the crosstalk
between JNK/SAPK signal pathway and apop-
totic cell death machinery remains largely
unclear.
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Proteases of the ICE/Ced-3 family (caspases)
[Hengartner, 2000] are activated during the
apoptotic response, including beingactivated by
chemotherapeutic drugs and cleaving specific
protein substrates. It is believed that the acti-
vation of caspases is a final commitment step for
apoptosis. JNK/SAPK has been shown to be in-
volved in the activation of caspases [Wang et al.,
1999; Stone and Chambers, 2000; Tournier
et al., 2000; Enomoto et al., 2003; Yu et al.,
2004]. However, the role of JNK/SAPK in
activation of caspases is not straightforward.
JNK/SAPK could be either upstream [Wang
et al., 1999; Stone and Chambers, 2000; Tour-
nier et al., 2000; Yu et al., 2004] or downstream
[Enomoto et al., 2003] of caspase activation or
both are activated independently [Toyoshima
et al., 1997; Nishitai et al., 2004], depending on
the cell types and apoptosis-initiating agents.
The JNK kinase kinase (MEKK1) could be
cleaved by DEVDase in the early response of
genotoxin-induced apoptosis [Widmann et al.,
1998]. It has been found that the initial cleavage
of MEKK1 generated a pro-apoptotic kinase
fragment that was able to activate JNK and
subsequent caspase to facilitate the onset of
apoptosis. This finding [Widmann et al., 1998]
challenges the notion that the interaction
betweenJNK/SAPKpathwayandcaspasefamily
pathway in the apoptosis induced by various
stimuli is simple cell type-specific and agents-
specific upstream or downstream relationship.
Docetaxel is an effective antineoplastic agent

specifically targeting microtubules in the treat-
ment of lung, breast, malignant melanoma
cancers and leukemia [Rowinsky, 1997]. Exten-
sive studies indicated that docetaxel arrested
cells at the G2/M phase of the cell cycle [Choy,
2001] and initiate apoptosis [Goncalves et al.,
2001; Bhalla, 2003], but the biochemical events
downstream of kinetic stabilization of micro-
tubule dynamics that lead to apoptosis remain
largely unclear. Recently, several studies have
shown that JNK/SAPK activation induced by
microtubules-interfering agents is required for
apoptosis in a variety of human cells [Wang
et al., 1998, 1999; Stone and Chambers, 2000].
Whether JNK/SAPK activation is required for
docetaxel-induced apoptosis or not is still
unclear. It has been known that docetaxel
induces caspase activation andphosphorylation
of Bcl-2 [Haldar et al., 1995, 1996; Kolfschoten
et al., 2002], which could be mediated by
activated JNK/SAPK [Yamamoto et al., 1999].

Other studies, however, have argued against
thesefindings [Wangetal., 1999;Tournier etal.,
2000]. Cellular signaling pathways are also
regulated by the intracellular redox state of
the cells. Links between oxidative stress and
perturbations in MAPK pathways have been
extensively documented concerning noxious
stimuli [Martindale and Holbrook, 2002]. Reac-
tive oxygen species (ROS)may act as amediator
of apoptosis and play a crucial role in caspase-3
activation [Simizu et al., 1998; Chung et al.,
2003]. Furthermore, ROS generation plays a
central role in triggering the cell death response
through a process involving reciprocal JNK/
SAPK activation, mitochondria injury and
caspase activation [Yu et al., 2004]. Bcl-2 family
of proteins are involved in regulating the redox
state of cells [Hengartner, 2000; Chung et al.,
2003]. However, little information is known
about the relationship between ROS and above-
mentioned biochemical events during apoptotic
cell death induced by docetaxel.

In this study, our focus is on the roles of ROS
and JNK/SAPK in docetaxel-induced caspase
activation, bcl-2 phosphorylation andapoptosis.
The hierarchy of events accompanying doce-
taxel-inducedapoptosiswas investigated inHL-
60 human leukemia cells.

MATERIALS AND METHODS

Reagents

Docetaxelwas synthesized andpurified in our
lab, stored as a 100 mM solution in absolute
ethanol at �208C and diluted with the medium
prior to use. SP600125 was purchased from
Calbiochem (SanDiego, CA). 20,70-dichlorofluor-
escein-diacetate (DCFH-DA), Ac-DEVD-CHO,
DPI, and N-acetyl-L-cysteine (NAC) were ob-
tained from Sigma (St. Louis, MO). All drugs
were formulated in sterilized DMSO before.
Caspase-3 colorimetric assay kit was purchased
from R&D Systems (Minneapdis, MN). Poly-
clonal antibodies to bcl-2, phospho-JNK, JNK
were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Secondary anti-rabbit horse-
radish peroxidase antibodies were from Zsbio
(Beijing, China).

Cell Culture, Transfection, and
Experimental Procedures

HL-60 cells were obtained from the Chinese
Academy of Medical Sciences. The cells were
grown in RPMI-1640 (Gibco, Grand Island, NY)
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supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 100 U/ml penicillin, and
100 U/ml streptomycin at 378C in a humidified
atmosphere of 5% CO2 and 95% air. Cells were
transfected using Cytofectene (Bio-Rad, Rich-
mond, CA) with expression vector for human
Bcl-2 cNDA (a gift fromDr.Y.Choi) or dominant
negative expression vector for JNK/SAPK (pSR-
APF, a gift fromDr. G.L. Johnson). Transfected
cells were selected with G418 (800 mg/ml) and
then expanded for further studies.

Logarithmically growing cells were seeded at
1.0� 105/ml and treated with docetaxel for
predetermined intervals. When used together
with inhibitors, cells were pretreated with the
inhibitors for 0.5 h before adding docetaxel. All
data were the average of triplicate experiments
and the errors were within �10%.

Assessment of Apoptosis by
Morphology Observation

Apoptosis was detected by combined assess-
ment of nuclear morphology and membrane
permeability using double staining with
Hoechst33342 and propidium-iodide dyes
[Yuan et al., 2002]. Briefly, about 106 cells were
collected, co-stained with 10 mg/ml Hoechst
33342 and 50 mg/ml propidium-iodide in dark
at room temperature for 15 min, then observed
with a fluorescence microscope (E800, Nikon)
and documented by photography. Five different
fields were randomly selected for counting at
least 500 cells and the percentage of apoptotic
cells to that of total cells was calculated.

Measurement of Caspase-3 Activity

The activity of caspase-3 was assayed by the
CPP32 ApoAlert colorimetric-assay kit follow-
ing the manufacturer’s instructions. Cells
(2� 106 per sample) were processed and the
protease activity was detected by reading sam-
ples at 405 nm in aMicroplate Reader (Wellscan
MK3, Labsystems Dragon). The enzyme acti-
vity was expressed as the fold over control
samples.

Measurement of ROS Generation

The generation of ROS was detected by using
DCFH-DA as described previously [Cao et al.,
2004]. Briefly, cells were washed with PBS
twice and then incubatedwith 10 mMDCFH-DA
at 378C for 30min. The fluorescence intensity of
10,000 cells was monitored with a fluorescent
spectrophotometer (RF-5301PC) from an exci-

tation wavelength of 485 nm (bandwidth 5 nm)
and an emission wavelength of 524 nm (band-
width 5 nm).

Western Blot Analysis

Cells were pelleted by centrifugation and
lysed immediately with lysis buffer (50 mM
Tris-Cl pH 7.5 containing 100 mM NaCl,
2 mM EDTA, 2 mM sodium orthovanadate,
10 mM sodium pyrophosphate, 100 mM NaF,
1% NP-40, 10% glycerol, 1 mM phenylmethyl-
sulfonyl fluoride, 10 m/ml leupeptin, and 20 m/ml
aprotinin) at 48C for 30 min. Aliquots of cell
lysate containing equal protein (20 mg) were
separated on 12% SDS–polyacrylamide gel
electrophoresis (Bio-Rad, Mini-PROTEAN 3 cell
System) and transferred to nitrocellulose mem-
brane (Bio-Rad, Mini Trans-Blot Electrophore-
tic Transfer cell). After being blocked with 5%
(w/v) nonfat milk Triton-PBS (0.05%, v/v) solu-
tion for 1 h, the blots were probed with the
respective antibodies for 2 h at room tempera-
ture and then with peroxidase-conjugated sec-
ondary IgG antibodies. Detection of specific
proteins was carried out with an enhanced
chemiluminescence (ECL) Western blotting kit
(Santa Cruz Biotechnology) according to the
manufacturer’s instructions.

Statistical Analysis

Values are expressed as mean�SEM. For
comparisons between groups, the SPSS One
WayANOVAanalysis of variancewasused. The
P values less than 0.05 were considered to
be statistically significant.

RESULTS

ROS Production and Caspase-3 Activation
Mediated by Docetaxel in HL-60 Cells

The caspase-3 activity in HL-60 cells was
assayed at 2, 4, 8, 12, and 24 h after addition of
10�8M docetaxel based on the spectrophoto-
metric detection of the chromophore p-nitro-
anilide (pNA) after cleavage from the labeled
substrate DEVD-pNA. The comparison of the
absorbance of pNA from apoptotic and control
cells allows the quantification of the increase in
protease activity. Marked increases in DEVD-
pNA cleavage activities were observed in the
cytosol fractions of HL-60 cells after treatment
with docetaxel, indicating the activation of
caspase-3, which became visible after 4 h of
drug incubation and increased significantly
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with time thereafter (Fig. 1A). Figure 1B shows
that the DCFH-DA fluorescence in HL-60 cells
increased markedly with time after incubation
with 10�8M docetaxel, indicating an increased
amount of intracellular ROS. An obvious
increase of ROS was observed at 2 h (Fig. 1B,
151� 13 vs. 100� 11, P< 0.05) when the activ-
ity of caspase-3 had not been initiated (Fig. 1A,
1.07� 0.13 vs. 1� 0.15, P> 0.05). Further ana-
lysis of the time-dependent increase in ROS
levels showed that DCFH-DA fluorescence
increased with a peak occurred at around 24 h
(Fig. 1B). These observations revealed that
ROS generation initiated by docetaxel came

earlier than theactivation of caspase-3 inHL-60
cells.

Roles of ROS in Caspase-3 Activation and
Apoptosis of HL-60 Cells Induced by Docetaxel

To identify whether ROS contribute directly
to docetaxel-induced apoptosis or not, HL-60
cellswere treatedwithdocetaxel in thepresence
of antioxidants. The addition of NAC, a potent
ROS scavenger, to cells following the docetaxel
treatment led to a reduction in ROS levels
(Fig. 2A) and caspase-3 activity (Fig. 2C), aswell
as the attenuation of apoptosis (Fig. 2B). These
results suggest that ROS play a role in regula-
tion of the caspase-3 activation and apoptosis of
HL-60 cells induced by docetaxel. The effects of
DPI, anNADPHoxidase inhibitor, ondocetaxel-
induced ROS generation, apoptosis and cas-
pase-3 activity in HL-60 cells were also inves-
tigated to further test the source(s) of ROS and
whether the generation of ROS is a crucial
step in docetaxel-induced apoptosis. DCFH-DA
fluorescence was completely abolished in doc-
etaxel-treated cells when pre-incubated with
DPI compared to cells exposed to docetaxel
alone (Fig. 2A), indicating that ROS were
generated through NADPH oxidase-dependent
pathway.Under these conditions, theactivation
of caspase-3 was completely blocked and the
apoptosis was also obviously attenuated
(Fig. 2B,C). On the contrary, docetaxel-induced
ROS productionwas partially eliminated by the
presence of Ac-DEVD-CHO (Fig. 2A), an inhi-
bitor of caspase-3 (-like) proteases, which
almost completely blocked the caspase-3 activ-
ity ofHL-60 cells induced by docetaxel (Fig. 2C).
Additionally, Ac-DEVD-CHO protected HL-60
cells from docetaxel-induced apoptosis (Fig. 2B),
further confirming the requirement of caspase-
3 (-like) proteases in this process. It is thus
concluded that docetaxel elicited ROS from
NADPH oxidase, which involved in the activa-
tion of caspase-3 (-like) proteases and subse-
quent apoptosis in HL-60 cells. ROS acted
both upstream and downstream of caspase-3
(-like) proteases activation in docetaxel-induced
apoptosis.

Roles of Caspase-3 (-Like) Proteases in
Docetaxel-Induced JNK Activation and Apoptosis

Caspases, characterized as protease, could
cleave specific protein substrates [Hengartner,
2000]. Previous observations indicated that
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Fig. 1. Effects of docetaxel on caspase-3 activation and reactive
oxygen species (ROS) production in HL-60 cells. A: Caspase-3
activity. Cytosol was prepared from HL-60 cells after incubation
with 10�8M docetaxel for predetermined times. The peptidase
activity of caspase-3 was measured as cleavage of the peptide
substrate DEVD-pNA. B: ROS production. Cells were treated
with 10�8M docetaxel for the indicated times and then incubated
with DCFH-DA fluorescent probe for 30 min. DCF fluorescence
was measured with a fluorescence spectrophotometer. ROS
levels are defined as the ratio of the fluorescences of treated and
control cells.

Amplification Loop Cascade Induced by Docetaxel 813



MEKK1 could be proteolyzed to specific frag-
ment and activated the JNK/SAPK pathway
[Widmann et al., 1998]. So whether caspase
(-like) proteases mediate docetaxel-induced
JNK/SAPK activation and apoptosis was in-
vestigated in HL-60 cells using the caspase
tripeptide inhibitors Ac-DEVD-CHO.Figure 3A
indicates that the pretreatment of HL-60 cells
with50mMAc-DEVD-CHOeffectively inhibited

docetaxel-induced JNK/SAPK activation,
which happened early at 4 h and kept for up to
12 h of drug exposure. These results suggest
that caspase play a role in the startup and
regulation of JNK/SAPKsignal pathway,which
may act upstream of the site of JNK/SAPK
activation. On the other hand, Figure 3A sug-
gested that where as Ac-DEVD-CHO inhibited
JNK, it did not completely inhibit apoptosis. In
addition, Ac-DEVD-CHO partially diminished
docetaxel-mediated ROS production in HL-60
cells after 4 h of drug treatment (Fig. 3B), while
NAC completely blocked the caspase-3 activa-
tion up to 12h of docetaxel exposure (Fig. 3C).

Roles of JNK Activation in bcl-2
Phosphorylation, ROS Production,

Caspase-3 Activation and Apoptosis

To determine possible downstream effectors
of docetaxel-activated JNK/SAPK, we mea-
suredphosphorylation of bcl-2, ROSproduction,
caspase-3 activation and apoptosis by transfect-
ing HL-60 cells with dominant negative JNK
plasmid [pSR-APF] or by using a specific JNK
inhibitor SP600125, followed by treatment
with docetaxel for 2, 4, 8, and 12 h. As shown
in Figure 4A, docetaxel failed to induce JNK/
SAPK activation in the presence of SP600125
(20 mM) as anticipated. Western blot analysis
showed that the docetaxel-elicited phosphoryla-
tion of bcl-2was obviously blocked bySP600125,
which happened early at 4 h of drug treatment
(Fig. 4A). The similar results were also obtained
inHL-60 cells thatwas transfectedwith dnJNK
expression vector (HL-60/dn JNK), confirming
that JNK/SAPKwas required for the phosphor-
ylation of bcl-2. In consistence with these obser-
vations, in the presence of SP600125, HL-60
cells became resistant to apoptosis induced by
docetaxel, as quantified bymorphology observa-
tion with PI and Hoechst33342 co-staining
(Fig. 4B). In addition, SP600125 partially dimi-
nished docetaxel-mediated ROS production and
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Fig. 2. Effects of ROS on docetaxel-mediated apoptosis and
caspase-3 activation in HL-60 cells. Effects of NAC, NADPH
oxidase inhibitor (DPI), and caspase-3 inhibitor (Ac-DEVD-
CHO) on ROS production (A), apoptosis rate (B), and caspase-3
activity (C) of HL-60 cells induced by docetaxel were measured,
respectively. Cells were treated for 24 h with 10�8M docetaxel
alone (none) or in the presence of NAC (20 mM) (NAC), DPI
(30 mM) (DPI), Ac-DEVD-CHO (50 mM) (DEVD). Apoptosis was
measured by double dying with Hoechst33342 and PI. ROS
production and caspase-3 activity were assayed as described in
‘‘Materials and Methods.’’ **P< 0.01, *P<0.05, significantly
different from values for cells exposed to docetaxel alone.
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caspase-3 activation in HL-60 cells (Fig. 4C,D).
These results clearly suggest that the JNK
kinase cascade was required for docetaxel-
mediated bcl-2 phosphorylation and apoptotic
cell death for HL-60 cells, which also involved
in ROS production and caspase-3 activation
induced by docetaxel. However, all the above-
mentioned changes became significant after 4 h
of drug treatment. SP600125 almost exerted no
effects on theROS generation, caspase-3 activa-
tion and apoptosis of HL-60 cells induced by
docetaxel in the former 4 h (Fig. 4B–D).

Roles of bcl-2 in ROS Production
of HL-60 Cells Induced by Docetaxel

Evidence in the literature confirms that the
members of the bcl-2 family of proteins are
involved in regulating the redox state of cells by
modulating ROS scavenger activity or by pre-

venting the generation ofROS [GreenandReed,
1998; Kroemer et al., 1998]. So the possible
relationship between bcl-2 and ROS generation
was investigated in HL-60 cells treated with
docetaxel. As illustrated in Figure 5, over-
expressed bcl-2 inHL-60 cells effectively dimin-
ished the ROS production (Fig. 5A) and the
subsequent caspase-3 activation (Fig. 5B)
induced by docetaxel. These data suggest that
docetaxel-mediated ROS production is blocked
by bcl-2 over-expression.

DISCUSSION

Here, the attention was paid to the perturba-
tions in signal transduction pathways such as
activation of the JNK/SAPK pathway, bcl-2
phosphorylation, caspase-3 (-like) proteases
activation, as well as induction of oxidative
stress to elucidate the mechanism by which
docetaxel triggers the cell death pathway.

ROS and caspase-3 (-like) protease involved
directly in the apoptotic cell death induced by
docetaxel (Figs. 1 and 2). Furthermore, the time
course of ROS production and caspase-3 activa-
tion of HL-60 cells induced by docetaxel (Fig. 1)
revealed that ROS production was initiated
early at 2 h, while caspase-3 was activated after
4 h of docetaxel treatment, indicating that ROS
might play a primary role in triggering the cell
death responses, being followed by caspase-3
activation (Fig. 2). However, the relationship
between ROS production and caspase-3 activa-
tion was not simply linear. Studies with DPI
and Ac-DEVD-CHO indicated that docetaxel
elicited ROS from NADPH oxidase, which in
turn triggered the activation of caspase-3 (-like)
proteases as well as subsequent apoptosis and
also was partially mediated by caspase-3 inHL-
60 cells (Fig. 2). Further time course analysis
on the effects of NAC and Ac-DEVD-CHO
(Fig. 3B,C) revealed that Ac-DEVD-CHO only
partially prevented the ROS production of HL-
60 cells after 4 h of docetaxel treatment, while
NAC completely blocked the caspase-3 activa-
tionwhich happened early at 4 h and kept for up
to 12 h of drug exposure, further indicating that
ROS production came first and was followed by
caspase-3 activation in the apoptotic cell death
process induced by docetaxel. Caspase might
also mediate ROS production through some
unknownmechanisms. Contrary to our results,
recent reports showed that although taxol
induced ROS formation in the human lympho-
blastic leukemia cells and hepatoma cells,

Fig. 3. Effects of caspase inhibition on docetaxel-mediated JNK
activation, ROS production, and apoptosis in HL-60 cells. Cells
were treated with 10�8M of docetaxel�Ac-DEVD-CHO (50mM)
or docetaxel�NAC (20 mM) for 2, 4, 8, and 12 h, then the levels
of phospho-JNK and apoptosis (A), ROS (B), and caspase-3
activity (C) were monitored as described in ‘‘Materials and
Methods.’’ **P<0.01, *P<0.05, significantly different from
values for cells exposed to docetaxel alone.
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taxanes-triggered apoptosis in these cells is
independent of ROS formation [Lin et al., 2000;
Park et al., 2004]. Therefore, these results
collectively indicate that taxanes use different
apoptosis signaling pathways in different cell
types. ROS might play cell type-specific roles in
the apoptotic cell death process. Our results are
consistent with the previous study on the role of
ROS in adriamycin-induced apoptosis that
acted both upstream and downstream of cas-
pase-3 (-like) protease activation [Simizu et al.,
1998]. It has been commonly thought that ROS
production throughNADPH oxidase acts either
upstream [Chung et al., 2003] or downstream
[Simizu et al., 1998] of caspase-3 activation. It
has been reported that sodium salicylate
(NaSal) elicited ROS production from NADPH
oxidase, which precededmitochondrial depolar-

ization leading to the release of cytochrome c
and activation of caspase cascade [Chung et al.,
2003]. On the other hand, it has also been
reported that caspase-3 (-like) protease acti-
vated NADPH oxidase and mediated the sub-
sequent ROS production through Rac-
dependentmechanismorp47phox proteinkinase
pathway [Na et al., 1996; Simizu et al., 1998].
However, what is the basis of the inter-regula-
tion between ROS and caspase in the apoptosis
of HL-60 cells induced by docetaxel is not
fully understood at this stage, which promoted
us to further investigate the other bioche-
mical events correlated with both ROS and
caspase.

JNK/SAPK has been proved to be involved
in the regulation of caspase-3 activation [Wang
et al., 1999; Stone andChambers, 2000; Tournier

Fig. 4. Effects of JNK inhibition on docetaxel-induced bcl-2 phosphorylation, ROS production, caspase-3
activity and apoptosis in HL-60 cells. Cells pretreated with SP600125 (20 mM) or HL-60/dn JNK cells were
treated with 10�8M docetaxel for 2, 4, 8, and 12 h, then the levels of phospho-JNK and bcl-2 phosphorylation
(A), apoptosis (B), ROS (C), and caspase-3 activity (D) were monitored as described in ‘‘Materials and
Methods.’’ *P<0.05, significantly different from values for cells exposed to docetaxel alone.
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et al., 2000; Enomoto et al., 2003; Yu et al., 2004]
and theROS-mediated signal pathway [Martin-
dale andHolbrook, 2002;Michal et al., 2004; Yu
et al., 2004]. The apoptosis-promoting role of the
JNK/SAPK cascade has been demonstrated in
many microtubule-interfering agents-induced
apoptotic processes and considered as the
common results of microtubule dysfunction
[Wang et al., 1998, 1999; Stone and Chambers,
2000]. However, the exact role of JNK/SAPK in
taxanes-induced apoptosis still seems to be

controversial [Wang et al., 1999; Stone and
Chambers, 2000; Du et al., 2004]. Experiments
of JNK/SAPKactivitymodificationwith specific
inhibitor SP600125 (Fig. 4B) demonstrated the
involvement of JNK/SAPK in docetaxel-
induced apoptosis. The current results are
consistent with other studies concerning
another taxanes compound paclitaxel [Wang
et al., 1998, 1999; Stone and Chambers, 2000],
which have demonstrated that the activated
JNK/SAPK is essential for paclitaxel-induced
apoptosis. Recently, a direct evidence from the
study of JNKknockout fibroblasts revealed that
the absence of JNK in cells resulted in resis-
tance to apoptosis induced by UV or other
chemical drugs [Tournier et al., 2000].
All these results suggest that JNK/SAPK is
required for stress-induced apoptosis in a wide
variety of cells.

MEKK1 is a 196-kDa kinase and acts
upstream of the JNK pathway. It has been
demonstrated that MEKK1 is a substrate for
caspase-3-like proteases and that the kinase
activity of MEKK1 stimulates caspase-3-like
activity in cells [Widmann et al., 1998]. Our
results support this demonstration. The caspase
inhibitor, Ac-DEVD-CHO, almost completely
blocked docetaxel-induced JNK/SAPK activa-
tion at 4, 8, and 12h (Fig. 3A), suggesting that
caspase (DEVDase) may play an initial and
critical role in triggering cell-death signals and
function upstream of JNK/SAPK activation.
JNK/SAPK specific inhibitor SP600125 obvi-
ously blocked the bcl-2 phosphorylation of HL-
60 cells being treated with docetaxel for 4 h
(Fig. 4A), when it did not inhibit the activation
of caspase-3 protease (Fig. 4D), further confirm-
ing that bcl-2 resides direct downstreamof JNK/
SAPK. The activation of caspase-3 was followed
by JNK/SAPK activation and subsequently
phosphorylation of bcl-2, not that of phosphor-
ylation of bcl-2 and subsequently JNK/SAPK
activation. The similar results inHL-60/dnJNK
cells (Fig. 4A) indicated that the phosphoryla-
tion of bcl-2 induced by docetaxel was indeed
mediated by JNK/SAPK, excluding the possibi-
lity that SP600125 may block bcl-2 phosphor-
ylation through inhibiting cdc2 or other bcl-2
kinases. On the other hand, SP600125 partially
blocked docetaxel-mediated ROS production
and caspase-3 activation in HL-60 cells after
4 h of docetaxel treatment (Fig. 4C,D), indicat-
ing that JNK/SAPK may also act upstream of
caspase in these cells.ThatJNK/SAPKmediated

Fig. 5. Effects of bcl-2 on the ROS production and apoptosis of
HL-60 cells induced by docetaxel. Control cells and bcl-2 over-
expressed HL-60 cells were treated with 10�8M of docetaxel for
4, 8, 12, and 24 h, then the ROS production (A) and caspase-3
activity (B) were monitored as described in ‘‘Materials and
Methods.’’ **P< 0.01, * P<0.05, significantly different from
values to control cells.
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caspase-3 activation has been found in various
types of cells [Wang et al., 1999; Stone and
Chambers, 2000; Tournier et al., 2000; Yu et al.,
2004]. However, the substrate for JNK/SAPK
that results in caspase-3 activation is presently
unknown. This process might be mediated
through bcl-2 phosphorylation in docetaxel-
induced HL-60 cells. As shown in Figure 5,
over-expression of bcl-2 blocked the ROS gen-
eration and subsequent caspase-3 activation
induced by docetaxel, indicating that bcl-2
might function as a cell survival signal through
that manners, so it could be speculated that the
dysfunction of bcl-2 through phosphoryla-
tion led by activation of JNK/SAPK (Fig. 4A)
facilitated the ROS production and functioned
as an apoptotic stimuli. However, SP600125
decreased apoptosis by 50% (Fig. 4B), suggest-
ing a major role for JNK/SAPK in apoptosis.
Figure 4C,D suggested that JNK is not involved
in ROS or caspase activation at 2 or 4 h. Taken
together this data suggests that ROS can medi-
ate apoptosis partially independently of JNK.
JNK increases ROS and caspase-3 after a delay
and may be responsible for 50% of apoptosis at
8/12 h. Figure 3A suggested that where as Ac-
DEVD-CHO inhibited JNK/SAPK, it did not
completely inhibit apoptosis. Therefore, it could
be speculated that ROS generation occurs first,
being followed by caspase-3 and JNK/SAPK
activation. After 4 h of docetaxel treatment,
activated JNK/SAPK generated a pro-apoptotic
signal and, in turn, triggereda caspase feedback
loop that functioned as a branched signal path-
way mediating apoptosis. ROS and bcl-2 were
also involved in the amplification loop for
increasing caspase activity during apoptosis.
Caspase feedback loop consisted of JNK, bcl-2
and ROS just facilitated the caspase activation
and apoptosis. Without that, the caspase could
be activated slowly through ROS-dependent,
JNK-independent pathway, leading to the apo-
ptotic cell death.

In conclusion, the present study suggests the
followingmodel inwhich thehierarchyof events
accompanying docetaxel-mediated apoptosis in
human leukemiaHL-60 cells can be well under-
stood (Fig. 6). Docetaxel-mediated ROS pro-
duction through NADPH oxidase pathway
represents the primary trigger for activation
of the apoptotic cascade. Antioxidant such as
NAC block docetaxel-mediated ROS generation
and, as a consequence, all downstream events
associated with docetaxel-induced apoptosis.

Increased ROS in turn triggers caspase-3
activation, JNK/SAPK activation, and subse-
quent bcl-2 phosphorylation. Furthermore, doc-
etaxel-mediated ROS production depends, at
least in part, upon bcl-2 dysfunction of cell
survival through phosphorylation. Phosphory-
lated bcl-2 further facilitates the ROS genera-
tion and caspase-3 activation. The initial
stimuli signal is amplified through this loop
cascade, resulting in the continuous activation
of caspase and ultimate apoptotic cell death.
The results that both Ac-DEVD-CHO (Fig. 3B)
and SP600125 (Fig. 4C) only partially effected
the ROS production after 4 h of docetaxel
exposure indicated that the above-mentioned
loop cascade just functioned as a branched
signal pathway mediating apoptosis.

The results that both ROS scavenger DPI,
NAC, and Ac-DEVD-CHO only had partial
effect on apoptosis of HL-60 cells induced by
docetaxel (Fig. 2B) indicated the ROS-depen-
dent caspase-3 activation may not be the only
signal pathway, docetaxel may also mediate
HL-60 cell death through caspase-independent
manners (Fig. 6).
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