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The kinesin spindle protein (KSP), a microtubule motor protein, is essential for the formation of bipolar
spindles during mitosis. Inhibition of KSP activates the spindle checkpoint and causes apoptosis. It was shown
that prolonged inhibition of KSP activates Bax and caspase-3, which requires a competent spindle checkpoint
and couples with mitotic slippage. Here we investigated how Bax is activated by KSP inhibition and the roles
of Bax and p53 in KSP inhibitor-induced apoptosis. We demonstrate that small interfering RNA-mediated
knockdown of Bax greatly attenuates KSP inhibitor-induced apoptosis and that Bax activation is upstream of
caspase activation. This indicates that Bax mediates the lethality of KSP inhibitors and that KSP inhibition
provokes apoptosis via the intrinsic apoptotic pathway where Bax activation is prior to caspase activation.
Although the BH3-only protein Puma is induced after mitotic slippage, suppression of de novo protein
synthesis that abrogates Puma induction does not block activation of Bax or caspase-3, indicating that Bax
activation is triggered by a posttranslational event. Comparison of KSP inhibitor-induced apoptosis between
matched cell lines containing either functional or deficient p53 reveals that inhibition of KSP induces apoptosis
independently of p53 and that p53 is dispensable for spindle checkpoint function. Thus, KSP inhibitors should

be active in p53-deficient tumors.

The kinesin spindle protein (KSP), also termed kinesin-5 or
Eg5, is a microtubule motor protein that is essential for the
formation of bipolar spindles and the proper segregation of
sister chromatids during mitosis (2, 8, 11, 34). Inhibition of
KSP causes the formation of monopolar mitotic spindles, ac-
tivates the spindle assembly checkpoint, and arrests cells at
mitosis, which leads to subsequent cell death (2, 16, 24, 36).
Since KSP functions exclusively in mitosis, KSP inhibitors
should spare postmitotic cells and thus do not cause peripheral
neuropathy, a major liability suffered by the microtubule in-
hibitors, such as taxanes and vinca alkaloids, that have been
widely used in the clinic for cancer treatment. In addition, KSP
inhibitors should remain efficacious in taxane-resistant tumors
where the resistance may arise from acquired mutations on
B-tubulin, altered expression of tubulin isoforms, or changed
microtubule dynamics (12, 28, 33). As a result, KSP inhibitors
have been developed as a new generation of antimitotic agents
with a novel mechanism of action for cancer therapy, and
several KSP inhibitors have entered clinical trials.

An in-depth understanding of the mechanism by which KSP
inhibitors induce apoptosis and elucidation of the factors that
determine cell sensitivity to KSP inhibitor-mediated killing will
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not only advance our knowledge in cell biology but also pro-
vide insights for a rational development and application of
these agents in the clinic. The induction of apoptotic cell death
by different death cues is mainly mediated by two pathways, the
death receptor-dependent extrinsic pathway and the mitochon-
drion-mediated intrinsic pathway (9, 37, 38). The extrinsic apop-
totic pathway is initiated by death ligand-elicited stimulation of
the death receptors on the plasma membrane, such as Fas/
CD95. Activated death receptors elicit activation of the initi-
ator caspases 8 and 10, which in turn directly activate the
effector caspases 3 and 7 and execute apoptosis (9, 37). In
addition, the death receptor-activated caspases can trigger the
intrinsic death pathway by inducing activation of the proapop-
totic proteins Bax and Bak which cause permeabilization of the
mitochondrial outer membrane to amplify apoptosis (19, 22).
The intrinsic apoptotic pathway, however, can be provoked by
various death stimuli, including DNA-damaging agents, which
induce Bax/Bak activation and subsequent permeabilization of
the mitochondrial membrane, leading to the activation of
caspases (9, 38, 39). The induction of apoptosis is characterized
by two major biochemical events, namely, the activation of
Bax/Bak with subsequent mitochondrial membrane permeabi-
lization and the activation of caspases. In the extrinsic pathway,
caspases are activated prior to Bax/Bak activation, whereas in
the intrinsic apoptotic pathway, Bax/Bak activation and the
resultant loss of integrity of the mitochondrial membrane are
upstream of and responsible for caspase activation. Recently, it
was reported that, during mitotic catastrophe resulting from
premature mitotic entry with either unrepaired DNA damage
or incompletely replicated DNA, caspase-2 was activated prior
to permeabilization of the mitochondrial membrane (4).
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FIG. 1. Bax mediates KSP-IA-induced apoptosis. (A) siRNA-mediated knockdown of Bax. Both A2780 and HCT'116 cells were transfected with
either the control luciferase (Luc)- or Bax-specific siRNA. Twenty-four hours after transfection, the steady-state levels of Bax were determined
by Western blot analysis. Nontransfected cells (NT) were also analyzed for comparison. (B) Suppression of KSP-IA-induced apoptosis by
siRNA-mediated knockdown of Bax. At 24 h after siRNA transfection, cells transfected with either the Luc or Bax siRNA and NT cells were
treated with either DMSO (vehicle) or KSP-IA (300 nM) for 48 h. The extent of apoptosis was determined by FACS analysis, and the subdiploid

(sub-G,) fractions (indicative of apoptotic cells) are shown.

In the intrinsic apoptotic pathway, the BH3-only proteins
of the Bcl-2 family are sentinels of various death stimuli that
can trigger the activation of multidomain proteins Bax and
Bak by either directly interacting with Bax/Bak or relieving
the Bcl-2-like protein-mediated suppression of Bax/Bak (6,
14). Activated or derepressed Bax/Bak induces mitochon-
drial membrane permeabilization and the subsequent re-
lease of cytochrome ¢ and other proapoptotic molecules
from the mitochondrial intermembrane space. Activation of
the BH3-only proteins can be provoked either by the induc-
tion of their expression which requires de novo protein
synthesis or by posttranslational modifications, such as
phosphorylation and proteolytic cleavage, that either mod-
ulate their activity and stability or alter their subcellular
localizations independently of de novo protein synthesis (6,
32). The tumor suppressor p53 is a key controller of the
intrinsic apoptotic program, while it also modulates the ex-
trinsic pathway by inducing the expression of death recep-
tors, such as Fas/CD95 and Killer/DRS5 (25). p53 can acti-
vate the intrinsic death pathway by inducing the expression
of proapoptotic proteins, such as the BH3-only protein
Puma, or acting like a BH3-only molecule to activate Bax/
Bak directly (5, 18, 26). Although it is clear that p53 medi-
ates DNA damage-induced apoptosis, there is some evi-
dence that microtubule inhibitors may cause cell death
independently of p53 (la), and the role of p53 in KSP
inhibitor-induced lethality remains unknown.

In a previous study using a potent and specific small-mole-
cule inhibitor of KSP, named KSP-IA, we demonstrated that
prolonged inhibition of KSP activates Bax and caspase-3, com-
mitting cells to apoptosis (36). Intriguingly, activation of Bax
and caspase-3 and the optimal killing by KSP-IA require a
competent spindle assembly checkpoint and correlate with mi-
totic slippage, a process in which cells exit mitosis without
segregation of sister chromatids and cytokinesis (36). This sug-
gests that breaching an activated spindle checkpoint is respon-
sible for triggering the apoptotic program. However, the role
of Bax in KSP inhibitor-induced killing and the molecular
mechanism underlying the activation of Bax and caspases by
KSP inhibition were not addressed. In this report, we first
showed that knockdown of Bax by small interfering RNA
(siRNA) significantly reduced KSP-IA-induced apoptosis, in-
dicating that Bax mediates the lethality of KSP inhibitors.
Since Bax activation can be an apical step prior to caspase
activation in the intrinsic apoptotic pathway or a late event
downstream of caspase activation in the extrinsic pathway (9),
and mitotic slippage may activate p53 by producing tetraploid
pseudo-G; cells with an abnormal genome (23), we investi-
gated how Bax is activated by KSP-IA and whether p53 is
required for KSP-TA-induced apoptosis. We found that KSP-
IA-induced Bax activation is independent of caspase activities,
demonstrating that Bax activation is an apical step upstream of
caspase activation in KSP-IA-induced apoptosis. Furthermore,
we showed that KSP-IA provokes the activation of Bax and
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FIG. 2. KSP-IA activates Bax and initiates apoptosis independently
of caspase activity. (A) A2780 cells were treated with KSP-IA (300
nM) for 12 or 24 h in the absence or presence of the pancaspase
inhibitor z-VAD (200 wM). Cells were harvested and analyzed to
determine the activation of Bax (Bax conformational change) by an
immunoprecipitation-coupled Western blot assay, and caspase-3-me-
diated cleavage of PARP (cleaved PARP) was determined by Western
blotting. (B) A2780 cells were treated with KSP-IA in the absence or
presence of z-VAD for 48 h. Cellular DNA content was determined by
FACS. Histograms of cell number versus DNA content are shown.
(C) A2780 cells were incubated with both KSP-IA and z-VAD for 48
or 24 h. After 48 h of incubation, cells were harvested immediately
(labeled 48h), whereas after 24 h of incubation, cells were washed and
then incubated in drug-free medium for another 24 h prior to harvest-
ing (labeled 24h-24h). Harvested cells were analyzed for caspase-3-
mediated cleavage of PARP by Western blotting and for DNA content
by FACS. The percentages of sub-G, cells are shown.
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caspase-3 by a posttranslational event independently of de
novo protein synthesis. Finally, we demonstrated that KSP-IA
activates the spindle checkpoint and induces apoptosis in a
pS3-independent manner.

MATERIALS AND METHODS

Cell lines, culture, and drug treatment. The matched pairs of TOV21G and
A2780 cell lines containing either an empty vector or a construct encoding a
short hairpin RNA (shRNA) against human p53 were provided by M. Cleary, M.
Carleton, and P. Linsley (1). The shRNA sequence is shown below with both the
sense and antisense sequences for p53 shown in bold type and the sense sequence
underlined: 5'-GATCCCGACTCCAGTGGTAATCTACTTCAAGAGGTAGATT
ACCACTGGAGTCTTTTTAGCTT-3'. The silencing of p53 in cells expressing
p53 shRNA was confirmed by both reverse transcription-PCR and Western
blotting after exposure to doxorubicin (Sigma). The matched TOV21G cell lines
were maintained in Dulbecco’s modified Eagle medium containing 10% fetal
bovine serum (FBS) and 2 pg/ml puromycin, and A2780 matched lines were
grown in Dulbecco’s modified Eagle medium containing 10% FBS, 10 pg/ml
insulin, and 4 pg/ml blasticidin.

Nontransfected A2780 cells were grown in RPMI 1640 medium supplemented
with 10% FBS and 10 pg/ml insulin, and HCT116 cells were maintained in
McCoy’s SA medium containing 10% FBS. For continuous drug exposure ex-

15%

periments, cells were treated with vehicle (0.1% dimethyl sulfoxide [DMSO]),
KSP-TIA (300 nM), or paclitaxel (100 nM) (Sigma) for various times and har-
vested immediately after drug treatment for analysis. When z-Val-Ala-pL-Asp-
fluoromethylketone (z-VAD) (Bachem) and cycloheximide (Sigma) were in-
cluded in the drug treatment, they were used at concentrations of 200 uM and
10 uM, respectively. For drug washout experiments, cells were treated with
KSP-IA and then incubated for a further 24 h in the absence of the drug prior to
harvesting.

Western blot analysis. Both attached and floating cells were collected and
washed in phosphate-buffered saline. Cell pellets were lysed in radioimmuno-
precipitation assay buffer (50 mM Tris-HCI [pH 7.4], 1% IGEPAL, and 1%
sodium deoxycholate). Total proteins in cell lysates were separated by electro-
phoresis on a sodium dodecyl sulfate-polyacrylamide gel, transferred to a poly-
vinylidene difluoride membrane (Novex), and immunostained and visualized as
described previously (36). The antibodies used and their manufacturers are as
follows: BubR1, p21, and Bid (BD Transduction Laboratories), phosphorylated
histone H3 (p-histone H3) (Upstate Cell Signaling), cleaved poly(ADP-ribose)
polymerase (PARP) (Asp214; BD Pharmingen), Bax (6A7 monoclonal antibody;
Sigma), Bax (polyclonal antibody; Santa Cruz Biotechnology), caspase-2 (Cell
Signaling Technology), Puma (Ab-1; Calbiochem), p53 (Ab-2; Oncogene), Bim
(Sigma B-7929; EMD Biosciences and Alexis), and glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) (Research Diagnostics, Inc.).
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FIG. 3. siRNA-mediated knockdown of caspase-2 does not affect KSP-IA- and paclitaxel-induced activation of caspase-3. (A) A2780 cells were
transfected with siRNAs against either luciferase (Luc) as a control or human caspase-2 (casp-2). Twenty-four and 48 h after transfection, the levels
of expression of procaspase-2 (Pro-casp-2) were determined by Western blotting. GAPDH levels were monitored as a loading control. (B) Twenty-
four hours after transfection with either luciferase (control) or caspase-2 siRNAs, A2780 cells were treated with DMSO (vehicle), KSP-IA (300
nM), or paclitaxel (100 nM) for 24 h. Caspase-3-mediated cleavage of PARP (c-PARP) was determined by Western blotting.

Assay for Bax conformational change (activation). Both attached and floating
cells were collected and lysed with 3-[(3-cholamidopropyl)-dimethylammonio]-
1-propanesulfonate (CHAPS) lysis buffer (10 mM HEPES [pH 7.4], 150 mM
NaCl, and 1% CHAPS). Activated conformers of Bax were immunoprecipitated
by incubation with 6A7 monoclonal antibody as previously described (36). The
immunoprecipitated Bax conformers were detected by Western blotting using an
anti-Bax polyclonal antibody. The total amount of Bax (input) in cell lysate was
determined by Western blotting prior to immunoprecipitation.

Flow cytometry/DNA content analysis. Both attached and floating cells were
collected and fixed with 70% ethanol. Cells were subsequently stained with 50
pg/ml propidium iodide for 1 h and analyzed by fluorescence-activated cell
sorting (FACS).

Mitotic index. After fixation with 70% ethanol, cells were incubated with the
MPM2 monoclonal antibody (Upstate Technology) as described previously (36).
The MPM2 antibody-stained cells were detected by FACS analysis after incuba-
tion with Alexa Fluor 488-conjugated goat against mouse immunoglobulin G
(Molecular Probes). The percentage of cells stained by the MPM2 antibody was
considered the mitotic index.

Gene silencing with siRNA. A smart pool of sSiRNAs against human caspase-2
(catalog number M-003465) and Bax (catalog number M-003308) and a siRNA
duplex against luciferase (catalog number D-001100) were purchased from Dhar-
macon Research, Inc. (Lafayette, CO). siRNAs were transfected into A2780 cells
grown to 50% confluence using Lipofectamine (Invitrogen) according to the
manufacturer’s protocol. The 100 nM siRNA pool or siRNA duplex was used for
each transfection. After siRNA transfection, the knockdown of the caspase-2 and
Bax genes was confirmed by Western blot analysis.

RESULTS

KSP-IA initiates the apoptotic program by activating Bax in
a caspase-independent manner. KSP-IA is a potent and spe-
cific inhibitor of KSP, which was used to investigate the bio-
logical consequence of KSP inhibition. We showed previously
that prolonged inhibition of KSP by KSP-IA activated the
proapoptotic protein Bax and caspase-3, leading to apoptotic

cell death, and that z-VAD, a pancaspase inhibitor, completely
rescued KSP-IA-induced loss of cell viability (36). To further
investigate the role of Bax in KSP inhibitor-mediated cell
death, we determined KSP-IA-induced apoptosis after Bax
expression was silenced by Bax-specific sSiRNA. As shown in
Fig. 1A, Bax, but not luciferase (control), siRNA was able to
reduce Bax expression in both A2780 and HCT116 cells, while
neither of these siRNAs affected the expression of GAPDH
(Fig. 1A). Although transfection of either Bax or luciferase
siRNA did not affect cell viability in the absence of KSP-IA, a
pronounced reduction in the extent of apoptosis was observed
in the cells where Bax was knocked down by transfection with
Bax siRNA compared to either nontransfected cells or the cells
transfected with luciferase siRNA after exposure to KSP-IA
(Fig. 1B). This confirms that Bax mediates KSP inhibitor-
induced killing. The lower levels of apoptosis observed in Bax
knockdown cells may be mediated by the remaining Bax or
potentially the other multidomain death protein Bak.
Activation of Bax involves a conformation change, which
targets cytosolic Bax monomers to the mitochondrial outer
membrane, where Bax oligomerizes or interacts with other
channel proteins and causes permeabilization of the mitochon-
drial membrane (13, 29, 40). Bax can be activated via protein-
protein interactions. The proteins that are able to induce Bax
activation include the BH3-only proteins and p53 (14, 25, 27).
Potentially, the induction of Bax expression may facilitate Bax
activation as well. An examination of the steady-state levels of
Bax revealed that exposure to KSP-IA did not alter the expres-
sion of this protein (Bax input in Fig. 2; also data not shown),
excluding the involvement of increased Bax expression in KSP-
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FIG. 4. Expression of the BH3-only proteins, p53 and p21, after exposure to KSP-IA or paclitaxel and the influence of z-VAD on mitotic arrest
and mitotic slippage. A2780 cells were treated with KSP-IA (300 nM) or paclitaxel (100 nM) in the presence or absence of z-VAD (200 pM) for
16, 24, or 48 h. Harvested cells were analyzed for cellular DNA content, mitotic index, the expression and phosphorylation of proteins as indicated,
and caspase-3 activity (caspase-3-mediated cleavage of PARP [c-PARP]). The percentages of tetraploid cells (4N DNA content) and mitotic index

are shown.

IA-induced Bax activation. Bax can be activated by both the
extrinsic and intrinsic apoptotic pathways. While in the extrin-
sic death pathway, the death receptor-mediated Bax activation
is subsequent to and dependent on caspase activation, Bax is
activated upstream of caspase activation in the intrinsic death
pathway, which then results in permeabilization of the mito-
chondrial membrane and activation of caspases (38). To de-
termine whether KSP-IA activates Bax prior to and indepen-
dently of caspase activation, ovarian cancer A2780 cells were
treated with KSP-IA in the absence or presence of z-VAD, and
then Bax activation was determined by an immunoprecipita-
tion-coupled Western blotting analysis as described before
(36). As shown in Fig. 2, the pancaspase inhibitor z-VAD fails
to abrogate Bax activation, although it completely blocks
caspase-3-mediated cleavage of PARP and apoptotic death as
measured by immunoblotting and FACS, respectively, indicat-
ing that KSP-IA-induced Bax activation is prior to and inde-
pendent of caspase activation (Fig. 2A and B). A slight reduc-
tion of the levels of activated Bax in the presence of z-VAD
may suggest that while caspase activities are not required for
activating Bax by KSP-IA, subsequent activation of caspases
may further enhance Bax activation. In addition, z-VAD does

not affect KSP-IA-induced activation of the spindle check-
point, mitotic arrest, and mitotic slippage, as determined by
evaluating the phosphorylation of the spindle checkpoint com-
ponent BubR1 (phosphorylated BubR1 [p-BubR1]), a marker
for spindle checkpoint activation (21), the mitosis-specific
phosphorylation (serine 10) of histone H3 (p-histone H3) (7),
the mitotic index (the percentage of cells stained positive by
the mitosis-specific antibody, anti-MPM2) (10), and cellular
DNA content by FACS (Fig. 2B and 4). While the appearance
of the mitotic marker, p-histone H3, and a parallel increase of
mitotic index and tetraploid cells indicate mitotic arrest, main-
tenance of a high tetraploid fraction with a drop of mitotic
index and decay of p-histone H3 indicates mitotic slippage.
These observations are consistent with our former finding that
mitotic slippage following mitotic arrest triggers Bax activation
(36). In the presence of z-VAD, KSP-IA-treated cells under-
went mitotic slippage and endoreduplication with little apop-
totic death and exhibited increased polyploid population (Fig.
2B). If cells were treated with both KSP-IA and z-VAD for
24 h, washed, and further incubated in drug-free medium for
another 24 h, both caspase-3 activation and apoptotic cells
were detected (Fig. 2C), supporting that z-VAD blocks only
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caspase-mediated execution, not the caspase-independent ini-
tiation of apoptosis by KSP-IA.

Caspase-2 is an initiator caspase. It was reported that in
DNA damage-induced mitotic catastrophe, activation of
caspase-2 was an initiating event upstream of the mitochon-
drial membrane permeabilization (4), which was responsible
for inducing permeabilization of the mitochondrial membrane
and activation of effector caspases. To further examine the
role of caspase-2 in KSP-IA-induced cell death, we assessed
KSP-IA-mediated caspase-3 activation after knocking down
caspase-2 by siRNA. We observed that knockdown of caspase-2
by siRNA did not affect KSP-IA-induced activation of
caspase-3 (Fig. 3), suggesting that activation of caspase-2 is not
an initiating event for KSP-IA-mediated cell death. This is
consistent with our results obtained by using z-VAD to inhibit
caspases.

Together, the data indicate that KSP-IA induces apoptosis
through the intrinsic apoptotic pathway and that Bax activation
is an apical step prior to the activation of caspases during this
process.

KSP-IA causes activation of Bax independently of de novo
protein synthesis. The BH3-only proteins and p53 have been
shown to be able to induce Bax activation in response to

FIG. 5. Suppression of de novo protein synthesis by cycloheximide
does not abrogate KSP-IA- and paclitaxel-induced activation of Bax
and caspase-3. (A) A2780 cells were either treated with KSP-IA or
paclitaxel for 12 or 36 h in the absence of cycloheximide or were
pretreated with KSP-IA or paclitaxel alone for 12 h and then contin-
uously incubated with either of these compounds for another 24 h after
the addition of cycloheximide (CHM) (20 wM). Cells treated with
CHM alone for 24 h were also analyzed. The induction of Puma and
p21 expression, caspase-3 activity (caspase-3-mediated cleavage of
PARP [c-PARP]), and levels of p-BubR1 and p-histone H3 were
determined by Western blotting. (B) Cells were treated with KSP-IA
or paclitaxel for 36 h with or without the addition of cycloheximide as
described above for panel A. Activation of Bax was determined. The
expression of p21 was detected by Western blotting to confirm the
suppression of de novo protein synthesis by cycloheximide.

various death stimuli (6, 25). To further explore how KSP-IA
activates Bax, thereby triggering apoptosis, we determined the
steady-state levels of the BH3-only proteins Bim, Bid, and
Puma, as well as pS3 and p21 (a p53-inducible gene) after
exposure to KSP-IA or paclitaxel for different times in A2780
and HCT116 cells that contain wild-type p53 and a competent
spindle checkpoint. Among these BH3-only proteins, Bim has
been reported to be involved in the microtubule inhibitor pac-
litaxel-induced cell death under some circumstances (20, 35),
and Puma is a p53 target gene and a major mediator of p53-
induced lethality (15, 25). Since z-VAD inhibits only caspase-
mediated execution of apoptosis, not the apical signaling which
leads to Bax activation, we included z-VAD in KSP-IA and
paclitaxel treatment to prevent potential nonspecific protein
degradation caused by activated caspases as a comparison for
treatment with KSP-IA or paclitaxel alone. Immunoblotting
analysis reveals that, while a prolonged exposure to KSP-IA or
paclitaxel activates caspase-3, neither alterations in the steady-
state levels of Bim or Bid nor induction of truncated Bid was
detected in A2780 cells (Fig. 4) or HCT116 cells (data not
shown). To preclude the limitation in antibody specificities, we
used at least two different antibodies to detect each protein,
which were proved to be able to hybridize with all isoforms of
Bim and Bid, including truncated Bid, respectively. A mild
increase in the levels of p53 and an induction of its target genes
Puma and p21 were detected after 48 h of drug treatment,
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FIG. 6. Comparison of KSP-IA- and paclitaxel-induced activation of spindle checkpoint and apoptosis in cells containing wild-type or mutant
p53. (A) HCT116 cells (containing wild-type p53) and MDA-MB-468 cells (containing mutant p53) were treated with vehicle or doxorubicin (200
nM) (+) for 16 h. The steady-state levels of p53 and p21 were determined by Western blotting. GAPDH was included as a loading control. The
mutant p53 defective for transactivation activity was detected in MDA-MB-468 cells in the absence (—) of doxorubicin. (B and C) HCT116 and
MDA-MB-468 cells were treated with KSP-IA (300 nM) or paclitaxel (100 nM) for various times and then analyzed for caspase-3 activity
(caspase-3-mediated cleavage of PARP [c-PARP]), spindle checkpoint activation (p-BubR1), mitotic arrest (p-histone H3), and cellular DNA

content by Western blot and FACS analyses.

which correlates with caspase-3 activation (cleaved PARP) and
mitotic slippage manifested by diminished p-histone H3 and a
drop of mitotic index while maintaining a high tetraploid frac-
tion (Fig. 4). This raises the question as to whether the induc-
tion of Puma following mitotic slippage is responsible for ac-
tivating Bax and thereby initiating apoptosis in response to
KSP-IA and paclitaxel. To address this issue, we treated A2780
cells with KSP-IA or paclitaxel in the absence or presence of
cycloheximide, which blocks de novo protein synthesis, and
then assessed the levels of Puma and p21 proteins, as well as
caspase-3 activity. In the absence of cycloheximide, 36 h of
exposure to KSP-TIA or paclitaxel caused induction of Puma
and p21, and activation of caspase-3, which occurred after
mitotic exit judged by fading of p-histone H3 and p-BubR1
(Fig. 5A). Addition of cycloheximide 24 h prior to harvest
(after 12 h of treatment with KSP-IA or paclitaxel to avoid
potential interference of cell cycle progression by cyclohexi-
mide) abrogated the induction of Puma and p21, but it did
not prevent KSP-IA- and paclitaxel-induced activation of
caspase-3 and cycloheximide did not cause pronounced activa-
tion of caspase-3 by itself (Fig. 5A). Since 12-h exposure to
KSP-IA or paclitaxel prior to the addition of cycloheximide
caused only mitotic arrest, not the activation of Bax and
caspase-3 (Fig. 5A), the data indicate that induced expression
of Puma is dispensable for the induction of apoptosis and that

KSP-IA and paclitaxel can trigger apoptosis in the absence of
de novo protein synthesis. Consistently, abrogation of de novo
protein synthesis by cycloheximide failed to negate KSP-IA-
and paclitaxel-induced Bax activation (Fig. 5B). A partial re-
duction of activated Bax in the cells cotreated with KSP-IA or
paclitaxel and cycloheximide may be due to a decreased input
of total Bax (Fig. 5B). Cycloheximide may decrease the levels
of total Bax by inhibiting protein synthesis, but it does not
prevent KSP-IA- and paclitaxel-mediated Bax activation.
KSP-IA activates the spindle checkpoint and induces apop-
tosis independently of p53. p53 can be stabilized by posttrans-
lational modifications, and it may act like a BH3-only protein
to activate Bax via protein-protein interactions, thereby induc-
ing apoptosis through a transcription-independent mechanism
(5, 18, 26). In this scenario, inhibition of de novo protein
synthesis by cycloheximide may not be able to abrogate the
transcription-independent lethal activity of p53. To more rig-
orously study the role of p53 in the induction of apoptosis by
KSP-IA and paclitaxel, we compared KSP-IA- and paclitaxel-
induced apoptosis between p53-proficient and -deficient cells.
We found that several p53-deficient cell lines exhibited a sim-
ilar, if not greater, susceptibility to KSP-IA- and paclitaxel-
mediated killing to p53-intact cells that are ranked among
KSP-TIA- and paclitaxel-sensitive cell lines. For instance,
HCT116 cells contain wild-type p53 and exhibit an intact p53
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response, including transactivation of p21 expression (Fig. 6A)
and cell cycle arrest (data not shown) after treatment with the
DNA topoisomerase II inhibitor doxorubicin, whereas MDA-
MA-468 cells that contain mutant p53 are defective in both p21
induction (Fig. 6A) and cell cycle arrest (data not shown). As

FIG. 7. Comparison of KSP-IA- and paclitaxel-induced activation
of spindle checkpoint and apoptosis in isogenic TOV21G cell lines
containing wild-type p53 (p53-WT, containing an empty vector) and
p53-knockdown (p53-KD, containing a p53 shRNA vector). (A) pS3-WT
and p53-KD cells were treated with doxorubicin (200 nM) (+) for 16 h
and then analyzed for the expression of pS3 and p21 by Western
blotting. (B) p53-WT and p53-KD cells were treated with KSP-IA (300
nM) or paclitaxel (100 nM) for 16, 24, or 48 h and then harvested
immediately or treated with these compounds for 24 h followed by an
incubation in compound-free medium for another 24 h prior to harvest
(labeled 24/24). Cells were analyzed for caspase-3 activity (caspase-3-
mediated cleavage of PARP [c-PARP]), spindle checkpoint activation
(p-BubR1), and the expression of p53 and p21 by Western blotting.
(C) Both p53-WT and p53-KD cells were incubated with KSP-IA for
16, 24, or 48 h and then analyzed for cellular DNA content by FACS.
Histograms of cell number versus DNA content are shown.

shown in Fig. 6, both KSP-IA and paclitaxel activated
caspase-3 in MDA-MB-468 cells as efficiently as in HCT116
cells, which resulted in similar extents of apoptosis between
these cell lines (Fig. 6B and C). In addition, like HCT116 cells,
MDA-MB-468 cells exhibited a competent spindle checkpoint
function and mitotic arrest, which is consistent with our former
observation that a competent spindle checkpoint is required
for triggering apoptosis. This suggests that the sensitivity to
KSP-IA and paclitaxel-mediated lethality is not affected by the
p53 status. To preclude the potential influence of genetic het-
erogeneity on the KSP-IA responses of distinct cell lines, we
determined KSP-IA-induced caspase-3 activity and cell death
in matched pairs of TOV21G and A2780 cell lines in which the
parental TOV21G and A2780 cell lines containing wild-type
pS3 were compared to the matched p53-deficient derivatives
containing a p53-shRNA expression construct to knock down
p53. The results obtained from matched TOV21G cell lines are
shown in Fig. 7. In contrast to the parental cells containing
wild-type p53 (p53-WT) and an empty vector, TOV21G deriv-
atives expressing p5S3 shRNA (p53 knockdown [p53-KD]) ex-
hibited neither p53 expression nor p21 induction after 16-h
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exposure to doxorubicin (Fig. 7A), confirming deficient p53
response in p53-KD cells. After incubation with either KSP-IA
or paclitaxel for different intervals, the pattern of caspase-3
activation in p53-KD cells was similar to that of the parental
p53-WT cells, whereas unlike p53-WT cells, p53-KD cells
showed no induction of p53 and p21 expression (Fig. 7B).
Moreover, p-BubR1 and mitotic arrest were induced in both
pS3-WT and p53-KD cells, consistent with the observation in
MDA-MB-468 cells containing mutant p53. This confirms that
p53 is not required for spindle checkpoint function (Fig. 6B
and 7B and C). Further comparison of the extents of cell death
by FACS analysis showed that even a greater fraction of sub-
diploid cells was detected in p53-KD than in p53-WT cells (Fig.
7C). Similar results on KSP-IA sensitivity were obtained from
the A2780 matched cell lines with proficient and deficient p53
(see Fig. S1 in the supplemental material). Together, the data
indicate that KSP-IA induces apoptosis in a p53-independent
manner and that p53 is not required for spindle checkpoint
function.

DISCUSSION

How KSP inhibitors and other antimitotic agents, such as
taxanes, induce cell death has been enigmatic. The findings
that KSP-IA causes cell death by activating Bax and caspases,
two characteristic biochemical events in apoptosis, and that the
pancaspase inhibitor z-VAD completely blocks KSP-IA-in-
duced cell death clearly indicate that inhibition of KSP leads to
caspase-dependent apoptosis (36) (Fig. 1). Since Bax activa-
tion could be either an early event upstream of caspase acti-
vation in the intrinsic apoptotic pathway or a late event sub-
sequent to caspase activation in the extrinsic pathway (38),
ordering these two biochemical events would be important to
understanding how KSP-IA initiates apoptosis. The data pre-
sented in this paper demonstrate that KSP-IA activates Bax
independently of caspase activity, indicating that Bax activa-
tion is an apical step upstream of caspase activation in KSP-
IA-induced apoptosis (Fig. 2 and 3). Thus understanding how
Bax is activated is critical to elucidating the mechanism by
which KSP inhibitors trigger the apoptotic program. It has
been shown that BH3-only proteins, such as Puma, Bim, and
Bid, and p53 are the major inducers of Bax activation (6, 14,
25). While the BH3-only proteins activate Bax via protein-
protein interactions, p53 is able to both induce Bax expression
and interact with Bax directly (25). The proapoptotic activities
of the BH3-only proteins are controlled by different modes,
which can be classified as transcription-dependent expression
and posttranslational modification. For instance, Puma is able
to activate Bax upon induction of its expression, whereas Bid is
activated by proteolytic cleavage and the phosphorylation of
Bim controls its stability and subcellular localization (17, 30,
32, 35). Evaluation of the steady-state levels of Puma, Bid, and
Bim shows that Puma was induced following mitotic slippage
while neither truncated Bid nor significant alterations in the
levels of Bid and Bim were detected (Fig. 4). Notably, suppres-
sion of de novo protein synthesis that eliminates the induction
of Puma and p21 does not abrogate KSP-IA- and paclitaxel-
induced activation of Bax and caspase-3 (Fig. 5). This indicates
that KSP-TA and paclitaxel activates Bax through a posttrans-
lational event independently of de novo protein synthesis or
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Puma induction. Since p53 can be stabilized via posttransla-
tional modification and it may activate Bax by directly inter-
acting with Bax like a BH3-only protein (5, 18, 26), we further
determined its role in the induction of apoptosis by KSP-IA
and paclitaxel. The former controversy over the role of p53 in
drug-induced apoptosis largely stems from the fact that cell
lines that differ not only in p53 status but also in genetic
background were compared. To exclude the influence of ge-
netic heterogeneity, we compared apoptosis between matched
pairs of cell lines that contain either proficient or deficient p53
in addition to the cell lines from different origins. Our data
indicate that p53 is dispensable for KSP-IA- and paclitaxel-
induced caspase-3 activation and apoptosis (Fig. 6 and 7).

It was shown previously that the optimal activation of Bax
and induction of apoptosis by KSP-IA requires a proficient
spindle checkpoint and couples with mitotic slippage, suggest-
ing that mitotic slippage by overriding an activated spindle
checkpoint is responsible for activating Bax and initiating apop-
tosis (36). Although mitotic slippage could activate the p53-
dependent tetraploid checkpoint and induce gene expression
(23), this report shows that activation of Bax does not rely on
p53 or de novo protein synthesis, suggesting that upon mitotic
slippage following prolonged mitotic arrest, there is a post-
translational event that results in Bax activation. Several re-
ports have suggested that Bim may be involved in mediating
paclitaxel-induced lethality under certain circumstances (3, 20,
35). The proapoptotic activity of Bim can be regulated post-
translationally. Under normal conditions, Bim is sequestered
by association with microtubules via binding to the LC8 light
chain of the dynein motor protein (31). Certain death stimuli
may cause the release of Bim from dynein by inducing Bim
phosphorylation, and thereby, the unleashed Bim induces Bax-
dependent apoptosis (17, 30, 31). It would be interesting to
determine the association between Bim and dynein/microtu-
bules as well as the phosphorylation status of Bim after
KSP-IA treatment, especially prior to and after mitotic slip-
page in spindle checkpoint-proficient cells. In addition, a pro-
teomic analysis of the BH3-only proteins, other potential Bax
activators, and the spindle checkpoint components prior to and
after mitotic slippage could provide further insights into the
mechanism underlying KSP-IA-triggered Bax activation.

Since KSP-IA Kkills cancer cells in a p53-independent man-
ner, KSP inhibitors should be active and efficacious in p53-
deficient tumors that are frequently seen in the clinic.
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