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Anti-microtubule agents such as vinorelbine and pac-
litaxel, which are extensively used in the treatment of
lung cancers, activate mitotic spindle checkpoint. Al-
though defects of the mitotic spindle checkpoint are
thought to play a role in the genesis of chromosome
instability, we previously reported its frequent im-
pairment in human lung cancer cell lines. In this
study, we examined a panel of 13 human cancer cell
lines comprising 11 lung and 2 other cancers and
found a significant difference in the resistance to ap-
optosis induced by anti-microtubule agents between
mitotic spindle checkpoint-impaired and -proficient
cancer cell lines. This finding was in marked contrast
to a lack of such correlation with a DNA damaging
agent, cis-platin. Interestingly, anti-microtubule
agent-induced apoptosis in mitotic spindle check-
point-proficient cell lines, NCI-H460 and A549, was
shown to be markedly reduced by staurosporine
treatment in association with the shortened mitotic
arrest, whereas various inhibitors of caspases seemed
to have very modest effects. Taken together, these
findings suggest the potential involvement of mitotic
spindle checkpoint in the induction of apoptosis by
anti-microtubule agents in human lung cancers, war-
ranting further studies on the underlying mecha-
nisms. (Am J Pathol 2003, 163:1109–1116)

Cell-cycle checkpoints are a monitoring system that ar-
rests cells at a particular phase of the cell cycle in re-
sponse to a lack of appropriate signals for progression,
thereby maintaining genetic stability and ensuring a
smooth progression through the cell cycle.1 Recent mo-
lecular and cellular biological studies have revealed that
cell-cycle checkpoints are often impaired in cancer cells,
leading to the failure of normal growth control and the
generation of genetic instability in cancer cells.2 We pre-
viously reported on the frequent impairment of the mitotic
spindle checkpoint in human lung cancer cell lines.3 The

mitotic spindle checkpoint is activated by the presence of
unattached kinetochores and impedes the cell cycle at
the prometaphase.4 This checkpoint thus prevents ab-
normal chromosome segregation because of the lack of
bipolar attachment of kinetochores to mitotic spindles,
and its dysfunction in cancer cells is thought to play a role
in the development of chromosome instability.5,6

Anti-microtubule agents including nocodazole, vinorel-
bine, and paclitaxel activate the mitotic spindle check-
point, while many of them are extensively used as che-
motherapeutic agents for the treatment of various
cancers including human lung cancers. Although a pos-
sible link between integrity of the mitotic spindle check-
point and sensitivity to the apoptosis induced by anti-
microtubule agents is presumed to be present, very few
studies have dealt with this question directly,7,8 and ex-
tensive studies have not yet been conducted using a
panel of human cancer cell lines. Thus, it has remained
uncertain whether such a relationship is indeed present
in human cancer cells with frequent impairment of the
mitotic spindle checkpoint.

In this study, we examined a panel of 13 human cancer
cell lines comprising 11 lung and 2 other cancers and
found a significant difference in the resistance to apopto-
sis induced by anti-microtubule agents between mitotic
spindle checkpoint-impaired and -proficient cancer cell
lines in contrast to a lack of such a difference in the
treatment with the DNA damaging agent, cis-platin. In
addition, initial attempts were made to elucidate how
signals for the induction of apoptosis are transduced in
mitotic checkpoint-proficient cells.
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Materials and Methods

Cell Lines and Culture

ACC-LC-176 was established in our laboratory9 and NCI-
H460 and A-427 were purchased from American Type
Culture Collection (Manassas, VA). Other cell lines were
generously provided by Dr. L. J. Old (Memorial Sloan-
Kettering Cancer Center, New York, NY) and Dr. Y. Hayata
(Tokyo Medical College, Tokyo, Japan). Cells were cultured
in RPMI 1640 medium supplemented with 5% fetal calf
serum (Life Technologies, Inc., Grand Island, NY), 100 U/ml
penicillin, and 100 �g/ml streptomycin.

Chemicals

PD98059, LY294002, and SB203580 were purchased
from Calbiochem (Darmstadt, Germany). Staurosporine
was obtained from Biomol Res. Inc. (Plymouth Meeting,
PA), wortmannin and vinorelbine ditartrate was from
Kyowa Medics Inc. (Tokyo, Japan), docetaxel from Chu-
gai Pharmaceutical Co. (Tokyo, Japan), and cis-platin
from Bristol-Myers Squibb Co. (Tokyo, Japan). Other
chemicals were obtained from Sigma (St. Louis, MO).

Measurement of Mitotic Indices and Apoptosis

For cell biological analyses, 1 � 105 cells were inocu-
lated in 60-mm dishes the day before the experiments.
Cells were washed with Dulbecco’s modified phosphate-
buffered saline (PBS) once, then placed into the RPMI
1640 medium containing anti-microtubule agents at the
concentrations indicated. After incubation with anti-mi-
crotubule agents for the periods of time indicated, the
cells were harvested by trypsinization, followed by fixa-
tion with 4% formalin in PBS for 30 minutes. Cells were
then attached to glass slides by centrifugation using an
AutoSmear CF-12D (Sakura, Tokyo, Japan) and stained
with 0.1 �g/ml of 4�,6-diamidino-2-phenylindole (DAPI).
To measure the mitotic cells and apoptotic cells, at least
300 cells were counted for each slide with fluorescence
microscopy. Cells having condensed chromosomes with-
out a nuclear membrane were regarded as mitotic cells,
which corresponded very well to positive staining with an
anti-phosphohistone H3 antibody10 (data not shown). Mi-
totic indices were calculated as the percentage of mitotic
cells among the total viable cells. Cells having frag-
mented and uniformly condensed nuclei were regarded
as apoptotic cells, and this criterion showed a good
agreement with cells positively stained with an anti-
cleaved caspase-3 antibody (data not shown). The ter-
minal dUTP nick-end labeling (TUNEL) assay using an in
situ cell death detection kit (Roche Diagnostics, Mann-
heim, Germany) was used to confirm the results of the
morphology-based assay for the detection of apoptotic
cells.

Immunocytochemistry

Cells, which were attached to glass slides as described
above, were incubated with an anti-cleaved caspase-3-

specific polyclonal antibody (1:1000 dilution; Cell Signal-
ing Technology, Beverly, MA) or an anti-phosphohistone
H3-specific antibody (1:200 dilution; Upstate Biotechnol-
ogy, Lake Placid, NY) for 1 hour at room temperature,
followed by a 1-hour incubation with an Alexa 488-con-
jugated secondary antibody (Molecular Probes, Eugene,
OR). Cell nuclei were then stained with DAPI as de-
scribed above. For staining of BrdU that had been incor-
porated into nuclear DNA harvested cells were serially
fixed with 70% and 100% ethanol before making cytospin
preparations as described above. The resultant slides
were treated with 2 N HCl for denaturation of DNA and
then neutralized with 0.1 mol/L of Tris-HCl (pH 8.0), fol-
lowed by staining with a fluorescein isothiocyanate-con-
jugated anti-BrdU antibody (1:20 dilution; Becton & Dick-
inson, Bedford, MA) and DAPI.

Flow Cytometry

The harvested cells were fixed with 70% ethanol for more
than 2 hours, then washed with PBS once, and stained
with an anti-cyclin B monoclonal antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) or an anti-CENP-F poly-
clonal antibody (Novus Biologicals, Inc., Littleton, CO),
followed by incubation with an Alexa 488-conjugated
secondary antibody (Molecular Probes). After further
staining with propidium iodide, flow cytometric analysis
was performed using FACSCalibur and Cellquest soft-
ware (Becton & Dickinson).

Western Blot Analysis

Ten �g of total cell lysate solubilized in Laemmli’s sample
buffer was electrophoresed on 12.5 or 15% sodium do-
decyl sulfate-polyacrylamide gels and transferred to Im-
mobilon-P filters (Millipore Corp., Bedford, MA). The fil-
ters were first incubated with either a primary antibody
against Bcl-2 or those specific to caspase-3, -8, or -9
(Cell Signaling Technology), and then with a horseradish
peroxidase-conjugated secondary antibody (Cell Signal-
ing Technology). For visualization, an enhanced chemi-
luminescence system (Amersham, Buckinghamshire,
UK) was used.

Results

Characterization and Affirmation of Mitotic
Spindle Checkpoint-Impaired Human Lung
Cancer Cell Lines

In our previous study, we used a conventional protocol to
examine lung cancer cell lines for the presence of mitotic
checkpoint impairment, ie, measurement of mitotic indi-
ces in the presence of nocodazole, a microtubule-dis-
rupting agent. To further ascertain the presence of mitotic
checkpoint impairment in lung cancer cell lines, we char-
acterized three lung cancer cell lines in greater detail, all
of which had wild-type p53 (Table 1). As shown in Figure
1A, the majority of cells in all these cell lines became
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rapidly arrested at 4n DNA content by treatment with 200
nmol/L of nocodazole for 18 hours. NCI-H460 showed a
rapid increase in cells arrested at prometaphase, which
reached �90% after 18 hours of incubation and gradually
decreased because of adaptation, whereas the in-
creases in the mitotic indices in A-427 and PC-1 were
very modest (Figure 1B). The rise in the mitotic indices of
the latter two cell lines plateaued, even if we added more
than 100 nmol/L of nocodazole, and no further rises in
mitotic indices were detected at least up to 600 nmol/L of
nocodazole (Figure 1C). We further ascertained that the
observed lack of clear increases in mitotic indices in
A-427 and PC-1 was indeed because of their failure in
mitotic arrest, and this was not caused by cell-cycle
arrest before entering prometaphase in response to the
nocodazole treatment. For this purpose, we measured
mitotic indices in synchronized cells (Figure 2A) as well
as by counting BrdU-labeled mitoses in asynchronous
cultures by simultaneous treatment with BrdU and no-
codazole (Figure 2B). Further, the expression of cell-
cycle phase markers was examined in these cell lines
treated with nocodazole for 18 hours by means of two-
color flow cytometry. As shown in Figure 2C, the majority
of NCI-H460 cells with 4n-DNA content expressed cyclin
B, a cell-cycle marker from late S to metaphase. In con-
trast, accumulation of cyclinB1-negative cells with 4n
DNA content was observed in A-427 and PC-1, suggest-
ing that a large proportion of the cells was in the
so-called psuedo-G1 state. Similar results were ob-
tained by using an antibody against CENP-F, another
cell-cycle marker for G2 and metaphase (data not
shown). Collectively, these results clearly indicated
that A-427 and PC-1 were not arrested before the
mitotic phase and were arrested at prometaphase for
significantly shorter periods of time than NCI-H460 in
the presence of nocodazole.

Correlation between Mitotic Spindle Checkpoint
Status and Induction of Apoptosis by Anti-
Microtubule Agents

Anti-microtubule agents are known to induce apoptosis in
human cancer cells.11,12 We therefore studied the relation-

Table 1. Summary of the Relationship between Nocodazole-Induced Apoptosis and Checkpoint Integrity

Cell line Sensitivity to nocodazole p53 status Mitotic spindle checkpoint* Reference for p53 status

A-427 Resistant Wild type Impaired 29
PC-1 Resistant Wild type Impaired 30
SK-LU-1 Resistant His to Arg (codon 193) Impaired 31
Calu-1 Resistant Homozygous deletion Partially impaired 30
ACC-LC-176 Resistant Wild type Normal 30
QG56 Resistant Pro to Ser (codon 249) Normal 30
NCI-H460 Sensitive Wild type Normal 30
SBC-3 Sensitive Wild type Normal 32
A549 Sensitive Wild type Normal 31
PC-10 Sensitive Gly to Cys (codon 245) Normal 30
SK-MES-1 Sensitive Glu to stop (codon 298) Normal 30
HCT116 Sensitive Wild type Normal 30
HeLa Sensitive Wild type Normal 33

*Mitotic spindle checkpoint response was examined as described previously and graded for mitotic indices at 18 hours after the initiation of
nocodazole treatment: impaired, �20%; Partially impaired, 20 to 40%; normal, �40%.

Figure 1. Response of mitotic spindle checkpoint-proficient (NCI-H460) and
-impaired (PC-1 and A-427) human lung cancer cell lines to nocodazole. A:
Flow cytometric analysis of the cell cycle. Majority of cells are arrested at 4n
DNA content in all cell lines when treated with 200 nmol/L of nocodazole for
18 hours. B: Time-dependent changes in mitotic indices. Mitotic index of
mitotic spindle checkpoint-proficient NCI-H460 rises rapidly and peaks at 18
hours after the initiation of 200 nmol/L of nocodazole treatment and then
declines by adaptation. In contrast, those of the mitotic spindle checkpoint-
impaired cell lines show only slight increases. C: Changes in mitotic indices
with respect to nocodazole concentrations. Mitotic indices of the mitotic
checkpoint-impaired lines are plateaued by 100 nmol/L of nocodazole.
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ship between the integrity of the mitotic spindle checkpoint
and susceptibility to anti-microtubule-induced apoptosis.
As shown in Figure 3A, apoptotic cells became detectable
18 hours after addition of nocodazole in NCI-H460, and the
proportion of apoptotic cells steeply increased with time,
reaching �60% 48 hours later. In marked contrast, only a
small percentage of cells fell into apoptosis in the mitotic
spindle checkpoint-impaired A-427 and PC-1 cell lines. To
exclude the possibility that the correlation between the two
biological characteristics might have arisen by coinci-
dence, we further examined a panel of 13 human cancer
cell lines comprising 11 lung and 2 other cancers. Induction
of nocodazole-induced apoptosis in cancer cell lines with
impaired mitotic spindle checkpoint was found to be signif-
icantly lower than that in mitotic spindle checkpoint-profi-
cient cell lines [7.1 � 1.4 versus 38.0 � 6.9 (mean � SE),
P � 0.01 by Student’s t-test; Figure 3B]. It was noteworthy
that all of the mitotic spindle checkpoint-impaired cell lines
were highly resistant to the induction of apoptosis. Induction
of apoptosis was also measured with the TUNEL assay and

showed good concordance of percentages of apoptotic
cells between the two types of assays. Specifically, the
respective percentages of apoptotic cells determined with
the morphology-based and the TUNEL assays were: 55%
and 54% in NCI-H460, 70% and 64% in HeLa, 51% and
41% in SBC3, 40% and 42% in A549, 4% and 6% in PC1,
9% and 12% in A427, 5% and 3% in SK-Lu-1, and 10% and
3% in Calu1. On the contrary, susceptibility to apoptosis
induced by the DNA damaging anti-cancer agent, cis-pla-
tin, did not show any significant differences with the integrity
of the mitotic spindle checkpoint (Figure 3C).

We next asked whether a similar relationship was
present when lung cancer cells were treated with other
agents affecting microtubule spindle formation. Two rep-
resentative mitotic spindle checkpoint-proficient lines,
NCI-H460 and SBC3, were exposed to either a microtu-
bule-depolymerizing agent, vinorelbine, or a microtubule-

Figure 2. Affirmation of mitotic arrest in response to nocodazole. A: Inhibi-
tion of entry into mitoses in synchronized cells. Cells that had been arrested
at the S phase or G1/S boundary by 16 hours of treatment with 5 �mol/L of
aphidicolin were released by replacing the culture media. The initial in-
creases in the mitotic indices are similar regardless of the presence or
absence of 200 nmol/L of nocodazole, indicating the absence of entry into
mitosis in certain cell lines. B: Inhibition of entry into mitoses in BrdU-labeled
asynchronous cells. Simultaneous treatment with 10 �mol/L of BrdU and 200
nmol/L of nocodazole results in the similar initial increases in mitotic cells
labeled with BrdU, indicating that cell lines are not differentially arrested
before entering mitosis. Note that scales of the y axes are different in each cell
line. C: Flow cytometric analyses of expression of cyclin B. Upper figures
represent the dot plot, and lower figures represent the percentages of cells
residing in each quadrant. The majority of cells having 4n DNA content
express cyclin B in a mitotic spindle checkpoint-proficient cell line, but not
in the impaired cell lines.

Figure 3. Induction of apoptosis by the treatment with nocodazole or cis-
platin. A: Time-dependent accumulation of apoptotic cells by the treatment
with 200 nmol/L of nocodazole. Apoptotic cells become detectable at 18
hours and progressively accumulate with time in mitotic spindle checkpoint-
proficient cell line, but not in the impaired cell lines. B: Significantly lower
susceptibility to nocodazole-induced apoptosis in mitotic spindle check-
point-impaired cell lines in a panel of 13 human cancer cell lines [7.1 � 1.4
versus 38.0 � 6.9 (mean � SE), P � 0.01 by Student’s t-test; B]. The
susceptibilities of cell lines are shown as the percentage of apoptotic cells 48
hours after the addition of 200 nmol/L of nocodazole. C: Lack of a significant
relationship between the mitotic spindle checkpoint integrity and suscepti-
bility to cis-platin-induced apoptosis in the same panel of cell lines [44.9 �
19.7 versus 69.7 � 7.2 (mean � SE), NS]. Susceptibility to cis-platin is shown
as the percentage of apoptotic cells at 48 hours after addition of 10 �g/ml of
cis-platin.
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stabilizing agent, docetaxel, for 48 hours. Vinorelbine and
docetaxel induced, respectively, 55% and 53% of apo-
ptotic cells in NCI-H460 and 50% and 72% in SBC3. In
contrast, SK-Lu-1 and A-427 with an impaired mitotic
spindle checkpoint were highly resistant to both of the
two distinct types of anti-microtubule agents, showing
induction of apoptosis in only 1% and 3% of the SK-Lu-1
cells and 13% and 25% of the A-427. We note that
susceptibility to anti-microtubule agents-induced apoptosis
was unrelated to the p53 status of each cell line (Table 1).
Taken together, these results strongly suggested that the
status of mitotic spindle checkpoint integrity might affect the
cellular susceptibility of each lung cancer cell line to the
induction of apoptosis by anti-microtubule agents.

Signal Transduction Pathways for Nocodazole-
Induced Apoptosis

Initial attempts were undertaken to explore the underlying
mechanisms of anti-microtubule agent-induced apopto-
sis. NCI-H460, a representative cell line with intact mitotic
spindle checkpoint was treated with a variety of inhibi-
tors, which included PD98059 (a selective MEK inhibitor),
LY294002 (a specific phosphatidylinositol 3-kinase inhib-
itor), wortmannin (phosphatidylinositol 3-kinase and ATM
kinase inhibitor), SB203580 (a specific p38 kinase inhib-
itor), thymidine (DNA synthesis blocker), staurosporine (a
broad specific Ser/Thr-kinase inhibitor), Z-VAD-fmk (a
broad specific caspase inhibitor), Z-LEHD-fmk (a spe-
cific caspase-9 inhibitor), and Z-IETD-fmk (a specific
caspase-8 inhibitor) (Figure 4). Tne most notable inhibi-
tion of apoptosis was observed with the addition of 30
nmol/L of staurosporine, yielding nearly complete sup-
pression of both nocodazole-induced apoptosis and an
increase in mitotic index (data not shown). In addition,
12-hour pretreatment of cells with 2.0 mmol/L of thymi-
dine, which blocks cells at the G1/S boundary and within

the S phase, before the addition of nocodazole, mod-
estly reduced apoptosis, although this reduction may
have been considerably underestimated because of
the toxic effect of prolonged thymidine treatment itself.
Unexpectedly, the effect of Z-IETD-fmk, a caspase-
8-specific inhibitor, and of Z-LEHD-fmk, a caspase-9-
specific caspase inhibitor, was negligible, while Z-VAD-fmk,
a caspase inhibitor with broad specificity, had only a
limited inhibitory effect on apoptosis in NCI-H460. We
did not observe any significant reduction in nocoda-
zole-induced apoptosis as a result of adding other
inhibitors except for the PD98059 MEK inhibitor, which
yielded a modest effect. In contrast to the limited ap-
optotic effects of caspase inhibitors on NCI-H460, their
effect on A-427, which has an impaired mitotic spindle
checkpoint, was significant. Z-VAD-fmk suppressed
residual activity of nocodazole-induced apoptosis in
this cell line by 94%, while Z-IETD-fmk and Z-LEHD-
fmk yielded 39% and 42% reduction of apoptosis,
respectively.

Association between Mitotic Arrest and Anti-
Microtubule Agent-Induced Apoptosis

Staurosporine, which is a broad specificity inhibitor of
serine/threonine kinases, is known to force cells to exit
from mitotic arrest imposed by anti-microtubule agents.13

We asked whether nocodazole-induced apoptosis could
be reduced by delayed exposure to staurosporine after
cells started to accumulate at the mitotic phase. Stauro-
sporine was added to the mitotic spindle checkpoint-
proficient NCI-H460 and A549 cell lines 12 hours after the
initiation of nocodazole treatment, at which time the in-
crease in the mitotic index had become evident. This
delayed exposure to staurosporine effectively caused
rapid exit from mitosis in association with a striking re-
duction in apoptosis (Figure 5; A to D). Further examina-
tion revealed that such reduction of apoptosis could be
attained, if staurosporine was added within 18 hours after
the initiation of nocodazole treatment, but was found to
be no longer effective after 24 hours (Figure 5E). Taken
together, these results suggest that mitotic arrest for a
prolonged period of time, ie, longer than 6 to 12 hours,
might destine cells to fall into apoptosis by a mechanism
involving a staurosporine-sensitive molecule.

It is generally accepted that one of the important tar-
gets for staurosporine is the cyclin B/cdc2 kinase. We
therefore examined whether olomoucine, a specific cy-
clin B/cdc2 kinase inhibitor, could also reduce nocoda-
zole-induced apoptosis as was observed with stauro-
sporine. Olomoucine dose dependently prevented cells
from entering mitosis, but a reduction in apoptosis was
not induced even at a dose of 200 �mol/L (Figure 6, A and
B). These results suggest that cyclin B/cdc2 kinase may not
be the sole target for staurosporine in terms of apoptosis-
reducing activity and that there may well be another stau-
rosporine-sensitive kinase(s) involved in the process.

Figure 4. Effects of various metabolic inhibitors on the nocodazole-induced
apoptosis in mitotic spindle checkpoint-proficient NCI-H460 cells. PD98059,
LY294002, wortmannin, SB203580, and caspase inhibitors were added simul-
taneously with 200 nmol/L of nocodazole treatment, while thymidine and
staurosporine were added 12 hours before and after the initiation of nocoda-
zole treatment, respectively. Note that staurosporine treatment markedly
reduces apoptotic cells 48 hours after the initiation of nocodazole treatment.
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Limited Involvement of the Bcl-2/Caspase
Pathway in the Anti-Microtubule Agent-Induced
Apoptosis

It has been suggested that the induction of apoptosis in
response to anti-microtubule agents may result from in-
activation of bcl-2 because of its phosphorylation and
consequential activation of caspases, although signifi-
cance of this pathway remains a matter of controversy.
We therefore studied on the relationship in our system of
susceptibility to nocodazole with phosphorylation of bcl-2
as well as with caspase activation. As shown in Figure 7,
degrees of bcl-2 phosphorylation tightly corresponded to
the integrity of the mitotic spindle checkpoint. We ob-
served that bcl-2 was extensively phosphorylated at 18
hours in all three mitotic spindle checkpoint-proficient cell
lines examined, including nocodazole-resistant QG56.
On the other hand, bcl-2 was hardly phosphorylated in
any of the mitotic spindle checkpoint-impaired cell lines.

Further analysis using mitotic cell fractions collected from
NCI-H460 and A-427, however, revealed that phosphor-
ylated bcl-2 was detectable in parallel to the proportion of
mitotic cells (data not shown). These findings suggest
that low degrees of bcl-2 phosphorylation in the check-
point-impaired cell lines may reflect the presence of small
fractions of mitotic cells.

It is generally accepted that inactivation of bcl-2 in-
duces activation of caspases through the release of cy-
tochrome c from mitochondria. The activation of
caspases was analyzed by monitoring the appearance of
their respective cleaved active forms. As shown in Figure
8, caspases-8, -9, and -3 were clearly activated at 48
hours in NCI-H460, and similarly, but albeit at consider-
ably lower levels, in A-427. It was noted that cleavage of
caspase-3, an effector caspase, was completely inhib-
ited by the addition of Z-VAD-fmk, while partially blocked
cleavage of caspases-8 and -9 was also detected. To-
gether with our finding described above that Z-VAD-fmk

Figure 5. Effects of staurosporine on the reduction of mitotic indices (A and
C) and inhibition of the apoptosis induced by nocodazole (B and D) in
mitotic checkpoint-proficient cell lines. Staurosporine at concentrations suf-
ficient to block progression toward the mitotic phase (30 nmol/L) was
subsequently added to NCI-H460 (A and B) and A549 (C and D) 12 hours
after the initiation of 200 nmol/L nocodazole treatment. Note that staurospor-
ine markedly reduced apoptosis in both cell lines, while staurosporine
induces rapid reduction of the mitotic index. E: Effect of timing of the
addition of staurosporine on the inhibition of the nocodazole-induced apo-
ptosis in NCI-H460. Note that staurosporine effectively inhibits apoptosis
when added early on, but that later addition of staurosporine was not
effective for the suppression of apoptosis in cells that had been already
exposed to nocodazole for longer than 24 hours.

Figure 6. No reduction of nocodazole-induced apoptosis by simultaneous
treatment with olomoucine in NCI-H460. A: Dose-dependent inhibition of
the mitotic entry by olomoucine. Mitotic indices were counted 18 hours after
the initiation of simultaneous treatment with nocodazole and olomoucine. B:
No reduction in nocodazole-induced apoptosis by olomoucine. Apoptotic
cells were examined after 48 hours of the treatment with nocodazole and
olomoucine.

Figure 7. Induction of phosphorylation of bcl-2 by nocodazole treatment.
Apparent phosphorylation of bcl-2 is present in mitotic spindle checkpoint-
proficient cell lines including nocodazole-resistant QG56.
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inhibited nocodazole-induced apoptosis only to a very
limited extent, the bcl-2/caspase pathway seemed to
play a limited role in the anti-microtubule agent-induced
apoptosis in mitotic checkpoint-proficient NCI-H460,
suggesting the involvement of an additional staurospo-
rine-sensitive pathway(s).

Discussion

Anti-microtubule agents have been shown to be active in
the treatment of lung cancers. However, it is rather poorly
understood how cancer cells respond to these agents
and what determines cellular susceptibility. It has been
suggested that response to paclitaxel is related to the
expression levels of her2/neu and bcl-2,14 whereas oth-
ers have claimed that increased microtubule dynamics
are associated with resistance to paclitaxel.15 In this
study, we have shown that the status of the mitotic spin-
dle checkpoint exhibits a significant relationship with sus-
ceptibility to anti-microtubule agent-induced apoptosis in
human lung cancer cell lines and that mitotic spindle
checkpoint-impaired cell lines are highly resistant to anti-
microtubule agents. In this connection, it is of note that
impairment of the mitotic spindle checkpoint is present in
�40% of human lung cancer cell lines.3

Our results are in line with a previous experimental
study by Taylor and McKeon.7 They used a dominant-
negative mutant of Bub1, a key component of the mitotic
spindle checkpoint and showed that dominant-negative
Bub1 impaired the mitotic spindle checkpoint and al-
lowed cells to escape from cell death induced by no-
codazole. It is interesting that a similar relationship was
recently repeated in adult T-cell leukemia,16 in which
HTLV-1 Tax protein was shown to affect subcellular lo-
calization of the MAD1 and MAD2 proteins, leading to the
induction of the failure of mitotic spindle checkpoint re-
sponse and chemoresistance to microtubule inhibitors.
As for lung cancer, Weitzel and Vandré8 observed that a
lung cancer cell line with an impaired mitotic spindle
checkpoint was more resistant to CI-980, an anti-micro-
tubule agent, than another lung cancer cell line with an

intact checkpoint, but comparison merely between two
cell lines make it difficult to draw any reliable conclusions.
In our study with a panel of 13 human cancer cell lines
and representative anti-microtubule agents including
both stabilizer and depolymerizers of microtubules, the
presence of statistically significant association between
the two biological characteristics was clearly shown. In
contrast to the status of the mitotic spindle checkpoint,
the status of p53 showed no correlation with the suscep-
tibility to nocodazole-induced apoptosis. In this regard, it
was once suggested that loss of normal p53 function
sensitizes cancer cells to paclitaxel by increasing G2/M
arrest and apoptosis,17 but further studies failed to find
such a correlation in human lung cancer.18

Anti-microtubule agents bind microtubules and cause
either destabilization or stabilization in microtubule dy-
namics. Their anti-tumor activities are thought to be man-
ifested through consequential cell-cycle arrest at the mi-
totic phase and subsequent apoptosis.19 However, the
biochemical pathways downstream of their binding to
microtubules are not well understood,11,12 and previous
reports varied in the way they emphasized the impor-
tance of different pathways, although such discrepancies
may have resulted from differences in the cell types used.
One of the major focuses in this area of research has
been phosphorylation of bcl-2 in response to the treat-
ment of anti-microtubule agents in association with the
loss of its anti-apoptotic function.20,21 However, it should
be noted that the significance of bcl-2 phosphorylation
still remains controversial in terms of anti-microtubule
agent-induced apoptosis. Some studies have suggested
that phosphorylation of bcl-2 may be a molecular deter-
minant of cell survival or death,21,22 whereas others have
claimed that its phosphorylation is a mere marker of
mitotic phase events and is not directly related to the
induction of apoptosis.23 In the present study, the de-
grees of phosphorylation of bcl-2 were shown to be re-
lated to the integrity to the mitotic spindle checkpoint,
pointing to a possible dependence on the duration of
mitotic arrest. Inactivation of bcl-2 is generally thought to
induce apoptosis through release of cytochrome c fol-
lowed by the activation of caspases. Notably, the addi-
tion of a broad specificity caspase inhibitor, however,
showed a very weak inhibitory effect on the nocodazole-
induced apoptosis in mitotic spindle checkpoint-profi-
cient NCI-H460, at a concentration sufficient to com-
pletely inhibit activation of caspase-3. Collectively, our
results suggest the involvement of an additional apopto-
tic pathway(s) in the induction of apoptosis by anti-micro-
tubule agents. We note that Huisman and colleagues24

similarly suggested the importance of an as yet uniden-
tified, non-bcl-2/cytochrome c/caspase pathway in the
manifestation of the cytotoxic effects of paclitaxel. Con-
sistent results have been obtained in a study analyzing
the cytotoxic effect of paclitaxel in NCI-H460.

One of the most striking findings observed in this study
is the marked suppression by staurosporine in nocoda-
zole-induced apoptosis. Staurosporine is known to inhibit
a wide range of serine/threonine kinases25,26 and that a
brief staurosporine treatment of mitotic cells triggers pre-
mature exit from mitosis and polyploid cell formation.13

Figure 8. Induction of activating cleavages of caspases by nocodazole treat-
ment. Note that complete inhibition of caspase 3 cleavage is seen despite a
very modest reduction in apoptosis (see Figure 4) in nocodazole-sensitive,
mitotic checkpoint-proficient NCI-H460.
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This study clearly demonstrates that staurosporine not
only enhances mitotic exit but also inhibits the induction
of apoptosis in nocodazole-treated cells. Although a mo-
lecular target(s) of staurosporine in this phenomenon
remains to be identified, cyclin B/cdc2 kinase did not
appear to be playing a major role, because olomoucine,
a specific inhibitor of cyclin B/cdc2, failed to show a
comparable effect on the suppression of apoptosis. In
this connection, it is interesting that a phosphatase inhib-
itor, calyculin A, has been shown to inhibit staurosporine-
induced effects by directly inhibiting phosphatase re-
sponsible for nuclear reassembly and histone H1
dephosphorylation27 and that farnesyl transferase inhib-
itors enhance the induction of metaphase block and ap-
optosis in response to paclitaxel.28

In conclusion, this study is the first clear demonstration
of a possible association between the induction of anti-
microtubule agent-induced apoptosis and the presence of
intact mitotic spindle checkpoint and the consequential mi-
totic arrest in human lung cancer cell lines. Considering the
frequent impairment of the mitotic spindle checkpoint in
lung cancers, further studies are warranted to better under-
stand the underlying mechanisms of the relationships,
aiming at the development of novel means to overcome
resistance to anti-microtubule chemotherapeutic agents.
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