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Abstract

Taxol was found to inhibit the proliferation and to induce the polyploidization of cultured methylcholanthrene-induced sarcoma cells
Ž .Meth-A cells . To investigate whether protein kinase C is involved in taxol-induced polyploidization, phorbol 12-myristate 13-acetate
Ž .PMA , which regulates the activity of protein kinase C, was used along with taxol to treat the cells. We found that PMA did not interfere
with the proliferation and did not induce polyploidization by itself. However, at low concentration, taxol, which by itself did not induce
polyploidization, clearly induced polyploidization in the presence of PMA. To explore the mechanism by which PMA potentiates
polyploidization, the levels of the G1 checkpoint-related proteins cyclin E and cdk2, and those of the G2 checkpoint-related proteins
cyclin B and cdc2 were determined by flow cytometry. We found that both G1 and G2 checkpoint-related proteins increased during the
induction of polyploidization. To verify the relationship between protein kinase C and tubulin polymerization, flow cytometry was used to
determine the total content of tubulin protein, and morphological observation was used to examine spindle organization. PMA did not
affect the taxol-induced increase in tubulin protein, but markedly potentiated taxol-induced spindle disorganization. These findings
suggest that protein kinase C plays an important role in regulating the induction of polyploidization in Meth-A cells. q 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Microtubules are critical components of the cyto-
skeleton in eukaryocytic cells and are involved in many
cellular processes, including such diverse functions as
morphogenetic events to maintain shape and polarity
Ž .White and Rao, 1998 , chromosome migration during

Ž .mitosis Nedelec et al., 1997; Straight et al., 1997 , intra-
Ž .cellular organelle transport Sheetz, 1996 , and cell motil-

Ž .ity Canman and Bement, 1997 . Microtubular structures,
such as spindle and cytoplasmic microtubules, are formed
by the assembly of the E-b-tubulin heterodimer. Micro-
tubular dynamics are regulated by tubulin polymerization
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and depolymerization, which provide the structural basis
Ž .for the mitotic cycle Severin et al., 1997 .

Ž . Ž .Taxol paclitaxel , identified by Wani et al. 1971 , is a
diterpenoid plant product isolated from the bark of the

Ž .Pacific yew tree Taxus breÕifolia and is one of the most
Ž .effective antitumor agents Fig. 1 . Taxol has shown

promising effects against various types of cancer, such as
refractory malignant tumors originating or forming
metastatically in lung, ovary, breast, head, and neck
Ž .Cowden and Paterson, 1997 . It is known that the efficacy
of taxol is dependent on its specific inhibition of the
normal function of cellular microtubules and mitotic spin-
dles, resulting in blockage of the cell cycle at the

Žmetaphaseranaphase transition and cell death Ling et al.,
.1998; Torres and Horwitz, 1998; Wang et al., 1998b . In

contrast to other antimicrotubule agents such as nocoda-
zole, colcemid, vincristine, and vinblastin, which antago-
nize tubulin monomer polymerization and induce the de-
polymerization of tubulin polymers into monomers, taxol
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Fig. 1. Molecular structure of taxol.

increases the rate of tubulin monomer polymerization and
stabilizes the microtubule cytoskeleton against depolymeri-

Ž .zation after it is formed Arnal and Wade, 1995 .
Protein phosphorylation is catalyzed by a multitude of

protein kinases and is one of the most important mecha-
nisms in regulating diverse cellular functions by transmis-
sion of a wide variety of extracellular and intracellular
signals. Among the signal transduction pathway mediators,
protein kinase C is one of the most widely studied kinases
and has been shown to be a starting point for a kind of
signal transduction involving protein kinases which affect

Žthe cell cycle Frey et al., 1997; Livneh and Fishman,
.1997 . Furthermore, protein kinase C participation in cyto-

skeletal organization, including microtubule dynamics, has
Žalso been reported Lehrich and Forrest, 1994; Garcia-

.Rocha et al., 1997 .
Polyploidization is a complex process involving several

distinct steps: escaping from the mitotic block, bypassing
cellular division, entering into a new cycle of DNA repli-
cation, and characteristically inducing the formation of

Žpolyploid cells with a DNA content )4C Cshaploid
. Ž .DNA content Zong et al., 1994 . The cell division cycle

during eukaryotic cell proliferation proceeds by a defined
sequence of events where progression to the next phase
depends upon completion of the preceding one. Check-
points, including the G1 checkpoint, G2 checkpoint, and
mitotic checkpoint, controlling this progression have been

Židentified Muhua et al., 1998; Nurse et al., 1998; Orr-
.Weaver and Weinberg, 1998; Pines, 1999 . Although the

exact mechanism by which polyploidization is induced
remains obscure, it is evident that checkpoint dysfunction

Žis responsible for the induction of polyploidization Zong
.et al., 1995 .

Although clinical success using taxol in cancer chemo-
therapy has been achieved, the development of drug resis-

Ž .tance Duan et al., 1999; Kavallaris et al., 1999 and side
Ž .effects Cavaletti et al., 1995 impede the effective use of

taxol. In an effort to explore possible drug combinations
with taxol that would allow the use of lower concentra-
tions of taxol while maintaining efficacy, phorbol 12-myri-

Ž .state 13-acetate PMA was used to investigate the rela-
tionship between protein kinase C and the effect of taxol.
We found that PMA acts synergystically with taxol to

induce polyploidization by increasing the expression of G1
and G2 checkpoint-related proteins and by potentiating
taxol-induced spindle disorganization. These findings sug-
gest that regulation of protein kinase C activity may
mediate the effects of the combination in vivo.

2. Materials and methods

2.1. Materials

Taxol and PMA were purchased from Sigma and dis-
solved in dimethyl sulfoxide. Taxol was stored in the dark
at 48C and PMA was stored at y208C. The antibodies
against mouse cyclin B, cdc2, cyclin E, cdk2, and tubulin
used in this study were purchased from Wako Pure Chemi-
cal, Tokyo. All other chemicals were of reagent grade and
purchased from Sigma.

2.2. Cell line and culture conditions

ŽMethylcholanthrene-induced sarcoma cells Meth-A
.line, syngeneic to BALBrc mice were grown in RPMI

1640 medium supplemented with 10% heat-inactivated
Ž .fetal calf serum Flow Laboratories , 50 urml of penicillin

and 50 mgrml of streptomycin. The cells were maintained
at 378C in a humidified atmosphere containing 5% CO2

and 95% air. The viability of the cells used in these
experiments was consistently more than 95% when evalu-
ated by the Trypan blue exclusion method.

2.3. Measurement of cellular parameters

The number and volume distribution of Meth-A cells
were determined using a Coulter counter model ZM and a

Ž .Channelyzer model 256 Coulter Electronics . The ana-
lyzer was calibrated using 9.61-mm styrene beads.

2.4. Cell cycle analyses

Flow cytometry was used to determine the DNA con-
tent of Meth-A cells. The cells were fixed in 70% ethanol,
and then treated exhaustively with pancreatic RNase A and

Žstained R with propidium iodide 10 mgrml in phosphate-
.buffered saline . Fluorescence from individual cells was

Žmeasured with a flow cytometer Cytofluorograf system
. Ž50H, Ortho Instruments and a FACSort Becton Dickin-

.son Immunocytometry System . The relative intensities of
red fluorescence were measured and DNA histograms
were obtained. The results were analyzed using CEL-
LQuest software.

2.5. Assay of relatiÕe protein content by flow cytometry

Meth-A cells were collected, washed in phosphate-
buffered saline, fixed with 1% paraformaldehyde for 30
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Fig. 2. Representative photomicrographs of abnormal spindles. Under the
conditions we used, type IV spindles were not seen.

min at room temperature, and treated with 0.3% Triton
X-100 for 10 min at 378C. The cells were then incubated
with 10 ngrml fluorescein isothiocyanate for 1 h at room
temperature, pelleted, resuspended in phosphate-buffered
saline containing RNase A and propidium iodide, and
analyzed by flow cytometry.

2.6. Assay of relatiÕe immunofluorescence intensities by
flow cytometry

The cyclin B, cdc2, cyclin E, cdk2 and tubulin proteins
were detected by indirect immunofluorescence using spe-

Žcific antibodies and standard methodology Benito et al.,
.1995 . Meth-A cells were collected, washed in phosphate-

buffered saline, fixed with 1% paraformaldehyde for 30
min at room temperature, and treated with 0.3% Triton
X-100 for 10 min at 378C. The cells were then incubated
with the primary rabbit polyclonal antibodies against cy-
clin B, cdc2 or cyclin E, or primary mouse monoclonal
antibodies against cdk2 or tubulin, for 24 h at 48C. The
cells were washed in phosphate-buffered saline containing
1% bovine serum albumin and stained with the secondary

Ž .goat anti-rabbit cyclin B, cdc2, and cyclin E or rabbit
Ž . Ž .anti-mouse cdk2 and tubulin immunoglobulin G IgG

fluorescein isothiocyanate-conjugated antibodies. The cells
were then washed again, resuspended in phosphate-buffered

Fig. 3. Taxol inhibits proliferation of Meth-A cells. Meth-A cells were
treated with 0, 12.5, 25, 50 or 100 ngrml taxol for 36 h. The number of
cells was determined using a Coulter Counter.

saline containing RNase A and propidium iodide, and
analyzed by flow cytometry.

2.7. Western blot analysis of proteins

Western blot analysis of the expression of cdc2 and
cdk2 proteins was performed using specific antibodies and

Fig. 4. Taxol induces polyploidization of Meth-A cells. Meth-A cells
were treated with 0, 12.5, 25, 50 or 100 ngrml taxol for 36 h. The cells
were collected and the distribution of DNA content was determined by
flow cytometry at 0, 12, 24 and 36 h, respectively. C: haploid DNA
content.



( )Z.-p. Zong et al.rEuropean Journal of Pharmacology 394 2000 181–187184

Ž .standard methodology Banerjee et al., 1998 . Briefly,
protein was extracted from the cells with lysis buffer

Ž .containing 50 mM Tris–HCl pH 8.0 , 150 mM NaCl, 10
mgrml aprotinin, 1% NP-40, and 1 mM phenylmethylsal-
fonylfluoride. The lysate supernatant was harvested by
centrifugation at 15,000=g for 30 min. Appropriate pro-

Ž .tein amounts 20 mg were subjected to 10% sodium
Ždodecyl sulfate-polyacrylamide gel electrophoresis SDS-

.PAGE , followed by electroblotting onto a nitrocellulose
membrane. The membranes were probed with the respec-
tive antibody and then with antirabbit or antimouse peroxi-
dase-conjugated secondary IgG antibodies.

2.8. Analyses of morphological changes

For immunohistochemistry of tubulin protein from
Meth-A cells, cells were stained as for flow cytometry and
observed using fluorescence microscopy.

The abnormal spindles were classified according to the
increase in disorganization as follows: metaphase spindles

Žof control cells the spindles were bipolar with very few or
. Žno detectable astral microtubules , type I spindles the

astral microtubules were more prominent, longer, and more
.numerous than those of normal spindles , type II spindles

Žthe spindles were still bipolar, but the spindle clearly
showed some signs of collapse and the astral microtubules

. Žwere longer than type I spindles , type III spindles the

spindles were significantly collapsed, appeared monopolar,
and consisted of one or more star-shaped aggregates of

. Žmicrotubules , and type IV spindles microtubules were
. Ž .virtually non-existent Jordan et al., 1992 . Between 50

and several hundreds of metaphases were scored for each
group to determine the frequency of normal and types

Ž .I–IV spindles Fig. 2 .

3. Results

3.1. Taxol inhibits proliferation of Meth-A cells

For this study, exponentially growing Meth-A cells in
non-synchronized cultures were treated with 0, 12.5, 25,
50 or 100 ngrml of taxol and then cultivated for 36 h.
Cells were counted 0, 12, 24 and 36 h after taxol addition.
Fig. 3 shows the proliferation curves of the cells as a
function of time of taxol treatment. The inhibition of
proliferation of Meth-A cells by taxol was clearly observed
in concentration- and time-dependent manners during the
36-h period.

3.2. Taxol induces polyploidization of Meth-A cells

To investigate the mechanism by which taxol inhibits
the proliferation of Meth-A cells, we examined the effects

Fig. 5. Effects of taxol in the presence of PMA on cell cycle, cell volume and protein content. Meth-A cells were treated with PMA, taxol, or taxol in the
Ž . Ž . Ž .presence of PMA for 24 h. The cells were collected, and the distribution of DNA content A , cell volume B , and protein content C was determined. C:

haploid DNA content.
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Fig. 6. Effects of taxol in the presence of PMA on G1 and G2 check-
points. Meth-A cells were treated with 25 ngrml taxol, 1 mM PMA, or
25 ngrml taxol in the presence of 1 mM PMA for 24 h. The cells were
fixed with 1% paraformaldehyde and treated with 0.3% Triton X-100,
and then incubated with primary antibodies against cyclin B, cdc2, cyclin
E, or cdk2. The cells were washed in phosphate-buffered saline contain-
ing 1% bovine serum albumin and stained with secondary fluorescein
isothiocyanate-conjugated anti-IgG antibodies. The cells were then washed
again, resuspended in phosphate-buffered saline containing RNase A and
propidium iodide, and analyzed by bivariate flow cytometry.

of taxol on the cell cycle. The cells were stained with
propidium iodide and subjected to flow cytometry in order
to examine the distribution of DNA content. The resultant
histograms are shown in Fig. 4. The first peak was pro-
duced by cells with a 2C DNA content, the second with a
4C, the third with an 8C, and the fourth with a 16C DNA
content.

Exposure to 12.5 ngrml taxol for 12 h did not obvi-
ously affect the distribution of DNA content. With increas-
ing concentrations of taxol, the main peak shifted from 2C
in the control to 4C at 12 h. At 100 ngrml, in most of the
cells DNA was accumulated in the 4C peak, with small 2C
and 8C peaks. With longer incubation in the presence of
taxol, cells with progressively greater DNA contents were
observed until 36 h. After 36 h in the presence of 100
ngrml taxol, the main peak was further shifted to 8C and a
16C peak appeared.

3.3. Effects of taxol in the presence of PMA on cell cycle,
cell Õolume and protein content

PMA was used to examine the role of protein kinase C
in polyploid formation. As shown in Fig. 5, treatment with
25 ngrml taxol for 24 h increased the proportion of cells

with a 4C DNA content, slightly enlarged the cell volume,
and slightly increased the protein content. An amount of 1
mM PMA alone did not significantly affect these parame-
ters. However, in the presence of 1 mM PMA, 25 ngrml
taxol clearly induced the appearance of an 8C peak, similar
to that induced by treatment with 50 ngrml taxol for 24 h.
Similarly, taxol plus PMA more markedly increased the
cell volume and the protein content than did taxol alone.

3.4. Effects of taxol in the presence of PMA on G1 and G2
checkpoints

The fact that treatment with 25 ngrml taxol in the
presence of 1 mM PMA for 24 h induced polyploidization
implies that, under these conditions, the progression of the
cell cycle was accelerated, while the metaphaseranaphase
transition was blocked. To clarify the role of the G1 and
G2 checkpoints in the induction of polyploidization, flow
cytometry was used to quantify the expression of cyclin E
and cdk2 proteins for the G1 checkpoint, and cyclin B and
cdc2 proteins for the G2 checkpoint.

Fig. 6 shows the expression of cyclin E, cdk2, cyclin B,
and cdc2 proteins in Meth-A cells subjected to flow cy-
tometry. After exposure to 25 ngrml taxol, 1 mM PMA,
or 25 ngrml taxol in the presence of 1 mM PMA for 24 h,
the expression patterns of the four proteins were similar.
Namely, PMA itself did not significantly affect the expres-
sion of these proteins, while taxol slightly increased their
expression, and taxol in the presence of PMA increased
their expression more markedly. Similar results for cdc2
and cdk2 expression were observed by Western blot analy-

Ž .sis Fig. 7 .
The overexpression of these proteins may cause the

acceleration of the progression of the cell cycle and induce
polyploidization.

3.5. Effects of taxol in the presence of PMA on tubulin
content and spindle organization

After 24 h of exposure to 1 mM PMA, 25 ngrml taxol,
or 25 ngrml taxol in the presence of 1 mM PMA, tubulin
was quantified using flow cytometry. It is interesting that
taxol clearly increased the expression of tubulin, although
taxol did not induce polyploidization at this concentration.
Although PMA itself slightly increased the expression of

Fig. 7. Analysis of cdc2 and cdk2 expression by Western blotting. The
cells were treated as described in the legend to Fig. 6 and the expression
of cdc2 and cdk2 was detected by Western blot analysis as described in
Section 2.
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Fig. 8. Effects of taxol in the presence of PMA on tubulin content and
spindle organization. Meth-A cells were treated with 25 ngrml taxol, 1
mM PMA, or 25 ngrml taxol in the presence of 1 mM PMA for 24 h.
The cells were treated as described in the legend of Fig. 6, and the
content of tubulin protein was then analyzed by bivariate flow cytometry
Ž .A and spindle organization was observed by fluorescence microscopy
Ž .B, C . The abnormal spindles were classified into four types as described
in Section 2.

tubulin, PMA did not potentiate the effect of taxol on
Ž .tubulin expression Fig. 8A .

To examine the effect of taxol, especially in the pres-
ence of PMA, on spindle organization, the cells used to
quantify tubulin expression were observed by fluorescence
microscopy. Disorganization of the spindle was obvious

Ž .after treatment with 25 ngrml taxol Fig. 8B . PMA had
no obvious effect on spindle organization itself or on
taxol-induced spindle disorganization. However, when we
classified the abnormal spindles into four types according
to the degree of disorganization, we found that while more
than 50% of spindles were type III after taxol treatment, in
the presence of PMA plus taxol, more than 80% of the

Ž .spindles were type III Fig. 8C .

4. Discussion

A number of experiments have demonstrated that pro-
tein kinase C is closely associated with the pharmacologi-

Ž .cal effects of taxol. Jun et al. 1995 found that protein
kinase C is involved in taxol-induced activation of murine

Ž .peritoneal macrophages. Wang et al. 1998a obtained
evidence suggesting that bryostatin 1, an activator of pro-
tein kinase C, potentiated taxol-induced apoptosis. In the
present study, polyploidization of Meth-A cells was caused
by the addition of taxol to the medium. To examine the
relationship between the induction of polyploidization and
protein kinase C, taxol in the presence of PMA was used
to treat Meth-A cells. We found that not only taxol-in-

duced polyploidization was potentiated by PMA, but also
that polyploidization was induced by a lower concentration
Ž .25 ngrml of taxol, which did not induce polyploidization
by itself, in the presence of PMA. These findings indicated
that protein kinase C is involved in the induction of
polyploidization.

The fact that 25 ngrml taxol did not induce poly-
ploidization by itself, but did in the presence of PMA,
implies that PMA accelerated the progression of the cell
cycle in the absence of mitosis. To examine the mecha-
nism, by which PMA accelerates the progression of the
cell cycle during induction of polyploidization, the check-
points in the G1rS and G2rM transitions were investi-
gated. We measured the G1 checkpoint-related proteins
cyclin E and cdk2, and G2 checkpoint-related proteins
cyclin B and cdc2 using flow cytometry, and found that
the amount of both G1 and G2 checkpoint-related proteins
increased during the induction of polyploidization. These
findings raised the possibility that protein kinase C is
associated with up-regulation of G1 and G2 checkpoint-re-
lated proteins, which are determinants of the induction of
polyploidization although kinase activities are also impor-
tant. These findings are consistent with evidence demon-
strating a functional link between protein kinase C and cell
cycle checkpoints, and a number of specific effects caused
by different members of the protein kinase C family has

Žbeen reported Garcia and Cales, 1996; Zeng and el-Deiry,
.1996; Arita et al., 1998 .

Ž .Ball et al. 1992 reported that PMA increases tubulin
synthesis and stimulates tubulin polymerization. Lehrich

Ž . Ž .and Forrest 1994 and Garcia-Rocha et al. 1997 pre-
sented direct evidence that protein kinase C binds to
tubulin. These observations suggest that tubulin may play a
central role in the polyploidization induced by taxol in the
presence of PMA. Our results obtained by flow cytometry
showed that taxol treatment increased the total content of
tubulin protein, and PMA did not influence this effect of
taxol. However, morphological data showed that PMA
potentiated the induction of abnormal spindles by taxol. It
is clear that protein kinase C is involved in taxol-induced
polyploidization through interference with tubulin poly-
merization. Studies to gain further insight into the mecha-
nism by which protein kinase C is associated with the
induction of polyploidization are in progress.

Taken together, the findings show that, in this cell line,
PMA potentiates taxol-induced polyploidization in at least
two ways, i.e., accelerating the progression of the cell
cycle by up-regulation of G1 and G2 checkpoint-related
proteins and potentiating spindle disorganization which
blocks mitosis. These findings suggest that appropriate
drug combinations with taxol may be clinically useful.

Acknowledgements

This study was supported in part by Grants for Project
Research from the High Technology Center of Kanazawa



( )Z.-p. Zong et al.rEuropean Journal of Pharmacology 394 2000 181–187 187

Ž .Medical University P96-2, H98-1 and the National Sci-
ence Foundation for High Tech Research, Japan.

References

Arita, Y., Buffolino, P., Coppock, D.L., 1998. Regulation of the cell
cycle at the G2rM boundary in metastatic melanoma cells by 12-O-

Ž .tetradecanoyl phorbol-13-acetate TPA by blocking p34cdc2 kinase
activity. Exp. Cell Res. 242, 381–390.

Arnal, I., Wade, R.H., 1995. How does taxol stabilize microtubules?
Curr. Biol. 5, 900–908.

Ball, R.L., Albrecht, T., Thompson, W.C., James, O., Carney, D.H.,
1992. Thrombin, epidermal growth factor, and phorbol myristate
acetate stimulate tubulin polymerization in quiescent cells: a potential
link to mitogenesis. Cell Motil. Cytoskeleton 23, 265–278.

Banerjee, D., Schnieders, B., Fu, J.Z., Adhikari, D., Zhao, S.C., Bertino,
J.R., 1998. Role of E2F-1 in chemosensitivity. Cancer Res. 58,
4292–4296.

Benito, A., Grillot, D., Nunez, G., Fernandez-Luna, J.L., 1995. Regula-
tion and function of bcl-2 during differentiation-induced cell death in
HL-60 promyelocytic cells. Am. J. Pathol. 146, 481–490.

Canman, J.C., Bement, W.M., 1997. Microtubules suppress actomyosin-
based cortical flow in Xenopus oocytes. J. Cell Sci. 110, 1907–1917.

Cavaletti, G., Bogliun, G., Marzorati, L., Zincone, A., Marzola, M.,
Colombo, N., Tredici, G., 1995. Peripheral neurotoxicity of taxol in
patients previously treated with cisplatin. Cancer 75, 1141–1150.

Cowden, C.J., Paterson, I., 1997. Cancer drugs better than taxol? Nature
387, 238–239.

Duan, Z., Feller, A.J., Toh, H.C., Makastorsis, T., Seiden, M.V., 1999.
TRAG-3, a novel gene, isolated from a taxol-resistant ovarian carci-
noma cell line. Gene 229, 75–81.

Frey, M.R., Saxon, M.L., Zhao, X., Rollins, A., Evans, S.S., Black, J.D.,
1997. Protein kinase C isozyme-mediated cell cycle arrest involves

Ž . Ž .induction of p21 waf1rcip1 and p27 kip1 and hypophosphorylation
of the retinoblastoma protein in intestinal epithelial cells 2. J. Biol.
Chem. 272, 9424–9435.

Garcia, P., Cales, C., 1996. Endoreplication in megakaryoblastic cell lines
is accompanied by sustained expression of G1rS cyclins and down-
regulation of cdc25C. Oncogene 13, 695–703.

Garcia-Rocha, M., Avila, J., Lozano, J., 1997. The zeta isozyme of
protein kinase C binds to tubulin through the pseudosubstrate domain.
Exp. Cell Res. 230, 1–8.

Jordan, M.A., Thrower, D., Wilson, L., 1992. Effects of vinblastine,
podophyllotoxin and nocodazole on mitotic spindles. Implications for
the role of microtubule dynamics in mitosis. J. Cell Sci. 102, 401–416.

Jun, C.D., Choi, B.M., Kim, H.M., Chung, H.T., 1995. Involvement of
protein kinase C during taxol-induced activation of murine peritoneal
macrophages. J. Immunol. 154, 6541–6547.

Kavallaris, M., Burkhart, C.A., Horwitz, S.B., 1999. Antisense oligo-
nucleotides to class III b-tubulin sensitize drug-resistant cells to
Taxol. Br. J. Cancer 80, 1020–1025.

Lehrich, R.W., Forrest, J.N. Jr., 1994. Protein kinase C zeta is associated
with the mitotic apparatus in primary cell cultures of the shark rectal
gland. J. Biol. Chem. 269, 32446–32450.

Ling, Y.H., Consoli, U., Tornos, C., Andreeff, M., Perez-Soler, R., 1998.
Accumulation of cyclin B1, activation of cyclin B1-dependent kinase
and induction of programmed cell death in human epidermoid carci-
noma KB cells treated with taxol. Int. J. Cancer 75, 925–932.

Livneh, E., Fishman, D.D., 1997. Linking protein kinase C to cell-cycle
control. Eur. J. Biochem. 248, 1–9.

Muhua, L., Adames, N.R., Murphy, M.D., Shields, C.R., Cooper, J.A.,
1998. A cytokinesis checkpoint requiring the yeast homologue of an
APC-binding protein. Nature 393, 487–491.

Nedelec, F.J., Surrey, T., Maggs, A.C., Leibler, S., 1997. Self-organiza-
tion of microtubules and motors. Nature 389, 305–308.

Nurse, P., Masui, Y., Hartwell, L., 1998. Understanding the cell cycle.
Nat. Med. 4, 1103–1106.

Orr-Weaver, T.L., Weinberg, R.A., 1998. A checkpoint on the road to
cancer. Nature 392, 223–224.

Pines, J., 1999. Checkpoint on the nuclear frontier. Nature 397, 104–105.
Severin, F.F., Sorger, P.K., Hyman, A.A., 1997. Kinetochores distinguish

GTP from GDP forms of the microtubule lattice. Nature 388, 888–891.
Sheetz, M.P., 1996. Microtubule motor complexes moving membranous

organelles. Cell Struct. Funct. 21, 369–373.
Straight, A.F., Marshall, W.F., Sedat, J.W., Murray, A.W., 1997. Mitosis

in living budding yeast: anaphase A but no metaphase plate. Science
277, 574–578.

Torres, K., Horwitz, S.B., 1998. Mechanisms of Taxol-induced cell death
are concentration dependent. Cancer Res. 58, 3620–3626.

Wang, S., Guo, C.Y., Castillo, A., Dent, P., Grant, S., 1998a. Effect of
bryostatin 1 on taxol-induced apoptosis and cytotoxicity in human

Ž .leukemia cells U937 . Biochem. Pharmacol. 56, 635–644.
Wang, T.H., Wang, H.S., Ichijo, H., Giannakakou, P., Foster, J.S., Fojo,

T., Wimalasena, J., 1998b. Microtubule-interfering agents activate
c-Jun N-terminal kinaserstress-activated protein kinase through both
Ras and apoptosis signal-regulating kinase pathways. J. Biol. Chem.
273, 4928–4936.

Wani, M.C., Taylor, H.L., Wall, M.E., Coggon, P., McPhail, A.T., 1971.
Plant antitumor agents: VI. The isolation and structure of taxol, a
novel antileukemic and antitumor agent from Taxus brevifolia. J. Am.
Chem. Soc. 93, 2325–2327.

White, J.G., Rao, G.H., 1998. Microtubule coils versus the surface
membrane cytoskeleton in maintenance and restoration of platelet
discoid shape. Am. J. Pathol. 152, 597–609.

Zeng, Y.X., el-Deiry, W.S., 1996. Regulation of p21WAF1rCIP1 ex-
pression by p53-independent pathways. Oncogene 12, 1557–1564.

Zong, Z.P., Fujikawa-Yamamoto, K., Tanino, M., Teraoka, K., Yamag-
ishi, H., Gai, X.D., Odashima, S., 1995. The important role of PKC in
controlling polyploidy formation in cultured fibrosarcoma cell line.
Biochem. Mol. Biol. Int. 35, 1009–1015.

Zong, Z.P., Fujikawa-Yamamoto, K., Teraoka, K., Yamagishi, H., Tanino,
M., Odashima, S., 1994. Potentiation of K252a, a protein kinase
inhibitor-induced polyploidization by cAMP in cultured fibrosarcoma
cell line. Biochem. Biophys. Res. Commun. 205, 746–750.


