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Abstract

Taxol was found to induce polyploidization and apoptosis in cultured methylcholanthrene-induced sarcoma cells (Meth-A cells), but some
of the cells in G1 phase were not affected. We refer to these cells as taxol-resistant cells. Phorbol 12-myristate 13-acetate (PMA), a protein
kinase C (PKC) regulator, was used to test the taxol-resistant cells. Many of the taxol-resistant cells disappeared after treatment with taxol in
the presence of PMA. To explore the mechanism of this effect, we employed flow cytometry to determine levels of p53, p21, bcl-2 and
caspase proteins in the taxol-resistant cells, and found that the expression of the bcl-2 protein was markedly decreased and the expression of
the caspase protein markedly increased after treatment with taxol in the presence of PMA. These findings suggest that PMA enhances the
sensitivity of taxol-resistant cells to taxol, and taxol treatment in the presence of PMA induces the apoptosis of taxol-resistant cells by
inhibiting the expression of the bel-2 protein and increasing the expression of the caspase protein.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Taxane paclitaxel (taxol), identified by Wani et al.
(1971), is a diterpenoid plant product isolated from the bark
of Pacific yew trees (Taxus brevifolia) whose principal
targets in cells are spindle microtubules responsible for the
segregation of duplicated chromosomes to daughter cells at
mitosis (Goncalves et al., 2001). Taxol binds reversibly to
tubulin along the surface of microtubules where it increases
the rate at which the tubulin monomer is polymerized and
stabilizes the microtubule cytoskeleton against depolymer-
ization (Arnal and Wade, 1995), resulting in the arrest of the
cell cycle at metaphase/anaphase transition and cell death
(Ling et al., 1998; Torres and Horwitz, 1998; Wang et al.,
1998a). Taxol has achieved resounding success as a valu-
able chemotherapeutic agent used for the treatment of many
types of cancer, including ovarian (Chuang et al., 2003;
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Parmar et al., 2003), breast (Chang et al., 2003), and non-
small-cell lung tumors (O’Brien et al., 2003), as well as
head and neck carcinomas (Posner and Lefebvre, 2003).
However, as with other antitumor agents, drug resistance
has been noted during and after chemotherapy with taxol
(Yu et al., 1998; Kavallaris et al., 1999).

The resistance of tumor cells to chemotherapy is a major
problem in the treatment of cancer. A search for the
mechanisms by which tumors resist various treatments is
being made worldwide. It is known that when confronted
with an environment unfavorable for growth, eukaryotic
cells stop dividing, leave the cell cycle, and enter a stable
quiescent state often referred to as the GO phase in which
they remain viable for extended periods and from which
they can re-enter the cell cycle (Wei et al., 1993). Entry into
a quiescent state is believed to be a major reason why tumor
cells resist some chemotherapeutic agents. Inducing tumor
cells to re-enter the cell cycle from this quiescent state is a
major goal in clinical practice.

Protein kinase C (PKC), a multigene family of enzymes
consisting of at least ten different calcium and lipid-regu-
lated protein kinases in addition to the PKC-related kinases,
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is believed to play a crucial role in the signal transduction
involved in the regulation of numerous cellular functions
(Nishizuka, 1986, 1992). PKC-mediated phosphorylation is
also believed to regulate membrane functions through
translocation from the cytosol to cell membrane and nuclear
membrane in response to activators (Sibley and Lefkowitz,
1985; Hartwig et al., 1992; Singh et al., 1994; Ikizawa et al.,
1996). There have been lines of evidence demonstrating that
cell-permeable diacylglycerol (DAG) derivatives, which
activate PKC (Rosengurt et al., 1984), and phorbol esters,
which mimic the activating effect of DAG, induce the
transcription of a wide array of genes (Castagna et al.,
1982; Colamonici et al., 1986).

The present study investigated whether phorbol ester
induces taxol-resistant tumor cells to re-enter the cell cycle
and/or undergo cell death. We employed flow cytometry to
determine DNA content and found that some cells in G1/G0
phase with a 2C (C=haploid) DNA content persisted after
taxol treatment. We refer to these cells as taxol-resistant
cells. Following combined treatment with phorbol 12-myr-
istate 13-acetate (PMA), the number of taxol-resistant cells
decreased markedly.

2. Materials and methods
2.1. Reagents

Taxol and PMA were purchased from Sigma (St Louis,
MO, USA) and dissolved in dimethyl sulfoxide. Taxol
was stored in the dark at 4 °C and PMA was stored at
—20 °C. Antibodies against 5-bromo-2’'-deoxyuridine
(BrdU), mitotic phosphoprotein monoclonal-2 (MPM2),
p53, p2l, bel-2 and the caspase proteins used in this
study were purchased from Wako, (Tokyo, Japan). All
other chemicals were of reagent grade and obtained from
Sigma.

2.2. Cell line and culture conditions

Meth-A cells (a methylcholanthrene-induced sarcoma
cell line, syngeneic to BALB/c mice) were grown in RPMI
1640 medium supplemented with 10% heat-inactivated fetal
calf serum, 50 U/ml of penicillin and 50 pg/ml of strepto-
mycin. The cells were maintained at 37 °C in a humidified
atmosphere containing 5% CO, and 95% air. The viability
of the cells used in these experiments was consistently more
than 95% when evaluated by the Trypan blue exclusion
method.

2.3. Experimental animals

Pathogen-free male BALB/c mice, 7 weeks old, were
purchased from Sankyo Laboratory (Shizuoka, Japan). The
mice were housed in animal quarters with controlled tem-
perature (22—26 °C), humidity (50—60%), and lighting (12-

h cycle). Five animals were used per experimental condi-
tion. All experiments were repeated at least twice and
representative data are displayed.

2.4. Flow cytometric measurements

Flow cytometry was employed to determine the distri-
bution of DNA content in Meth-A cells. After fixation in
70% ethanol, the cells were treated exhaustively with
pancreatic RNase A and stained with 10 pg/ml of propidium
iodide (PI) in phosphate-buffered saline (PBS). Fluores-
cence from individual cells was measured with a flow
cytometer (Cytofluorograf system 50H, Ortho Instruments,
NJ, USA) and a FACSort (Becton Dickinson Immunocy-
tometry System, NJ, USA). The relative intensities of red
fluorescence were measured and DNA histograms were
obtained. The results were analyzed using CELLQuest
software.

Flow cytometry was also employed to determine the
expression of MPM2, p53, p21, bcl-2 and caspase proteins,
and incorporation of BrdU by indirect immunofluorescence
using the specific antibodies and the standard methodology
(Zong et al., 1999). Meth-A cells were collected, washed in
PBS, fixed with 1% paraformaldehyde for 30 min at room
temperature and treated with 0.3% Triton X-100 for 10 min
at 37 °C. The cells were then incubated with the primary
antibodies for 24 h at 4 °C, washed in PBS containing 1%
bovine serum albumin, and stained with secondary immu-
noglobulin G fluorescein isothiocyanate-conjugated anti-
bodies. They were then washed again, resuspended in
PBS containing RNase A and PI, and analyzed by flow
cytometry.

2.5. In vivo experiments

Meth-A cells (1 x 10°) were injected i.p. into the BALB/
¢ mice. An ip. injection of PMA (for the PMA-treated
group), taxol (taxol-treated group), PMA plus taxol (PMA
plus taxol-treated group), or an equal volume of solvent as a
control (control group) was administered to the animals at
0.05 pg/mouse (PMA) and/or 0.5 mg/mouse (taxol), every
other day, four times after 3 days of inoculation with Meth-
A cells. Mice were checked daily for survival. In two
different experiments, ascites fluid was collected at indicat-
ed times and its volume evaluated.

3. Results

3.1. Taxol induces polyploidization and apoptosis in Meth-A
cells

The time course and dose response of the effect of taxol
on DNA content were examined in exponentially growing
Meth-A cells. The cells were stained with PI and subjected
to flow cytometry. Fig. 1 shows the histograms. The first
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Fig. 1. Taxol induces polyploidization and apoptosis in Meth-A cells. Meth-
A cells were treated with 0, 50 or 5000 ng/ml of taxol for 4 days. The cells
were collected and the distribution of DNA content was determined by flow
cytometry. C: haploid DNA content. Ap: apoptosis.

peak was produced by cells with a 2C, the second with a 4C,
the third with an 8C, the fourth with a 16C, the fifth with a
32C and the sixth with a 64C DNA content, respectively.
The cells with 2C and 4C DNA contents are referred to as
the first cell cycle cells, and those with 4C and 8C as the
second, 8C and 16C as the third, 16C and 32C as the fourth,
and 32C and 64C as the fifth cell cycle cells. The 4C, 8C,
16C and 32C peaks were produced by cells in the G2 phase
and Gl phase of the next cell cycle, respectively. The
hypodiploid population was composed of apoptotic bodies
(Del Bino et al., 1992). With continued incubation after
exposure to 50 or 5000 ng/ml of taxol for 4 days, the DNA
content progressively increased and the main peaks shifted
from 2C in the control cells to 4C in the 50 ng/ml taxol-
treated cells and to 32C in the 5000 ng/ml taxol-treated cells
at the 4-day time point.

For the 1-day treatment, cells in the first peak pro-
duced by the diploidy cell population in G1/GO decreased
from 25.1% in the control cells to 11.6% in the 50 ng/ml
and to 5.2% in the 5000 ng/ml taxol-treated cells. The

extension of taxol treatment from 1 to 4 days did not
markedly change the percentage in the 50 ng/ml (11.6%
to 13.7%) and slightly increased the percentage in the
5000 ng/ml taxol-treated cells (5.2% to 9.7%). The per-
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Fig. 2. PMA potentiates taxol-induced polyploidization and apoptosis in
Meth-A cells. Meth-A cells were treated with 0, 1 uM of PMA, 50 ng/ml of
taxol, or 50 ng/ml of taxol in the presence of 1 uM of PMA for 60 h. The
cells were collected and the distribution of DNA content was determined by
flow cytometry. C: haploid DNA content. Ap: apoptosis.
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Fig. 3. Changes in PMA and taxol-treated Meth-A cells when released from the drugs. Meth-A cells were released from the drugs into normal growth medium
after treatment with taxol or taxol plus PMA for 60 h. The cells were collected and the distribution of DNA content was determined by flow cytometry. C:

haploid DNA content. Ap: apoptosis.

centage of the hypodiploid population was markedly in-
creased in a time-dependent manner in both taxol-treated
groups.

These results suggest that, under the taxol-treated con-
ditions, taxol-sensitive cells are arrested in metaphase, and

Control PMA 1M

by some unknown mechanisms escape the arrest, bypass
cellular division, enter into a new cycle of DNA replication,
and become polyploid cells, which then die in an apoptotic
manner. Taxol-resistant cells leave the cell cycle and enter
GO phase. In the present study, the cells that persisted in the
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Fig. 4. Effects of taxol in the presence of PMA on S and M phases. Meth-A cells were treated with 0, I tM of PMA, 50 ng/ml of taxol, or 50 ng/ml of taxol in
the presence of 1 uM of PMA for 60 h. The cells were collected, and the incorporation of BrdU and the expression of MPM2 protein were determined by flow

cytometry. C: haploid DNA content.
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first peak produced by the diploidy cell population in G1/GO
after the treatment with taxol are referred to as taxol-
resistant cells.

3.2. PMA potentiates taxol-induced polyploidization and
apoptosis in Meth-A cells

Effects of PMA on the taxol-induced polyploidization
and apoptosis, and the taxol-resistant cells were examined
(Fig. 2). Treatment with 1 uM PMA for 60 h did not
markedly interfere with the progression of the cell cycle,
but in combination with 50 ng/ml of taxol, PMA potentiated
polyploidization. The main peak shifted from 4C in the 50
ng/ml taxol-treated cells to 8C in the 1 uM PMA plus 50 ng/
ml taxol-treated cells. At the same time, the number of
taxol-resistant cells markedly decreased (from 12% in the 50
ng/ml taxol-treated cells to 6% in the 1 uM PMA plus 50
ng/ml taxol-treated cells) and the hypodiploid population

markedly increased (from 16.4% in the 50 ng/ml taxol-
treated cells to 27.3% in the 1 uM PMA plus 50 ng/ml taxol-
treated cells).

When the cells were released from the drug treatment
into normal growth medium after exposure to taxol or
taxol plus PMA for 60 h, histograms obtained from the
taxol-treated cells gradually resembled those obtained
from the control cells (Figs. 1 and 3). Namely, at the 4-
day time point, the cells with the 2C and 4C DNA con-
tents produced two main peaks, the cells with an 8C DNA
content markedly decreased and produced a small peak,
and the cells with a 16C DNA content almost disappeared.
In contrast, the histograms obtained from the PMA plus
taxol-treated cells showed a different pattern. Namely, until
to the 4-day point, the number of cells with 2C DNA
content merely increased to a lesser extent, whereas the
cells with 8C and 16C DNA contents markedly decreased
and the hypodiploid population markedly increased.
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Fig. 5. Analysis of expression of p53, p21, bcl-2 and caspase proteins by flow cytometry. The cells were treated 0, 1 pM of PMA, 50 ng/ml of taxol, or 50 ng/
ml of taxol in the presence of 1 uM of PMA for 60 h, simultaneously stained with PI and monoclonal antibodies against p53, p21, bcl-2 or caspase protein, and
subjected to flow cytometry. The cells with 2C were gated, and the expression of the proteins displayed.
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These results indicate that PMA potentiates the taxol-
induced polyploidization and apoptosis, and suggest that
PKC plays an important role in up-regulating the sensitivity
of Meth-A cells including taxol-resistant cells to taxol.

3.3. Effects of taxol in the presence of PMA on S and M
phases

To clarify the S and M phases, Meth-A cells were
simultaneously stained with PI and monoclonal antibodies
against BrdU (as a hallmark of S phase) or MPM2 (as a
hallmark of M phase) protein, and flow cytometry was used
to quantify the incorporation of BrdU and the expression of
MPM2 protein (Fig. 4). Treatment with | uM PMA for 60
h did not markedly interfere with the incorporation of BrdU.
The incorporation of BrdU mainly occurred in the third cell
cycle with some incorporation in the first (7.6%) following
treatment with 50 ng/ml of taxol. Addition of PMA poten-
tiated the effect of taxol in reducing the incorporation that
occurred in the first cell cycle (2.5%). Different from the
incorporation of BrdU, treatment with 1 uM PMA for 60
h not only did not markedly interfere with the expression of
MPM2 protein in the control cells, but also did not poten-
tiate the expression of MPM2 protein in the taxol-treated
cells.

3.4. Expression of p53, p21, bcl-2 and caspase proteins in
taxol-resistant cells

To investigate the mechanism whereby taxol-resistant
cells disappear after taxol treatment in the presence of
PMA, we examined the expression of p53, p21, bcl-2 and
caspase proteins in cells with a 2C DNA content. Flow
cytometry was used to determine quantitative changes.
Meth-A cells were simultaneously stained with PI and
monoclonal antibody against p53, p21, bcl-2 or caspase
protein, and subjected to flow cytometry. The cells with 2C
DNA content were gated, and the expression of p53, p21,
bcl-2 or caspase protein was determined. As shown in Fig.
5, p53 protein was present in cells with a 2C DNA content,
but the quantitative change was not remarkable in these cells
treated with 1 uM PMA for 60 h. At 50 ng/ml, taxol slightly
decreased the expression. Addition of 1 pM PMA did not
influence the effect of taxol. Effects of PMA and taxol on
the expression of p21 protein were similar to those on the
expression of p53 protein. These results suggest that p53-
related cell death was not involved in the disappearance of
the taxol-resistant cells.

When we examined the expression of bcl-2 protein, we
found that the quantitative change in bcl-2 protein was
slightly potentiated in the cells treated with PMA. In
contrast, taxol slightly down-regulated the expression,
whereas PMA enhanced the effect of taxol. Caspase was
not quantitatively affected in the cells treated with taxol.
However, its expression was slightly decreased in the cells
treated with PMA and markedly increased in the cells

treated with taxol in the presence of PMA. These results
support the possibility that a decrease of bcl-2 protein
expression and increase of caspase protein expression are
responsible for the disappearance of the taxol-resistant cells.

3.5. Survival of mice bearing Meth-A cells

Generally speaking, survival is comparable with tumor-
igenicity (or mitotic capacity). To verify this, we examined
the survival of mice bearing Meth-A cells. Fig. 6A shows
survival rates. In control and PMA-treated groups, mice
started to die from day 14 after an i.p. injection of Meth-A
cells and by day 15 were all dead. In contrast, those in the
taxol-treated group died from 30 to 39 days, significantly
later than the mice in the control and PMA-treated groups.
In the PMA plus taxol-treated group, mice died from 30 to
72 days, and moreover, 20% were still alive at day 81.
Furthermore, at day 81, the living mice were sacrificed and
dissected, with no abnormal findings.

In two different experiments, the mice were sacrificed
under ether anesthesia, and ascites fluid was collected and
its volume measured at day 12 before mice begin to die in
any of the four groups (Fig. 6B), and at day 25 after mice
had died in the control and PMA-treated groups but before
they had died in the taxol- and PMA plus taxol-treated

120
A ——g— Control

100 —e— PMA 1 M
- —3— Taxol 50 ng/ml
® 801 ——o—— Taxol 50 ng/ml
= PMA 1 xM
g 60-
S
o]
i el

20 4
0 - . .
0 20 40 60 80 100
Time (day)
641 B C

Ascites (ml)
2

Controlr PMA ) Taxol ' PMA Taxol ' PMA
Taxol Taxol

Fig. 6. Survival of mice bearing Meth-A cells. An i.p. injection of PMA or
taxol was administered to the BALB/c mice after 3 days of inoculation with
Meth-A cells inoculation, as described in Materials and methods. Mice
were checked daily for survival, and the ascites fluid was collected and its
volume measured.
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groups (Fig. 6C). At day 12, the volume of ascites was
smaller in the PMA-treated group than control group, and
no ascites was observed in the taxol- and PMA plus taxol-
treated groups. However at day 25, the volume of ascites
was increased, and larger in the taxol-treated group than the
PMA plus taxol-treated group.

4. Discussion

Resistance to antineoplastic drugs is a major problem in
the treatment of cancer. In the same way, multidrug resis-
tance imposes substantial limits on tumor responsiveness to
taxol in a clinical setting. Experiments in vitro have yielded
a number of taxol-resistant sublines used to examine the
mechanisms of resistance to taxol (Cabral et al., 1981; Roy
and Horwitz, 1985; Bhalla et al., 1994; Duan et al., 1999;
Goncalves et al., 2001; Zhou et al., 2001; Martello et al.,
2003). In the present study, 50 ng/ml of taxol induced
polyploidization of Meth-A cells, but some of the cells with
2C DNA content persisted throughout the 4-day treatment.
However in the presence of PMA, the number of cells with a
2C DNA content referred to here as taxol-resistant cells was
reduced by half. Moreover, when the cells were released
from treatment into normal growth medium, the taxol-
resistant cells and the cells with a 4C DNA content
gradually increased and produced two main peaks similar
to the control group, whereas in the PMA plus taxol-treated
cells, the number of taxol-resistant cells merely increased to
a lesser extent and the hypodiploid population markedly
increased. In in vivo experiments, mice bearing Meth-A
cells survived longer when treated with PMA plus taxol than
with taxol only. These findings demonstrated that the
PMA —taxol combination effectively overcomes taxol resis-
tance in these cells, and suggest that PKC plays an impor-
tant role in up-regulating the sensitivity of Meth-A cells
including the taxol-resistant cells to taxol.

PKC has been reported to be closely associated with the
pharmacological effects of taxol. Le et al. (2003) reported
that taxol induced the phosphorylation and inactivation of
70-kDa ribosomal S6 kinase (p70S6K), and that the phos-
phorylation requires both de novo RNA and protein syn-
thesis via multiple signaling pathways involving PKC.
Wang et al. (1998b) reported that the PKC activator bryos-
tatin 1 increased the susceptibility of U937 cells to taxol-
induced apoptosis and inhibition of clonogenicity. PKC has
also been reported to be closely associated with multidrug
resistance. Yoshida et al. (2003) reported that K562 leuke-
mia cells exhibiting an increase in PKC alpha expression
became sensitive to gnidimacrin. Narvaez et al. (2003)
reported that the induction of apoptosis by 1,25-dihydrox-
yvitamin D3 in a MCF-7 Vitamin D3-resistant variant (a
human breast cancer cell line) could be sensitized by PMA.
These results support those obtained in the present study.

The p53 protein is the product of a 20-kb gene located on
the short arm of chromosome 17 and a 393-amino-acid

nuclear phosphoprotein. p53’s multifaceted activities in the
G1, M and S phases of the cell cycle involving p21, one of
its important effectors, and effect on apoptosis have been
reported (Chang et al., 1993; Waga et al., 1994; Rellamy et
al., 1997). To explore the possible mechanism by which
taxol treatment in the presence of PMA abolished the taxol-
resistant cells, we investigated the expression of p53 and
p21 proteins in the taxol-resistant cells using flow cytom-
etry. We found that the expression of these two proteins was
not affected by treatment with PMA, but decreased by
treatment with taxol or taxol in the presence of PMA. These
results suggest that p53-related cell death was not involved
in the disappearance of the taxol-resistant cells. Reversely,
the decrease in expression of p53 and p21 proteins acceler-
ated the progression of the cell cycle and potentiated the
polyploidization.

Evidence suggesting the involvement of a variety of
biologically active substances other than p53 protein in
taxol resistance includes: (1) overexpression of interleukin-
2 receptor alpha (Kuhn et al., 2003); (2) overexpression of
interleukin-6 (Yusuf et al., 2003); (3) heat shock protein 90
(Solit et al., 2003); (4) overexpression of the multidrug
resistance (MDR-1) gene (Yusuf et al., 2003); (5) molec-
ular changes in the target molecule (beta-tubulin) (Yusuf et
al., 2003); (6) changes in apoptotic regulatory and mitosis
checkpoint proteins (Yusuf et al., 2003); and (7) bcl-2
family proteins. The bcl-2 protein composed of 239 amino
acids is expressed in mitochondria (Hockenbery et al.,
1990), the endoplasmic reticulum and the nuclear mem-
brane (Jacobson et al., 1993), and has been shown to
prevent the activation of downstream caspase cascade and
to prolong cell survival by inhibiting apoptosis (Fujimura
et al., 2003; Gabriel et al., 2003; Haupt et al., 2003;
Yamashita et al., 2003). Therefore, we next investigated
the expression of bcl-2 and caspase proteins in the taxol-
resistant cells using flow cytometry. We found that taxol
treatment slightly, and taxol treatment in the presence of
PMA markedly, inhibited the expression of bcl-2 protein.
Moreover, taxol treatment in the presence of PMA mark-
edly increased the expression of caspase protein. It is
important to assess whether some of the genes, which
encode proteins whose expression, were investigated in
this study could harbor mutations. The mutations in the
p53, p21, bel-2 and caspase genes will be investigated in
our laboratory.

Taken together, the results of the present study show
that, in this cell line, taxol treatment in the presence of
PMA induces the disappearance of taxol-resistant cells in
several ways, i.e., PMA up-regulates the sensitivity of the
taxol-resistant cells to taxol, and taxol treatment in the
presence of PMA induces apoptosis of the taxol-resistant
cells by inhibiting the expression of bcl-2 protein and
increasing the expression of caspase protein. In the previ-
ous report, we have shown that PMA potentiates taxol-
induced polyploidization in at least two ways, i.e., accel-
erating the progression of the cell cycle by up-regulation
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of G1 and G2 checkpoint-related proteins and potentiating
spindle disorganization, which blocks mitosis (Zong et al.,
2000). These findings suggest that appropriate drug com-
binations with taxol may be clinically useful. We expect
the possible application of these results in clinical trials for
cancer therapy.
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