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Abstract Taxol is a microtubule-stabilizing agent which
induces apoptosis in various cancer cells. In this study,
we found that T24 cells derived from high grade human
urinary bladder cancer were relatively resistant to taxol
and that the IC50 value determined by a colorimetric
WST-1 assay was 406.0 nM. Interestingly, cyclosporin A
(CsA), an immunosuppressive drug, dramatically en-
hanced sensitivity to taxol, and the IC50 value was de-
creased to 47.5 nM in the presence of 1 lM CsA. KK47
cells derived from low grade human urinary bladder
cancer showed high sensitivity to taxol with an IC50

value of 78.8 nM which decreased to 14.4 nM in the
presence of 1 lM CsA. FK506, another immunosup-
pressive drug, also enhanced sensitivity to taxol. Fur-
thermore, a concomitant loss of calcineurin activity was
observed after the treatment of both cell lines with both
CsA and FK506. Taxol induced apoptosis of the cells, as
assessed by Hoechst 33258 staining and by the mea-
surement of caspase 3 activity. Immunoblot analysis
with an antibody against Bcl-2 phosphorylated at serine
70 demonstrated that taxol induced the phosphorylation
of Bcl-2 with its enhancement in the presence of CsA. In
addition, treatment of the cells with CsA significantly
decreased the expression of Bcl-2 at both the protein
and mRNA levels. These results suggest that the en-
hancement of taxol-induced apoptosis by immunosup-

pressive drugs is at least partly due to the inhibition of
calcineurin activity and the loss of the antiapoptotic
function of Bcl-2 via the enhancement of phosphoryla-
tion and the reduction of expression.
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Introduction

More than 50% of superficial urinary bladder cancers
are reported to recur after endoscopic removal of an
initial tumor and about 10–15% of the patients will
subsequently develop muscle-invading tumors [1, 33].
Intravesical chemotherapy is performed after transure-
thral tumor resection to reduce the recurrence of su-
perficial bladder cancer. Intravesical chemotherapy is a
regional therapy and provides the advantages of deliv-
ering drugs at high concentrations to the urinary bladder
while minimizing systemic exposure to the drugs. How-
ever, intravesical chemotherapy is not efficacious against
invasive bladder cancer, because the commonly used
drugs, such as thiopeta, doxorubicin and mitomycin C,
have limited activity [2, 12, 23, 33].

Recent studies reported that taxol is one of the can-
didates for intravesical chemotherapy [3, 29, 35]. Taxol
binds preferentially to microtubules at sites distinct from
the binding sites of vinblastine or colchicine, and pro-
duces mitotic arrest and cell death at clinically relevant
concentrations [5]. Several lines of evidence from recent
studies suggest that taxol induces apoptosis through the
phosphorylation of B-cell leukemia/lymphoma-2 (Bcl-2)
at the G2-M phase of the cell cycle [15, 18, 19]. Bcl-2 is a
26-kDa integral membrane oncoprotein which is unique
in its ability to suppress apoptosis [32]. It prevents
apoptosis induced by a wide variety of stimuli, suggesting
that it inhibits a crucial step in the final common pathway
for apoptotic cell death. Bcl-2, which is located in part in
the outer mitochondrial membrane, dimerizes with a
proapoptotic molecule, Bax, and inhibits its function
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[30]. The phosphorylation of Bcl-2 has been suggested to
decrease the binding activity to Bax and to free Bax from
the Bcl-2-Bax dimer. This is followed by the induction of
apoptosis [31, 36, 44, 47]. One of the critical phospho-
rylation sites in Bcl-2 for the loss of antiapoptotic func-
tion has been reported to be serine 70 which lies in a loop
region connecting the BH4 and BH3 regions [15, 21]. The
protein kinase(s) responsible for the phosphorylation of
serine 70 has not been conclusively identified [5], but one
of the potential candidates appears to be c-Jun N-ter-
minal kinase/stress-activated protein kinase (JNK) [28,
43]. Recently, the phosphorylation of Bcl-2 by the acti-
vation of the JNK pathway was reported to play a major
role in vinblastine-induced apoptosis of the KB-3 human
carcinoma cell line [14]. In contrast to the protein kin-
ases, only a few papers have reported protein phospha-
tases of Bcl-2 [18]. Calcineurin (also called protein
phosphatase 2B) is the only serine/threonine protein
phosphatase under the control of Ca2+ and calmodulin,
and plays a critical role in the regulation of various
cellular functions [11, 25]. The role of calcineurin in
apoptosis is still controversial [42]. It was found to
dephosphorylate Bad and promote apoptosis [42].
However, we found that calcineurin bound to the BH4
region of Bcl-2 [34], and Bcl-2 has been reported to be an
in vitro substrate for calcineurin [18]. Therefore, it is
likely that calcineurin has an antiapoptotic action via the
dephosphorylation of Bcl-2. Furthermore, the inhibition
of calcineurin activity in cancer cells may enhance taxol-
induced phosphorylation of Bcl-2, followed by the en-
hancement of the apoptosis of the cells.

In this study, we found that cyclosporin A (CsA), an
immunosuppressive drug, enhanced the sensitivity to
taxol of two types of human urinary bladder cancer cell
lines. Since the pharmacological effects of CsA were
mediated partly through the inhibition of calcineurin
activity, we examined the effects of CsA on calcineurin
activity, and the taxol-induced phosphorylation of Bcl-2
and activation of JNK in these cell lines. The effects of
CsA on the expression of Bcl-2 were also examined.

Materials and methods

Cell culture

Two human urinary bladder cancer cell lines , T24 established by
Bubenik et al. [8] and KK47 established by Taya et al. [24, 38], were
used in the present study. Cells were cultured in MEM (Sigma, St.
Louis, Mo.) supplemented with 10% newborn calf serum (Bio-
Whittaker, Walkersville, Md.), penicillin (50 IU/ml) and strepto-
mycin sulfate (GibcoBRL, Gland Island, N.Y.) (50 lg/ml) at 37�C
in a humidified atmosphere enriched to contain 5% CO2. The final
concentrations of DMSO and ethanol in medium were below 0.1%
and did not exert any detectable effects on cell growth.

Materials

Paclitaxel (taxol) (Sigma) and FK506 (Calbiochem, Darmstadt,
Germany) were dissolved in DMSO to make 20-mM and 1-mM
stock solutions, respectively, which were then diluted as desired
with water. CsA (Sigma) was dissolved in absolute ethanol to make

a 1-mM stock solution, which was then diluted as desired with
water. 2-(4-lodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium, monosodium salt (WST-1) was supplied by Dojin
(Kumamoto, Japan) and bisbenzimide Hoechst 33258 fluoro-
chrome trihydrochloride (Hoechst 33258) was from Calbiochem.
Other chemicals used were of analytical grade. Calmodulin was
purified from bovine brain [17]. A polyclonal antibody to Bcl-2
phosphorylated at serine 70 (anti-pS70-Bcl-2 antibody) was raised
using a synthetic peptide {PVARTS(PO4)PLQTPAC; Sawady,
Tukuba, Japan} according to standard procedures.

Growth inhibition assay

Exponentially growing cells were seeded in 96-well plates at 1·104
cells/well in six replicates. After overnight culture, the culture me-
dium was changed to fresh standard medium with or without the
test reagents, and the cells were cultured for 24 h. After changing
the medium to fresh standard medium without the test reagents,
cells were cultured for a further 48 h. The cell viability was deter-
mined with a colorimetric WST-1 assay [22]. After 48-h culture,
10 ll of WST-1 were added to each well, and the cells were incu-
bated for an additional 2 h. Following incubation, the absorbance
at 450 nm was measured. Cell viability was expressed as a per-
centage of the absorbance obtained in the treated cells relative to
that in the untreated control cells. The IC50 value is the concen-
tration at which cell viability was inhibited by 50%.

Assay for calcineurin activity

Calcineurin activity was measured as previously described [45]. The
reaction mixture contained in 25 ll: 50 mM HEPES at pH 7.5,
1 mM DTT, 0.1 mM MnCl2, 1 mM CaCl2, 1.5 lM calmodulin,
0.2 lM calyculin A to inhibit protein phosphatases 1 and 2A, and
0.1 mg/ml 32P-labeled casein. In addition, the phosphatase activity
was measured without CaCl2 and calmodulin in the presence of
200 lM trifluoperazine (TFP). The mixture was incubated at 30�C
for 10 min. Calcineurin activity was determined such that the ac-
tivity in the presence of TFP without CaCl2 and calmodulin was
subtracted from that in the presence of CaCl2 and calmodulin. All
assays of each sample were performed in duplicate, and the activity
was corrected for the protein concentration.

Detection of apoptosis by staining with Hoechst 33258

Cells were plated in triplicate and treated for 24 h with taxol in the
presence and absence of CsA or FK506 in a four-well chamber slide
(Becton Dickinson Labware, Franklin Lakes, N.J.). To detect
apoptotic changes, the cells were stained with the DNA-binding
Hoechst 33258 [26]. Briefly, the treated cells were fixed with
methanol/acetic acid (4:1 v/v) for 10 min, washed twice with PBS
(–), and stained for 3 min at room temperature with 1 mMHoechst
33258 in PBS (–). The apoptotic cells were identified by the pres-
ence of nuclear condensation and fragmentation. At least 1,000
cells from randomly selected fields were counted and scored by two
independent observers for the incidence of apoptotic cells using
fluorescence microscopy.

Assay for caspase 3 activity

Caspase 3 activity was measured with DEVD-pNA as substrate
using CPP32/caspase-3 Colorimetric Protease Assay Kit (Chemc-
icon International, Temecula, Calif.) according to the manufac-
turer’s protocol. The degree of increase in caspase 3 activity was
determined by comparing the results from the induced apoptosis
sample with the level of the uninduced control.

SDS-PAGE and immunoblot analysis

The cells were washed twice with PBS and harvested by scraping in
500 ll of mammalian protein extraction reagent (Pierce Chemical,
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Rockford, Ill.) containing 1 mM PMSF, 50 mM NaF and 1 mM
Na3VO4. The insoluble materials were removed by centrifugation
at 14,000 g for 10 min. Protein concentration was determined using
the Bradford method with BSA as the standard [7]. An equal
volume of twofold concentrated SDS sample buffer (125 mM Tris-
HCl, pH 6.8, 10% glycerol, 4% SDS, 10% 2-mercaptoethanol and
0.004% bromophenol blue) was added to each lysate, which was
subsequently boiled for 5 min and electrophoresed on an 8–16%
SDS-polyacrylamide gel by the method of Laemmli [27]. Proteins
separated in SDS-polyacrylamide gel were transferred electropho-
retically to a polyvinylidene difluoride (PVDF) membrane by the
method of Towbin et al [40]. The PVDF membranes were incu-
bated overnight at 4�C with T-PBS (8.1 mM Na2HPO4, 1.5 mM
KH2PO4, 2.7 mM KCl, 137 mM NaCl, and 0.1% Tween 20)
containing 5 g/100 ml skim milk or 1 g/100 ml BSA. The mem-
branes were incubated overnight at 4�C with the monoclonal an-
tibody to Bcl-2 (Santa Cruz Biotechnology, Santa Cruz, Calif.)
or P-glycoprotein (F4) (Neomarkers, Calif.), polyclonal antibo-
dies to the A subunit of calcineurin (anti-calcineurin A antibody)
(Chemicon International), JNK or phospho-JNK (Thr183/Tyr185)
(New England Biolabs, Beverly, Mass.), in T-TBS (20 mM Tris-
HCl, pH 7.6, 150 mM NaCl, and 0.1% Tween 20) containing 5 g/
100 ml skim milk. After washing with T-TBS, the membranes were
incubated with the corresponding secondary antibodies which were
conjugated with horseradish peroxidase (HRP) in T-PBS or T-TBS
containing 5 g/100 ml skim milk for 1 h at room temperature.
Immunoreactive bands were visualized with the enhanced chemi-
luminescence (ECL) Plus Western Blotting Detection Reagent
(Amersham Pharmacia Biotech, Little Chalfont, UK) according to
the manufacturer’s protocol, and quantified by scanning densi-
tometry using NIH Image (version 1.55).

RT-PCR

Total RNA were isolated by the method of Chomczynski and
Sacchi [10]. mRNA was reverse-transcribed into single-stranded
cDNA using random hexamers and Moloney murine leukemia vi-
rus reverse transcriptase (Roche Molecular Systems, Branchburg,
N.J.). The sequences of sense and antisense primers for amplifica-
tion of Bcl-2 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were as follows: sense primer of Bcl-2, 5¢-CAC-
CCCTGGCATCTTCTCCTT-3¢; antisense primer of Bcl-2, 5¢-
AGCGTCTTCAGAGACAGCCAG-3¢; sense primer of GAPDH,
5¢-TCCTCCAGGTATGCAGTGCCA-3¢; antisense primer of
GAPDH, 5¢-GTTATGGTGGGCAGGTGGGTT-3¢. PCR ampli-
fication was carried out with AmpliTaq Gold DNA polymerase
(Roche Molecular Systems) using a TSR-300 Thermal Sequencer
(Iwaki Glass, Tokyo, Japan) after denaturation of the sample at
95�C for 10 min. Each cycle consisted of denaturation at 94�C for
1 min, annealing at 58�C and 60�C for Bcl-2 and GAPDH, re-
spectively, for 1 min, and polymerization at 72�C for 1 min. PCR
products which were labeled with [a-32P]-dCTP were separated by
electrophoresis in 5% polyacrylamide gel. The amount of 32P in-
corporated into each PCR product was quantified using a Bio-
Imaging analyzer (BAS2000; Fujifilm, Tokyo, Japan). In pilot ex-
periments, the amplification curves of GAPDH and Bcl-2 cDNAs
were linear from 12 to 21 cycles and from 18 to 30 cycles, respec-
tively. We chose 16 cycles and 24 cycles for amplification of
GAPDH and Bcl-2 cDNAs, respectively. In addition, we confirmed
a linear relationship between the relative signal and the amount of
total RNA ranging from 3.125 to 50 ng. The amount of PCR
product was normalized to that of GAPDH in each sample. We
repeated RT-PCR three times for each sample to confirm the re-
producibility of the results.

Statistical evaluation

Values were expressed as means±SE. Statistical analysis was per-
formed using Student’s t-test or one way analysis of variance
(ANOVA). Values of P<0.05 were considered statistically signifi-
cant.

Results

Effects of CsA and FK506 on the sensitivity to taxol
of T24 and KK47 cells with WST-1 assay

In the present study, we used two human urinary blad-
der cancer cell lines. T24 cells and KK47 cells were de-
rived from high and low grade cancer cells, respectively.
We confirmed that inhibition of the cell proliferation of
both cell lines by taxol was concentration dependent
using the WST-1 assay (data not shown). We found that
T24 cells were relatively resistant to taxol, and the IC50

value was 406.0±24.6 nM (n=3) (Fig. 1a). In contrast,
KK47 cells were about fivefold more sensitive to taxol
than T24 cells, and the IC50 value was 78.8±7.4 nM
(n=3) (Fig. 1b). When we treated both cell lines with
CsA in the presence of taxol, an enhancement of sensi-
tivity to taxol was observed (Fig. 1a, b). We confirmed
that the effect of CsA was concentration dependent, and

Fig. 1a–d. Determination by a WST-1 assay of the IC50 values of
taxol in the presence of various concentrations of CsA and FK506.
T24 cells (a, c) and KK47 cells (b, d) were seeded and treated with
various concentrations of taxol in the presence of the indicated
concentrations of CsA (a, b) and FK506 (c, d). The IC50 value of
taxol was determined from each concentration-response curve.
Values represent means±SE (bars) from three independent
experiments. *p<0.05 compared with the control
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the IC50 values were decreased to 47.5±4.4 nM (n=3)
and 14.4±0.8 nM (n=3) in the case of T24 cells and
KK47 cells, respectively, in the presence of 1 lM CsA
(Fig. 1a, b). These results suggest that the effect of CsA
was more pronounced in T24 cells than in KK47 cells.
Because there was no significant difference in the levels
of enhancement of growth inhibition between 1 and
2 lM CsA (Fig. 1a, b), 1 lM CsA was used in the fol-
lowing experiments. Treatment of the cells with 5 lM
CsA alone for 48 h inhibited cell proliferation of T24
and KK47 cells by 58.6% and 52.0%, respectively.
However, CsA alone at a lower concentration than
2 lM did not affect the cell growth of either cell line.

In addition to CsA, we examined whether FK506,
another immunosuppressive drug, also enhanced the
cells’ sensitivity to taxol (Fig. 1c, d). The WST-1 assay
clearly demonstrated that FK506 enhanced the inhibi-
tory effects of taxol on the cell growth in a concentra-
tion-dependent manner. The IC50 values of T24 and
KK47 cells were decreased to 135.3±2.0 nM (n=3) and
27.7±0.7 nM (n=3), respectively, in the presence of
1 lM FK506. Treatment of the cells with FK506 alone
at a lower concentration than 2 lM did not affect the
cell growth of either cell line (data not shown).

Inhibition of calcineurin activity by CsA and FK506

We also asked whether or not calcineurin occurred in
both cell lines, and if so, whether or not the activity of
calcineurin was inhibited by treating the cells with CsA
and FK506 (Fig. 2). When immunoblot analysis was
done with crude cell extracts of both cell lines, anti-
calcineurin A antibody detected a protein with an ap-
parent molecular mass of 61 kDa that comigrated with
calcineurin A in crude extract of the human hippocam-
pus (Fig. 2a). Although there was no difference in the
amounts of calcineurin between T24 and KK47 cells,
these were much less than those in the hippocampus.
When we quantified the immunoreactivities and con-
sidered the amounts of protein from the hippocampus
(3 lg) and from both cell lines (40 lg), the amount of
calcineurin A in the hippocampus sample was more than
24 times higher than that in either cell line. These results
are consistent with the reports that calcineurin is most
abundant in the brain [39]. Figure 2b shows that calci-
neurin activity in T24 cells was almost completely lost
after a 1-h treatment with CsA or FK506. When KK47
cells were treated with CsA, almost all activity was lost
after 1 h (Fig. 2c). The effect of FK506 on calcineurin
activity in KK47 cells was weaker than that of CsA, and
the complete loss of activity was observed after 4 h of
treatment (Fig. 2c). The activity was not recovered until
24 h of treatment of both cell lines with CsA. When
KK47 cells were treated with FK506, the activity was
gradually recovered, for unknown reasons (Fig. 2c).
Immunoblot analysis showed no loss of calcineurin A
protein with either treatment (Fig. 2b, c). From these
results, we concluded that treatment of the cells with

CsA and FK506 induced a large loss of calcineurin
activity. Because CsA was more effective in inhibiting
the activity than FK506 under our experimental condi-
tions, CsA was used in the following experiments.

Fig. 2a–c. Immunoblot analysis of calcineurin and assay for
calcineurin activity. a Crude extracts of human hippocampus
(3 lg), T24 cells (40 lg) and KK47 cells (40 lg) were used for
immunoblot analysis with anti-calcineurin A antibody at a dilution
of 1:1,000. T24 (b) and KK47 (c) cells were treated with 1 lM CsA
or 1 lM FK506 for the indicated times. The activity of calcineurin
without CsA or FK506 was taken as 100%, and from this value,
other values were calculated. Values represent means±SE (bars)
from three independent experiments. **p<0.01 compared with the
control
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Effect of CsA on taxol-induced apoptosis
by Hoechst 33258 staining and by measurement
of caspase 3 activity

As the next step, we examined whether or not taxol
treatment induced the apoptosis of T24 and KK47 cells
(Fig. 3). Using Hoechst 33258 staining, apoptotic cells
displayed condensed and fragmented nuclei, while
non-apoptotic cells showed nuclei which were uni-
formly stained (Fig. 3c). When T24 cells and KK47
cells were treated with 500 nM and 100 nM taxol, re-
spectively, a strong induction of apoptosis was ob-
served (Fig. 3a, b). Therefore, apoptosis was only
weakly enhanced by an addition of 1 lM CsA under
these conditions. The percentages of apoptotic cells
were increased to 96.7% and 95.5% from 81.8%
(P<0.0001) and 81.1% (P<0.0001) by a combination
treatment of T24 (Fig. 3a) and KK47 cells (Fig. 3b),
respectively, after 24-h treatment. Treatment of either
T24 or KK47 cells with CsA alone (1 lM) did not
induce apoptosis (Fig. 3a, b).

When we measured the activity of caspase 3 without
any treatment, the activity was not different between the
two cell lines (data not shown). After 24-h treatment with
taxol, the caspase 3 activity in T24 and KK47 cells were
increased 4.3±1.0-fold (n=3, P<0.05) and 9.2±1.2-
fold (n=3, P<0.05), respectively. After 24-h treatment

Fig. 3. Detection of apoptosis by Hoechst 33258 staining (a–c) and
by assay for caspase 3 activity (d). T24 cells (a, c, d) and KK47 cells
(b) were treated without or with 100 nM (b) and 500 nM (a, c, d)
taxol in the presence or absence of 1 lM CsA. a, b apoptotic cells
were counted after Hoechst 33258 staining. Values represent
means±SE (bars) from three independent experiments. **p<0.01
compared with the control (without taxol and CsA). The
representative nuclear staining in the apoptotic cells is shown in
c. Apoptotic cells after 12 h of treatment with 500 nM taxol
displayed the condensed and fragmented nuclei (arrows), while
non-apoptotic cells showed the nuclei which were uniformly stained
(arrowheads). d Caspase 3 activity was measured with DEVD-pNA
as substrate. We repeated the same experiments three times with
reproducible results; representative results are shown. Differences
between taxol and taxol plus CsA after 48-h treatment was
statistically significant (*p<0.05)

106



of KK47 cells with taxol and CsA, caspase 3 activity was
increased 19.0±3.0-fold (n=3, P<0.05). After 48-h
treatment of T24 cells with taxol, caspase 3 activity was
increased 7.8±1.5-fold (n=3, P<0.05) and 16.4±1.6-
fold (n=3, P<0.01) in the absence and presence of CsA,
respectively (Fig. 3d). These results indicated that CsA
enhanced the apoptotic effect of taxol in addition to
enhancing the inhibitory effect of taxol on cell growth.

Phosphorylation of Bcl-2 by treatment with taxol

P-glycoprotein, an ATP-dependent drug efflux pump
encoded by the MDR1 gene, is reported to be one of the
targets of CsA [6, 41]. Inhibition of P-glycoprotein by
CsA may be involved in the enhancement of sensitivity
to taxol. However, immunoblot analysis with anti-P-
glycoprotein antibody did not detect the protein in either
T24 cells or KK47 cells (data not shown). Therefore, we
decided to investigate whether or not the inhibition of
calcineurin activity contributed to the enhancement of
sensitivity to taxol. Because the effect of CsA was more
pronounced in T24 cells than KK47 cells, the following
experiments were conducted mainly with T24 cells.
Taxol treatment has been reported to induce the phos-
phorylation of Bcl-2 which is well correlated with the
apoptosis of various cancer cells [15, 18, 19]. It has been
suggested that Bcl-2 is one of the substrates for calci-
neurin [18, 34]. Therefore, we intended to examine
whether taxol treatment induced the phosphorylation of
Bcl-2, and whether CsA enhanced the taxol-induced
phosphorylation of Bcl-2. For this purpose, we prepared
an antibody specific to Bcl-2 phosphorylated at serine 70
(anti-pS70-Bcl-2 antibody). Immunoblot analysis using
the antibody clearly demonstrated at least three bands
after taxol treatment of T24 cells (Fig. 4a). When we
investigated the time course of the phosphorylation of
Bcl-2 by treatment of T24 cells with 500 nM taxol, we
found that it was increased within 0.5 h of treatment,
with a peak occurring at 24 h followed by a decrease to
48 h (Fig. 4a). Treatment of KK47 cells with 100 nM
taxol increased the phosphorylation of Bcl-2 with a
similar time course to that in T24 cells, and the phos-
phorylation was increased 3.2-fold (n=3, P<0.01) after
24-h treatment (data not shown). When we treated T24
cells in combination with 500 nM taxol and 1 lM CsA,
robust phosphorylation of Bcl-2 was observed. Com-
pared with the control, taxol alone and taxol plus CsA
increased the phosphorylation of Bcl-2 3.5-fold (n=5,
P<0.0001) and 9.3-fold (n=5, P<0.05), respectively,
after 24-h treatment (Fig. 4b). Treatment of the cells
with CsA alone (1 lM) did not increase the phospho-
rylation of Bcl-2 in either cell line.

Activation of JNK by treatment with taxol

As the next step, we examined whether or not JNK was
activated by taxol treatment, and whether or not CsA

enhanced the taxol-induced activation of JNK. When
immunoblot analysis was carried out with an anti-JNK
antibody, the antibody recognized proteins of 46 kDa
(minor) of JNK1 and 54 kDa (major) of JNK2 [14] in a
crude cell extract of T24 cells. No significant changes in
the amount of the two proteins were observed with ei-
ther taxol or CsA treatment of either cell line (data not
shown). Immunoblot analysis with the anti-phospho-
JNK antibody suggested that JNK was essentially in-
active as shown by the low level of phosphorylation of
JNK (Fig. 5a). Treatment of T24 cells with 500 nM
taxol induced the phosphorylation of JNK within 0.5 h
(Fig. 5a). Furthermore, the addition of CsA enhanced
the phosphorylation of JNK by taxol treatment. Im-
munoblot analysis showed no change in the amount of

Fig. 4a, b. Serial changes in phosphorylation of Bcl-2 by treatment
of T24 cells with taxol and CsA. a The representative autoradio-
graphs are shown. T24 cells were treated with or without 500 nM
taxol (Tx) in the presence or absence of 1 lMCsA for the indicated
times. The cell extract (20 lg) was used for immunoblot analysis
with anti-Bcl-2 antibody and anti-pS70-Bcl-2 antibody (P 70S-Bcl-
2) at a dilution of 1:1,000. b Phosphorylation of Bcl-2 without taxol
and CsA was scored as 1, and each value is shown as a multiple
of stimulation. Values represent means± SE(bars) from three
independent experiments. *p<0.05, **p<0.01 compared with the
control
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JNK protein with the combination treatment (Fig. 5a).
Figure 5b summarizes the results from three indepen-
dent experiments. Compared with the control, taxol
alone and taxol plus CsA increased the phosphorylation
of JNK 1.8-fold (n=3, P<0.01) and 3.3-fold (n=3,
P<0.01), respectively, after 24-h treatment. Treatment
of KK47 cells with 100 nM taxol increased the phos-
phorylation of JNK 1.4-fold (n=3, P<0.05) after 12-h
treatment (data not shown). Treatment of the cells with
CsA alone (1 lM) did not increase the phosphorylation
of JNK in either cell line.

Effect of CsA treatment on expression of Bcl-2

When we examined the amount of Bcl-2 protein, no
significant change was observed by the treatment of

either cell line with taxol alone (data not shown).
However, treatment of T24 cells with 1 lM CsA for 24
and 48 h decreased the amount of Bcl-2 to 76.0±1.2%
(n=3, P<0.01) and 69.0±6.6% (n=3, P<0.01),
respectively, of the control value (Fig. 6a). Up to 24-h
treatment of KK47 cells with 1 lM CsA showed no
significant change in the amount of Bcl-2 (data not
shown). After 48-h treatment, the amount was decreased
to 72.0±7.0% of the control value (n=3, P<0.05).

As the next step, we performed the quantitative RT-
PCR analysis. Figure 6b and c clearly indicate that CsA
treatment of T24 cells decreased Bcl-2 mRNA in a time-
dependent manner. CsA treatment of KK47 cells also
decreased Bcl-2 mRNA in a time-dependent manner
(data not shown). When the results were quantified, the
level of Bcl-2 mRNA was decreased to 21.4±0.7%
(n=3, P<0.0001) and 34.5±6.3% (n=3, P<0.0001) of
the control values by treatment with 1 lM CsA of T24
and KK47 cells, respectively, for 24 h. These results
suggest that the decrease in the amount of Bcl-2 protein
by CsA treatment is due to the decrease in the amount of
Bcl-2 mRNA.

Discussion

In the present study, we confirmed that taxol induced
apoptosis as well as inhibition of cell growth in two cell
lines. Next we found that CsA and FK506 enhanced the
effects of taxol. The effects of CsA and FK506 were
pronounced in T24 cells, and the sensitivity to taxol was
increased more than eightfold by CsA treatment using
the growth inhibition assay. To our knowledge, this is
the first report on the enhancement of sensitivity to taxol
by immunosuppressive drugs. As described above, taxol
alone has been used for intravesical chemotherapy [3, 29,
35]. In view of the fact that CsA is not desirable for
general treatment due to its immunosuppressive effect,
the combination of taxol and CsA would be better for
intravesical chemotherapy.

Since P-glycoprotein has been reported to be one of
the targets of CsA [6, 41], the inhibition of P-glycopro-
tein by CsA may play some role in the enhancement of
taxol-induced apoptosis. CsA was reported to have low
potency as a calcineurin inhibitor in cells expressing high
levels of P-glycoprotein [13]. The expression of P-gly-
coprotein was barely detected in T24 and KK47 cells at
the protein level. Furthermore, we found that calcineu-
rin occurred in both cell lines and the activities were
almost completely lost after 1 h of treatment with CsA.
These results suggest that CsA has a high potency as a
calcineurin inhibitor in these cell lines. Therefore, we
investigated additional putative mechanisms of potenti-
ating taxol-induced apoptosis via the inhibition of cal-
cineurin activity.

There is growing evidence that the functions of Bcl-2
are strictly regulated by reversible phosphorylation and
dephosphorylation [20, 21, 36]. Taxol has been reported
to activate JNK which in turn phosphorylates Bcl-2

Fig. 5a, b. Serial changes in the phosphorylation of JNK by
treatment of T24 cells with taxol and CsA. a The representative
autoradiographs are shown. T24 cells were treated with or without
500 nM taxol (Tx) in the presence or absence of 1 lM CsA for the
indicated times. The cell extract (20 lg) was used for immunoblot
analysis with anti-JNK antibody and anti-phospho-JNK antibody
at a dilution of 1:1,000. b Phosphorylation of JNK1 and JNK2
without taxol and CsA was scored as 1, and each value is shown as
a fold stimulation. Values represent means±SE (bars) from three
independent experiments. *p<0.05, **p<0.01 compared with the
control
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which is followed by the induction of apoptosis [5]. We
confirmed that taxol treatment of T24 and KK47 cells
activated JNK and induced the phosphorylation of Bcl-
2. Bcl-2 has been suggested to be a substrate for calci-

neurin [18, 34]. It was reported that treatment of the cells
with calyculin A, a specific inhibitor for protein phos-
phatases 1 and 2A, did not affect the phosphorylation of
Bcl-2 [18]. Therefore, we considered the possibility that
the inhibition of calcineurin activity may inhibit the
dephosphorylation of Bcl-2. Immunoblot analysis with
anti-pS70-Bcl-2 antibody indicated that a combination
treatment with taxol and CsA enhanced the phospho-
rylation of Bcl-2. Together with other reports, these re-
sults strongly suggested that taxol treatment induced the
phosphorylation of Bcl-2 via activation of the JNK
pathway and that CsA enhanced the phosphorylation
mainly by a decrease in the dephosphorylation of Bcl-2
via the inhibition of calcineurin activity. Since basal
JNK activity was low and CsA treatment alone did not
activate JNK, it is reasonable that the phosphorylation
of Bcl-2 did not occur by CsA treatment alone.

Among the phosphorylation sites in Bcl-2, we focused
on serine 70 based on the following, recent findings: (1)
serine 70 lies in a loop region and the phosphorylation of
this region impaired the antiapoptotic effect of Bcl-2 [4,
9], (2) serine 70 is one of the critical phosphorylation
sites for JNK-induced apoptosis [37, 46], (3) a site-di-
rected mutagenesis study suggests that serine 70 is one of
the major phosphorylation sites by treatment with taxol
[21], and (4) Bcl-2 is phosphorylated during the normal
cell cycle progression. For this phosphorylation, serine
70 is the principal phosphorylation site [21, 36]. Using
anti-pS70-Bcl-2 antibody, we obtained clear results on
the phosphorylation of Bcl-2. These results suggest that
the antibody is useful for examining the phosphorylation
of Bcl-2 in cells. Anti-pS70-Bcl-2 antibody detected
more than three bands. These results suggest that other
sites than serine 70 were also phosphorylated by taxol
treatment and that multiple phosphorylated Bcl-2 mi-
grated at the different positions.

It is possible that phosphorylation by JNK of other
proteins in addition to Bcl-2 is involved in taxol-induced
apoptosis. Identification of these proteins and examin-
ation of their dephosphorylation by calcineurin may be
interesting projects for future studies.

In addition to the increase in the phosphorylation of
Bcl-2, we found that the content of Bcl-2 was decreased
by CsA treatment at both the protein and mRNA levels.
Since the decrease in the mRNA was more pronounced
than that in the protein, CsA may inhibit the tran-
scription of Bcl-2. In this context, it was reported that
inhibition of calcineurin activity decreased Bcl-2 mRNA
in IL-2-stimulated cells and that the overexpression of a
constitutive active mutant of calcineurin induced the
gene expression of Bcl-2 [16]. Taken together, calcineu-
rin may have antiapoptotic actions at least partly via the
induction of the gene expression of Bcl-2 as well as the
dephosphorylation of Bcl-2.
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