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The Bcl2 family of proteins plays a significant role in regulation of apoptosis. In this study, the microtubule-
damaging drugs paclitaxel, vincristine, and vinblastine induced Bcl2 hyperphosphorylation and apoptosis in
MCF-7 and MDA-MB-231 cells and reduced Bcl2-Bax dimerization. Paclitaxel or vincristine induced increased
expression of Bax, while overexpression of Bcl2 in these cell lines counteracted the effects of low doses of these
drugs. In addition, paclitaxel- and vincristine-induced activation of cyclic AMP (cAMP)-dependent protein ki-
nase (protein kinase A [PKA]) induced Bcl2 hyperphosphorylation and apoptosis, which were blocked by the
PKA inhibitor Rp diastereomers of cAMP (Rp-cAMP). This finding suggests that activation of PKA due to
microtubule damage is an important event in Bcl2 hyperphosphorylation and induction of apoptosis. These
microtubule-damaging drugs caused growth arrest in G2-M phase of the cell cycle and had no effect on p53
induction, suggesting that hyperphosphorylation mediated inactivation of Bcl2 and apoptosis without the
involvement of p53. By comparison, the DNA-damaging drugs methotrexate and doxorubicin had no effect on
Bcl2 hyperphosphorylation but induced p53 expression. Interestingly, paclitaxel or vincristine induced acti-
vation of caspase 3 and cleavage of poly(ADP-ribose) polymerase downstream of Bcl2 hyperphosphorylation.
These data suggest that there may be a signaling cascade induced by agents that disrupt or damage the
cytoskeleton that is distinct from (i.e., p53 independent), but perhaps related to (i.e., involves kinase activation
and leads to apoptosis), the cellular response to DNA damage.

Apoptosis plays an important role in a wide variety of phys-
iological processes and, when dysregulated, contributes to the
pathogenesis of many diseases, including cancer, autoim-
munity, and neurodegenerative disorders (16, 41). While the
regulation of apoptosis has been extensively studied, little is
known about the mechanisms of cell survival or death. Among
the growing number of genes that regulate apoptosis induced
by a wide variety of stimuli is the Bcl2 family of genes (2, 21,
33). Some proteins within this family, including Bcl2 and Bcl-
XL, inhibit apoptosis, while others, such as Bax and Bak, pro-
mote apoptosis. Bcl2 and related antiapoptotic proteins seem
to dimerize with a proapoptotic molecule, Bax, and modulate
the sensitivity of a cell to apoptosis (30, 35).

Apoptosis is an active and gene-directed form of cell death
with well-characterized morphological and biochemical fea-
tures (16). Recent evidence suggests that the activation of a
cascade of cysteine proteases of the interleukin-1b-converting
enzyme (ICE)/ced3 (caspase) family may exert a pivotal role in
the execution of apoptosis (25). Mammalian cells express at
least 10 such caspases, which cleave after aspartate residues
(9). Overexpression of these caspases induces apoptosis, where-
as their inhibition suppresses apoptosis (24, 25, 28). These
caspases require proteolytic cleavage for their activation (10,
40). In turn, caspases cleave a variety of vital cellular sub-

strate(s) including poly(ADP-ribose) polymerase (PARP) dur-
ing apoptosis (39). Although PARP degradation has been ob-
served (19), activation of caspase 3 by cleavage has not been
demonstrated to occur during drug-induced apoptosis in breast
cancer cells.

Recently, it has been shown that Bcl2 may protect cancer
cells from apoptosis induced by a variety of anticancer agents
(4, 11, 32). The precise mechanism of the Bcl2-induced multi-
drug resistance is unknown. Microtubule-stabilizing agents such
as paclitaxel and docetaxel (11, 22) and microtubule-disrupting
drugs such as vincristine, vinblastine, and colchicine have anti-
mitotic and apoptosis-inducing activity (8). Human leukemic,
breast cancer, and prostate cancer cells exposed to paclitaxel
express a phosphorylated form of Bcl2 and undergo apoptosis,
suggesting that phosphorylation of Bcl2 may inhibit Bcl2 func-
tion. In addition, Bcl2 phosphorylation appears to inhibit its
binding to Bax, since less Bax was observed in an immunocom-
plex with Bcl2 in taxol-treated cancer cells (12).

The objectives of this study were (i) to determine if overex-
pression of Bcl2 in MCF-7 and MDA-MB-231 cells can protect
the cell from apoptosis induced by paclitaxel or vincristine and
(ii) to ascertain the functional consequences of the phosphor-
ylation of Bcl2. We demonstrated that overexpression of Bcl2
counteracts the apoptotic effects of low doses of paclitaxel or
vincristine but has no effect against high doses of these anti-
cancer drugs. Furthermore, microtubule-damaging drugs (pac-
litaxel, vincristine, and vinblastine) induced apoptosis, caused
growth arrest in G2-M phase of the cell cycle, induced caspase
3 activation as well as PARP degradation, but did not induce
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p53. In addition, microtubule-damaging drugs led to hyperphos-
phorylation of Bcl2 through protein kinase A (PKA), whereas
DNA-damaging drugs did not. In contrast, DNA-damaging
drugs induced p53 but had no effect on Bcl2 hyperphosphor-
ylation, indicating that microtubule-damaging drugs induce
apoptosis through a p53-independent mechanism. Interesting-
ly, nocodazole, a reversible microtubule poison, does not acti-
vate PKA, does not induce Bcl2 hyperphosphorylation, and
does not induce apoptosis. This finding suggests that activation
of PKA due to microtubule damage is an important event in
Bcl2 hyperphosphorylation and induction of apoptosis. How-
ever, some forms of microtubule damage activate a signal trans-
duction pathway that ultimately leads to apoptosis.

MATERIALS AND METHODS

Reagents. Paclitaxel (Taxus brevifolia), vincristine, vinblastine, nocodazole,
methotrexate, doxorubicin, etoposide, vanadate (sodium orthovanadate), Hoechst
33258, cyclic AMP (cAMP), kemptide, and forskolin were purchased from Sigma
Chemical Co., St. Louis, Mo. Anti-Bcl2 antibody and anti-p53 antibody were
purchased from Oncogene Science, Uniondale, N.Y. Anti-Bax antibody and
anti-Yama (caspase 3) antibody were purchased from Transduction Laborato-
ries, Lexington, Ky. Anti-PARP antibody was purchased from Santa Cruz Bio-
technology Inc., Santa Cruz, Calif. Enhanced chemiluminescence Western blot
detection reagents were purchased from Amersham Life Sciences Inc., Arlington
Heights, Ill. [32P]orthophosphoric acid (specific activity, 3,000 Ci/mmol) was pur-
chased from NEN Life Science Products, Boston, Mass. L-[35S]methionine (spe-
cific activity, 1,000 Ci/mmol) and [g-32P]ATP (specific activity, 3,000 Ci/mmol)
were purchased from ICN Pharmaceuticals, Inc., Irvine, Calif. Protein phospha-
tase I (PPase I; catalytic subunit) and protein tyrosine phosphatase (PTPase)
were purchased from Boehringer Mannheim, Indianapolis, Ind. Okadaic acid
and phorbol 12-myristate 13-acetate (PMA) were purchased from GIBCO BRL,
Grand Island, N.Y. PKA inhibitor Rp diastereomers of cAMP (Rp-cAMP)
(TEA-salt) was purchased from Biolog Life Sciences Institute, La Jolla, Calif.
Caspase inhibitors, N-benzyloxycarbonyl-Asp-Glu-Val-Asp-fluoromethyl ketone
(z-DEVD-fmk), and N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone (z-
VAD-fmk) were purchased from Enzyme Systems Products, Livermore, Calif.
The protein concentration was determined with the bicinchoninic acid reagent
(Pierce, Rockford, Ill.).

Cells and culture conditions. The human breast cancer cell lines MCF-7 and
MDA-MB-231 and the prostate carcinoma cell line DU145 were obtained from
the American Type Culture Collection, Rockville, Md. Cells were cultured in
either Dulbecco modified Eagle medium (MCF-7) or RPMI 1640 (MDA-MB-
231 and DU145) tissue culture medium (BioWhittaker Inc., Walkersville, Md.)
supplemented with 10% fetal calf serum and a 1% penicillin-streptomycin mix-
ture. Clones were obtained by limiting dilution.

Expression constructs and transfection. Viable cells (2 3 106) were trans-
fected with a mixture of Lipofectin reagent (GIBCO BRL) and either plasmid
pSFFVneo-Bcl2 or plasmid pSFFV-neo. Transduced cells were selected in me-
dium containing 1 mg of G418 (Geneticin; GIBCO BRL) per ml for 4 weeks. We
selected six clones each of MCF-7 and MDA-MB-231 cells and observed little
clonal variation in the observed effects. Lysates were evaluated for p26Bcl2
expression by immunoblot analysis (data not shown). MCF-7 cells were stably
transfected with either vector alone or a CrmA expression construct (39). For
glutathione S-transferase (GST)–Bcl2 fusion protein, full-length Bcl2 cDNA was
cloned into pGEX-4T-2 expression vector (Pharmacia Biotech Inc., Piscataway,
N.J.). This vector was expressed in bacteria, and recombinant fusion protein was
purified from bacterial lysates by gravity-flow affinity chromatography using a
Bulk GST purification kit (Pharmacia Biotech Inc.).

MTT assay. Cells (103) were seeded into 96-well tissue culture plates. Viable
cells were quantitated by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-
lium bromide (MTT) assay (7). In brief, cells were treated with anticancer drugs
for 18 h (see the figure legends). Before harvesting, 20 ml of MTT solution
(5 mg/ml) was added for 3 h to each well followed by 100 ml of 10% sodium
dodecyl sulfate (SDS) and 0.01 N HCl. Viability was quantitated by measuring
A570, using an enzyme-linked immunosorbent assay (ELISA) plate reader with a
reference wavelength of 650 nm. The mean absorbance of four culture wells per
time point was plotted. The percentage of cell survival was defined as (mean A650
of treated wells/A650 of untreated control wells) 3 100.

In vitro and in vivo phosphorylation. In vitro phosphorylation was performed
on GST-Bcl2 protein. Briefly, 50 mg of GST-Bcl2 fusion protein was used in a
final reaction volume of 50 ml with PKA buffer (10 mM Tris-HCl [pH 7.5],
0.25 mM dithiothreitol, 20 mM MgCl2, 100 mM ATP, 20 mCi [g-32P]ATP). The
reaction was initiated by the addition of PKA and incubated for 30 min at 30°C.
Phosphorylated Bcl2 was resolved by SDS-polyacrylamide gel electrophoresis
(PAGE) (12% gel), transferred to nitrocellulose (NC) membranes, and visual-
ized by autoradiography.

For in vivo phosphorylation, cells were incubated in medium for 4 h in the
presence of 250 mCi of [32P]orthophosphoric acid per ml and further incubated

with or without paclitaxel, vincristine, forskolin, okadaic acid, or vanadate for 4 h
before harvesting. At the end of the labeling period, the cells were washed and
harvested in ice-cold phosphate-buffered saline (PBS). The cells were lysed for
30 min on ice in 1 ml of radioimmunoprecipitation assay buffer (10 mM Tris-HCl
[pH 7.5], 120 mM NaCl, 1% Nonidet P-40, 1% deoxycholate, 0.1% SDS). The
lysates were centrifuged at 900 3 g for 30 3 gmin at 4°C. Bcl2 immunoprecipi-
tation was conducted at 4°C on the resulting supernatant with the anti-Bcl2
antibody. After centrifugation and washing, the immunoprecipitated Bcl2 was
resolved by SDS-PAGE (8 to 12% gel), electrotransferred onto NC filters, and
autoradiographed.

Western blot analysis. Cells (106) were plated in 10-cm-diameter dishes and
incubated with drugs as described in the figure legends. Cells were washed twice
with PBS, scraped, and centrifuged, and the cell pellets were lysed in lysis buffer
(0.1 M NaCl, 5 mM MgCl2, 1% Nonidet P-40, 0.5% sodium deoxycholate, 20
mM Tris-HCl [pH 7.4]) containing proteolysis inhibitors, vortexed, passed
through a 22-gauge needle for 10 min, allowed to stand for 30 min at 4°C, and
centrifuged at 750 3 g for 20 min; the resulting supernatants were used as cell
lysates. Lysates were subjected to SDS-PAGE (12% gel), blotted onto an NC
membrane, probed with antibody, and visualized with an enhanced chemilumi-
nescence kit.

Immunoprecipitation. Cells were washed twice with ice-cold PBS before har-
vesting and centrifuged, and the cell pellets were lysed in lysis buffer (see above).
Fifty micrograms of total protein was immunoadsorbed with 1 mg of antibody,
followed by protein A-Sepharose. The immunoadsorbed pellets were washed five
times with washing buffer and finally resuspended in SDS sample buffer. The
immunoprecipitates were subjected to SDS-PAGE, transferred onto an NC
membrane, dried, and autoradiographed.

In vitro translation assay. Hemagglutinin (HA)-tagged human Bax was ob-
tained from J. M. Hardwick, Johns Hopkins School of Medicine, Baltimore, Md.
(5). In brief, BglII fragments of HA-tagged human Bax were cloned into the BglII
site of pSG5. In vitro translation of HA-tagged protein was performed as in-
structed by the manufacturer (TNT, T7 Quick Coupled Transcription/Transla-
tion System; Promega, Madison, Wis.).

cAMP-dependent protein kinase assay. PKA was measured in cell pellets that
were lysed and Dounce homogenized before the assay was performed with ATP,
[g-32P]ATP, MgCl2, kemptide, and Tris-HCl with or without cAMP (43). The
incubation mixture was spotted on phosphocellulose filters and washed with
phosphoric acid; then the radioactivity was measured. The PKA ratio is defined
as the ratio of activity measured in the absence and in the presence of 8 mM
cAMP. Since cAMP fully activates PKA, this ratio is a measure of how much
PKA is activated relative to the total amount of PKA present.

Nuclear morphology. To assay nuclear morphology (apoptotic nuclei), cells
were washed with PBS, fixed with 70% ethanol for 1 h, and stained with 1 mM
Hoechst 33258 for 30 min (7). The nuclear morphology of cells was visualized by
a fluorescence microscope (Olympus BH2). Fluorescent nuclei were screened for
normal morphology (unaltered chromatin), and apoptotic nuclei comprising
those with fragmented (scattered) and condensed chromatin were counted.
Apoptosis was expressed as the percentage of apoptotic nuclei/103 nuclei.

RESULTS

Induction of apoptosis by paclitaxel and vincristine in breast
cancer cells. To evaluate the responsiveness of breast epithelial
carcinoma to paclitaxel or vincristine, we first analyzed the
viability of MCF-7 and MDA-MB-231 cells after exposure to
various concentrations of drug. Both paclitaxel and vincristine
inhibited viability of MCF-7 and MDA-MB-231 cells in a dose-
dependent manner (data not shown). Similarly, paclitaxel or
vincristine induced apoptosis in MCF-7 and MDA-MB-231
cells in a dose-dependent manner (Fig. 1). We next examined
if overexpression of Bcl2 could counteract the apoptotic effects
of paclitaxel or vincristine. The MDA-MB-231 cell line does
not express endogenous Bcl2 as tested by Northern and West-
ern blot analyses (data not shown). Overexpression of Bcl2
slightly attenuated the effect of low doses of paclitaxel or vin-
cristine on apoptosis but had no effect on higher doses of
these drugs (Fig. 1 and 2). In addition, paclitaxel or vincristine
caused growth arrest at the G2-M stage of the cell cycle in
MCF-7 and MDA-MB-231 cells (data not shown).

Hyperphosphorylation of Bcl2 and induction of Bax expres-
sion by anticancer drugs. We next investigated the effects of
paclitaxel, vincristine, or okadaic acid (a serine/threonine
phosphatase inhibitor) on phosphorylation of Bcl2 and induc-
tion of Bax. Paclitaxel, vincristine, or okadaic acid induced
Bcl2 hyperphosphorylation (caused a mobility shift) in MCF-7
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cells (Fig. 3A, lanes 2 to 4). DU145, a prostate cancer cell line
that does not express endogenous Bcl2 or Bax, was used as a
negative control (Fig. 3A to C, lanes 5). Figure 3B clearly
indicates more than 50% reduction of Bax protein in the im-
munocomplexes precipitated by anti-Bcl2 antibody in paclitax-
el-, vincristine-, or okadaic-acid treated cells (Fig. 3B, lanes 2
to 4). We further confirmed this hypothesis by immunoprecipi-
tating cell lysates with anti-Bax antibody and immunoblotting
the complex with anti-Bcl2 antibody (Fig. 3D). Only hypophos-
phorylated Bcl2 was immunoprecipitated with anti-Bax anti-
body (Fig. 3D). These experiments suggest that hyperphos-
phorylated Bcl2 is incapable of forming heterodimers with Bax

(Fig. 3B and D). We next examined if paclitaxel, vincristine, or
okadaic acid could induce Bax protein in MCF-7 cells. Treat-
ment of cells with paclitaxel, vincristine, or okadaic acid re-
sulted in induction of Bax protein (Fig. 3C, lanes 2 to 4). Thus,
these agents appear to exert both inhibitory effects on the
antiapoptotic Bcl2 protein and stimulatory effects on the levels
of the proapoptotic Bax protein.

One common feature among the Bcl2 family members is
that they often homodimerize or heterodimerize with other
family members (35). To assess the effectiveness of dimeriza-
tion of hyperphosphorylated Bcl2 with Bax, we incubated the
35S-labeled in vitro-translated HA-tagged Bax with lysates
from cells treated with paclitaxel, vincristine, or vinblastine,
followed by immunoprecipitation with anti-Bcl2 antibody. Im-
munocomplexes were resolved by SDS-PAGE. Amount of
Bcl2 binding with HA-tagged Bax was decreased in lysates
from cells treated with paclitaxel, vincristine, or vinblastine
(Fig. 3E, lanes 3 to 5), suggesting that hyperphosphorylated
Bcl2 was unable to bind with HA-tagged Bax. Thus, microtu-
bule-acting chemotherapeutic agents and okadaic acid led to
the hyperphosphorylation of Bcl2, its dissociation from Bax,
and the induction of Bax protein. The net result of this se-
quence of events is an increase in either free Bax protein or
Bax homodimers and the initiation of an apoptosis pathway.

cAMP-dependent protein kinase is involved in Bcl2 phos-
phorylation. We next examined if the cAMP-dependent pro-
tein kinase (PKA) pathway is involved in Bcl2 phosphorylation.
Forskolin, an adenylate cyclase activator and 8-Cl-cAMP, a site
selective cAMP analog, induced Bcl2 hyperphosphorylation in
MCF-7 cells (Fig. 4A). Since MDA-MB-231 cells do not na-
tively express Bcl2, it was of interest to determine if MDA-
MB-231 cells transfected to overexpress Bcl2 would respond
similarly to these drugs. Paclitaxel, forskolin, or okadaic acid
induced Bcl2 hyperphosphorylation in MDA/Bcl2 (Bcl2 over-
expressing MDA-MB-231 cells) (Fig. 4B). We also examined
whether PKC was involved in Bcl2 phosphorylation by using a
phorbol ester, PMA. PMA did not cause any change in a band
mobility shift of Bcl2 (Fig. 4B). Thus, PKA rather than PKC
appears to hyperphosphorylate Bcl2 even when Bcl2 is over-
expressed.

Since Bcl2 hyperphosphorylation was observed in cells treat-
ed with okadaic acid and paclitaxel but not by vanadate, it was
of interest to evaluate whether hyperphosphorylated Bcl2 could
be dephosphorylated by protein phosphatases. MCF-7 cells were
treated with paclitaxel, and cell extracts were incubated with
either PTPase (Fig. 4C, lane 3) or PPase I (lane 4). The hyper-
phosphorylated band of Bcl2 protein is dephosphorylated by
PPase I (Fig. 4C, lane 4) but not by PTPase in MCF-7 cells
(Fig. 4C, lane 3). Thus, in vivo hyperphosphorylated Bcl2 ap-
pears to be phosphorylated on serine/threonine residues.

We next examined the involvement of PKA in paclitaxel-
induced Bcl2 hyperphosphorylation by using the PKA inhib-
itor Rp-cAMP (Fig. 4D). The Rp-cAMP blocked paclitaxel-
induced Bcl2 hyperphosphorylation in MCF-7 cells (Fig. 4D,
lane 4), suggesting that PKA may play a role in paclitaxel-in-
duced Bcl2 hyperphosphorylation.

In vitro and in vivo phosphorylation of Bcl2. We tested
whether Bcl2 could serve as a substrate for PKA in vitro.
GST-Bcl2 was incubated in the presence of [g-32P]ATP and
PKA (see Materials and Methods). The phosphorylated pro-
tein was resolved by SDS-PAGE (12% gel), electrotransferred
onto NC filters, and autoradiographed. PKA phosphorylated
the Bcl2 protein in vitro (Fig. 5A, lanes 2 to 4).

Since PKA phosphorylated Bcl2 in vitro, it was of interest to
examine if the PKA pathway is involved in vivo phosphoryla-
tion. MCF-7 cells were incubated in the presence of [32P]

FIG. 1. Induction of apoptosis by paclitaxel and vincristine in MCF-7 and
MDA-MB-231 cells. Paclitaxel or vincristine induces apoptosis in MCF-7 (A)
and MDA-MB-231 cells (B) in a dose-dependent manner, and overexpression of
Bcl2 counteracts the effects of low doses of paclitaxel or vincristine. Cells were
treated with paclitaxel or vincristine for 18 h and then visualized with Hoechst
33258 dye for apoptotic nuclei. Data (means 6 standard errors) of quadruplicate
determinations) are from one of three separate experiments that gave similar
results.
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orthophosphoric acid and treated with or without paclitaxel,
vincristine, okadaic acid, vanadate, or forskolin (Fig. 5B and
C). The cells were lysed and immunoprecipitated with anti-
Bcl2 antibody. The immunoprecipitated Bcl2 was resolved by
SDS-PAGE (8 to 20% gradient gel), electrotransferred onto
NC filters, and autoradiographed. Paclitaxel, vincristine, oka-
daic acid, or forskolin induced Bcl2 hyperphosphorylation in
MCF-7 cells in vivo (Fig. 5B, lanes 2 to 4; Fig. 5C, lane 2). In
contrast, vanadate did not hyperphosphorylate Bcl2 in MCF-7
cells (Fig. 5, lane 5). DU145 cells were used as a negative
control (Fig. 5B, lane 6).

To assess whether the pathway for Bcl2 hyperphosphoryla-
tion is intact in vivo in Bcl2-negative breast cancer cells, we
transfected MDA-MB-231 cells with wild-type human Bcl2.
The cells were subsequently labeled with [32P]orthophosphoric
acid and treated with paclitaxel or forskolin. Cellular extracts
were prepared and immunoprecipitated with an anti-Bcl2 an-
tibody. Labeled proteins were resolved by SDS-PAGE (8 to
20% gradient gel) and visualized by autoradiography (Fig. 5D,
lane 2; Fig. 5E, lane 2). Paclitaxel or forskolin induced Bcl2
hyperphosphorylation in MDA/Bcl2 cells in vivo.

Since PKA inhibitor Rp-cAMP blocked paclitaxel-induced

FIG. 2. Nuclear morphology of MDA-MB-231/Neo or MDA-MB-231/Bcl2 cells treated with paclitaxel or vincristine (0.1 mM). Cells were treated with paclitaxel
or vincristine for 18 h and then visualized with Hoechst 33258 dye for apoptotic nuclei. Fluorescent nuclei were screened for normal morphology (unaltered chromatin),
and apoptotic nuclei comprising those with fragmented (scattered) and condensed chromatin were counted. Apoptosis was expressed as the percentage of apoptotic
nuclei per 103 nuclei.
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Bcl2 hyperphosphorylation, it was of interest to examine if
Rp-cAMP would also block paclitaxel-induced apoptosis. In-
terestingly, Rp-cAMP blocked paclitaxel-induced apoptosis in
MCF-7 cells (data not shown). These observations confirm that
PKA plays a significant role in paclitaxel-induced Bcl2 hyper-
phosphorylation and apoptosis.

Activation of PKA by paclitaxel and vincristine. To deter-
mine whether changes in the catalytic activity of PKA are
involved following microtubule damage, we examined phos-
photransferase activity in cells during paclitaxel, vincristine,
nocodazole, and forskolin treatment, using kemptide as a sub-
strate in the presence and absence of a saturating concentra-
tion of cAMP (43). This method of assay gives accurate deter-
mination of the relative levels of dissociated catalytic subunit
activity and total catalytic activity. The PKA activity ratio, the

FIG. 3. Bcl2 hyperphosphorylation and induction of Bax in MCF-7 cells.
Paclitaxel (5 mM), vincristine (5 mM), and okadaic acid (50 nM) induce Bcl2
hyperphosphorylation at 6 h (A) and Bax protein levels at 18 h (C). Cells were
treated with drugs, and equal amounts of protein were resolved by SDS-PAGE
(12% gel) followed by immunoblotting with anti-Bcl2 antibody (A) or anti-Bax
antibody (C). (B) Less Bax heterodimerizes with hyperphosphorylated Bcl2 in
cell treated with paclitaxel (5 mM), vincristine (5 mM), and okadaic acid (50 nM).
Lanes 1 to 4, cell lysates from MCF-7 cells; lane 5, cell lysate from DU145 cells
(Bcl2-negative prostate cancer cells). Proteins were immunoprecipitated (IP)
with anti-Bcl2 antibody (Ab), resolved by SDS-PAGE (12% gel), and immuno-
blotted with anti-Bax antibody. (D) Only hypophosphorylated Bcl2 binds to Bax.
Cells were treated with paclitaxel or vincristine for 18 h. Lanes 1 to 3, lysates
were immunoprecipitated with anti-Bax antibody; lanes 4 and 5, lysates without
immunoprecipitation. The blot was probed with anti-Bcl2 antibody. (E) Reduc-
tion in heterodimerization between hyperphosphorylated Bcl2 and in vitro-trans-
lated HA-tagged Bax. The HA-tagged Bax was cotranslated in vitro in the
presence of [35S]methionine and then incubated with cell lysates treated with
paclitaxel, vincristine, or vinblastine, immunoprecipitated with anti-Bcl2 anti-
body, resolved by SDS-PAGE (12% gel), and analyzed by autoradiography. The
intensities of hyper- and hypophosphorylated bands were quantitated by densi-
tometry using NIH image software.

FIG. 4. Involvement of PKA, but not PKC, in Bcl2 hyperphosphorylation.
(A) Paclitaxel (1 mM), vincristine (5 mM), okadaic acid (50 nM), forskolin (20
mM), and 8-Cl-cAMP (5 mM) induce Bcl2 hyperphosphorylation in MCF-7 cells
at 18 h, whereas vanadate (200 mM) and PMA (60 ng/ml) do not. (B) MDA-
MB-231 cells were transfected with either Neo (MDA/neo) or Bcl2 (MDA/Bcl2)
expression vector. Paclitaxel (5 mM), forskolin (20 mM), and okadaic acid (50
nM) induce hyperphosphorylation of Bcl2 at 18 h in MDA/Bcl2 cells, whereas
PMA (60 ng/ml) does not. Note that MDA/Neo cells express an undetectable lev-
el of Bcl2. (C) Bcl2 hyperphosphorylated protein is dephosphorylated by PPase
I but not by PTPase in MCF-7 cells. Cells were treated with either paclitaxel
(1 mM) or vanadate (200 mM) for 18 h. Lane 1, control (untreated); lane 2, pac-
litaxel (1 mM); lane 3, cell lysate from paclitaxel (1 mM)-treated cells incubated
with PTPase; lane 4, cell lysate from paclitaxel (1 mM)-treated cells incubated
with PPase I; lane 5, cell lysate from vanadate (200 mM)-treated cells. (D) PKA
inhibitor, Rp-cAMP blocks paclitaxel-induced Bcl2 hyperphosphorylation in MCF-
7 cells. Cells were treated with paclitaxel, Rp-cAMP, or both for 18 h. Lane 1,
control; lane 2, Rp-cAMP (100 mM); lane 3, paclitaxel (0.1 mM); lane 4, pacli-
taxel (0.1 mM) and Rp-cAMP (100 mM). Proteins were resolved by SDS-PAGE
(8 to 20% gradient gel) and immunoblotted with anti-Bcl2 antibody.
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ratio of activity in the absence of added cAMP to that in the
presence of cAMP, measures the degree of free catalytic sub-
unit release. As shown in Fig. 6, paclitaxel, vincristine, or for-
skolin induced PKA activation as early as 30 min. In contrast,
nocodazole, a drug that reversibly blocks microtubule polymer-
ization, had no effect on PKA activation (Fig. 6) and Bcl2
hyperphosphorylation (data not shown). In our previous stud-
ies, we have shown that the PKA activity ratio remained ele-
vated during 48 h of 8-Cl-cAMP treatment in MCF-7TH cells
(36). These results show that paclitaxel and vincristine treat-
ment resulted in an increase in release of free catalytic subunit
of PKA.

Microtubule-damaging drugs hyperphosphorylate Bcl2,
whereas DNA-damaging drugs do not. Because paclitaxel in-
duces tubulin polymerization and forms extremely stable and
nonfunctional microtubules (20), it was of an interest to exam-
ine if drugs inducing microtubule depolymerization also in-
duce Bcl2 hyperphosphorylation. Vincristine and vinblastine,
two vinca alkaloids that bind monomeric tubulin and prevent
microtubule assembly (34), also induced Bcl2 hyperphosphor-
ylation in MCF-7 cells (Fig. 7A). By comparison, the DNA-
damaging agents methotrexate and doxorubicin failed to in-
duce Bcl2 hyperphosphorylation (did not cause a band shift)
(Fig. 7A). In addition, etoposide, which stabilizes covalent
complexes between topoisomerase II and genomic DNA, did
not induce Bcl2 hyperphosphorylation. Similarly, when lysate
of [32P]orthophosphoric acid-labeled cells exposed to doxoru-
bicin was immunoprecipitated with anti-Bcl2 antibody and re-
solved by SDS-PAGE (8 to 20% gradient gel), no hyperphos-
phorylated band was detected (data not shown). On the basis
of these data, it appears that drugs that damage microtubule
integrity induce loss of Bcl2 antiapoptotic function through
hyperphosphorylation, whereas DNA-damaging drugs do not.
This has been recently shown to occur in 697 leukemia cells
and PC-3 prostate carcinoma cells (11).

We next compared the amounts of Bax bound to Bcl2 in cells
treated with microtubule- and DNA-damaging anticancer drugs.
Only microtubule-damaging drugs that hyperphosphorylated
Bcl2 caused a significant reduction of Bax in the immunocom-
plexes precipitated by Bcl2 antibody (Fig. 7B, lanes 5 to 8).
This result suggests that microtubule-destabilizing drugs act
similarly to paclitaxel.

We further investigated the effects of microtubule-damaging
drugs that hyperphosphorylate Bcl2 on induction of p53 pro-
tein. The DNA-damaging agents methotrexate and doxorubi-
cin induced p53 in MCF-7 cells (Fig. 7C, lanes 2 and 3),
whereas the microtubule-damaging drugs paclitaxel, vincris-
tine, and vinblastine had no effect on p53 expression (Fig. 7C,
lanes 4 to 6).

FIG. 5. In vitro and in vivo hyperphosphorylation of Bcl2. (A) PKA (0.01,
0.1, and 1 IU) induces Bcl2 hyperphosphorylation in vitro. GST-Bcl2 fusion
protein was incubated in the presence or absence of PKA with [32P]ATP, sub-
jected to SDS-PAGE (12% gel), and autoradiographed (see Materials and Meth-
ods). (B and C) Paclitaxel (5 mM), vincristine (5 mM), okadaic acid (50 nM), and
forskolin (20 mM) hyperphosphorylate Bcl2 at 4 h in MCF-7 cells in vivo,
whereas vanadate (200 mM) does not. (D and E) Paclitaxel (5 mM) and forskolin
(20 mM) induce Bcl2 hyperphosphorylation at 4 h in MDA/Bcl2 cells in vivo.
Cells were incubated in medium for 4 h in the presence of [32P]orthophosphoric
acid and further incubated with or without drugs for 4 h before being harvested.
At the end of the labeling period, the cells were washed, harvested, and lysed in
radioimmunoprecipitation assay buffer (see Materials and Methods). Cell lysates
were immunoprecipitated (IP) with anti-Bcl2 antibody (Ab), and immunopre-
cipitated Bcl2 was resolved by SDS-PAGE (8 to 20% gradient gel), electrotrans-
ferred onto NC filters, and autoradiographed. Bcl2 bands were further confirmed
by the Western blot analysis using the same membrane (data not shown). The
experiments whose results are shown in panels B to E were carried out by
SDS-PAGE on an 8 to 20% gradient gel, which gave better resolution between
hyperphosphorylated and hypophosphorylated Bcl2 bands than the SDS–12%
polyacrylamide gel used in the rest of the experiments. Note that a small amount
of Bcl2 was labeled even in untreated control cells. Sizes are indicated in kilo-
daltons.

FIG. 6. Activation of PKA by paclitaxel, vincristine, and forskolin in MCF-7
cells. Cells were treated with paclitaxel (0.1 mM), vincristine (0.1 mM), forskolin
(20 mM), or nocodazole (0.1 mM) and harvested at 0.5, 4, 18, and 24 h. Lysates
were assayed for phosphotransferase activity, and the PKA ratio was calculated
as described in Materials and Methods. Data (means 6 standard errors of
quadruplicate determinations) are from one of three separate experiments that
gave similar results.
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Induction of caspase 3 activation and PARP cleavage by
microtubule-damaging drugs. The effects of paclitaxel, vincris-
tine, and vinblastine on caspase 3 protein as well as PARP
levels were examined in MCF-7 and MDA-MB-231 cells (data
not shown). All three drugs induced activation of caspase 3 by
cleaving it to a 20-kDa subunit (data not shown). Similarly, this
has been shown to occur when caspase 3 is activated by cleav-
age (45). In addition to caspase 3 cleavage and activation,
following treatment of MCF-7 cells with paclitaxel, vincristine,

or vinblastine for 18 h, p116PARP was degraded into an 85-
kDa fragment (data not shown). Both the cleavage and acti-
vation of caspase 3 as well as the degradation of PARP were
not observed following treatment with paclitaxel (0.01 to 10
mM) for 6 h (data not shown), the time at which Bcl2 begins to
undergo hyperphosphorylation. In addition, paclitaxel-induced
effects of caspase 3 and PARP were detected at 12 h of expo-
sure to paclitaxel (data not shown), suggesting that the activa-
tion of caspase 3 protease and PARP degradation precedes the
DNA fragmentation of apoptosis.

It has been shown that caspases play significant roles in
execution of apoptosis induced by chemotherapeutic drugs,
and inactivation of these caspases by cowpox virus gene prod-
uct CrmA could block drug-induced apoptosis (9, 40). We there-
fore examined the effects of CrmA on paclitaxel- or vincristine-
induced PARP degradation and apoptosis in MCF-7 cells.
Stably transfected CrmA protected cells against paclitaxel- or
vincristine-induced PARP degradation and apoptosis (data not
shown). However, Bcl2 was phosphorylated in these cells (data
not shown). In addition, a caspase inhibitor z-DEVD-fmk was
able to block paclitaxel- or vincristine-induced caspase 3 acti-
vation in MDA-MB-231 cells (data not shown). Interestingly,
caspase inhibitors z-DEVD-fmk and z-VAD-fmk were effec-
tive in blocking paclitaxel- or vincristine-induced apoptosis (as
measured by nucleosome ELISA; Oncogene Research Prod-
ucts, Cambridge, Mass.) in MDA-MB-231 cells (data not shown).
In contrast, nocodazole, a reversible inhibitor of microtubule
polymerization, does not activate PKA (as shown above) and
does not induce apoptosis (data not shown). These caspase
inhibitors also blocked paclitaxel- or vincristine-induced PARP
cleavage in MDA-MB-231 cells (data not shown).

DISCUSSION

Recent evidence suggests that inactivation of the antiapop-
totic function of Bcl2 by phosphorylation occurs after treat-
ment with the microtubule-stabilizing anticancer drug paclitax-
el or the phosphatase inhibitor okadaic acid (1, 11, 14). Results
of the present study extend these previous findings and dem-
onstrate that the microtubule-disrupting drugs induce apopto-
sis in MCF-7 cells that is associated with Bcl2 hyperphosphor-
ylation and loss of function while having no effect on p53. In
contrast, DNA-damaging drugs have no effect on Bcl2 hyper-
phosphorylation but induce p53, suggesting that the actions of
microtubule-damaging drugs on apoptosis are exerted inde-
pendently of the p53 pathway. Interestingly, hyperphosphory-
lation occurred on serine/threonine residues since PPase I
treatment resulted in dephosphorylation of Bcl2. Furthermore,
this is the first study showing that PKA may be involved in Bcl2
hyperphosphorylation. In addition, time course experiments
demonstrate that paclitaxel and vincristine induce caspase 3
activation as well as PARP degradation downstream of Bcl2
hyperphosphorylation.

It has been demonstrated previously that Bcl2 is phosphor-
ylated on serine residues, and of the 17 serine residues present
in Bcl2, several could be the potential sites of phosphorylation
by different kinases (13, 31). It is not yet known whether the
same sites are hyperphosphorylated by microtubule-damaging-
drugs and PKA. Thus, the effect of hyperphosphorylation on
Bcl2 function may depend on the site of phosphorylation. Fur-
ther studies are under way to identify the site(s) of hyperphos-
phorylation in Bcl2 protein by these drugs and define the
relevant kinases.

Recently, it has been shown that binding of the angiotensin
type 2 receptor leads to dephosphorylation of Bcl2 and apo-
ptosis by activation of mitogen-activated protein kinase phos-

FIG. 7. Comparison of microtubule- and DNA-damaging anticancer drugs in
MCF-7 cells. (A) The microtubule-damaging drugs paclitaxel (0.01 and 0.1 mM),
vincristine (0.1 mM), and vinblastine (0.1 mM) induce Bcl2 hyperphosphorylation
at 6 h, whereas the DNA-damaging drugs methotrexate (275 mM) and doxoru-
bicin (0.4 mM) do not (no change in a band mobility shift). Cell lysates were
fractionated by SDS-PAGE (12% gel) and immunoblotted with anti-Bcl2 anti-
body. (B) Lower contents of Bax protein in the immunocomplex isolated from
paclitaxel (0.01 and 0.1 mM)-, vincristine (0.1 mM)-, and vinblastine (0.1 mM)-
treated cells by immunoprecipitation (IP) with anti-Bcl2 antibody (Ab). Proteins
were immunoprecipitated with anti-Bcl2 antibody, resolved by SDS-PAGE (12%
gel), and immunoblotted with anti-Bax antibody. (C) DNA-damaging anticancer
drugs methotrexate (275 mM) and doxorubicin (0.4 mM) induce p53 (lanes 2 and
3), whereas paclitaxel (0.1 mM), vincristine (0.1 mM), and vinblastine (0.1 mM)
do not. Cells were treated with drugs for 16 h, harvested, and lysed, and equal
amounts of protein were resolved by SDS-PAGE (12% gel) followed by immu-
noblotting with anti-p53 antibody.
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phatase 1 in PC12 cells (17). Furthermore, overexpression of
c-Jun N-terminal kinase antagonizes an antiapoptotic action
of Bcl2 in N18TG cells (31). Contrary to our findings and those
of others (1, 13), it has been reported that interleukin-3 (IL-3)
and erythropoietin, or the PKC activator bryostatin 1, not only
suppress apoptosis but also stimulate the phosphorylation of
Bcl2 in murine IL-3-dependent NSF/N1.H7 cells (18, 26). In
addition, it has been reported that Bcl2 is phosphorylated on
serine 70 after IL-3 or bryostatin stimulation, and Bcl2 phos-
phorylation is required for its antiapoptotic function. The dif-
ferences observed with activators of PKA or PKC, and subse-
quent Bcl2 hyperphosphorylation by these drugs, may be due
to differences in cell types. It is likely that multiple kinases are
involved in Bcl2 hyper- or hypophosphorylation, and the spe-
cific sites of phosphorylation may determine whether Bcl2
loses or gains its antiapoptotic function.

The actions of cAMP in the regulation of various cellular
functions, including cell proliferation, differentiation, and gene
induction, through the activation of PKA are well known (20).
We and others have recently demonstrated that down-regula-
tion of PKA type I and up-regulation of PKA type II by cAMP
analog 8-Cl-cAMP and RIa antisense induce apoptosis in sev-
eral cancer cell lines (6, 7, 23, 37). Recently, synergistic inhi-
bition of growth and induction of apoptosis by 8-Cl-cAMP and
paclitaxel, cisplatin, or retinoic acid in several human cancer
cells has been demonstrated (37, 42). Furthermore, intracyto-
plasmic microinjection of purified PKA catalytic subunit com-
mits the cells to death (48). In support of this hypothesis, PKA
type II has been found to be associated with mammalian cen-
tromeres (44), and upon microtubule disruption by paclitaxel,
vincristine, or vinblastine, activated PKA would hyperphos-
phorylate Bcl2, leading to apoptosis. Interestingly, nocodazole
acts like vincristine to block microtubule polymerization but
does not activate PKA, does not induce Bcl2 hyperphosphor-
ylation, and does not lead to apoptosis. This finding suggests
that activation of PKA due to microtubule damage is an im-
portant event in Bcl2 hyperphosphorylation and induction of
apoptosis.

Apoptosis can be selectively triggered in tumor cells in re-
sponse to several stimuli, including anticancer drugs and Fas
antigen (15, 27). Aborted apoptosis in neoplastic cells could be
a critical factor in resistance both to natural defenses and to
clinical therapy, particularly in cases of recurrent disease (14),
and the mechanisms underlying this phenomenon have yet to
be fully elucidated. Apoptosis induction in mammalian cells is
controlled by an equilibrium between suppressor and inducer
gene products (29). Dysregulated expression of Bcl2 is believed
to contribute to neoplastic cell expansion via an antiapoptotic
effect which enhances cell survival rather than by accelerating
rates of cellular proliferation. Although the mode by which
Bcl2 affects the process of cell death is not fully understood,
recent studies indicate that the Bcl2 protein binds to other
proteins with which it has amino acid sequence homology,
including Bax, Bcl-XL, Bcl-XS, Mcl-1, Bik, and Bad (2, 3, 30,
35, 47). The functional significance of many of these Bcl2
family protein-protein interactions remains unclear. However,
the heterodimerization of Bcl2 with Bax appears crucial in
preventing Bax-mediated apoptosis (30). Bax appears to an-
tagonize Bcl2 function, abrogating the ability of Bcl2 to pro-
long cell survival. In the present study, less Bax was immuno-
precipitated with Bcl2 antibody in paclitaxel-, vincristine-, or
vinblastine-treated cells, indicating that hyperphosphorylated
Bcl2 is less able to form heterodimers with Bax. Similarly, the
treatment of prostate cancer cells results in the phosphoryla-
tion of Bcl2 and in programmed cell death of cancer cells con-
comitantly with a reduction of heterodimer complexes with Bax

(12). Thus, cell viability will be maintained either by activating
apoptosis-suppressing proteins or by inhibiting apoptosis-in-
ducing proteins.

Consistent with these observations, overexpression of Bcl2
in MCF-7 and MDA-MB-231 cell lines counteracted the ef-
fects of low doses of paclitaxel or vincristine on cell survival,
whereas high doses of paclitaxel or vincristine inhibited sur-
vival in both Neo- and Bcl2-overexpressing breast cancer cell
lines. A previous report also has shown that Bcl2 overexpres-
sion inhibits low dose paclitaxel-induced apoptosis and signif-
icantly improves the survival of human leukemic cells (38).

It is now clear that the proteolytic degradation of specific
substrates is involved in many of the morphological and bio-
chemical features of apoptosis (25, 40, 45). Activation of the
cysteine proteases belonging to the ICE/ced-3 family is part of
the cascade of protease activity that results in apoptosis (10,
45). We have demonstrated that paclitaxel- and vincristine-in-
duced apoptosis of breast cancer cells activates at least one
such protease encoded by the caspase 3 (CPP32b/Yama) gene.
Caspase 3 was cleaved and activated, leading to PARP degra-
dation. The cowpox virus CrmA and caspase inhibitors z-
DEVD-fmk and z-VAD-fmk were able to protect cells from
paclitaxel- or vincristine-induced apoptosis and PARP deg-
radation. Similarly, CrmA-expressing Rat-1 fibroblasts were
protected from death activated by serum withdrawal (46).
Overexpression of CrmA also prevented apoptosis due to en-
gagement of the Fas (CD95) receptor or to exposure to tumor
necrosis factor alpha (9, 40). Time course experiments dem-
onstrated that the caspase 3 activation and PARP degradation
occur downstream of Bcl2 phosphorylation.

Based on our data and those of others (1, 11), it is clear that
drugs that affect microtubule integrity by inhibiting polymer-
ization or depolymerization induce loss of Bcl2 antiapoptotic
function through hyperphosphorylation, whereas anticancer
drugs that damage DNA do not. These experiments may pro-
vide a rationale for the use of the anticancer drugs, paclitaxel,
vincristine, and vinblastine for the treatment of Bcl2-positive
cancers, such as follicular lymphoma and breast, prostate, and
ovarian cancer. Furthermore, these data suggest that there
may be a cytoskeletal damage response pathway just as there
seems to be a DNA damage response pathway. Analysis of the
nature of the signaling cascade induced by the cytoskeleton-
damaging agents is under way. Taken together, these studies
not only increase our understanding of Bcl2 function but also
elucidate general mechanisms through which intracellular sig-
nals can mediate regulatory functions relevant to disease states.
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