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ABSTRACT

Paditaxel has been shown to activate Raf.1 and cause phosphorylation
of Bcl-2, which has been correlated with paclitaxel-induced apoptosis of
cancer cells. In the present studies, we demonstrate that in human AML
HL-60 cells that express Bd.2 but little Bcl-XL(HL-60/neo cells), pacli
taxel-induced phosphorylation of Bcl-2 is followed by Increased intracel
lular free Bax levels. This, In turn, is followed by the cleavage and
activation of the key cystelne protease, CPP32IYYama, and cleavage of
poly(ADP-ribose) polymerase, resulting in the DNA fragmentation of
apoptosis. Cotreatment with the benzoquinone ansamycin Geldanamycin
depleted Raf-1 but did not decrease Bcl-2 levels or impair paditaxel
induced Bcl-2 phosphorylation in HL-60/neo cells. Also, Geldanamycin
did not affect paditaxel-Induced apoptosis of HL-60/neo cells. As com
pared to the control HL.60/neo, HL-6(WBC1-XLcells contain Bel-2 as well as
an enforced overexpresslon of Bd-XL. Immunopredipitation studies with
anti-Bcl-2 and/or anti-Bcl-x antibodies demonstrated that HL-6OIBdl-xL
cells possess lower free Bax but higher levels of Bax heterodimerized to
Bcl-2 and Bd-XL. Following treatment of HL-60/Bdl-XLcells with pad
taxel, although Bcl-2 phosphorylation was observed, it was not followed by

increased free Bax levels, cleavage of CPP32fi/Yama and poly(ADP
ribose) polymerase, or Induction of the DNA fragmentation of apoptosis.
These findings indicate the order ofmolecular events leading to paclitaxel
induced apoptosis and show that Raf-1 may not be involved in paclitaxel
induced phosphorylation of Bcl-2 or apoptosis of HL-60 cells.

INTRODUCTION

Paclitaxel is a highly active, antimicrotubule drug with significant
clinical activity against a variety of solid tumors and acute leukemias
(1, 2). Intracellularly, paclitaxel induces microtubule bundling asso
ciated with a marked increase in the percentage of cells in the G2-M
phase of the cell cycle, and this is followed by the DNA fragmentation
and morphological features of apoptosis (1â€”3).The biochemical fea
tures include large (5â€”300kb) and internucleosomal DNA fragmen
tation as well as the proteolytic cleavage of the DNA repair enzyme
PARP2 (4). Recent evidence suggests that the activation of a cascade
of cysteine proteases of the ICElced 3 family may exert a pivotal role
in the execution of apoptosis (5, 6). Their overexpression induces,
whereas their inhibition suppresses, apoptosis (5â€”7).The CPP32(3/
Yama (apopain) gene, a key member of the ICEIced 3 family, encodes
for the Mr 32,000 Yama protease, which is activated by proteolytic
cleavage into p20 and p12 subunits (5, 8). In turn, Yama cleaves
PARP into a Mr 85,000 fragment generated during apoptosis (8).
Other members of the ICEJced 3 family of cysteine proteases have
also been shown to cleave PARP (8). Degradation of PARP could lead
to inhibition of DNA repair, activation of the endonuclease responsi
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ble for internucleosomal DNA fragmentation, and depletion of NAD
and AlP, resulting in cell death (8, 9).

Among the growing number of genes that regulate apoptosis is the
bcl-2 family of genes (10). The bcl-2 gene encodes for the p26Bcl-2
protein, which suppresses apoptosis (10). bcl-x is a member of the
bcl-2 family, and it shares significant homology with bcl-2 in its BH1
and BH2 regions (10, 11). By alternate splicing, bcl-x encodes for two
important protein isoforms of which the longer Bcl-xL inhibits apop
tosis, whereas the shorter isoform Bcl-x5 facilitates apoptosis by
acting as a dominant inhibitor of Bcl-2 and Bcl-xL (10, 11). Bcl-xL has
a pattern of expression distinct from Bcl-2 and has been shown to
block apoptosis where Bcl-2 is ineffectual (12, 13). High intracellular
levels of Bcl-2 or Bcl-xL have been shown to inhibit apoptosis due to
chemotherapeutic agents, including paclitaxel (10, 14, 15). Similar to
Bcl-2, the antiapoptosis effect of Bcl-xL is exerted at a step distal to
the interaction of paclitaxel with (3-tubulin and the induction of
mitotic arrest of cancer cells (16). Bax is a proapoptotic member of the
Bcl-2 family (17). Bax dimerizes with itself or with Bcl-2 or Bcl-xL.
Increase in free or unbound Bax, or Bax homodimers, promotes
apoptosis (10, 17). The balance between Bax homodimers that favor
death and Bcl-2IBax or Bcl-xLIBax heterodimers that inhibit cell
death is critical (10). Although the endogenous Bcl-xL:Bax and Bcl
2:Bax ratios are inherent to the cell, apoptotic stimuli may be able to
reset these ratios, increasing free Bax and Bax homodimers, which
promote cell death (18). Recently, paclitaxel has been shown to
activate Raf-l and cause phosphorylation of Bcl-2 (19). This has been
claimed to inactivate Bcl-2 and correlate with paclitaxel-induced
apoptosis (20, 21). We have investigated the effect of Bcl-xL overex
pression on the molecular events leading to paclitaxel-induced apop
tosis, using human AML HL-60/Bcl-xL and HL-60/neo cells that were
transfected with and overexpressed the cDNA of the Bcl-xL or neo
mycin-resistant genes, respectively.

MATERIALS AND METHODS

Reagents. Paclitaxel was kindly provided free of cost by Dr. Patricia A.
Pilia of NaPro Bio-Therapeutics, Inc. (Boulder, CO). Paclitaxel was made
fresh for each experiment, as described previously (3). Geldanamycin was
obtained from the Drug Synthesis & Chemistry Branch of the National Cancer
Institute (Bethesda, MD). To determine Bcl-xLand Bax expression, the poly
clonal anti-Bcl-x and anti-Bax scm (iCR) were used, respectively (22, 23).
These were kindly provided by Dr. John C. Reed ofThe Burnham Institute (La

Jolla, CA). A polyclonal anti-Bax antibody and an anti-Raf-l (Cl2) antibody
were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Monoclonal anti-Bcl-2 (no. 124)was obtained from DAKO (Carpinteria, CA).
Anti-CPP32@3/Yama antibody was purchased from Transduction Laboratories
(Lexington, KY), whereas a polyclonal PARP antibody was kindly provided
by Dr. Ernest Kun of San Francisco State University (Tiburon, CA; Ref. 24).

Cells and Transfection of the BCI-XL Gene. Human myeloid leukemia

HL-60 cells were cultured to logarithmic growth phase in RPMI 1640 (Life
Technologies, Inc., Grand Island. NY) supplemented with 10% fetal bovine
serum. Viable cells (5 X 106) were washed with ice-cold PBS and electropo
rated with purified, linearized pSFFVneo-bcl-xL or pSFFV-neo plasmids (a
gift from Dr. Gabriel Nuflez of the University of Michigan, Ann Arbor, MI;

Ref. 11). The electroporation parameters were: 500 p.F (capacitance), 300 V.
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0.75 kV/cm (field strength), and 14 ms (time constant), with a Bio-Rad Gene

Pulser (Hercules, CA; Ref. 16). Transduced cells were selected in RPMI 1640

containing 10% FBS and 1 mg/mI G4l8 (Geneticin; Life Technologies, Inc.)

for 2 weeks. Lysates from these clones were evaluated for p29Bcl-xLexpres
sion by immunoblot analyses (data not shown). The clones expressing high
levels of Bcl-xL were further subcloned by limiting dilution. Representative
subclones each of HL-60/neo and HL-6OIBcl-xLcells were passaged twice per
week and used for the studies described below.

Immunoblot Analysis of Bcl-xL, Bcl-x@,Bcl-2, Bax, CPP32@JIYama,and
PARP. The expressions of Bcl-xL, Bcl-x5, Bcl-2, and Bax oncoproteins in
untreated and paclitaxel-treated HL-60/neo or HL-6OIBcl-xLcells were deter
mined by Western blot analyses according to a method described previously
(I5).Proteinconcentrationwasmeasuredineachcell-lysateusingtheBrad
ford method, and equal amounts of total protein were loaded for each blot. The
specific antibodies used to detect the expression of these proteins were as
described above. Activation of Yama by cleavage is represented on the

immunoblot by a decrease in the intensity of the Mr32,000 Yama protein band,
as detected by the anti-Yama antibody, and the appearance of its Mr 20,000
cleavage product (16). PARP degradation on the immunoblot is represented by
a decrease in the intensity of the Mr 1 16,000 PARP protein and the appearance

of a Mr85,000 PARP cleavage product, as detected by the anti-PARP antibody
(8, 16). Horizontal scanning densitometry was performed on Western blots by

using acquisition into Adobe Photoshop (Apple, Inc.) and analysis by the NIH
Image Program.

Detection of Internucleosomal Fragmentation of Genomic DNA by
Agarose Gel Electrophoresis. Following incubations with the designated
concentrations and schedules of paclitaxel, I X 106cells were pelleted. The
genomic DNA was extracted and purified, and its purity was determined
spectrophotometrically (25). Agarose gel electrophoresis of 1.0 @xgof DNA
was performed as described previously (25).

Morphology of Apoptotic Cells. After treatment with or without the drug,
5 x l0@cells were washed with PBS, pH 7.3, and resuspended in the same
buffer. Cytospin preparations of the cell suspensions were fixed and then
stained with Wright stain. Cell morphology was determined by light micros

copy. In all, five different fields were randomly selected for counting of at least
500 cells. The percentage of apoptotic cells was calculated for each experi
ment. Cells designated as apoptotic were those that displayed the characteristic
morphological features of apoptosis, including cell volume shrinkage, chro

matin condensation, and the presence of membrane-bound apoptotic bodies

(25, 26). The assessment of the percentageof apoptotic cells was confirmed by
an additional independent observer, who was blinded to the results obtained by
the first observer.

Metabolic Labeling, Immunoprecipitation Studies, and Western Anal
yses. Cells were metabolically labeled as described previously (17). Prior to
metabolic labeling, HL-60/neo and HL-60/Bcl-xL cells were washed and
resuspended at 3â€”10x 106 cells/mI in cysteine-free, rnethionine-free RPMI
1640supplemented with 10%dialyzed FCS. After I h incubation at 37Â°C,200
p@Ci/ml[35S]methionine, l35Slcysteine (Tran3tS-label; ICN) were added to the
media, and cells were incubated for 3 h. After 3 h, cells were diluted to
I X l06/ml and treated with 5, 50, or 500 imi paclitaxel for 4 h. Protein

lysates from untreated, and paclitaxel-treated cells were immunoprecipitated
according to a method described previously (17). All steps were performed on
ice or in a cold room. Untreated and paclitaxel-treated metabolically labeled

cells were washed twice with cold PBS and resuspended in lysis buffer [14.5
mM KCI, 5 mM MgC1,, 10 m@iHEPES (pH 7.2), 1 nmi EGTA, 0.2% NP4O,
0.2 m@i phenylmethylsulfonyl fluoride, 0.1% aprotinin, 0.7 @xg/mlpepstatin,

and 1 @Wmlleupeptini and incubated for 30 mm. Lysed samples were
centrifuged at 15,000 x g for 10 mm to remove nuclei and cellular debris.
Lysates were precleared with 10% (vlv) protein A-Sepharose for 30 mm and
centrifuged at 400 X g for 2 mm. In some experiments, lOx excess cold cell
lysates were added to the labeled lysates for 15 mm before the addition of the
antibody. The monoclonal anti-Bcl-2 (14 @g)and polyclonal anti-Bcl-x (22)

antibodies were added for 90 mm, and immunoprecipitates were captured with
10%(v/v) protein A-Sepharose and 10%(v/v) protein G-Sepharose for 60 mm.
Immunoprecipitates were washed twice in lysis buffer, once with lysis buffer
without NP4O,and once with lysis buffer without NP4Obut containing 0.5 M
NaCI. Immunoprecipitates were then resuspended in SDS-PAGE sample
buffer and electrophoresed through 12.5% SDS-polyacrylamide gels. Gels
were fixed in 10%glacial acetic acid and 30% methanol overnight. Fixed gels

were impregnated with a fluorography-enhancing solution (En3Hance; Du
Pont) for 60 mm and precipitated in water for 30 mm. Gels were then dried and
visualized with a Phosphorlmager (Molecular Dynamics).

Separate immunoprecipitates from cold lysates were also electrophoresed
through 12.5% SDS-PAGE gels and electrotransferred overnight at 4Â°Con
nitrocellulose membranes. Membranes were blocked for 1 h with 5% Blotto
[nonfat milk (Carnation) in TBST] at room temperature and incubated for 3 h

with primary antibody to Bax, Bcl-2, or Bcl-xL. Membranes were washed three
times for 10 mm each with 5% Blotto and incubated with species-specific

secondary antibodies conjugated to horseradish peroxidase for 1 h. Membranes
were washed for six times for 10 mm each in TBST and developed with ECL
detection system (Amersham International, Buckinghamshire, United King

dom). Alternatively, immunoprecipitates from 35S-labeled cells that had been

electrophoresed on 12.5% SDS-PAGE gels were transferred to nitrocellulose
membranes and immunoblotted with the antibodies mentioned above. After
Western blots were obtained, they were washed with PBS containing 0.05%
Tween 20 to strip the ECL substrate and mounted on a phosphorimager to
visualize the radioactive bands.

Determination of Free Bax Levels. The method to quantitate free Bax was

described previously (17, 27). Briefly, cells were 35S-labeled and treated with

paclitaxel as mentioned above. Monoclonal anti-Bcl-2 and polyclonal anti
Bcl-x antibodies were added to 0.2% NP4Olysates for 90 mm, and immuno
precipitates were captured with 10% v/v protein A-Sepharose and 10% v/v
protein-G-Sepharose for 60 mm. Secondary immunoprecipitation with anti
Bcl-2 or anti-Bcl-x antibody was performed on the supernatants to determine

whether this step for the immunodepletion was necessary to remove all
Bcl-xL/Bax and Bcl-2/Bax complexes. Because this second step did not show

any further immunodepletion of the bound Bax, it was subsequently eliminated
from the procedure to quantitate free or unbound Bax. Next, heterodimer

depleted supernatants were immunoprecipitated with anti-Bax antibody. Im
munoprecipitates were electrophoresed on 12.5% SDS-PAGE gels and visu
alized by a phosphorimager or Western blotted to determine Bax levels. In a
parallel experiment (or in one-half of the sample in the experiment), cells were

lysed in radioimmunoprecipitation assay buffer (without 0.2% NP4O) and
incubated with anti-Bax antibody. Immunoprecipitates were electrophoresed
on 12.5% SDS-PAGE gels and visualized by a phosphorimager to establish the

total amount of cellular Bax in each condition.
Statistical Analysis. Significant differences between values obtained in a

population of leukemic cells treated with different experimental conditions
were determined by paired t test analyses. A one-way ANOVA was also
applied to the results of the various treatment groups, and post hoc analysis was

performed using the Bonferroni correction method.

RESULTS

Bcl-xL, Bcl-2, Bcl-x5, and Bax Expression in HL-6OIBcl-xL and
HL-60/neo Cells. HL-6OIBcl-xL and HL-60/neo cells were created
by stable transfection of HL-60 cells with the expression plasmids
pSFFVneo-bcl-xL and pSFFVneo, respectively. Representative results
(of three separate experiments) of the Western analysis of the intra
cellular p29Bcl-xL, p26Bcl-2, and p2lBax protein levels are shown in
Fig. lA. It shows that, as compared to HL-60/neo (Fig. 1A, Lane 1),
HL-6OIBcl-xL cells (Fig. lA, Lane 3) possess 10-fold higher levels of
Bcl-xL protein. Bcl-x5 levels were undetectable in both cell types
(data not shown). Treatment with 500 nM paclitaxel for 24 h did not
affect Bcl-xL levels in either cell type (Fig. 1A, Lanes 2 and 4). The
immunoblot also shows that the untreated HL-60/neo (Fig. lA, Lane
1) and HL-6OfBcl-xL cells (Fig. 1A, Lane 3) possess equivalent levels
of p26Bcl-2 and p2lBax. Again, the levels of these proteins were
unaffected by treatment with 500 ni@ipaclitaxel for 24 h.

BcI-xL Inhibits Paclitaxel-induced Apoptosis and the Associated
DNA Fragmentation. Following exposure to 5, 50, or 500 nrvtpa
clitaxel for 24 h, internucleosomal DNA fragmentation and the mor
phological features of apoptosis were evaluated in HL-60/neo and
HL-60/Bcl-xL cells. Fig. lB demonstrates that paclitaxel treatment
produced a dose-dependent increase in internucleosomal DNA frag
mentation in HL-60/neo cells (Fig. lB, Lanes 3 and 4) but not in
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solved on SDS-PAGE gels. Fig. 2 demonstrates that anti-Bcl-x im
munoprecipitated markedly higher levels of BcI-xL in HL-6OIBcl-xL
versus HL-60/neo cells (Fig. 2, Lane 6 versus Lane 2). Resolved
immunoprecipitates demonstrated Bax bound to Bcl-xL in HL-60/
Bcl-xL but not in HL-60/neo cells. These immunoprecipitates did not
reveal Bcl-x5 in either cell type. With anti-Bax antibodies, significant
levels of Bcl-xL could only be coimmunoprecipitated from HL-60/
Bcl-xL cells (Fig. 2, Lanes 7 and 8). Immunoprecipitated Bcl-xL with
the anti-Bax antibodies was lower in amount as compared to Bcl-xL
immunoprecipitated with anti-Bcl-x. An explanation for this could be
that not all of the intracellular Bcl-xL may be heterodimerized to Bax.
It should also be noted that in this figure, Bcl-2 is shown not to be
immunoprecipitated by anti-Bax antibody. Because Bcl-2 has a long
half-life (28), in our experiments it was not possible to label it with
[35Sjmethionine and could not be shown to be coimmunoprecipitated
with anti-Bax antibody. However, cold immunoprecipitates with anti
Bax antibody contained Bcl-2, which could be detected by immuno
blotting with anti-Bcl-2 antibody (data not shown). Fig. 2 also dem
onstrates that the total levels of Bax immunoprecipitated with the two
anti-Bax antibodies are similar in HL-60/neo versus HL-6OfBcl-xL
cells (Lanes 3 and 4 versus Lanes 7 and 8).

To further compare the relative amounts of bound to free and total
intracellular Bax in HL-60/neo versus HL-60/Bcl-xL cells, one-half of
the cell lysates were immunoprecipitated with anti-Bax antibody
(iCR), and the immunoprecipitates, in duplicate, were resolved on the
SDS-PAGE. The identity of the band was confirmed by immunoblot
ting with anti-Bax antibody. Fig. 3A shows that the total cellular Bax
(heterodimerized plus free) is not significantly different between
HL-60/neo and HL-6OfBcl-xL cells. The remaining cell lysates of the
two cell types were also immunoprecipitated with a combination of
the monoclonal anti-Bcl-2 and polyclonal anti-Bcl-x antibodies, and
the immunoprecipitates were resolved on SDS-PAGE. The identities

of p29Bcl-xL, p26Bcl-2, and p2lBax were confirmed by their migra
tion on the gel and by immunoblotting with the respective antibodies.
Fig. 3B shows that significanfly higher levels of heterodimerized Bax
coimmunoprecipitated with anti-Bcl-x and anti-Bcl-2 antibodies in
HL-6OfBcl-xLversus HL-60/neo cells. pl9Bcl-x5 was not detected on
these SDS-PAGE gels (data not shown). CPP32(3/Yama is a key
member of the ICEiced3 family of cysteine proteases, which together
are responsible for the execution of the morphological and biochem
ical features of apoptosis (5, 6). Immunoblot of the SDS-PAGE gel

A.
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Fig. 1. A, the results of Western analyses of Bcl-xL, Bcl-2, and Bax in untreated and
paclitaxel-treated HL-60/neo versus HL-60/Bcl-xL cells. Lanes I and 3, untreated cells;
Lanes 2 and 4, cells treated with 500 nsa paclitaxel for 20 h. HL-60/Bcl-xL cells display
approximately 10-fold higher Bcl-xL levels but similar Bcl-2 and Bax levels as compared
to HL-60/neo cells. These protein expressions were unaffected by treatment with pacli
taxel. B, the apoptosis-associated internucleosomal DNA fragmentation in paclitaxel
treated (for 20 h) HL-60/neo and HL-60/BCI-XLcells. Lanes I and 5, untreated cells; Lanes
2 and 6, 5 flMpaclitaxel; Lanes 3 and 7, 50 nr@ipaclitaxel; Lanes 4 and 8, 500 n@.ipaclitaxel;
Lane M, marker DNA.
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Fig. 2. Cell lysates of [35Slmethionine-labeled HL-60/neo (Lanes 1â€”4)or HL-60/

Bcl-xL cells (Lanes 5â€”8)were immunoprecipitated with either protein A beads alone
(Lanes I and 5), anti-Bcl-x antibody (Lanes 2 and 6), anti-Bax antibody (JCR; Lanes 3 and
7), or anti-Bax antibody (Santa Cruz Laboratories; Lanes 4 and 8). The immunoprecipi
tates were resolved on SDS-PAGE and visualized on the autoradiographic film following
fluorography. Image quantitation by phosphorimager was performed as discussed in
â€œMaterialsand Methods.â€•
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HL-6OfBcl-xL cells (Fig. 1B, Lanes 7 and 8). Paclitaxel-induced
apoptosis was also evaluated morphologically by light microscopy in
HL-60/neo versusHL-6OfBcl-xLcells. Treatmentwith 5, 50, or 500
nM paclitaxel for 24 h caused apoptosis of 4.0, 20.0, and 28.0% of

HL-60/neo cells (the means of three separate experiments). In con
trast, paclitaxel treatment produced morphological features of apop
tosis (as described above) in less than 2% of HL-60/Bcl-xL cells,
which was similar to that observed in untreated HL-60/neo or HL
60/Bcl-xL cells. Therefore, in HL-6OIBcl-xL cells, high Bcl-xL levels
inhibit paclitaxel-induced lethal DNA fragmentation and the morpho
logical features associated with apoptosis.

Heterodimerized and Free Bax in HL-60/neo versus HL-60/
Bcl-xL Cells. To demonstrate that the high Bcl-xL levels in HL-60/
Bcl-xL cells bind Bax, [35S]methionine-labeled cells were either im
munoprecipitated with polyclonal anti-Bcl-x or anti-Bax antibodies
(from two separate sources), and the immunoprecipitates were re
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Bax existed as free Bax in HL-60/neo versus HL-6O/Bcl-x@ cells. The
latter possessed 60.0 Â±9.4% as much free Bax as present in the
untreated HL-60/neo cells (P < 0.01). In summary, although the
levels of total Bax were not significantly different, HL-6OIBcl-xL cells
had significantly higher levels of Bax heterodimenzed to Bcl-2 and
Bcl-xL and lower levels of free Bax.

Effect of Paditaxel Treatment on Bax Levels. The effect of 5,
50, and 500 flMof paclitaxel on total, free, and heterodimerized Bax
was examined in HL-60/neo versus HL-6OIBcl-xL cells. In contrast to
5 nM pacitaxel, exposure of HL-60/neo cells to 50 or 500 n@iof
paclitaxel for 4 h was accompanied by significant increases in free
Bax levels [Fig. 4, A (Lanes 3 and 4) and B (columns 3 and 4)]. This
increase in free Bax levels amounted to 71.8 Â± 21.6 and
73.7 Â±16.7%, respectively, over untreated HL-60/neo cells (Fig. 4B,
columns 3 and 4 versus column 1). In contrast, there was no sigrnfi
cant increase in free Bax levels in HL-6OfBcl-xL cells (Fig. 4: Lanes
7 and 8; columns 7 and 8). Furthermore, following treatment with 500
nM paclitaxel for 4 h, immunoprecipitates obtained with anti-Bcl-2
and anti-Bcl-xL antibodies demonstrated a decline of 35.7 Â±6.6% in
heterodimerized Bax in HL-60/neo but not in HL-6OIBcl-xL cells
(P < 0.01; data not shown). The discrepancy in the increment in the
free and the decline in the heterodimerized Bax levels may be due to
the dimerization of Bax with partner proteins other than Bcl-2 and
Bcl-xL, e.g., Md-i (29).

Chronology of Molecular Events Triggered by Paditaxel in
HL-60/neo versus HL-60/Bcl-xL Cells. It was demonstrated recently
that the exposure to paclitaxel caused serine phosphorylation and
inactivation of Bcl-2, and it was associated with a decline in het
erodimerized Bax levels and induced apoptosis of cancer cells (20,
21). In the present studies, we determined the time course of Bcl-2

phosphorylation, rise in free Bax levels, CPP32j3/Yama cleavage and
activation, PARP degradation, and the onset of intemucleosomal
DNA fragmentation in pacitaxel-treated HL.60/neo versus HL-60/
Bcl-xL cells. Fig. 5A shows that Bcl-2 phosphorylation is detectable
4 h after the addition of 500 n@ipaclitaxel to HL-60/neo cells. The
phosphorylated Bcl-2, which migrates more slowly in the gel, pro
gressively increases in amount until 12 h of exposure to paclitaxel and
then declines. Immediately following paclitaxel-induced Bcl-2 phos
phorylation, intracellular free Bax levels were observed to increase
(Fig. SB). These eventually declined after 16 h of exposure to pacli
taxel, coincidentally with the decline in Bcl-2 phosphorylation. Ap
proximately 10 h after the addition of pacitaxel and following the rise

.@ ..

Fig. 3. Cell lysates of [35Slmethionine-labeled HL-60/neo or HL-60/Bcl-xL cells (in
duplicate) were immunoprecipitated with anti-human Bax polyclonal antibody, and the
immunoprecipitatedtotalBaxwasresolvedon SDS-PAGE(A).hnmunoprecipitateswith
a combination of anti-Bcl-2 and anti-Bcl-x antibodies were also resolved on SDS-PAGE.
p29Bcl-xL, p26Bcl-2, and p2lBax were further confirmed by immunoblotting with their
respective antibodies. B, the heterodimerized Bax that coimmunoprecipitated with Bcl-xL
and Bcl-2 (in HL-60/Bcl-xL cells) or with Bcl-2 alone (in HL-60/neo cells). After
immunoprecipitating with the combination of anti-Bcl-2 and anti-Bcl-x antibodies, the
supernatants from these immunoprecipitates were secondarily immunoprecipitated with
anti-Bax antibody, and this immunoprecipitate was resolved on SDS-PAGE. This repre
sented free or homodimerized Bax in the cellular lysates (C).

with a monoclonal antibody directed against CPP32@3IYama demon
strated that this protease was not coimmunoprecipitated with Bcl-2 or
Bcl-xL. This makes the direct physical interaction between CPP32@3/
Yama and Bcl-2 or Bcl-xL unlikely.

To detect the amount of free Bax that is not bound to either Bcl-2
and/or Bcl-xL, sequential immunoprecipitations were performed. Fol

lowing a primary immunoprecipitation of the 35S-labeled cell lysates
from HL-60/neo and HL-6OfBcl-xL cells with a combination of anti
Bcl-2 and anti-Bcl-x antibodies, the heterodimer-depleted superna
tants were immunoprecipitated with the polyclonal anti-Bax antibody.
The amount of Bax present in each immunoprecipitate that was
resolved on the SDS-PAGE was quantitated by phosphorimager anal
ysis. Boiling with Laemmli buffer and resolution on the SDS-PAGE
disrupts any Bax dimers in the immunoprecipitates, and the total or
â€œfreeâ€•Bax that is not heterodimerized to either Bcl-2 or Bcl-xL is
recognizable as the p2lBax upon immunoblotting with the anti-Bax
antibody. As shown in Fig. 3C, a significantly higher percentage of

A.

B.

Fig. 4. Cell lysates of [35Slmethionine-labeled
untreated and paclitaxel-treated HL-60/neo and
HL-6OIBCI-XL cells were immunoprecipitated with
anti-Bcl-2 plus anti-Bcl-x antibodies. Secondary
immunoprecipitates with anti-Bax antibody, ob
tamed from the immunodepleted supernatants.
were resolved on SDS-PAGE. The levels of free or
homodimerized p2lBax were confirmed by immu
noblotting with the anti-Bax antibody. B shows the
increase in the free Bax levels represented as the
increase in the relative intensity of the bands de
termined by horizontal gel scanning.
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(Fig. 7A). In addition, paclitaxel decreased Raf-l levels in both cell
types (Fig. 7B), although Raf-l appeared to be phosphorylated by
paclitaxel, as signified by a slower gel migration of Raf-l (Fig. 7B,
Lane 2). Pharmacological depletion of Raf-l levels by treatment with
either paclitaxel (500 ntvi)or GA (1.0 @.tM)alone for 12 h, or following
cotreatment with paclitaxel and GA, did not significantly affect pa
citaxel-induced phosphorylation of Bcl-2. The apparent lower levels
of both the phosphorylated and unphosphorylated Bcl-2 in Fig. 7B,
Lane 4 versus Lane 2, are due to less protein loading in Lane 4, as
determined by the comparison to the @3actin control (data not shown).
Longer cotreatment with GA up to 18 h again did not inhibit Bcl-2
phosphorylation or apoptosis (data not shown). Cotreatment with GA
also did not inhibit the subsequent paclitaxel-induced internucleoso
mal DNA fragmentation that was observed in HL-60/neo cells (Fig.
7C). Cotreatment with GA also did not affect taxol-mediated inhibi

tion of the cell viability of HL-60/neo cells, as gauged by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (16)
(data not shown). These results clearly demonstrate that Bcl-xL over
expression does not affect paclitaxel-mediated Bcl-2 or Raf-1 phos
phorylation or Raf-l depletion. Additionally, Raf-l does not appear to
be important for either paclitaxel-induced Bcl-2 phosphorylation or
apoptosis of HL-60/neo cells.

DISCUSSION

Recent reports have demonstrated that pacitaxel-induced microtu
bular bundling and mitotic arrest of human leukemic cells is followed
by the DNA fragmentation and morphological features of apoptosis
(1, 15, 16, 25). These reports have also indicated that overexpression
of Bcl-2 or Bcl-xL inhibits paclitaxel-induced apoptosis without af
fecting its antimicrotubule or cell cycle effects (15, 16). Recently,

high intracellular levels of Bcl-xL have also been demonstrated to
inhibit paclitaxel-induced CPP32@3/Yama activation and PARP deg
radation in HL-6OIBcl-xL cells (16). Thus, high endogenous levels of
total Bcl-2 or Bcl-xL relative to total Bax have been shown to
represent a distal mechanism operative against paclitaxel-induced

0 2 4 8 1012161820 â€œ*â€”hrs
5@ aM

A. â€”â€”@@-::@ @..â€”@kD

@@@ .@@@@ @â€”free

@ ..@â€”.32 kDYama

D. ::@=@ â€”@- @â€”116kD
.@@@@ @â€” 85 kd fragment

in free Bax levels, a decline in CPP32@3/Yama levels, because of
cleavage, was observed (Fig. SC). This was followed at 12 h with the
cleavage of PARP and the appearance of the Mr 85,000 fragment of
PARP (Fig. SD). Finally, coincidentally with PARP degradation,
intemucleosomal DNA fragmentation was evident after 12 h of pa
clitaxel treatment of HL-60/neo cells. Fig. 6 demonstrates that, al
though paclitaxel-induced Bcl-2 phosphorylation was observed in
HL-60/Bcl-xL cells, this did not result in a rise of free Bax levels or
lead to the subsequent cleavage and activity of Yama or PARP
degradation. Correspondingly, pacitaxel-induced internucleosomal
DNA fragmentation was not observed in HL-6OIBcl-xL cells (Fig.
1B).

GA Depletes Raf-1 but Does Not Affect Padiltaxel-induced
Bcl-2 or Raf-1 Phosphorylatlon or Apoptosis. Recently, Ral- 1 ac
tivation by paclitaxel was shown to coincide with Bcl-2 phosphoryl
ation (19). Also, depletion of Raf-l by GA abrogated paclitaxel
induced apoptosis of human breast cancer MCF-7 cells (19). In the
present studies, we determined whether high Bcl-xL levels in HL-60/
Bcl-x@.cells inhibited paclitaxel@induced activation of Raf-l and Bcl-2
phosphorylation@ Fig. 7 demonstrates that treatment with paclitaxel
phosphorylated Bcl-2 in HL-60/neo as well as in HL-6OIBcl-xL cells

B.
C.

hrs
500 nU TaxolE.

Fig. 5. HL-60/neo cells were treated with 500 ns@paclitaxel for 0-20 h. Aliquots were
taken at 2, 4, 8, 10, 12, 16, 18, and 20 h and lysed as described in the text. Aâ€”Dshow the
results of Western blot analyses of Bcl-2, immunoprecipitated free Bax, CPP32(3IYama.
and PARP proteins, respectively (see text). Lanes in E show the electrophoresed genomic
DNA from identically treated HL-60/neo cells. Lane M, the 123-bp marker DNA.

HL-60/BcI-xL
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Fig. 6. HL-60/Bcl-xL cells were treated with 500 flMpaclitaxel for 0â€”20h. Aliquots
weretakenat4, 8, 10,12,16,and20h sodlysedt*adescribedin thetext.Aâ€”Stheresults
of Western blot analyses of Bcl-2, Bc1-x@immunoprecipitated tree Bax, CPP32@/Yama,
andPARPproteins,respectively(seetext).
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levels, Yama cleavage, and PARP degradation in HL-60/neo cells. In
contrast, paclitaxel-induced Bcl-2 phosphorylation in HL-6OfBcl-xL
cells does not produce a rise in the free Bax levels or subsequent
molecular events that promote apoptosis. In the HL-6OfBcl-xL cells,
the blockage of the rise in free Bax levels is due to their heterodimer
ization with high Bcl-xL levels. Although we have observed pacli
taxel-induced phosphorylation of Bcl-xL in other tumor cell lines that
have endogenous expression of Bcl-xL (data not shown), this was not
observed in HL-6OIBcl-xL cells, which have enforced overexpression
of Bcl-xL (Fig. 6). Recently, paclitaxel was shown to alter the elec
trophoretic mobility of Raf-l and activate it, which was shown to be
required for paclitaxel-mediated induction of p21WAF1 and p53 (30).
Paclitaxel-induced activation of Raf-l was also demonstrated to be
involved in Bcl-2 phosphorylation and apoptosis of MCF-7 cells that
possess p53Wt (19). In contrast, previous studies by Wang et a!. (31)
had indicated that although Bcl-2 can be immunoprecipitated with
Raf-l, it is not phosphorylated by Raf-l. These investigators had also
described a Bcl-2-interactive protein, BAG-l, which enhances the
antiapoptotic effects of Bcl-2. BAG-i was also shown to activate
Raf-l (32). By demonstrating that the marked depletion of Raf-l by

GA neither impairs paclitaxel-induced phosphorylation of Raf-i and
Bcl-2 nor inhibits paclitaxel-induced apoptosis of HL-60/neo cells
(Fig. 7), our results support that Raf-l may not be playing a significant
role in Bcl-2 phosphorylation or its antiapoptotic effects in HL-60/neo
cells.

A previous report had implicated a p53-dependent death signal that
alters the Bcl-2:Bax ratio and promotes apoptosis (18, 33). Because
HL-60 cells lack p53 expression, however, this mechanism is not
operative during paclitaxel-induced alteration in free Bax levels and
apoptosis of these cells (34). Previous studies have demonstrated that
inactivation of p53 does not confer resistance against paclitaxel
induced apoptosis (35, 36). Our present data from HL-60/neo cells
that lack p53 support these findings by showing that paclitaxel treat
ment increases the intracellular free Bax levels in these cells, promot
ing the activity of CPP32/3/Yama and apoptosis of these cells (16).

Recently, Bax has been demonstrated to homodimerize or het
erodimerize with its partners through a novel BH3 domain (37).
Whether paclitaxel treatment affects this functional domain and im
pairs the ability of Bax to form heterodimers with its partner proteins
remains to be established. In another report, although BH1 and BH2
domains were found to be critical for the death-repressing function of
Bcl-xL, the ability to interact with Bax or Bak, a proapoptotic homo
logue (38), was not shown to be essential for its antiapoptosis effects
(39). In contrast, our data support the hypothesis that Bcl-xL exerts its
antideath influence by binding to the death-promoting Bax, perhaps
through its BH3 domain. In either case, it seems likely that either
Bcl-xL OF Bax are actively involved in regulating the downstream
death signals that trigger the activation of the cysteine proteases
responsible for the execution of apoptosis (40). In a recent report, the
apoptotic program involving the activation of CPP32f3IYama in the
cytosol was shown to be initiated and promoted by dATP and cyto
chrome c released from mitochondria (41). Whether these effectors
are involved in paclitaxel-induced cleavage and activity of CPP32@/
Yama and apoptosis remain to be established.

In summary, results presented here highlight the order of paclitaxel
induced intracellular events that involve Bcl-2 phosphorylation, a rise
in proapoptotic Bax, and the activation of CPP32j3/Yama, a key
cysteine protease of the ICE/ced 3 family, ultimately resulting in
apoptosis. These results also suggest that Bcl-xL overexpression may
inhibit apoptosis by protecting against the rise in free Bax and inhib
iting the activity of CPP323IYama in HL-60 cells.

HL-60/neo
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Fig. 7. Western blot analyses of Bcl-2 (A) and Raf-l (B) in HL-60/neo and HL-60/
Bcl-xL cells untreated and treated with 500 nsi paclitaxel and/or GA for 12 h. C, the
apoptosis-associated internucleosomal DNA fragmentation following treatment of HL
60/neo cells with paclitaxel and/or GA.

apoptosis. However, there is a paucity of information regarding the
status of free Bax or Bax heterodimerized to Bcl-2 and Bcl-xL in

untreated and paclitaxel-treated tumor cells. In the present studies, we
demonstrate that if tumor cells possess high intracellular levels of
Bcl-xL, these heterodimerize with Bax, resulting in lowered free Bax
levels (Fig. 3). Additionally, treatment of human AML HL-60 cells
with those concentrations of paclitaxel that induce apoptosis results in
a significant increase of free Bax and a decline in Bax heterodimer
ized to Bcl-2, without affecting the total intracellular Bax, Bcl-2, or
Bcl-xL levels in HL-60/neo cells. These paclitaxel-induced alterations
in the free and heterodimerized Bax levels occurred immediately
before the cleavage and activity of CPP32@3/Yama, PARP degrada
tion, and the induction of apoptosis of HL-60/neo cells (Fig. 5). This
suggests that paclitaxel-induced alterations in the relative levels of
unbound (free) or homodimerized Bax versus bound or heterodimer
ized Bax may promote the activity of the CPP32f3/Yama, resulting in
apoptosis of HL-60/neo cells.

The precise mechanism by which paclitaxel causes a rise in free
Bax levels in HL-60/neo cells is not clear. A previous report by Haldar
et al. (20, 21) had indicated that exposure to paclitaxel caused serine
phosphorylation and inactivation of Bcl-2. Subsequently, they showed
that paclitaxel-induced phosphorylation of Bcl-2 also inhibited its
binding to Bax, thereby promoting apoptosis (20, 21). However, their
report did not include immunoprecipitation studies targeted to exam
me the effect of paclitaxel on free Bax levels in cells that possessed
disparate expressions of Bcl-xL. Results of the iminunoprecipitation
and/or immunoblot analyses shown in Figs. 5 and 6 clearly demon
strate that, in both HL-60/neo and HL-60/Bcl-xL cells, exposure to

500 nM of paclitaxel for 4 h (and until 18 h) results in Bcl-2
phosphorylation. This immediately precedes the rise in free Bax
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