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Abstract Taxol is extensively used clinically for chemotherapy of patients with ovarian, breast, and lung cancer.
Although taxol induces apoptosis of cancer cells, its exact mechanism of action is not yet known. To determine the
mechanismof actionof taxol in ovarian cancer,we tested the effects of thedrug, on thehumanovarian carcinomacell line,
SKOV3. We observed that taxol-induced apoptosis of these cells by phosphatidylserine (PS) externalization and DNA
fragmentation. While treatment of cells with taxol resulted in bcl-2 phosphorylation and mitochondrial depolarization,
cytochrome c was not released and pro-caspase-3 was not activated. Treatment of SKOV3 cells with taxol, however,
resulted in the translocation of AIF from the mitochondria to the nucleus via the cytosol. Taken together, these findings
suggest that in SKOV3 cells, taxol induces caspase-independent AIF-dependent apoptosis. J. Cell. Biochem. 91: 1043–
1052, 2004. � 2004 Wiley-Liss, Inc.
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Taxol (paclitaxel), a potent drug of natural
origin isolated from the bark of the Pacific yew,
Taxus brevifolia [Wani et al., 1971], is currently
used in the treatment of ovarian, lung, and
breast cancer. Initial studies on the mechanism
of action of taxol have demonstrated that
this drug alters microtubule (MT) assembly,
by inhibiting MT depolymerization and chan-
ging MT dynamics. These effects result in the
disruption of the normal reorganization of the
MT network required for mitosis and cell
proliferation.
Taxol-treated cells are unable to proceed

normally through the cell cycle and are arrested

in G2/M phase [Schiff et al., 1979]. Although
treatment of various tumor cells with taxol in
vivo and in vitro induces apoptosis [Fan, 1999],
and taxol has been shown to regulate the ex-
pression of several apoptosis-related proteins,
including bcl-2, bax, bcl-X, p21-waf, and tumor
necrosis factor (TNF)-a [Haldar et al., 1996;
Tudor et al., 2000], the exact mechanism by
which this drug induces apoptosis is not yet
known.

Malfunction of apoptosis has been associat-
ed with various diseases, including cancer,
autoimmune diseases, neurodegenerative dis-
eases, stroke, cardiac diseases, and bacterial
and viral infections [Fadeel et al., 1999a].
Recently two apoptosis pathways have been
described, one caspase-dependent and the other
caspase-independent [Zamzami and Kroemer,
1999]. Caspases are a family of cystein-depen-
dent aspartate-directed proteases, which have
been found to play critical roles in the initia-
tion and execution of apoptosis [Budihardjo
et al., 1999]. Following activation of the cas-
pase cascade, downstream molecules are ac-
tivated, including caspase activated DNase
(CAD) and acinus (apoptotic chromatin con-
densation inducer in the nucleus), leading to
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chromatincondensation and 180-base-pair DNA
laddering, a hallmark of apoptotic cell death
[Robertson et al., 2000].

More recently, caspase-independent apopto-
sis has been observed in several cell types
[Carmody and Cotter, 2000; Dumont et al.,
2000; Braun et al., 2001; Loeffler et al., 2001;
Marzo et al., 2001]. One of the proteins
responsible for caspase-independent chromatin
condensation is apoptosis-inducing factor (AIF)
[Susin et al., 1999]. AIF (57 kDa) is a phylogen-
etically ancient conserved flavoprotein that is
confined to the mitochondrial intermembrane
space in healthy cells. Upon lethal signaling,
AIF translocates from the mitochondria to the
nucleus, via the cytosol. Although this protein
possesses the ability to induce caspase-inde-
pendent peripheral chromatin condensation
and large-scale DNA fragmentation, the molec-
ular signaling mechanism currently remains
unclear [Cande et al., 2002a]. Mouse AIF
(612 amino acids) and its human counterpart
(613 amino acids) [Susin et al., 1999] are highly
homologous, with 92% overall identity. TheAIF
gene is localized within the mouse X chromo-
some region, A6,which is syntenic to the human
X chromosome region, Xq25-26 [Daugas et al.,
2000a].

AIF is neutralized by heat-shock protein
(HSP)70, in a reaction that appears to be inde-
pendent of ATP and the ATP-binding domain
(ABD) of HSP70. The mechanism of action of
this protein is thus distinct from the previously
described Apaf-1/HSP70 interactions which re-
quire both ATP and HSP70 ABD. Intriguingly,
HSP70 lacking ABD (HSP70DABD) inhibits
apoptosis induced by serum withdrawal, staur-
osporine, and menadione, three models of
apoptosis that are additionally affected by
micro-injection of anti-AIF antibody or genetic
ablation of AIF [Cande et al., 2002a]. Collec-
tively, recent studies suggest that AIF plays a
role in the regulation of caspase-independent
cell death.

Numerous investigations on the mechanism
of apoptosis report that this type of cell death is
induced via the caspase-dependent pathway. In
contrast, our data show that taxol-induced
apoptosis is caspase-independent. In this re-
port, we investigate the mechanism by which
taxol induces apoptosis. We recently demon-
strated that AIF is involved in taxol-induced
apoptosis in the human ovarian carcinoma cell
line, SKOV3.

MATERIALS AND METHODS

Materials

Taxol was obtained from Bristol–Myers
Squibb Pharmaceutical Group (Montreal, QC,
Canada), dissolved in DMSO and stored at room
temperature in the dark. Propidium iodide (PI)
was purchased from Sigma (St. Louis, MO) and
Annexin V-FITC Apoptosis detection kit was
from BD BioSciences (San Diego, CA). Alexa
Flour 488 dye (FITC) and 5,50-6,60-tetrachloro-
1,10-3,30-tetraethylbenzimidazolyl-carbocyanine
iodide (JC-1) were obtained from Molecular
Probes (Eugene, OR). Mouse monoclonal anti-
bodies to bcl-2 and pro-caspase-3, rabbit poly-
clonal antibody toAIF, and secondary antibodies
including horse-radish peroxidase (HRP)-conju-
gated goat anti-mouse IgG, were from Upstate
(Lake Placid, NY). Cytochrome c (A-8) was
purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA), and biotin conjugated goat
anti-rabbit and mouse IgG were from ZYMED
Laboratories, Inc. (San Francisco, CA). Polyvi-
nylidene difluoride (PVDF) membrane was
obtained from Amersham Pharmingen Biotech.
(Piscataway, NJ), and enhanced chemilumines-
cence reagent was from Pierce (Rockford, IL).

Cell Culture

Thehumanovarian carcinomacell lineSKOV3
(HTB-77) was purchased from American Tissue
Culture Collection (ATCC, Manassas, VA), and
cells were grown at 378C in RPMI 1640 medium
supplementedwith10%fetal bovine serum,1%L-
glutamine, and 1% penicillin/streptomycin (pH
7.4) in a humidified atmosphere containing 5%
CO2. All cell culture reagents were purchased
fromGibco BRL (Grand lsland, NY). Through all
the experiments, SKOV3 cells were treated with
taxol for 24 h.

Determination of Cell Cycle and DNA
Fragmentation Rate

To measure the amount of DNA fragmenta-
tion and the cell cycle, cells were harvested,
resuspended at 1� 106 cells/ml, washed with
PBS, and fixed in ice-cold 70% ethanol for 1 h at
48C. The cells were subsequently centrifuged,
resuspended, incubated for 30 min in PBS
containing 0.5 mg/ml RNase A and 40 mg/ml PI
at 378C, and analyzed with a Becton Dickson
(San Jose, CA) FACSCalibur flow cytometer
[Ormerod et al., 1992].
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Measurement of Phosphatidylserine (PS)
Externalization and Chromatin Condensation

PS externalization was assayed by two-color
analysis of FITC-labeled annexin V staining of
1� 106 cells/ml, together with PI staining of
5� 103 cells/ml, followed by flow cytometry and
Leica TCS SP2 confocal microscopy (Leica,
Germany). Data acquisition and analysis were
performed using the CellQuest program (Becton
Dickson). Positioning of quadrants on annexin
V/PI dot plots was performed as described
previously [Van Engeland et al., 1996]. This
method was able to distinguish among living
(annexin V�/PI�), early apoptotic (annexin Vþ/
PI�), late apoptotic (annexin Vþ/PIþ), and nec-
rotic (annexin V�/PIþ) cells [Pietra et al., 2001].

Detection of Mitochondrial Membrane
Potential (DCm)

The mitochondrial membrane potential was
analyzed using JC-1, a lipophilic cationic fluor-
escent dye capable of selectively entering
mitochondria and acting as a dual emission
probe that reversibly changes color from green
(FL-1) to greenish orange (FL-2) as the mito-
chondrial membrane becomes more polarized
[Cossarizza et al., 1993]. Cells, 1� 106 and
5� 103, respectively, were incubated with 5 mg/
ml JC-1 (made up as a 5 mg/ml stock in DMSO)
for 30 min at 378C in darkness. Cells were
washed with PBS at 48C, and analyzed by flow
cytometry and confocal microscopy.

Western Blot Analysis

Control and taxol-treated cells were scrapped
and washed with ice-cold PBS. Cells (2� 106

cells) were lysed with 100 ml lysis buffer (50mM
Tris, 150 mM NaCl, 10% SDS, 1% NP-40, 1%
Triton X-100, 1 mM EGTA, 1 mM PMSF, 1 mM
pepstain, 1 mM leupeptin, 0.3 mM aprotinin).
After 1 h incubation on ice, the lysates were
centrifuged at 15,000g for 15 min at 48C, and
the protein content in the supernatant was de-
termined using Bio-Rad Protein Assay Dye
Reagent. Each lysate was dissolved in sample
buffer (60 mM Tris-HCl, pH 6.8, 2% SDS, 10%
glycerol, 140 mM mercaptoethanol, 0.002%
bromophenol blue), and the sampleswere boiled
for 5 min and subjected to electrophoresis on an
SDS–polyacrylamide gel (100 mg protein/lane).
Proteins were electrotransferred onto PVDF
membranes, which were immunoblotted with
anti-pro-caspase-3 (1:1,000 dilution) or anti-bcl-

2 (1:1,000 dilution) antibodies. Antibodies were
detected with the appropriate HRP-conjugated
secondary antibody (1:5,000 dilution) and en-
hanced chemiluminescence reagent.

Determination of H2O2 Generation

For detection of H2O2 generation, cells were
harvested at 1� 106 cells/ml, washed in PBS,
resuspended, and incubated for 30 min at room
temperature in Mixing dye (0.5 ml DMSO, 2%
pluronic F127 (Molecular Probes) containing
10 mM H2DCFDA (Molecular Probes). The cells
were washed with PBS and analyzed by flow
cytometry.

Immunofluorescence Assay

The translocation of AIF in taxol-treated
SKOV3 cells was determined by confocal micro-
scopy. Cells were grown on coverslips, washed
with PBS, fixed with 4% paraformaldehyde in
PBS at room temperature for 1 h, and permea-
bilized with 0.3% Triton X-100 for 30 min at
room temperature. The cells were incubated
with rabbit anti-AIF (0.5 mg/ml) for 12 h at 48C,
washed three times with PBS, and incubated
with biotin-conjugated secondary antibodies
(2 mg/ml) for 4 h at 48C. The cells were incubated
with Alexa Flour 488 dye (1:500 dilution) for 1 h
at room temperature, washed three times with
PBS, mounted with DAKO fluorescent mount-
ing medium (DAKO, Carpinteria, CA), and ob-
served by confocal microscopy.

RESULTS

Cell Cycle Arrest and DNA Fragmentation

The effects of taxol on polymerization of
themicrotubule and stimulation of microtubule
bundle formation, which blocks entry into the S
phase, are well known. Inhibition of S phase
entry leads to blockage of cell proliferation and
induction of necrosis [Yeung et al., 1999]. To
investigate the type of cell death induced by
taxol, PS externalization, and PI uptake in
SKOV3 cells were analyzed. Treatment with
5 mM taxol increased the number of primary
apoptotic cells (annexin Vþ/PI�) 5-fold and the
number of secondary necrotic cells (late apop-
tosis, annexin Vþ/PIþ) 2-fold compared with
control, untreated SKOV3 cells (taxol-treated,
26.44� 1.96%; control, 5.24� 1.24%, and taxol-
treated, 5.01� 0.34%; control, 2.34� 0.64%,
respectively; Fig. 1a). Taxol treatment also
increased PI uptake, suggesting that this drug
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Fig. 1.
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induced chromatin condensation. To character-
ize the effect of taxol-induced DNA damage,
SKOV3 cells were cultured in taxol, stained
with PI, and assayed by flow cytometry. Com-
pared with control cells, taxol-treated cells
progressed to G2/M phase arrest after 24 h
(Fig. 1b), and there was a 2-fold increase in the
number of cells in sub G1 phase (taxol-treated,
11.33� 1.91%; control, 5.25� 1.23%, Fig. 1c).
Notably, DNA from the Sub G1 phase is less
than diploid (the DNA is broken and fragmen-
ted). Our results show that taxol induces the
early and late stages of apoptosis and not
necrosis.

Taxol Does not Induce Caspase-3 Activation

The caspase family of proteins is important in
apoptosis [Zamzami and Kroemer, 1999]. A
number of reports show that these proteins are
activated by drugs that display an apoptosis-
inducing effect. Therefore, we attempted to
determine whether taxol induces apoptosis
through caspase-dependent or -independent
mechanism in SKOV3 cells. By Western blot
analysis, we found that taxol, at concentrations
of 2 and 5 mM, induced bcl-2 phosphorylation,
but did not activate caspase-3 (Fig. 2).
These findings suggest that, in SKOV3 cells,
taxol induces apoptosis through a caspase-
independent pathway.

Taxol Induces Mitochondrial Depolarization

Mitochondrial membrane depolarization is
an early event of apoptosis, increasing mito-
chondrial membrane permeability (MMP) and
facilitating the release of pro-apoptotic factors,
including cytochrome c, AIF and other, as yet
unidentified, factors into the cytosol [Cande
et al., 2002b; Ravagnan et al., 2002]. Using the
mitochondria-specific probe, JC-1, a lipophilic
cationic fluorescent dye with dual emission
wavelengths, we tested the effect of taxol on
mitochondrial depolarization in SKOV3 cells.

Increased mitochondrial membrane potential
has been shown to increase JC-1 fluorescence at
530 nm (FL-1H), corresponding to its mono-
meric form, and to reduce JC-1 fluorescence at
590 nm, corresponding to its dimeric form.
Taxol treatment increased fluorescence at
530 nm from 2.77� 0.90 (mean�SD) in normal
cells to 4.51� 0.83 (P< 0.05) after 24 h in
culture (Fig. 3a). By confocal microscopy, taxol
was also found to increase the mitochondrial
membrane potential (Fig. 3b).

Reactive Oxygen Species (ROS) Is not
Generated by Taxol Treatment

ROS are among the molecular components
that can be detected during the process of
apoptotic cell death. ROS can be generated
from several intracellular locations, including
the microsomal pathway and the mitochondrial
electron transport chain [Kukielka et al.,
1994; Thannickal and Fanburg, 1995]. Follow-
ing treatment with 5 mM taxol, however, the
rate of ROS generation (3.11� 0.31) was not
that different from the rate observed in normal
cells (3.22� 0.39) (Fig. 4).

Effect of Taxol on AIF Translocation
Into Nucleus

The AIF protein is a caspase-independent
pro-apoptotic factor released frommitochondria
and translocated into the nucleus [Susin et al.,
1999]. The connection between AIF and mito-
chondrial membrane potential in caspase-inde-
pendent apoptosis is not yet clear. Confocal
microscopy of cells stained with anti-AIF anti-
body (green fluorescence of FITC) was used to
test the effect of taxol on AIF translocation. In
untreated cells, spots of green fluorescence
indicated that AIF was present in the cytosol,
presumably in the mitochondria (Fig. 5). In
taxol-treated cells, the fluorescence was located
in the nucleus, indicating that AIF had been
translocated (Fig. 5).

Fig. 1. a: Taxol-induced early- and late-stage apoptosis in
SKOV3 carcinoma cells. SKOV3 cells were treated with 5 mM
taxol for 18 h (A) and 24 h (B). Cells were assayed by two-color
analysis involving FITC-labeled annexinV and propidium iodide
(PI) staining, followed by flow cytometry and Leica TCS SP2
confocal microscopy (Leica, Germany). A: Early-stage apoptotic
cells were stained with annexin V (conjugated FITC) only. B:
Late-stage apoptotic cells were stained with both annexin V and
PI, due to dysfunctional plasma membrane fluidity. b: The effect
of taxol on SKOV3 distribution in distinct cell cycle phases, as
determined by flow cytometry. A: Untreated cells. B: Cells
treated with 5 mM taxol for 24 h. Cells were stained with PI and

analyzed by flow cytometry. The majority of cells were arrested
at the G2/M phase after taxol treatment. c: Assessment of taxol-
induced apoptosis bymeasurement of hypodiploidDNAcontent
in SKOV3 carcinoma cells. A: Untreated cells. B: Cells treated
with 5 mM taxol for 24 h. Cells were analyzed by PI staining to
determine the hypodiploid DNA (fragmented DNA) proportion.
Data acquisition and analysis were performed on a FACScalibur
flow cytometer using the CellQuest program (Becton Dickson).
The sub G1 percentage signifies the cell proportion of apoptosis
procedure. Apoptosis of taxol-treated cells was increased 2-fold
(11.33�1.91%), in comparison to the control (5.25�1.23%).
{mean� SE of three independent experiments (P<0.05).
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These findings thus suggest that the mito-
chondria play a role in triggering a caspase-
independent apoptotic pathway through loss of
mitochondrial membrane potential and the
release of AIF protein in taxol-treated SKOV3
cells.

DISCUSSION

Although taxol has been shown to induce
apoptosis in a variety of cell types, its mechan-
ism of action is not fully known.We have shown
here that this drug has an unusual mode of
action in human ovarian carcinoma cells, a
mechanism that does not require caspase-3
activation [Ofir et al., 2002]. The effect of taxol
on caspase-3 activation is cell type specific, since
this drug has been shown to induce caspase-3
enzymatic activity in other human carcinoma
cell lines, including the acute myelocytic leu-
kemia cell line HL-60, as well as lung and
gastric cancer cell lines [Perkins et al., 1998;
Goncalves et al., 2000; Weigel et al., 2000].
These and other results [Blagosklonny et al.,
1996a,b; Salah-Eldin et al., 2003] support the
notion that the same apoptotic stimulant may
utilize different apoptotic pathways in different
cell types.

Taxol treatment induces a biphasic decrease
of viable cells in various breast cancer cell lines.
In the lower concentration range (0.005–
0.05 mM), taxol stabilizes the spindle during
mitosis, thereby blocking cell division. This
mitotic block leads to inhibition of cell prolifera-
tion and apoptosis induction. In the higher

concentration range (5–50 mM), taxol mainly
increases polymerization of the microtubule
and stimulates the formation of microtubule
bundles, which block entry into the S phase.
This inhibition of S phase entry results in
blockage of cell proliferation and induction of
necrosis [Yeung et al., 1999]. Taxol-induced
apoptosis is additionally linked to mitosis in-
hibition. Prevention of polymerization or de-
polymerization of cellular microtubules by
cancer therapeutic drugs induces phosphoryla-
tion of bcl-2, thus abrogating the normal anti–
apoptotic function of the protein and initiating
the apoptotic program in differentiating cancer
cells [Haldar et al., 1997]. In our study, SKOV3
treated 5 mM taxol displayed cell arrest. Inter-
estingly, in contrast to the breast cancer cell
lines, i.e., BT20, BT474, MDA, MCF-7, and
SKRB3, studied earlier [Yeung et al., 1999],
taxol-induced apoptotic death (see Fig. 1a) in
the SKOV3 cell line, and not necrosis, at the
concentration of 5 mM.

In contrast, TNF-ahas been shown to activate
two apoptotic signaling cascades, one depen-
dent on ROS and the other independent of ROS,
both of which converge on caspase activity
[Sidoti-de Fraisse et al., 1998]. In addition,
superoxides and lipid peroxidation are increas-
ed during apoptosis induced by many stimuli
[Ravagnan et al., 2002]. We have shown here
that treatment of SKOV3 cellswith taxol did not
generate ROS, including H2O2, suggesting that
this drug induces ROS-independent apoptosis.
This finding is in agreement with previous
results [Lin et al., 2000].

Fig. 2. Taxol inducesphosphorylationof bcl-2, but not activationof caspase-3 in SKOV3cells. SKOV3cells
were treated with 2 and 5 mM taxol for 24 h, and analyzed byWestern blotting. A: Phosphorylation of bcl-2.
Lanes 1 and 2, control; lanes 3 and 4, cells treated with 2 mM taxol; lanes 5 and 6, cells treated with 5 mM
taxol. B: Induction of caspase-3 protein processing. Lanes 1, 2, and 7, control; lanes 3 and 4, treatment with
2 mM taxol; lanes 5 and 6, treatment with 5 mM taxol.
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In recent years, numerous studies have de-
monstrated thatmost, if not all, cells experience
a collapse of their mitochondrial membranes as
a prelude to nuclear DNA degradation and
apoptosis [Ravagnan et al., 2002]. In agreement
with this, we have shown here that, in SKOV3
cells, taxol decreases mitochondrial mem-
brane potential. Indeed, mitochondria are now
thought to act as key coordinators of apoptosis
[Green and Reed, 1998]. Several pro-apoptotic
signaling and damage pathways, linked to
the bcl-2 family of proteins, converge on mi-
tochondria to induce mitochondrial mem-

brane permeabilization (MMP) [Fadeel B and
Zhivotovsky, 1999b]. While the inner mito-
chondrial membrane (IMM) remains relatively
intact, the outer mitochondrial membrane
(OMM) becomes completely permeabilized to
proteins, resulting in leakage from the mito-
chondrial intermembrane space of proteins
such as pro-caspases 2, 3, and 9, cytochrome c,
AIF, Endo G (Endonuclease G), and heat shock
proteins (Hsp) 10 and 60 [Ravagnan et al.,
2002]. Emerging evidence suggests that trans-
location of mitochondrial AIF into the cytosol
and then into the nucleus is a hallmark of

Fig. 3. a: Taxol induces mitochondrial depolarization, as
determined by flowcytometry (Green color Emission Shifting).
Taxol-treated SKOV3 cells were incubated with JC-1 dye (5 mg/
ml) for 30 min at 378C, and fluorescence intensities were
measured.A: Untreated cells.B: Cells treatedwith 5 mMtaxol for
24 h. Relative intensity of emission at 530nmwas increased from
2.77�0.90 (mean� SD) for normal cells to 4.51�0.83

(P<0.05) for taxol-treated cells within 24 h. b: Staining with
JC-1 revealed a decrease in mitochondrial membrane potential
(MMP, DFm) upon taxol treatment. Taxol-treated SKOV3 cells
were incubated with JC-1 dye (5 mg/ml) for 30 min at 378C,
followed by Leica TCS SP2 confocal microscopy (Leica).
A: Untreated cells. B: Cells treated with 5 mM taxol for 24 h.
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caspase-independent apoptosis [Cande et al.,
2002a; Shih et al., 2003]. In support of this, we
have shown here that, in SKOV3 cells, taxol
treatment induces translocation of AIF after
24 h, providing further evidence that taxol in-
duces caspase-independent apoptosis inSKOV3
cells.

Over-expression of the anti-apoptotic protein,
bcl-2, has been found to attenuate AIF re-

distribution in mammalian cell lines [Daugas
et al., 2000b]. Our finding, that bcl-2 was
phosphorylated in SKOV3 cells, suggests that,
in this cell line, phosphorylated bcl-2 had lost its
ability to suppress taxol-induced apoptosis
[Haldar et al., 1996].

AIF is a phylogenetically conserved mito-
chondrial intermembrane flavoprotein that has
the ability to induce apoptosis via a caspase-

Fig. 4. A H2DCFDA assay reveals that taxol has no effect on
intracellular peroxide levels.A: Untreated cells. B: Taxol-treated
SKOV3 cells (5 mM, 24 h) were incubated for 30 min at room
temperature in Mixing dye (0.5 ml DMSO, 2% pluronic F127
(Molecular Probes) containing 10 mM H2DCFDA (Molecular

Probes). Cells were analyzed by flow cytometry. No significant
differences in ROS generation were observed between taxol-
treated cells (3.11�0.31%) and normal cells (3.22�0.39%).
{mean� SE of three independent experiments (P> 0.05).

Fig. 5. Translocation of the apoptosis-inducing factor (AIF) into
the nucleus induced by taxol. Taxol-treated (5 mM, 24 h) and
control cells were fixed and incubated with rabbit anti-AIF (0.5
mg/ml) for 12 h at 48C, followed by incubation with biotin-
conjugated secondary antibodies (2 mg/ml) for 4 h at 48C. Cells

were treated with Alexa Flour 488 dye (1:500 dilution) for 1 h at
room temperature, mounted with DAKO fluorescent mounting
medium (DAKO), and analyzed by confocal microscopy.
A: Control, B: Taxol (5 mM). In taxol-treated cells, AIF localizes
to the cytosol and nucleus.
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independent pathway. AIF plays an important
role in inducing nuclear chromatin condensa-
tion as well as large-scale DNA fragmentation
(approximately 50 kb), and is essential for
programmed cell death. Microinjection of re-
combinant AIF leads to the release of AIF-GFP
and Cyt-c-GFP, indicating that ectopic AIF
favors permeabilization of the outer mitochon-
drial membrane. These mitochondrial effects of
AIF are caspase-independent. Upon prolonged
culture, transfection-induced overexpression of
AIF results in spontaneous translocation of
AIF-GFP from mitochondria, nuclear chroma-
tin condensation, and cell death [Loeffler et al.,
2001].
However, in these cells, the mechanism of

apoptosis may be not solely dependent on AIF.
This is because, although the majority of AIF is
translocated into the nucleus, a proportion
remains in the cytosol prior to apoptosis by
taxol treatment, whereas most of the protein
translocates to the nucleus following treatment
with selenium (data not shown). Our results
show that treatment with taxol induces bcl-2
phosphorylation, which is generally believed to
promote paclitaxel-initiated apoptosis [Haldar
et al., 1995, 1998; Blagosklonny et al., 1997;
Roth et al., 1998].
Another recently isolated mitochondrial fac-

tor, Endo G, has been shown to translocate
from themitochondria to the nucleus once apop-
tosis is induced [Li et al., 2001]. Nuclear Endo
G can sequentially catalyze both high molec-
ular weight DNA cleavage and oligonucleoso-
mal DNA breakdown in a caspase-independent
manner [Widlak et al., 2001]. The relationship
between Endo G and AIF, however, is not yet
known. Therefore, further experiments are
necessary to investigate the effects of taxol on
EndoG translocation, and the link betweenAIF
and Endo G.
In summary, we have shown that, in the

human ovarian carcinoma cell line, SKOV3,
taxol induces caspase-independent apoptosis
through the collapse of mitochondrial mem-
brane potential and the translocation of AIF
into the nucleus.

ACKNOWLEDGMENTS

We thankMr. Yong Jin Lee, researcher in the
Department of Molecular Medicine, Asan Insti-
tute for Life Sciences, Asan Medical Center,
Seoul 138-736, Korea, for his technical support
of flow cytometry and confocal microscopy.

REFERENCES

Blagosklonny MV, Alvarez M, Fojo A, Neckers LM. 1996a.
Bcl-2 protein downregulation is not required for differ-
entiation of multidrug resistant HL60 leukemia cells.
Leuk Res 20:101–107.

Blagosklonny MV, Schulte T, Nguyen P, Trepel J, Neckers
LM. 1996b. Taxol-induced apoptosis and phosphorylation
of Bcl-2 protein involves c-Raf-1 and represents a novel c-
Raf-1 signal transduction pathway. Cancer Res 56:1851–
1854.

Blagosklonny MV, Giannakakou P, el-Deiry WS, Kingston
DG, Higgs PI, Neckers L, T Fojo. 1997. Raf-1/bcl-2 phos-
phorylation: A step frommicrotuble damage to cell death.
Cancer Res 57:130–135.

Braun JS, Novak R, Murray PJ, Eischen CM, Susin SA,
Kroemer G, Halle A, Weber JR, Tuomanen EI, Cleveland
JL. 2001. Apoptosis-inducing factor mediates microglial
and neuronal apoptosis caused by pneumococcus. J Infect
Dis 184:1300–1309.

Budihardjo I, Oliver H, Lutter M, Luo X, Wang X. 1999.
Biochemical pathways of caspase activation during
apoptosis. Ann Rev Cell Dev Biol 15:269–290.

Cande C, Cohen I, Daugas E, Ravagnan L, Larochette N,
Zamzami N, Kroemer G. 2002a. Apoptosis-inducing
factor (AIF): A novel caspase-independent death effector
released from mitochondria. Biochimie 84:215–222.

Cande C, Cecconi F, Dessen P, Kroemer G. 2002b.
Apoptosis-inducing factor (AIF): Key to the conserved
caspase-independent pathways of cell death? J Cell Sci
115:4727–4734.

Carmody RJ, Cotter TG. 2000. Oxidative stress induces
caspase-independent retinal apoptosis in vitro. Cell
Death Differ 7:282–291.

Cossarizza A, Baccarani-Contri M, Kalashnikova G, Fran-
ceschi C. 1993. A new method for the cytofluorimetric
analysis of mitochondrial membrane potential using the
J-aggregate forming lipophilic cation 5,50,6,60-tetra-
chloro-1,10,3,30-tetraethylbenzimidazolcarbocyanine iodide
(JC-1). Biochem Biophys Res Commun 197:40–45.

Daugas E, Nochy D, Ravagnan L, Loeffler M, Susin SA,
Zamzami N, Kroemer G. 2000a. Apoptosis inducing factor:
An ubiquitous mitochondrial oxidoreductase involved in
apoptosis regulation. FEBS Lett 476:118–123.

Daugas E, Susin SA, Zamzami N, Ferri KF, Irinopoulou T,
Larochette N, Prevost MC, Leber B, Andrews D,
Penninger J, Kroemer G. 2000b. Mitochondrio-nuclear
translocation of AIF in apoptosis and necrosis. FASEB J
14:729–739.

Dumont C, Durrbach A, Bidere N, Rouleau M, Kroemer G,
Bernard G, Hirsch F, Charpentier B, Susin SA, Senik A.
2000. Caspase-independent commitment phase to apop-
tosis in activated blood T lymphocytes: Reversibility at
low apoptotic insult. Blood 96:1030–1038.

Fadeel B, Zhivotovsky S. 1999b. All along the watchtower:
On the regulation of apoptosis regulators. FASEB J 13:
1647–1657.

Fadeel B, Orrenius S, Zhivotovsky B. 1999a. Apoptosis in
human disease: A new skin for the old ceremony?
Biochem Biophys Res Commun 266:699–717.

Fan W. 1999. Possible mechanisms of paclitaxel-induced
apoptosis. Biochem Pharmacol 57:1215–1221.

Goncalves A, Braguer D, Carles G, Andre N, Prevot C,
Briand C. 2000. Caspase-8 activation independent of

Taxol Induces AIF Dependent Apoptosis 1051



CD95/CD95-L interaction during paclitaxel-induced
apoptosis in human colon cancer cells (HT29-D4).
Biochem Pharmacol 60:1579–1584.

Green DR, Reed JC. 1998. Mitochondria and apoptosis.
Science 281:1309–1312.

Haldar S, Jena N, Croce CM. 1995. Inactivation of Bcl-2 by
phosphorylation. Proc Natl Acad Sci USA 92:4507–4511.

Haldar S, Chintapalli J, Croce CM. 1996. Taxol induces bcl-
2 phosphorylation and death of prostate cancer cells.
Cancer Res 56:1253–1255.

Haldar S, Basu A, Croce CM. 1997. Bcl2 is the guardian of
microtubule integrity. Cancer Res 1997 57:229–233.

Haldar S, Basu A, Croce CM. 1998. Serine-70 is one of the
critical sites for drug-induced Bcl-2 phosphorylation in
cancer cells. Cancer Res 58:1609–1615.

Kukielka E, Dicker E, Cederbaum AI. 1994. Increased
production of reactive oxygen species by rat liver mito-
chondria after chronic ethanol treatment. Arch Biochem
Biophys 309:377–386.

Li LY, Luo X, Wang X. 2001. Endonuclease G is an
apoptotic DNase when released from mitochondria.
Nature 412:95–99.

Lin HL, Liu TY, Chau GY, Lui WY, Chi CW. 2000.
Comparison of 2-methoxyestradiol-induced, docetaxel-
induced, and paclitaxel-induced apoptosis in hepatoma
cells and its correlation with reactive oxygen species.
Cancer 89:983–994.

Loeffler M, Daugas E, Susin SA, Zamzami N, Metivier D,
Nieminen AL, Brothers G, Penninger JM, Kroemer G.
2001. Dominant cell death induction by extramitochond-
rially targeted apoptosis-inducing factor. FASEB J
215:758–767.

Marzo I, Perez-Galan P, Giraldo P, Rubio-Felix D, Anel A,
Naval J. 2001. Cladribine induces apoptosis in human
leukaemia cells by caspase-dependent and -independent
pathways acting on mitochondria. Biochem J 359:537–
546.

Ofir R, Seidman R, Rabinski T, Krup M, Yavelsky V,
Weinstein Y, Wolfson M. 2002. Taxol-induced apoptosis
in human SKOV3 ovarian and MCF7 breast carcinoma
cells is caspase-3 and caspase-9 independent. Cell Death
Differ 9:636–642.

Ormerod MG, Collins MK, Rodriguez-Tarduchy G, Robert-
son D. 1992. Apoptosis in interleukin-3-dependent
haemopoietic cells. Quantification by two flow cytometric
methods. J Immunol Methods 153:57–65.

Perkins C, Kim CN, Fang G, Bhalla KN. 1998. Over-
expression of Apaf-1 promotes apoptosis of untreated and
paclitaxel- or etoposide-treated HL-60 cells. Cancer Res
58:4561–4566.

Pietra G, Mortarini R, Parmiani G, Anichini A. 2001.
Phases of apoptosis of melanoma cells, but not of normal
melanocytes, differently affect maturation of myeloid
dendritic cells. Cancer Res 61:8218–8226.

Ravagnan L, Roumier T, Kroemer G. 2002. Mitochondria,
the killer organelles and their weapons. J Cell Physiol
192:131–137.

Robertson JD, Orrenius S, Zhivotovsky B. 2000. Review:
Nuclear events in apoptosis. J Struct Biol 129:346–358.

Roth W, Wagenknecht B, Grimmel C, Dichgans J, Weller
M. 1998. Taxol-mediated augmentaion of CD95 ligand-
induced apoptosis of human malignant glioma cells:
Association with bcl-2 phosphorylation but neither
activation of p53 nor G2/M cell cycle arrest. Br J Cancer
77:404–411.

Salah-Eldin AE, Inoue S, Tsukamoto S, Aoi H, Tsuda M.
2003. An association of Bcl-2 phosphorylation and Bax
localization with their functions after hyperthermia and
paclitaxel treatment. Int J Cancer 103:53–60.

Schiff PB, Fant J, Horwitz SB. 1979. Promotion of
microtubule assembly in vitro by taxol. Nature 277:
665–667.

Shih CM, Wu JS, Ko WC, Wang LF, Wei YH, Liang HF,
Chen YC, Chen CT. 2003. Mitochondria-mediated cas-
pase-independent apoptosis induced by cadmium in
normal human lung cells. J Cellular Biochem 89:335–
347.

Sidoti-de Fraisse C, Rincheval V, Risler Y, Mignotte B,
Vayssiere JL. 1998. TNF-alpha activates at least two
apoptotic signaling cascades. Oncogene 17:1639–1651.

Susin SA, Lorenzo HK, Zamzami N, Marzo I, Snow BE,
Brothers GM, Mangion J, Jacotot E, Costantini P,
Loeffler M, Larochette N, Goodlett DR, Aebersold R,
Siderovski DP, Penninger JM, Kroemer G. 1999. Molec-
ular characterization of mitochondrial apoptosis-indu-
cing factor. Nature 397:441–446.

Thannickal VJ, Fanburg BL. 1995. Activation of an H2O2-
generating NADH oxidase in human lung fibroblasts by
transforming growth factor beta 1. J Biol Chem 270:
30334–30338.

Tudor G, Aguilera A, Halverson DO, Laing ND, Sausville
EA. 2000. Susceptibility to drug-induced apoptosis cor-
relates with differential modulation of Bad, Bcl-2, and
Bcl-xL protein levels. Cell Death Differ 7:574–586.

Van Engeland M, Ramaekers FC, Schutte B, Reuteling-
sperger CP. 1996. A novel assay to measure loss of
plasma membrane asymmetry during apoptosis of
adherent cells in culture. Cytometry 24:131–139.

Wani MC, Taylor HL, Wall ME, Coggon P, McPhail AT.
1971. Plant antitumor agents. VI. The isolation and
structure of taxol, a novel antileukemic and antitumor
agent from Taxus brevifolia. J Am Chem Soc 93:2325–
2327.

Weigel TL, Lotze MT, Kim PK, Amoscato AA, Luketich JD,
Odoux C. 2000. Paclitaxel-induced apoptosis in non-
small cell lung cancer cell lines is associated with
increased caspase-3 activity. J Thorac Cardiovasc Surg
119:795–803.

Widlak P, Li LY, Wang X, Garrard WT. 2001. Action of
recombinant human apoptotic endonuclease G on naked
DNA and chromatin substrates: Cooperation with exo-
nuclease and DNase I. J Biol Chem 276:48404–48409.

Yeung TK, Germond C, Chen X, Wang Z. 1999. The mode
of action of taxol: Apoptosis at low concentration and
necrosis at high concentration. Biochem Biophys Res
Commun 263:398–404.

Zamzami N, Kroemer G. 1999. Condensed matter in cell
death. Nature 401:127–128.

1052 Ahn et al.


