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Microtubules offer a very large local concentration of binding sites for
cytotoxic taxoids or for hypothetical endogenous regulators. Several com-
pounds from diverse sources stabilize microtubules and arrest cell division
similarly to the antitumour drug Taxol. We have investigated the subcellular
location of the Taxol binding sites, employing a fluorescent taxoid (FLUTAX)
that reversibly interacts with the Taxol binding sites of microtubules and
induces cellular effects similar to Taxol. The specific binding of FLUTAX to
a fraction of the available cellular binding sites effectively inhibits division of
cultured human tumour cells at G2/M, and triggers apoptotic death. The loci of
reversible binding, directly imaged in intact U937 cells treated with cytotoxic
doses of fluorescent taxoid are the centrosomes, with a few associated micro-
tubules in interphase cells, and the spindle pole microtubules in mitotic cells,
instead of uniformly labelling the microtubule cytoskeleton. Cytoskeletal
lesions induced and visualized with FLUTAX consist of microtubule bundles
and abnormal mitoses, including monopolar spindles and highly fluorescent
multipolar spindles. The multiple asters and monopolar spindles mark arrested
U937 leukaemia and OVCAR-3 ovarian carcinoma cells on their path to
apoptosis (as well as K562, HeLa, and MCF-7 cells). Depending on the
FLUTAX treatment, OVCAR-3 cells died from abnormal mitosis or from a
subsequent interphase with double chromatin content and lobulated nuclei
(micronuclei), indicating impairment of centrosome separation. Fragmented
centrosomes could be observed in FLUTAX-treated non-transformed 3T3.A31
cells, which developed micronuclei but were resistant to apoptosis. These
results strongly suggest that centrosomal impairment by taxoid binding during
interphase, in addition to the suppression of the kinetochore microtubule
dynamics in the mitotic spindle, is a primary cause of cell cycle de-regulation
and cell death. Cell Motil. Cytoskeleton 49:1–15, 2001.
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INTRODUCTION

The centrosome of animal cells is a unique or-
ganelle that nucleates and organizes microtubules for
important cellular functions including the segregation of
chromosomes by the mitotic spindle, cellular architec-
ture, and cytoplasmic transport [Paoletti and Bornens,
1997; Zimmerman et al., 1999]. Microtubule-organizing
proteins cluster at the centrosome [Chang and Stearns,
2000]. Central to microtubule function is their dynamics,
which is suppressed by Taxol (paclitaxel), a natural diter-
penoid that blocks cell division and triggers cell death
[Horwitz, 1992; Suffness, 1995; Sorger et al., 1997;
Jordan and Wilson, 1998]. Taxol is widely used as a
microtubule stabilizing agent and employed in the treat-
ment of ovarian, breast, lung, head and neck, cervix
carcinomas and lymphomas [Rowinsky and Donehower,
1995].

Taxol induces the in vitro assembly of microtu-
bules fromab-tubulin dimers [Schiff et al., 1979; An-
dreu et al., 1992; Dı´az et al., 1996], encompassing the
binding of one drug molecule per assembled tubulin
dimer [Horwitz, 1992, Dı´az and Andreu, 1993]. Taxol
binding and microtubule elongation are linked reactions,
probably coupled by the participation of Taxol in a lateral
contact between protofilaments [Dı´az et al., 1993; An-
dreu et al., 1994]. In the electron crystallography model
structure of tubulin dimers in zinc-induced sheets stabi-
lized with Taxol [Nogales et al., 1998], the Taxol binding
site is located between theb-tubulin core helix H7 and
the M loop, which makes lateral contact with the neigh-
bouring protofilament. Thea-tubulin zone equivalent to
Taxol is occupied by a loop of the peptide chain. From
the docking of this tubulin structure into microtubules
[Nogales et al., 1999], Taxol surprisingly faces the mi-
crotubule lumen. However, the Taxol binding site of
preassembled microtubules is easily accessible to the
reversible binding of taxoids, making a puzzle of how
Taxol might reach the microtubule lumen at such a high
rate [Evangelio et al., 1998; Dı´az et al., 1998]. In fact, the
fast kinetics of binding of fluorescent Taxol derivatives
indicates that the Taxol binding site is directly accessible
from the microtubule surface [Dı´az et al., 2000]. The
Taxol binding site of microtubules includesb-tubulin-
photoaffinity labeled residues in the 1–31 and 217–231
sequences and Arg 282 [Rao et al., 1994, 1995, 1999].
Resistance to Taxol has been associated to point muta-
tions inb-tubulin residues Phe270, Thr274, Arg 282, and
Ala364 in human ovarian cancer cell lines [Giannakakou
et al., 1997, 2000a], inb-tubulin residues 4, 147, 180,
183 and 260 in non-small-cell lung cancer biopsies
[Monzó et al., 1999], and in ab-tubulin leucine cluster
(Leu-215, Leu-217 and Leu-228) in hamster ovary cells
[Gonzalez-Garay et al., 1999].

Taxol may induce cell death by diverse mecha-
nisms. Cytoplasmic microtubules of PtK1 epithelial cells
abruptly disassemble into tubulin at the G2/M transition,
immediately after the nuclear envelope breakdown, and
repolymerize in the spindle [Zhai et al., 1996], offering a
potential point of Taxol-induced microtubule stabiliza-
tion and cycle blockage. Taxol-induced stabilization and
massive assembly of cellular microtubules [Schiff and
Horwitz, 1980; De Brabander et al., 1981] were first
thought to be responsible for the inhibition of cell divi-
sion by this drug. However, it has been shown that low
concentrations of Taxol inhibit the growth of HeLa and
other human tumor cells by kinetically suppressing mi-
crotubule dynamics, similarly to the microtubule inhibi-
tors colchicine and vinblastine [Jordan et al., 1993; Yvon
et al., 1999]. Blocking at the metaphase/anaphase spindle
checkpoint results in abnormal mitotic exit and apoptotic
HeLa cell death [Jordan et al., 1996; Derry et al., 1998].
Taxol treatment of PtK1 cells suppresses tension at the
kinetochores, inducing a re-phosphorylation of epitope
3f3/2, and also some unattached kinetochores that accu-
mulate the protein Mad2 [Waters et al., 1998], which in
turn inhibits the anaphase promoting complex [Gorbsky
et al., 1998]. In contrast, Taxol was reported to inhibit
spindle formation in colon carcinoma cells [Long and
Fairchild, 1994). Taxol and other microtubule drugs in-
duce mitotic arrest, Bcl2 protein phosphorylation in can-
cer cells, and apoptosis [Haldar et al., 1998, Srivastava et
al., 1998, Fang et al., 1998].

The Taxol binding site interacts as well with sev-
eral chemically unrelated antitumour compounds from
diverse sources that stabilize microtubules, including the
epothilones [Bollag et al., 1995], discodermolide [ter
Haar et al., 1996], eleutherobin [Long et al., 1998], and
laulimalide [Mooberry et al., 1999]; several of them
share a common pharmacophore [Ojima et al., 1999; He
et al., 2000; Giannakakou et al., 2000a]. Therefore, it
may be asked if these are defensive toxic molecules
generated by convergent evolution, whether there is a
more fundamental biological role of the Taxol binding
site of microtubules, and if this site might recognize
endogenous cellular regulators that are mimicked by
Taxol [Schiff et al., 1979; Suffness, 1994]. Another im-
portant question is whether Taxol is preferentially rec-
ognized by certain microtubules, or by other cellular
components. Although Taxol is believed to bind to cel-
lular microtubules [Parness and Horwitz, 1981], the sub-
cellular targets of cytotoxic Taxol binding have not yet
been directly visualized. Some of its numerous effects
may be microtubule-independent, such as in mouse mac-
rophages [Wolfson et al., 1997; Bhat et al., 1999] or the
in vitro interaction with Bcl2 [Rodi et al., 1999].

We have asked which are the main cellular binding
sites that recognize Taxol, block cell division, and trigger

2 Abal et al.



cell death. It is shown here that centrosomes and spindle
microtubules contain such sites, which have been directly
determined employing a specific fluorescent taxoid
probe.

MATERIALS AND METHODS

Fluorescent Taxoids

Conjugation through the free amino group of 7-O-
(L-alanyl)taxol with amine-reactive dyes was employed
as a general method designed to prepare bioactive deriv-
atives, such as 7-O-[N-(49-fluoresceincarbonyl)-L-ala-
nyl]taxol (FLUTAX) [Souto et al., 1995]. The fluores-
cein, anchored to alanine at the non-essential position 7
of Taxol, displays motion relative to the taxane moiety,
which is restricted in the microtubule-bound taxoid
[Evangelio et al., 1998]. On the other hand, conjuga-
tion with 29-acetyl-7-(L-alanyl)taxol gave the inactive
compound 29-O-acetyl-7-O-[N-(49-fluoresceincarbonyl)-
L-alanyl]taxol (29-Ac-FLUTAX) [Jimenez-Barbero et
al., 1998] designed for control experiments. FLUTAX is
able to induce the assembly of GDP-bound tubulin as
Taxol does. FLUTAX competes with Taxol for binding
to one site per tubulin dimer assembled into microtu-
bules, [Evangelio et al., 1998]. FLUTAX allows direct
microscopy of microtubules in permeabilized cells, sim-
ilarly to the derivative with fluorine atoms in positions 2
and 7 of the fluorescein moiety (FLUTAX-2) [Dı´az et al.,
2000], and more specifically than the rhodamine analog
7-O-[N-(49-tetramethylrhodaminecarbonyl)-L-alanyl]taxol
(ROTAX) and other taxoids conjugated with different
fluorophors [Evangelio et al., 1998]. Docetaxel (the com-
mon name for Taxotere) displaces FLUTAX from cellu-
lar microtubules. Docetaxel was preferred to Taxol in
most FLUTAX displacement controls because it is a
closely related compound that binds to the same micro-
tubule site and it has larger solubility and affinity than
Taxol [Dı́az and Andreu, 1993].

Cells and Culture Conditions

U937 monocytic human leukemia and K562 human
myelocytic leukemia cells were grown as described [De
Inés et al., 1994]. MCF-7 human breast carcinoma and
OVCAR-3 human ovary adenocarcinoma cells (American
Type Culture Collection, Rockville, MD; ATCC) were,
respectively, cultured in Minimum Essential Eagle’s me-
dium (MEM) -10% fetal calf serum (FCS) and Dulbecco’s
modified MEM (DMEM) - 20% FCS -10 mM N-2-hy-
droxyethylpiperazine-N-29-ethanesulfonic acid (Hepes),
both supplemented with 0.1 mM non-essential amino acids,
1.0 mM sodium pyruvate, and 10mg/ml bovine insulin.
HeLa S3 human epithelioid cervix carcinoma cells (ATCC),
3T3.A31 murine embryonic fibroblasts (ATCC), and PtK2

potoroo epithelial-like kidney cells (ATCC) were grown in
monolayer in DMEM-10% FCS [De Ine´s et al., 1994].
OVCAR-3 cells were synchronized by a double blockage
with thymidine excess, accumulating cells in G1/S transition
[Bootsma et al., 1964]. Cells were first incubated with 2
mM thymidine for 24 h (cells in G2/M and in G1 phases
progress to G1/S and those in S are blocked). They were
washed and cultured in fresh medium for an additional 16 h
(cells in S reach G1 and cells in G1/S pass S phase). Cells
were incubated again with 2 mM thymidine during 24 h to
block them in G1/S, washed, placed in fresh medium, and
cultured for 18 h before use, reaching G1. 3T3.A31 cells
were synchronized by serum deprivation [Campisi et al.,
1984], by incubation in culture medium - 0.5 % FCS during
36 h, which blocks them at the G0/G1 transition, and used
6 h after being supplemented with 10% FCS, reaching G1.

Cellular Incorporation of Fluorescent Taxoid,
Flow Cytometry, and Cell Death

Cells (150,000 per ml) were treated with FLUTAX.
The fluorescent taxoid content of intact cells excluding
propidium iodide (50mg/ml, Sigma) was determined
with a Coulter Epics XL flow cytofluorometer. Five
thousand cells were counted in the 525-nm fluorescein
emission channel; non-specific binding was determined
by adding the non-fluorescent taxoid docetaxel in a 50-
fold excess relative to FLUTAX. Progression through the
cell cycle was monitored in identical culture aliquots by
flow cytometry DNA determination, after propidium io-
dide staining of Nonidet P40-permeabilized cells [De
Inés et al., 1994]. The chromatin structure was examined
by assaying the sensitivity of DNA to in situ acid dena-
turation as described [Darzynkiewicz, 1994], with minor
modifications. Rehydrated fixed cells (106 cells in 0.1 ml)
were incubated with RNAse A (1 Kunitz U, 1 h at37°C),
directly treated with 0.4 ml of 0.1 M HCl (30 sec,
room temperature), stained with 1.5 ml of acridine or-
ange (Merck, 6mg/ml), and measured by flow cytometry.

Cytosolic fragmented DNA was isolated and elec-
trophoresed as described [Mollinedo et al., 1993], em-
ploying a 123-bp DNA ladder (Life Technologies, Inc.,
Gaithersburg, MD) as standard. Cells with fragmented
nuclei were counted in cultures stained with Hoescht
33342. Plasma membrane rupture was detected by pro-
pidium iodide nuclear staining.

Cellular Incorporation of 3H-Taxol

Cells were plated in 24-well plates and incubated
for 16 h with different concentrations of3H-Taxol. 3H-
Taxol (.3 Ci/mmol) was a gift from Drs. I. Ringel and
S.B. Horwitz, kept in methanol solution at270°C and its
purity checked by HPLC [Dı´az and Andreu, 1993], and
also from Moravek Biochemicals (Brea, CA). The bind-
ing of labelled ligand to the cells was determined by

Centrosome Impairment by Fluorescent Taxoid 3



centrifugation and scintillation counting, and normalized
by the actual cell number in each well. The nonspecific
binding of 3H-Taxol was determined by incubating cells
with the same concentrations of radiolabelled Taxol plus
a 50-fold excess of docetaxel. The specific binding is
obtained by subtracting the nonspecific from the total
binding.

Fluorescence Microscopy

Direct images of living cells labelled with fluores-
cent taxoid, Hoechst 33342 (0.05mg/ml, Sigma) and
excluding propidium iodide (1mg/ml, Sigma) in culture
medium were acquired by epifluorescence microscopy
with Zeiss 63x Plan-Neofluar or 100x Plan-Apochromat
objectives and Axioplan microscopes; the images were
recorded with Photometrics 200 KAF-1400 and
Hamamatsu 4742-95 cooled CCD cameras, IPLab Sec-
trum, and HiPic software, respectively, and printed using
Adobe Photoshop [Evangelio et al., 1998]. Indirect im-
munofluorescence was performed as described [De Ine´s
et al., 1994; Evangelio et al., 1998]. Microtubules were
visualized with DM1A mouse monoclonal antibody (Sig-
ma, diluted 1/400) or with C85 rabbit monospecific an-
tibodies toa-tubulin [Andreu et al., 1988], andg-tubulin
was detected with monoclonal antibodies TU-30 [Nova´-
ková et al., 1996] (diluted 1/8) or GTU-88 (Sigma, di-
luted 1/10,000). Polyglutamylateda- andb-tubulin was
detected with GT-335 monoclonal antibody [1/10,000],
which stains centrioles in non-neuronal cells [Wolff et
al., 1992; Paoletti et al., 1997; Bobinnec et al., 1998]. In
FLUTAX and g-tubulin colocalization experiments
U937 cells were centrifuged onto poly-lysine treated
CELLocate coverslips (Eppendorf), first imaged alive
placing the coverslip in a sealed chamber and then fixed
with methanol and processed for immunofluorescence
with anti-g-tubulin antibodies and rhodamine-conjugated
secondary antibodies (controls were made omitting
FLUTAX or the antibodies tog-tubulin).

RESULTS

Binding of Fluorescent Taxoid, Cell Cycle Arrest,
and Cell Death

We first asked whether the Taxol binding sites of
relevant intact cells would interact with the fluorescent
taxoids and if their effects would be similar to Taxol. To
these purposes, we employed U937 human monocytic
leukaemia and OVCAR-3 ovarian carcinoma cells, and
other cell lines for comparisons or as controls. We knew
that the fluorescent derivative FLUTAX can replace
Taxol in vitro assembled microtubules and allows direct
microscopy of the microtubule cytoskeleton in perme-
abilized cells [Evangelio et al., 1998]. Fluorescent Taxol

uptake by cells cultured in suspension was measured by
flow cytometry (Fig. 1A). FLUTAX is specifically bound
by U937 cells in a saturable manner (Fig. 1B); similar
results were obtained with OVCAR-3 cells (see below;
see also Fig. 3A) and with K562 myelocytic leukaemia
and MCF-7 mammary carcinoma cells (not shown). As
with Taxol, FLUTAX induces the accumulation of U937
cells in the G2/M phases of the cell cycle as well as
apoptotic cell death, evidenced by nuclear fragmentation
(Fig.1E) and an internucleosomal pattern of DNA cleav-
age (Fig. 1F). The cell cycle half-inhibitory concentra-
tion of the taxoids (Table I) indicates that ROTAX is
about 2-fold and FLUTAX is about 20-fold less active
than Taxol on the cells tested. 29-Ac-FLUTAX has a
500-fold weaker activity, and fluorescein-alanine (the
non-taxoid moiety of FLUTAX) was inactive at compa-
rable concentrations (Table I). The weak residual activity
of 29-Ac-FLUTAX is probably the result of the slow
hydrolysis of the 29-acetyl group in the serum-containing
culture medium, rendering the free 29-OH of the Taxol
side chain essential for recognition by cellular microtu-
bules [Jimenez-Barbero et al., 1998]. ROTAX gave a
non-specific vesicular staining in PtK2 cytoskeletons
[Evangelio et al., 1998] in comparison with the labelling
by FLUTAX (see Fig. 4D). This cast doubt on whether
the powerful inhibition of cell division by ROTAX (Ta-
ble I) is specific of Taxol binding sites. Therefore,
FLUTAX was predominantly employed for this study,
although it has a weaker cytostatic activity than ROTAX.
Similarly to Taxol, treatment of PtK2 cells with
FLUTAX (at 20-fold larger concentration) induced mi-
crotubule disorganization, with characteristic microtu-
bule bundles and multiple asters, which were detected by
immunofluorescence with antibodies to tubulin (not
shown).

Comparison of the cell cycle effects of FLUTAX
with its binding to U937 leukaemia cells as a function of
total probe concentration (Fig. 2A) shows that half max-
imal cell cycle arrest takes place at low taxoid concen-
trations (# 50 nM FLUTAX), corresponding to a specific
fractional binding of approximately 10% of the available
binding sites (assuming FLUTAX binding to be roughly
proportional to the cell-associated fluorescence intensity
measured by flow cytometry; the values for K562,
OVCAR-3, and MCF-7 cells were 30, 35, and 52%,
respectively). The FLUTAX binding and U937 cell cycle
arrest (Fig. 2A) paralleled similar results with Taxol, in
which a few percent specific binding of isotopically
labelled3H-Taxol similarly arrested U937 cells, at one
order of magnitude lower drug concentrations than
FLUTAX (see Fig. 2B and inhibition by FLUTAX). A
second stage of binding (50–200 nM FLUTAX, Fig. 2A)
coincided with the accumulation of apoptotic U937 cells
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(Fig. 2D). The fraction of U937 cells with double DNA
content (G2/M phases) gradually increased from 25% in
the untreated cultures to 80% in the FLUTAX-arrested
cultures (Fig. 2A,C). Binding of FLUTAX is reversible,
since it is released from washed U937 cells in fresh
culture medium with a half-life of approximately 6 h

(Fig. 2E). It was concluded from these experiments that
the reversible, specific interaction of FLUTAX with a
fraction of the Taxol binding sites causes cell cycle arrest
and death effects akin to Taxol in the cells examined.
FLUTAX was, therefore, employed to investigate the
location of the cellular structures presenting Taxol bind-

TABLE I. Cell Cycle Half-Inhibitory Concentration (nM) of Taxol and Fluorescent Derivatives*

U937 K562 OVCAR-3 MCF-7 HeLa 3T3.A31 PtK2

Taxol 2.66 0.2 13.86 4.3 3.56 0.4 4.46 0.8 4.66 0.3 40.46 2 4306 20
FLUTAX 49 6 6 2726 27 656 1 926 12 1046 3 3306 10 8,3006 1,000
ROTAX 5.16 0.3 216 2 nd nd nd nd 4406 10
29-Ac-Flutax 1,4006 500 3,8006 700 nd nd nd nd nd
Flu-Ala .2,500 .5,000 nd nd nd nd nd

*The half inhibitory concentrations were determined from the half maximal increase of the percent cells in G2/M and the half maximal decrease
of cells in G0/G1 phases (see Fig. 2A,B). A minimum of two separate experiments was performed with each cell line. The numbers given are
the average and standard error. Different incubation times were employed to obtain mitotic arrest, depending on the duration of each cell cycle
(compare Fig. 2C with Fig. 3A) (U937 and K562 cells, 16 h; HeLa, 20 h; PtK2, 24 h; 3T3.A31, 36 h; OVCAR-3 and MCF 7, 40 h). Practically
the same results were obtained with U937 and K562 cells by counting the number of cells relative to untreated controls after 24 h of growth
(nd: non determined). Flu-Ala, N-(49-fluoresceincarbonyl)-L-alanine.

Fig. 1. Cellular incorporation and effects of fluoresceinated Taxol
(FLUTAX; for the chemical structures of this compound and Taxol,
see fig. 1 in Evangelio et al. [1998]).A: U937 cells were incubated
with 80 nM FLUTAX (16 h), and the taxoid uptake by intact cells was
determined by flow cytometry (fluorescein emission), shown by the
continuous line (thedashed lineis the background of untreated cells).
B: Specific binding (total minus non-specific binding;solid circles)
and non-specific binding (cells incubated with an added 50-fold excess
of docetaxel;open circles) vs. total FLUTAX concentration (the

results of two experiments have been plotted together).C: Cell cycle
profiles in aliquots of the same cultures as in A in which the DNA
content has been determined with flow cytometry (propidium iodide
emission).D: U937 cells stained with Hoechst 33342 (5 min) and
observed by fluorescence microscopy (bar5 10 mm); E: U937 cells
incubated with 80 nM FLUTAX (16 h) and stained with Hoechst
33342.F: Electrophoresis of DNA from the FLUTAX-treated U937
cells. Lane M: 123-bp DNA ladder markers. Lanes 1–4: U937 cells
incubated with 0, 50, 80, and 200 nM FLUTAX (16 h), respectively.
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Fig. 2. FLUTAX binding and effects on U937 cells.A: Concentra-
tion dependence of specific FLUTAX uptake (open circles, expressed
as fluorescein emission) and of its action on the cell cycle (expressed
as percent of cells in each zone of the flow cytometer profiles after 16 h
treatment;open circles,specific FLUTAX binding; closed circles,
cells in G1; closed squares, cells in G2/M ). B: Similar experiment
made with3H-Taxol (open circles, specific Taxol uptake, expressed as
counts per minute;open squares, specific Taxol uptake in the presence
of a 2,000-fold excess of FLUTAX; see Materials and Methods).
C: Time course with 80 nM FLUTAX (symbols as in A and B).
D: Fraction of interphase (closed circles), normal mitosis (closed

triangles), abnormal mitosis (including detached or asymmetrically
distributed chromosomes and monopolar mitoses,1) (see Fig. 4),
multiple asters (*) and apoptotic cells (closed squares) (300 cells per
point were counted by microscopic observation of their chromatin
stained with Hoechst 33342).E: Dissociation of FLUTAX from cells
incubated 16 h with 80 nM FLUTAX (open circles) or 1 h with 260
nM FLUTAX (open squares), washed twice with fresh medium and
incubated the indicated periods, and measured with flow cytometry.
F: Time-course of cellular effects of 80 nM FLUTAX (symbols as in
D). In each panel, the values shown are one representative experiment
out of three performed.

Fig. 3. Time courses of FLUTAX binding and effects on OVCAR-3
cells. A: FLUTAX binding and effects on the cell cycle (150 nM
FLUTAX; closed circles, cells in G1; closed squares,cells in G2/M;
open circles, specific FLUTAX binding).B: Percent of normal inter-
phase (closed circles), mitosis (closed triangles), multiple asters, and
other abnormal mitoses (*), micronucleated (closed diamonds), and

apoptotic (closed squares) cells, counted with Hoescht 33342-stained
chromatin (see Fig. 2A,F).C: Electrophoretic analysis of DNA frag-
mentation. Lane M: 123-bp DNA ladder markers; lanes 1–6: cells
treated with 150 nM FLUTAX during 0, 16, 24, 48, 72, and 96 h,
respectively.
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ing sites and the effects of ligation of these sites on the
cell cycle.

The FLUTAX-arrested U937 cell cultures con-
sisted of a transient accumulation of abnormal mitoses
and multipolar spindles, with the maximum after 10–12
h of treatment with 80 nM FLUTAX, where the propor-
tion of normal mitosis was insignificant. This was fol-
lowed by the accumulation of apoptotic cells (Fig. 2D,F),
with a lag time of about 10 h relative to that of cells with

double DNA content (Fig. 2C). These results suggested
that the taxoid-treated U937 cells arrested in aberrant
mitosis develop apoptosis, without excluding the possi-
bility that cells may die in the G2 phase. Tumour cells
may also undergo aberrant mitosis, enter the next G1

phase with an abnormal DNA content and then die.
FLUTAX-treated OVCAR-3 ovarian carcinoma cells ac-
cumulated with double DNA content (Fig. 3A). In this
case, a peak of 45% abnormal mitotic cells was clearly

Fig. 4. Representative images of FLUTAX binding to intact U937
cells. Cells were incubated with growth inhibitory concentrations of
FLUTAX (50 and 80 nM; 16 h) and the subcellular distribution of the
taxoid directly imaged under the fluorescence microscope.A: Inter-
phase cells.B: g-tubulin staining of the same cells (see Materials and
Methods).C: Mitotic and interphase cells were processed as in A but
a 50-fold excess of the non-fluorescent taxoid docetaxel was added
during the last 4 h of incubation that erased the fluorescence.D: Mi-
crotubule cytoskeleton of permeabilized cells as compared to A.

E: Microtubules of a mitotic cell visualized by indirect immunofluo-
rescence, to be compared with FLUTAX labelling (F). Individual cells
were imaged with FLUTAX through the fluorescein channel
(F,H,J,L,N,P) and their chromatin visualized with Hoechst 33342
through the ultraviolet channel of the fluorescence microscope
(G,I,K,M,O,Q ). Cells F–I illustrate abnormal bipolar mitoses, J–M
monopolar spindles, N–O multiple asters, and P,Q a dying cell with
microtubule bundles (200 nM FLUTAX). Bar5 10 mm.
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followed by a second peak of 55% new interphase with
lobulated nuclei (micronuclei) (Fig. 3B), which had not
been observed in U937 cells. Micronucleated OVCAR-3
cells underwent massive apoptosis, not excluding the
possibility of apoptosis from mitotic cells (Fig. 3B,C).
MCF7 mammary carcinoma cells, HeLa, and K562 be-
haved similarly to OVCAR-3 cells (not shown).

Subcellular Location of the Binding Sites of
Cytotoxic Fluorescent Taxoid

We inquired which are the subcellular locations of
the sites of binding of fluorescent taxoid at cytotoxic
doses, whether these sites are evenly distributed through-
out the microtubule cytoskeleton or localized at certain
microtubules, or even at non-microtubule structures.

Such binding events should be the first steps leading to
taxoid-induced tumour cell death. Spindles and centro-
somes had been previously visualized in growing U937
cells employing a subinhibitory concentration of
FLUTAX as a cytoskeletal probe [Evangelio et al.,
1998]. In the present work, cells treated with growth
inhibitory concentrations of FLUTAX were observed
intact (non-permeabilized, possibly accumulating the
taxoid) in their culture medium by fluorescence micros-
copy. In interphase U937 cells, FLUTAX labels the
centrosomal area and barely a few microtubules, but is
insignificantly bound by the rest of the cytoplasmic mi-
crotubules (Fig. 4A). The centrosomal FLUTAX label-
ling colocalizes withg-tubulin (Fig. 4B). FLUTAX la-
belling is specific, since it is efficiently displaced by a
docetaxel excess, leaving an insignificant background
(Fig. 4C). Cytoplasmic microtubules and centrosomes
could be observed with FLUTAX when U937 cells were
permeabilized (Fig. 4D). It can be concluded that the spot
labelling observed in Figure 4A most probably corre-
sponds to FLUTAX binding by the centrosomal complex
(instead of being due to the confluence of the more
weakly labelled microtubules in the centrosomal area).
Centrosomal labelling with FLUTAX in permeabilized
PtK2 cells has also been shown to co-localize withg-tu-
bulin and it frequently consists of two close spots in
interphase cells, probably the centrioles [see fig. 7 in
Evangelio et al., 1998]. In mitotic U937 cells, instead of
uniformly labelling all the spindle microtubules as with
anti-tubulin antibodies (Fig. 4E), FLUTAX intensely la-
bels the spindle pole regions (Fig. 4F). Similar labelling
patterns were obtained if cell growth was inhibited with
a 1-h pulse of 260 nM FLUTAX; it is of interest that
when these cells were washed and placed in fresh culture
medium the images of centrosomes and spindles progres-
sively disappeared in 6 to 9 h, and could not be detected
24 h later (not shown), consistent with the FLUTAX
dissociation measured with flow cytometry (Fig. 2E).
ROTAX also labelled centrosomes and spindles in
treated U937 cells, but gave as well a non-specific inter-
fering cytoplasmic background.

Multiple Microtubule Asters, Microtubule
Bundles, and Multiple Centrosomes Induced and
Imaged With Fluorescent Taxoid

U937 cells treated with growth inhibitory concen-
trations of FLUTAX yield the following mitotic patterns:
bipolar spindles with one or more detached chromo-
somes (Fig. 4F,G), spindles with chromosomes asym-
metrically distributed at two poles (Fig. 4H,I), monopolar
spindles surrounded by chromosomes (Fig. 4J–M), mul-
tipolar spindles (multiple asters) (Fig. 4N,O), and a neg-
ligible proportion of normal mitotic spindles. Monopolar
spindles and multiple asters were the most frequent ab-

Fig. 5. Abnormal mitotic images and lobulated interphase nuclei in
OVCAR-3 (A,B) and synchronized 3T3.A31 cells (C,D) treated with
cytotoxic concentrations of FLUTAX. OVCAR-3 cells were treated
with 150 nM FLUTAX during 40 h (A; the arrow marks a multipolar
aster) and 72 h (B). Synchronized 3T3.A31 cells (6 h after the G0/G1

block release) were treated with 1mM FLUTAX for 16 h (C) and 24 h
(D, thearrow marks the centrosome).Inset (D): A centrosomal zone
is shown magnified. DNA was stained with Hoechst 33342. Coverslip-
attached cells were permeabilized by mounting them with glycerol
solution, allowing extensive labelling of their microtubule cytoskele-
ton with the residual FLUTAX in the preparation [Evangelio et al.,
1998]. Bar5 10 mm, except for D (5mm) and its inset (1.5mm)
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normal mitotic features imaged with FLUTAX in intact
U937 cells. Images similar to the FLUTAX-treated U937
cells were also obtained with intact K562 cells, and
weaker images were obtained from intact OVCAR-3,
MCF-7, and HeLa cells. Abnormal mitotic images, par-
ticularly multiple asters, were observed in FLUTAX-
treated permeabilized OVCAR-3 cells (Fig. 5A) and
3T3.A31 cells (Fig. 5C) as well as in K562, HeLa, and
MCF-7 cells (not shown). Multiple asters stained for
a-tubulin (detected with rabbit polyclonal antibodies)
while only two of their poles containedg-tubulin (de-
tected with TU30 antibody), indicating that the rest of the
poles were not associated to centrosomes (results not
shown).

On the other hand, microtubule bundles were typ-
ically observed at higher doses of FLUTAX in U937
cells. Sixty-eight percent of cells treated with 200 nM
FLUTAX during 16 h lacked a normal microtubule net-
work organized from the centrosome, but presented in-
stead microtubule bundles and had ruptured plasma
membranes (Fig. 4P), 28% displayed abnormal mitosis,
4% were in interphase without bundles, and less than 1%
of cells had bundles and intact plasma membranes. Mi-
crotubule bundles were observed in FLUTAX-treated
permeabilized OVCAR-3 cells before undergoing apo-
ptosis (Fig. 5B).

When OVCAR-3 cells exit from FLUTAX-induced
abnormal mitosis (Fig. 5A), they form micronucleated
interphase cells (Fig, 5B), suggesting impairment of cen-
trosome separation at the previous G2/M transition. Mul-
tiple centrosomes could be detected in FLUTAX-treated
micronucleated 3T3.A31 and PtK2 cells, employing the
fluorescent taxoid, antibodies tog-tubulin and to glu-
tamylated tubulin (not shown). Centrosome fragmenta-
tion occurs in one cell cycle, as shown with 3T3.A31
cultures synchronized in G1 phase and then incubated
with FLUTAX, which give cells in abnormal mitosis at
16 h (Fig. 5C) and micronucleated interphase cells at
24 h (Fig. 5D). The appearance of multiple or fragmented
centrosomes (inset in Fig. 5D) occurs in the micronucle-
ated interphase, after 24-h incubation.

Cells Treated With Fluorescent Taxoid Die From
Mitotic Block or After Aberrant Mitotic Exit

The different cell cycle response patterns to
FLUTAX treatment were further investigated by flow
cytometry of acid-treated cells with acridine orange
[Darzynkiewicz,1994]. With this method, the fluores-
cence of the probe shifts to the red with chromatin
condensation, thus distinguishing the G2 from the M
phase and apoptotic chromatin (Fig. 6). FLUTAX-treated
U937 cells transiently accumulated in G2, then accumu-
lated in M and developed apoptosis from the mitotic cells
(Fig. 6A). On the other hand, OVCAR-3 cells transiently

accumulated in G2 and M, part of them developed apo-
ptosis from M, whereas other fraction progressed to a G19
phase with double chromatin content and then developed
apoptosis (Fig. 6B). However, when a similar experiment
was performed with OVCAR-3 cells synchronized at G1

by releasing them from a G1-S thymidine block, the cells
treated with FLUTAX from the G1 or S phases developed
apoptosis directly from mitosis, without significant accu-
mulation of G19-double chromatin cells (Fig. 7A) (con-
trol cells without FLUTAX lost synchronization and
became similar to control unsynchronized cells; not
shown). 3T3.A31 non-transformed mouse fibroblast cells
are more resistant to Taxol than U937 or OVCAR-3 cells
(Table I). When these cells were synchronized in G1 by
releasing them from a G0-G1 arrest by serum deprivation
and treated with FLUTAX, they transiently accumulated
in G2 and abnormal mitosis, and then proceeded to a cell
cycle block at G19 with double chromatin content (Fig.
7B). A similar result was obtained with unsynchronized
cells. However, 3T3.A31 cells did not develop apoptosis
within the time scale of the experiment (72 h), although
these G19 cells were characteristically micronucleated
(see Fig. 5D) and presented fragmented centrosomes (see
inset of Fig. 5D), clearly impaired by FLUTAX.

DISCUSSION

Centrosome and Spindle Microtubules Contain
Cytotoxic Taxol Binding Sites, Imaged With
Fluorescent Taxoid in Human Leukaemia Cells

The binding sites of FLUTAX at cytotoxic doses in
U937 cells concentrate on the centrosome and spindle
pole microtubules. Since the fluorescence microscopy
images are erased with non-fluorescent taxoid, FLUTAX
is known to be a specific probe of the Taxol binding site
of microtubules [Evangelio et al., 1998; Dı´az et al., 2000]
and its effects fully parallel the cell cycle arrest and the
apoptotic activity of Taxol (see Results), it can be con-
cluded that the images presented here locate Taxol bind-
ing sites. This is, to our knowledge, a first direct imaging
of the subcellular sites of specific binding of a cytotoxic
microtubule drug in intact cells. The simplest interpreta-
tion is that the ligation of these binding sites is also a
primary cause of cytotoxicity. The centrosomal labelling
suggests that impairment of centrosome duplication or
separation during interphase may subsequently result in
abnormal mitosis and cell death (see below). The strong
labelling of the microtubules near the spindle poles in
mitosis indicates that FLUTAX is bound by microtubules
growing from the spindle poles, most likely suppressing
their dynamics. Consequently, these microtubules would
probably not reach the equator, hence bipolar kineto-
chore attachment would be prevented, impairing the
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Fig. 6. Cell cycle of FLUTAX-treated U937
and OVCAR cells.A: Acridine orange flow cy-
tometry of U937 treated with 90% growth inhib-
itory concentrations of FLUTAX (80 nM) during
different periods of time. After extraction of
RNA and partial acid denaturation of DNA, cel-
lular double-stranded DNA shifts towards the
green, while denatured single-stranded DNA
shifts to the red with this metachromatic fluoro-
chrome. The density distribution of cells in the
green vs. red emission channels [Darzynkiewick,
1994] is indicated in each panel with a false
colour scale shown (right ). Peaks corresponding
to cells in the different phases of the cell cycle
and in apoptosis (A) are indicated.B: Acridine
orange flow cytometry of OVCAR-3 cells treated
with 150 nM FLUTAX (90% growth inhibition).
Whereas U937 cells transiently accumulate in G2

and M phases and then go into apoptosis (A),
OVCAR-3 cells are hardly arrested in G2, and
they transiently accumulate in M and in abnormal
G1 with doubled DNA before undergoing apo-
ptosis (B).

Fig. 7. Cell cycle evolution in FLUTAX-treated synchronized
OVCAR-3 (A) and 3T3.A31 (B) cells. Acridine orange flow cytometry
of OVCAR-3 and 3T3.A31 treated with 90% growth inhibitory con-
centrations of FLUTAX during different periods of time. OVCAR-3
cells were released from a G1/S thymidine block and treated from G1

phase (18 h after) with 375 nM FLUTAX during the indicated periods.
DMSO controls were done in parallel at 20 and 50 h, when a loss of

synchrony was observed; control cells not synchronyzed and treated
with this drug concentration behaved as in Figure 6. 3T3.A31 cells
were synchronized in G0/G1 by serum deprivation and treated from G1

phase (6 h after serum addition) with 1mM FLUTAX during the
indicated times. DMSO controls made in parallel had a normal cell
cycle (not shown).



metaphase to anaphase transition and triggering cell
death.

Two important questions immediately arise: (1)
why are mainly centrosomes labelled (Fig. 4A) more
intensely than the whole microtubule network? and(2)
why are spindle polar microtubules labelled (Fig. 4F)
more than the rest of the spindle? We labelled perme-
abilized U937 cells with low FLUTAX concentrations in
order to obtain a fluorescence intensity matching that of
the labelled intact cells. Images resembling those of
Figure 4A, but still showing cytoplasmic microtubules as
in Figure 4D were obtained with 6 to 50 nM FLUTAX
(not shown). Thus, a simple answer to the first question
may be that the local concentration of taxoid binding
sites in centrosomes is larger than in cytoplasmic micro-
tubules, making these zones much brighter (it is unlikely
that the spot labelling observed is a trivial consequence
of the confluence of cytoplasmic microtubules in the
centrosomal area; see Results). Alternative possibilities
are that centrosomal components are binding FLUTAX
more avidly than other microtubules. The high local
concentration of cytotoxic taxoid bound by centrosomes
is intriguing. The binding sites may be located at the
centriolarb-tubulin, at very short nascent microtubules,
or perhaps at theg-tubulin rings,d-tubulin, e-tubulin, or
in other components of the centrosomal complex [Zim-
merman et al., 1999; Wiese and Zheng, 1999; Chang and
Stearns, 2000], which can hardly be resolved with optical
microscopy. Regarding the second question, the compar-
atively strong labelling of the spindle polar microtubules
may be a simple consequence of a high local concentra-
tion of microtubules that are less brightly stained by
immunofluorescence, since images similar to Figure 4F
could be obtained with permeabilized U937 cells at low
FLUTAX concentrations.

An interesting feature of FLUTAX-U937 cell bind-
ing and labelling of centrosomes and spindles, is its
reversibility (Results; 6 to 9 h upon dilution in fresh
medium, less than 4 h with an excess of non-fluorescent
taxoid). Although Taxol binding to cellular microtubules
has been frequently regarded as practically irreversible,
this may depend on plasma membrane permeability and
the particular conditions of the experiment, including the
taxoid concentration. In fact, both FLUTAX and Taxol
readily dissociate in minutes from PtK2 cytoskeletons
and from in vitro assembled microtubules, easily attain-
ing chemical equilibrium [Evangelio et al., 1998; Dı´az et
al., 1998, 2000]. This reversibility may facilitate the
design of competition assays of binding to the Taxol site,
such as the flow cytometry measurement of fluorescent
taxoid uptake (Fig. 2A,B), the straightforward micro-
scopical methods described (Fig. 4), and fluorescence
anisotropy methods [Evangelio et al., 1998]. These flu-
orescence-based methods may be of help in the discovery

of new antitumour compounds acting on the Taxol bind-
ing site [Bollag et al., 1995, ter Haar et al., 1996,
Mooberry et al., 1999], or of hypothetical endogenous
ligands of the Taxol binding site of microtubules [Schiff
et al., 1979; Suffness 1994].

Centrosome and Microtubule Lesions Mark
Pathways of Taxoid-Induced Cell Death

Characteristic lesions of the microtubule cytoskel-
eton could be directly imaged in this study with the same
probe that induced them, differently from earlier results
using indirect immunofluorescence. These lesions con-
sisted of monopolar spindles and multiple asters, micro-
tubule bundles, and impaired centrosomes. Monopolar
spindles and multiple asters induced and visualized with
FLUTAX constitute a marker of the taxoid-triggered cell
death, since the abnormal mitotic tumour cells studied
will die by apoptosis. Depending on the FLUTAX treat-
ment, OVCAR-3 cells died either from abnormal mitosis
or from a subsequent interphase with double chromatin
content and micronuclei, while U937 cells died directly
from aberrant mitosis.

The formation of microtubule bundles had been
related with the Taxol sensitivity of different cells [Row-
insky and Donehower, 1995]. However, according to the
observations reported here, the onset of monopolar spin-
dles and multiple asters, which takes place earlier, may
be a better marker of drug sensitivity. Thus, in the case of
U937 cells FLUTAX-induced microtubule bundles are
characteristic only of the last stages of cell death (note
that we could not ascertain whether their bright fluores-
cence precedes apoptosis or is caused by massive
FLUTAX entry after breaking of the plasma membrane,
possibly correlated with a second stage of FLUTAX
binding; see Fig. 2A). Microtubule bundles were ob-
served at high doses of FLUTAX in treated OVCAR-3
cells, but again they were less conspicuous than the
multiple asters, preceding them on the way to apoptosis.

The monopolar spindles and multiple asters indi-
cate impairment of centrosome separation at the G2-M
transition. Monopolar spindles could result from failure
of centrosomal separation before nuclear envelope break-
down. Instead of forming a bipolar spindle, microtubules
would assemble around a single microtubule nucleation
center, therefore forming monopolar spindles with the
chromosomes attached to the periphery. Multiple asters
should appear from spontaneous nucleation of microtu-
bules. They were not the result of centrosome fragmen-
tation, since a maximum of two dots per aster were
stained with anti-g-tubulin antibody. The observation
that synchronized OVCAR cells treated with FLUTAX
from the G1 and S phases underwent apoptosis before
reaching the next interphase suggests impairment of cen-
trosome duplication. Untransformed 3T3.A31 cells

Centrosome Impairment by Fluorescent Taxoid 11



treated with FLUTAX from G1 suffer centrosomal im-
pairment and hence abnormal mitosis, although they are
resistant to induction of apoptosis. This permits the vi-
sualization of multiple centrosomes with FLUTAX in the
treated 3T3.A31 cells, which accumulate in micronucle-
ated form; it also indicates a comparatively enhanced
sensitivity of the OVCAR-3 cells to taxoid-induced cen-
trosomal damage. Centrosome fragmentation could take
place after an abnormal reorganization of the centro-
some, at the time FLUTAX-induced asters progress
through the mitotic block to a new interphase-like state
without cell division.

The different patterns of cell cycle response to
FLUTAX treatment indicate that the taxoid-treated cells
may undergo a transient mitotic block, override the mi-
totic checkpoint forming multinucleated interphase cells
that will end up in apoptosis [pathway I, G13 S3 G2

3M (transient block)3G193 apoptosis] or alternately
they may suffer a complete mitotic arrest, mitotic check-
point activation, and proceed directly into apoptosis
[pathwayII, G13 S3G23M(arrest)3 apoptosis]. At
the lower taxoid concentrations, minor centrosomal im-
pairment may allow formation of bipolar spindles, albeit
inhibition of microtubule dynamics will result in failure
of correct chromosome segregation and catastrophic mi-
totic exit (pathway I). Centrosomal impairment was ev-
idenced with docetaxel pulse treatment of HeLa cells in
S and early G2 phases, leading to dissociation of peri-
centriolar material from the centrioles, formation of two
unequivalent asters at the onset of mitosis, and cata-
strophic mitotic exit with micronucleation [Paoletti et al.,
1997]. The fact that the most frequent mitotic abnormal-
ities observed here at cytotoxic taxoid concentrations
were monopolar spindles and multiple asters indicates
that impairment of centrosome separation at the G2-M
transition is a main cause of subsequent mitotic arrest
(pathway II). This does not exclude a contribution from
suppression of the spindle microtubule dynamics, mani-
fested by detached chromosomes.

Activation of the mitotic checkpoint by impairment
of centrosomes will directly lead to cell death from the
mitotic block, probably via activation of the p34cdc2-
cyclin B kinase [Donaldson et al., 1994, Shen et al.,
1998], Raf-1 kinase [Torres and Horwitz, 1998] and
Bcl-2 phosphorylation [Haldar et al., 1998, Srivastava et
al., 1998; Fang et al., 1998]. The Raf-1/Bcl-2 mechanism
of cell death operates at higher Taxol concentrations than
death from aberrant mitosis in A549 cells [Torres and
Horwitz, 1998]. Cells that pass through aberrant mitosis
get into interphase with micronuclei and double chroma-
tin content, and may proceed to apoptosis in a p53-
dependent process [Woods et al., 1995; Wahl et al., 1996,
Trielli et al., 1996]. Absence of the tumour suppressor
protein p53, which surveys G1 and spindle checkpoints in

mice embryonic fibroblasts, results in abnormal centro-
some amplification [Fukasawa et al., 1996]. While the
role of p53 in the sensitivity of cancer cells to Taxol
remains controversial, it is interesting that Taxol-resis-
tant ovarian carcinoma cells with mutations inb-tubulin
have non-functional p53, suggesting that this is an ad-
vantage in the development of Taxol-resistance [Gianna-
kakou et al., 2000b]. Studying the correlation of the
pattern of intracellular labelling by fluorescent taxoid in
primary tumour cultures with their Taxol sensitivity, as
well as their mechanisms of cell death, appears to be of
potential interest in predicting the efficiency and cellular
monitoring of Taxol chemotherapy.

In conclusion, the results presented in this study
show that centrosomes contain cytotoxic Taxol binding
sites, as detected with a fluorescent taxoid; taxoid bind-
ing results in centrosomal impairment and cell cycle
de-regulation, and drives tumour cells to apoptosis. The
localization of an increasing number of regulatory mol-
ecules to centrosomes points to the involvement of cen-
trosomes in the control of mitotic entry and exit, in
addition to nucleation and organization of microtubules
[Zimmerman et al. 1999]. Centrosome inactivation has
been described as part of a DNA-replication/DNA-dam-
age control system, leading to the assembly of an anastral
microtubule spindle and chromosome segregation failure
in Drosophilaembryos [Sibon et al., 2000]. Supernumer-
ary disorganized centrosomes and genetic instability are
characteristic of tumours, including human breast tu-
mours [Lingle et al., 1998] and many other malignant
tumours [Pihan et al., 1998], in support of Boveri’s
hypothesis of centrosome-induced tumorigenesis [Brin-
kley and Goepfert, 1998; Zimmerman et al., 1999]. It has
been shown that the centrosome-associated kinase auro-
ra2/STK15/AIK1 is amplified in multiple human cancers,
probably resulting in centrosome amplification (which
might be directly monitored with FLUTAX), aberrant
spindle assembly, aneuploidy, and genetic instability
[Bischoff et al., 1998; Zhou et al., 1998; Tanaka et al.,
1999]. The present results open the perspective of anti-
mitotic compounds acting on the cell cycle regulation
through the spindle organizer, whose characteristic ab-
normalities in numerous tumours could represent sensi-
tive targets for these drugs. Moreover, it might be hy-
pothesized that the centrosomal taxoid binding sites are
in fact regulatory binding sites of as yet undiscovered
mitotic regulators.
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