
[CANCERRESEARCH56.816-825. February15.19961

ABSTRACT

Paclitaxelat low concentrations(10n@tfor 20 h) inducesâ€”90%mitotic
block at the metaphase/anaphase transition in HeLa cells, apparently by

suppressing dynamics of spindle microtubules (M. A. Jordan et aL, Proc.

NatI. Acad. Sci. USA, 90: 9552â€”9556,1993). It is not known, however,
whetherinhibitionof mitOsisbysuchlowpacitaxelconcentrationsresults
in celldeath.In the presentwork, we foundthat after removalof pacli
taxel (10 tmi-1 g.LM), blocked cells did not resume proliferation. Instead,

cells exited mitosis abnormally within 24 h. They did not progress through

anaphaseor cytoldneslsbut entered an interphase-like state (chromatin
decondensed,andaninterphase-likemicrotubulearrayandnuclearmem
branes reformed). Many cells (55%) contained multiple nuclei. Addi

tional DNA synthesis and polyploidy did not occur. DNA degradation Into

nucleosome-sizedfragmentscharacteristicofapoptosis beganduring drug
mcubationand Increasedafter drug removal.Cellsdiedwithin48-72 h.
Incubation with paclitaxel (10 KIMfor 20 h) resulted m high intracellular
drug accumulation (&3 pM) and little efflux after paditaxel removal;
intracellularretentionof paditaxel may contributeto its efficacy.The
results support the hypothesis that the most potent chemotherapeutic
mechanism of padlitaxel is kinetic stabilization of spindle microtubuie

dynamics.

INTRODUCTION

Paclitaxel (Taxol) is a potent new antitumor drug that is remarkably
effective against advanced ovarian carcinoma and breast carcinoma
and shows promising activity against many other types of tumors (I).
Paclitaxel inhibits cell proliferation and induces cell death (2â€”9).It

appearsto act by slowing or blocking progression through mitosis (3,
6, 7, 10, 11). In HeLa cells, low concentrations of paclitaxel (10 nM)
induce a sustained cell cycle block at the metaphase/anaphasetransi
tion of mitosis. The mitotic spindles in such blocked cells are nearly
normal morphologically and contain a normal mass of microtubules

(3). Substoichiometric binding of paclitaxel to reassembled microtu
bules potently stabilizes microtubule dynamics (12). Together these
results have suggested that mitotic block in HeLa cells by low con
centrations of paclitaxel results from a potent kinetic stabilization of
mitotic spindle microtubule dynamics (3, 12). However, it has gen
erally been considered that the mitotic block induced by low concen
trations of paclitaxel (or other antimitotic drugs) leads merely to a
transitory slowing of the cell cycle, from which cells recover and
continue proliferating. Thus, it remains to be determined whether a
prolonged suppression of microtubule dynamics and mitotic progres
sion at metaphase is sufficient to induce cell death. It is not known
whether mitotic block by low concentrations of paclitaxel is an
important part of the chemotherapeutic action of paclitaxel.

To examine the question of whether mitotic block by low paclitaxel
concentrations induces cell death, we blocked mitosis in HeLa cells

with a range of paclitaxel concentrations (3 nM-l ,.LMfor 20 h) and

Received9/11/95;accepted12/12/95.

The costsof publicationof this articleweredefrayedin part by the paymentof page
charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

I This work was supported by Grant CA 57291 from the National Cancer Institute.

2 To whom requests for reprints should be addressed. Phone: (805) 893-3959; Fax:

(805) 893-4724.
3 Present address: University of California San Francisco, San Francisco, CA 94143.

then washed the cells extensively to terminate exposure to the pacli
taxel. HeLa cells are advantageous for these experiments because
nearly all cells (â€”@90%)become blocked in mitosis during a 20-h
incubation with paclitaxel ( 10 nM). If cell death occurred, we
wanted to determine its time course and characteristics. We also
wanted to determine the fate of cells exposed to paclitaxel for only a
limited time, thus approximating therapeutic conditions resulting from
rapid administration followed by excretion of paclitaxel.

MATERIALS AND METHODS

Cell Culture. HeLa53 cellsfromepithelioidcarcinomaof humancervix
(AmericanType CultureCollection,Rockville, MD) weregrown in spinner
cultureor in monolayerin eitherFalcon(BectonDickinson,Lincoln Park,NJ)
1175or Corning(Corning,NY) 225-cm2tissuecultureflasksor 35-mm/6-well
platesin DMEM (SigmaChemicalCo., St. Louis, MO) supplementedwith
10%fetalbovineserum(Sigma)at 37Â°Cin 5%carbondioxide,in theabsence
of antibiotics.Cellswereseededatdensities(0.4â€”50X l0@cells/mI)suchthat
thecellswerein log phaseof growthfor thedurationof eachexperiment.Two
days after seeding,fresh medium plus or minus paclitaxel at the stated
concentration was added. Twenty h later, the medium was replaced with
paclitaxel-free medium; two additional changes of fresh medium lacking

paclitaxelwereaddedat 1-hintervals,andincubationwascontinuedfor 72 h.
Cell Proliferation and Death. Subculturesof cells for immunofluores

cencemmcro@opyandfor assaysof proliferationandcell deathwereplatedat
a densityof â€”0.5â€”1x l0@cells/cm2in 35-mmdishescontainingno. I glass
coverslipsfreshlycoatedwith polylysine(50 @g/mlfor 2 h at 37Â°C;followed
with a rinse with water and a rinse with medium).Two days later, fresh
mediumcontainingpaclitaxel(or nopaclitaxel)wasadded.Cellswerecounted
by hemocytometer following trypsinization to determine the number of cells at

the time of paclitaxeladdition;doublingtime was 19 Â±1h. Thecell number
was similarly determined 18â€”20h after paclitaxel addition and 24, 48, and 72
h after removal of paclitaxel from the medium and washing of cells in
paclitaxel-free medium. The percentages of live and dead cells were deter

mined at each time point by microscopyof cells stainedwith ethidium
homodimer or trypan blue (dead cells) or with enzymatically cleaved cal

cein-AM (live cells; MolecularProbes,Inc., Eugene,OR).
Determination of Intracellular Paditaxel Concentration. Paclitaxel up

take into HeLa cells and retention after washing the cells with medium lacking
paclitaxelweredeterminedafter incubatingcells for 20 h with [3Hlpaclitaxel
(3 nM-l ,.@M;33â€”10,900Ci/mol), followed by washingandcontinuedincuba
tion for 24 h, as described above. Two methods for determining intracellular
paclitaxelconcentrationwereusedthat gavesimilar results:(a) scintillation
vial monolayer culture method. HeLa cells were seeded in polylysine-coated

sterilescintillationvials at 3 X 10@cells/ml.Twenty-fourh later,mediawere
aspiratedandreplacedwith 2.5ml of mediumcontaining[3Hlpaclitaxelat the
desired concentration. Adherence of [3H]paclitaxel to scintillation vials
was < 0.5% of total radioactivity. Following incubation with [3H]paclitaxel or

following the post-washingincubation,mediawere aspirated,and the cells
werewashedquickly threetimeswith 2.5 ml buffer (0.1 M piperazine-N,N'
bis(2-ethane sulfonic acid, and 1 mM EGTA, 1 mM MgSO4, pH 6.9, 37Â°C).

Cellswerelysedby addingI ml distilledwater,andincorporatedradioactivity
was determined following the addition of 10 ml scintillation fluid (Beckman
ReadyProtein).Duplicatevials incubatedunder the sameconditionsusing
nonradiolabeledpaclitaxelwereusedto determinethecell numberateachtime
point. Total cell volume was determined by multiplying the number of cells by

thevolumeof anaveragecell asmeasuredby microscopy;and(b) suspension
cultureandcentrifugation.Uptakeandreleaseof paclitaxelwasdeterminedon
cells cultured in suspension and collected by centrifugation (3, 13). Cells were
seeded at 5 x l0@ cells/mI; 1 day later, an equal volume of fresh media
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TAXOL INDUCES ABNORMAL MITOTIC EXIT AND APOPTOSIS

100containingpaclitaxelwasadded.Cells werecollectedby centrifugation(ICN
Clinical Centrifuge; setting 3 for 5 mm). The total cell volume was determined
by subtractingextracellularvolume [determinedby the additionof [â€˜4C)hy
droxymethylinulin to suspensions prior to centrifugation (13) from the total
volumeof thepelletsof centrifugedcells]. Paclitaxeland[3H}paclitaxelwere
gifts from the National Cancer Institute ([3'-3H]paclitaxel; NSC 125973). Data

are means and SEs of four to six individual measurements from three separate
experiments.

Flow Cytometry. Progressionof cells throughthecell cyclewasbasedon
flow cytometric determinationof cellular DNA content.HeLa cells were
collected by centrifugation, resuspended in PBS (Sigma Chemical Co.), and
fixed in 70%ethanol(4Â°Cfor 30 mm). Cells werethencollectedby centrif
ugation (ICN clinical centrifuge, 3000 X g for 5 mm), resuspended in 0.8 ml

PBS,passedthrougha 25gaugeneedleto eliminatecell clumping,andtreated
with RNAseA (100 @l,1 mg/mI)andpropidiumiodide(100 @tl,400 @sg/ml;
30 mm at 37Â°C). DNA content was determined using a Coulter EPICS model

541 flow cytometer equipped with an argon-ion laser tuned to 488 nra,
measuringforwardandorthogonallight scatterandpeakandarearedfluores
cence.Samplesizewas 10,000cells.

ExtractionandAgaroseGelElectrophoresisof DNA fromCellsfollow
ing Paclitaxel Incubation. Cellsgrownin suspensionto adensityof 1 X 106
cells/ml were incubated without or with paclitaxel (10 nM-100 nM) for 20 h,

followed by washingthreetimesat 1-hintervalswith paclitaxel-freemedium
and continued incubation in the absenceof addedpacitaxel. At desired
intervals, 100-mI aliquots of cells were removed from the suspension, centri
fugedin a clinical centrifuge(3 mm at 3000X g), andstoredfrozen(â€”70Â°C)
prior to extractionof DNA for gel electrophoresis.For DNA extraction,cells
were lysed in Iris buffer (0.045M Tris-borate,0.001 M EDTA) containing
0.1% Triton X-l00, and supematants were treated with RNase A (100 @g/ml),

proteinase K (200 @tgIml),and SDS (1%). DNA was phenol-chloroform
extractedand precipitatedwith 2.5 volumesof ethanoland 0.3 M sodium
acetate(14). DNA (30 @.tg/sample,determinedby absorbanceat 260nm) was
analyzedby conventionalagarosegel electrophoresis(2% agarose,60V,
approximately5 h), using Tris acetaterunning buffer (0.04 M Tris-acetate,
0.001MEDTA). A 123-bpsizestandardwaselectrophoresedin parallel.DNA
was visualizedby stainingwith ethidium bromide (1 @.zg/mlin water) and
destainingin distilled waterfor â€”30mm.

ImmunofluorescenceMicroscopy. Cells grown on coverslipswerepre
pared for microscopy (13). Briefly, cells were fixed in 10% formalin in PBS

for 10mm andthentransferredto 99.6%methanoland2 mMethyleneglycol
bis(@3-aminoethyl ether)-N,N,N',N'-tetraacetic acid (20Â°C) for 10 mm. Follow

ing blocking of nonspecific antibody binding using normal goat serum, fixed

cells were stained for tubulin with a mouse monoclonal antibody (E7, 101), a

gift from Dr. Michael Klymkowski (University of Colorado, Boulder, CO),

which is specific for (3 tubulin, followed by staining with FITC-conjugated

goat antimouseimmunoglobulin0 (Cappel,West Chester,PA) for centro
someswith 5051, a humanautoimmuneanticentrosomalantiserum,followed
by rhodamine-conjugatedgoat antihumanimmunoglobulinG (Cappel),and
with DAPI for chromosomes. Photomicrographs were obtained using a Zeiss

PhotomicroscopeIII equippedwith an epifluorescencecondenseranda X40
objectiveusingKOdakTMAX 400film (Rochester,NY) developedin a KOdak
TMAX developer.

RESULTS

Experimental Strategy. We wanted to determine whether the
mitotic block induced in HeLa cells by low concentrations of pacli
taxel was sufficient to induce cell death or whether the blocked cells
could recover after removing paclitaxel and continue proliferating.
Thus, HeLa cells were incubated with paclitaxel for 20 h, a length of
time that we previously determinedresults in maximalaccumulation

of cells in mitotic metaphase(3). Paclitaxel was then removed from
the medium, cells were washed with paclitaxel-free medium three
times at 1-h intervals, and incubation was continued for 2 to 3 days in
the absenceof added paclitaxel; the procedure will be referred to as
â€œpaclitaxelincubation and removal.â€•At intervals during this proce
dure, we determined the cell number; the proportion of cells in
interphase or mitosis; the stageof mitosis; the subcellular organization
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4 The abbreviation used is: DAPI, 4,6-diamino-2-phenylindole.

817

C

2
0@

G)
Cl)

-C

@ 40'
C

Cl)

ci@
0

Time After Removalof Taxol (h)
Fig. I. Accumulation of HeLa cells in metaphaseduring 20 h incubation with pacli

taxel and exit of cells from mitosis 24 and 48 h after removal of paclitaxel from the
medium.Cellswereincubatedwith a rangeof paclitaxelconcentrations(3 nat-l pM) for
20 h, and then the drug was removed from the medium as described in â€œMaterialsand
Methods.â€•Cells (floating and attached) were fixed and stained, and the percentage of
cells in metaphase was determined (â€œMaterialsand Methodsâ€•).X, controls; A, 3 nM;
., 6 nM;0, 10 nM;@ 33 nM;0, 100 nM;C, I tiM. The data represent one experiment
from a seriesof five similar experimentsthat gaveequivalentresults.Twenty-h data
from Jordanet al. (3).

of microtubules, nuclei, and chromosomes; whether the cells were
alive or dead; the DNA content; whether DNA was degraded; and the
intracellular paclitaxel concentration.

Induction of Mitotic Block with Low Concentrations of Pacli

taxel and Exit from Mitotic Block after Removal of Paditaxel.
Cells were incubated with paclitaxel for 20 h at concentrations rang
ing from 3 flM to 1 ELM.The cells were then fixed and stained with
DAPI4, a stain for chromatin and chromosomes,to determine the

numbers of cells in mitosis and in interphase. As described previously
(3), paclitaxel at concentrations lO nr@iblocked most cells (80â€”90%)
in mitosis (Fig. 1). Lower concentrations of paclitaxel induced less
mitotic accumulation (20% of cells were in mitosis at 3 n@ipaclitaxel;
34% at 6 nM paclitaxel). Mitotic block occurred specifically at the
transition from metaphaseto anaphase.In control populations, 2% of
all cells were in late prometaphase or metaphase, whereas 0.3% of
cells were in anaphase;thus, the ratio of cells in anaphaseto cells in
metaphase was 0.15 (Table 1). As the paclitaxel concentration was
increased, cells accumulated in metaphase and did not progress to
anaphase; thus, the anaphase/metaphaseratio decreased. At 10 revs
paclitaxel, 89% of the cells had accumulated in metaphase,and <1%
were in anaphase;the ratio of cells in anaphaseto cells in metaphase
was 0.01 (Table 1). At higher concentrations of paclitaxel (>10 nM),
no cells were in anaphase.

After the 20-h incubation with paclitaxel, cells were washed three
times with paclitaxel-free medium, and incubation was continued for
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Table1 Inhibitionof thetransitionfrommetaphasetoanaphasebylowconcentrations
of paclitaxel

HeLa cells were incubated with paclitaxel for 20 h; then the paclitaxel was removed
from the medium(â€œMaterialsandMethodsâ€•).Following fixation of cells andstainingof
microtubules and chromatin (â€œMaterialsand Methodsâ€•),the numbers ofcells in metaphase
and in anaphasewerecountedby immunofluorescencemicroscopy.Valuesare
mean Â±SE of two to four experimentsand representcountsfrom 4Omitotic cells/
concentration and per time point in each experiment (data for 48 h, 33 nsi, are from a
single experiment).

Cells in anaphase/cells in metaphase
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TAXOL INDUCES ABNORMAL MITOTIC EXIT AND APOPFOSIS

tion and removal, we examined the subcellular organizations of mi
crotubules, chromosomes, and nuclei by immunofluorescence micros
copy (Figs. 3â€”6).

Control Cells. Control cells (Fig. 3) in interphase were flat, well
spread, and uniform in size, with a fine filamentous array of micro
tubules radiating from the centrosomes and generally a single nucleus
that was spherical or ovoid in shape. Mitotic cells contained well
organized bipolar spindles with two distinct, well-separated spindle
poles (Fig. 3c, arrowheads) and few astral microtubules. At met
aphase, all of the chromosomes were organized in a compact equa
torial metaphaseplate (Fig. 3b, arrows).

Cells after Incubation with Paditaxel. Following incubation
with 10 nM paclitaxel, most cells were in mitosis (Fig. 4, a-c). As

Paclitaxel
(nM)

0

6
10
33

100
1000

20-h incubation
in paclitaxel

0.15 Â±0.04
0.05 Â±0.03
0.03Â±0.02

0.01 Â±0.01
0
0
0

24 h after

removal

0.17 Â±0.06
0.10 Â±0.02
0.07 Â±0.01
0.01 Â±0.01

0
0
0

48 h after
removal

nd
nd

0.11 Â±0.02
0.04 Â±0.003

0
0
0

3 days in the absenceof added drug. Twenty-four h after removal of
paclitaxel (10 nM-i p.@paclitaxel, initial added concentration), most
cells had exited mitosis into an apparent interphase state (as deter
mined by decondensation of chromosomes and reformation of nuclear
membrane, described further below and in Fig. 5). For example, 24 h
after 10 nM paclitaxel was removed from the medium, the percentage
of cells in mitosis was reduced from 87 to 26%, and 48 h after
paclitaxel was removed, only 17%of the cells were in mitosis (Fig. 1).
Similarly, 24 and 48 h after removal of 1 p.M paclitaxel from the
medium, the percentage of cells in mitosis was reduced from 84 to
43% and to 19%, respectively. Thus paclitaxel (l0 revsfor 20 h)
induced complete metaphase block, and after removal of paclitaxel,
the blocked cells exited mitosis.

Cells Do Not Proliferate after Removal of Padlitaxel (@1OnM).
Cell numberswere determinedfollowing incubationwith paclitaxel

for 20 h and at 24, 48, and 72 h after removalof the drug. As shown

in Fig. 2A, incubation with paclitaxel for 20 h inhibited cell prolifer
ation in a concentration-dependent manner. Cell proliferation was
inhibited in parallel with inhibition of mitosis (Fig. 1). For example,
3 nM paclitaxel induced 16% inhibition of cell proliferation and 20%
mitotic block. Ten to 1000 nivspaclitaxel induced >90% inhibition of
cell proliferation and 80â€”90%mitotic block. Following removal of
paclitaxel (lO nM), inhibition of proliferation persisted over the next
3 days. Thus, concentrations of paclitaxel that blocked mitosis also
induced a sustained inhibition of proliferation after removal of the
drug and exit from mitosis.

Induction of Cell Death by Paclitaxel. Unfixed cells were stained
with calcein AM and ethidium bromide (or trypan blue) to differen
tiate live cells from dead cells and were counted by microscopy
(â€œMaterialsand Methodsâ€•); the results are shown in Fig. 2B. Three nr@i

paclitaxel caused very little cell killing, either during drug incubation
or after removal of the drug; only 8â€”10%of the cells were dead

48â€”72h after paclitaxel removal, as compared with 2â€”4%dead cells
in control populations. At early times at higher paclitaxel concentra
tions (10 nM-l p@M),only low levels of cell killing occurred. During
the 20-h incubation with drug, only 2â€”16%of the cells died, and 24
h after removal, 14â€”26%of cells were dead. However, 48â€”72h after

removal of paclitaxel, cell death increased; the percentage of dead
cells ranged from 44â€”46%at 10 nM paclitaxel to 78% at 1 p.M
paclitaxel. Thus, incubation with paclitaxel for 20 h at concentrations
that induced significant metaphaseblock (10 nM) also caused sig
nificant cell death within 2 days after removal of the drug.

Cell Cycle Progress and Subcellular Organization following
Mitotic Block with Paditaxel. To determine the cell cycle events
and changes in subcellular organization caused by paclitaxel incuba

B100.

to

,2 80@
0

C8 60

.s@?40
to
0
VCo
0
0

Control 3nM lOnM 33nM@ lOOnM l000nM

Fig. 2. Inhibition of cell proliferation and induction of cell death by paclitaxel. HeLa
cells were incubatedwith paclitaxel(3 nsi-l psi) for 20 h, followed by washingwith
paclitaxel-freemedium(3 timesat I-h intervals)andcontinuedincubationin theabsence
of added paclitaxel for 72 h. A, the number of live cells (includmg floating and attached
cells) was determined at the time of paclitaxel addition (zero time), after 20 h in the
presenceof paclitaxel (20 h), and at 24, 48, and 72 h after removal of paclitaxel from the
medium.Resultsfrom all experimentshavebeennormalized,andthenumberof cellsat
the time of paclitaxel addition is representedas 1; results are presentedas â€œfoldincrease.â€•
Symbols are the sameas in Fig. I . B. the percentage of dead cells (including floating and
attachedcells) was determinedby light microscopy;deadcells were distinguishedby
uptakeof ethidiumbromideor trypanblue,andlive cells weredistinguishedby staining
with calceinAM (four experiments)or exclusionof trypanblue (oneexperiment).Data
are mean (bars, SE) of two to three replicates at each time point, five independent
experiments. 0, 20 h in the presenceof paclitaxel; @,0, and â€¢,24, 48, and 72 h after drug
removal,respectively.
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TAXOL INDUCES ABNORMAL MITOTIC EXIT AND APOPTOSIS

the cells in control populations (Fig. 7, 0 and x, respectively). After
incubation with 10 revspaclitaxel, the microtubules of cells in inter
phase resembled the network of microtubules in control cells (3);
bundles of microtubules that occur at higher concentrations of pacli
taxel (Fig. 44, arrow) were not visible.

After 20 h incubation with higher concentrations of paclitaxel (33
nM-i p.M), most cells were in mitosis (Fig. 4, d-f). All spindles were

monopolar or multiastral and contained only one region stained with

anticentrosomal antibody (Fig. 4f), and the microtubule arrays were
more brightly stained and appearedto contain more microtubules than
at 10 nM paclitaxel. In contrast with the marked increase in the number

of multinucleate cells observed at 10 flM paclitaxel, most interphase
cells contained only a single nucleus after incubation with 33 revs-1 p.M
paclitaxel. Fewer than 18% of the cells became multinucleate at the
higher concentrations of paclita.xel (Fig. 7). The cells contained bun
dles of microtubules (Fig. 4d, arrow), consistent with the 200â€”500%
increase in the massof polymerized microtubules that occurs at these
high paclitaxel concentrations (3).

Cells after Removal of Paditaxel. After removal of 6 revspa
citaxel, most cells appeared normal. They proliferated nearly nor
mally, and a normal proportion of the cells were in metaphase(Figs.
1, 2, and 5, a and b). Interphase cells were uniform in size and
generally contained only a single nucleus; spindles were normal in

organization and progressed through anaphase(Table 1).
After removal of 10 revspaclitaxel, most cells exited mitosis into an

apparent interphase. The chromosomes decondensed, the nuclear
membranes reformed, and the microtubules underwent a significant
rearrangement from mitotic astral arrays with short microtubules into
interphase-like arrays with long microtubules (compare Fig. 4, a and

b, with Fig. 5, c and d). However, in contrast with control cells and

cells incubated with 6 nMpaclitaxel, the interphase-like cells varied
greatly in size. Most cells (55%) contained more than a single nucleus;
nuclei ranged in size from just large enough to contain only one or a
few chromosomes to approximately normal size (diameters between 2
p.m and 19 p.m; compare Fig. 5, a and b, with Fig. 5, c and d; also see
Fig. 7, 0). Some cells were spread and flat and contained finely
filamentous arrays of microtubules, whereas others were rounded and

contained distinct circumferential bundles or baskets of microtubules
that surrounded the nuclei (Fig. 5c, arrow). Cells in mitosis contained
spindles that were predominantly abnormal; 77% were abnormal 24 h
after drug removal, and 63% were abnormal 48 h after drug removal
(Fig. 5, c and d, *)

Most cells also exited mitosis during the 48 h after removal of
higher concentrations of paclitaxel (33 nM); and most of the result
ing interphase-like cells (>60%) contained multiple nuclei (Fig. 7).
Nuclei were highly fragmented (as many as 50/cell) or lobulated (Fig.
Sf arrowheads). The cells were of widely varying sizes, some were
flat and some were rounded, and they frequently contained dense
bundles of long microtubules (Fig. Se, arrowheads). Nearly all re
maining mitoses were abnormal (77%-98%; data not shown). Thus,
exit from mitotic block following removal of paclitaxel at concentra
tions l0 flM frequenfly resulted in formation of multinucleated
interphase cells. In contrast, at lower concentrations of paclitaxel

(@6 flM), significantly fewer mitoses were abnormal, and fewer cells
became multinucleate after drug removal.

A large percentage of cells (20â€”25%)could not be classified as
either mitotic or interphase-like after removal of 10 nM paclitaxel.
These cells appeared to be dying and apoptotic. The cells contained
very dense, opaque chromatin that appeared liquid. The chromatin
was present in droplets or globules of varying sizes and shapes(Fig.
6, b, d, andf). Some cells had no microtubules or any material that
stained with tubulin antibody (Fig. 6a, arrow), whereas others con
tamed tangled balls of coarse disorganized microtubules (Fig. 6a, cell

819

a

b

SI

C

Fig. 3. HeLa cells in the absence of paclitaxel (control cells). Cells were fixed and
incubated with an antitubulin antibody to stain microtubules (a), with DAPI to stain
chromosomes and nuclei (b), and with human autoimmune antiserum 5051 to stain
centrosomes (c) (â€œMaterialsand Methodsâ€•).Four mitotic cells are shown (from left to
right) in metaphase. anaphase. metaphase, and late anaphase. The remaining cells are in

interphase. Arrowheads in b show compact equatorial metaphaseplates of chromosomes,
andarrowheadsin c showspindlepoles.Bar, 10 jsm.

described previously (3), their spindles were either bipolar metaphase
spindles that often exhibited slight abnormalities or were monopolar.
Abnormal bipolar metaphasespindles had some chromosomes orga
nized into a distinct, compact metaphaseplate and somechromosomes
that were near one or both of the two spindle poles, distant from the
metaphase plate (Fig. 4b, arrows); monopolar spindles contained a
monoaster of microtubules, with one pole or centrosome enclosed in
a spherical arrangement of chromosomes (Fig. 4, b and c, *). Many
interphase cells after incubation with 10 nM paclitaxel contained more
than one nucleus (Fig. 7). After 20-h incubation with 10 ni@tpaclitaxel,
36% of interphase cells were multinucleate as compared with 2% of
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TAXOL INDUCES ABNORMAL MITOTIC EXIT AND APOPTOSIS

Fig. 4. HeLa cells incubated with paclitaxel.
Cellswereincubatedwith 10nsipaclitaxel(a-c) or
I gxsipaclitaxel (d-f) for 20 h. a and d, microtu
bules; b and e, chromosomes and chromatin; c and
I centrosomes.a-c:10nsipaclitaxel.All cells
picturedarein mitosis,manywith bipolarspindles
(see spindle poles at arrowheads in c) and often
with a condensed metaphaseplate of chromosomes
(arrowheads in b) as well as several â€œlaggingâ€•

chromosomes (arrows in b) that have not con
gressed to the metaphase plate. Some spindles are
monopolar with a ball-shaped arrangement of chro
mosomes (b and c, *) d-f.' I sM paclitaxel. Most
cells are in mitosis; their spindlesare monopolar
with ball-shaped arrangements of condensed chro
mosomes(e), and a singlecentrosomeor spindle
pole (arrowheads in f); cells in interphase have

prominentbundlesof microtubules(arrow in d).
Bar, 10 @sm.

on right) or bundles of microtubules that protruded from the cell

periphery(Fig.6,c ande).

Metaphase/Anaphase Transition. As described above, most cells

exited mitosis into an interphase-like state after removal of 10 revs
paclitaxel from the medium. We wanted to know whether the cells
progressed into the interphase-like state by first progressing into
anaphaseand completing a normal mitosis or whether they entered
interphase without undergoing anaphase.Thus, the numbers of cells in
anaphaseand metaphase were determined (Table 1). Paclitaxel con
centrations of > 10 nM completely prevented cell cycle progression

from metaphase into anaphase;80% of the cells were in metaphase,
and no cells were in anaphase.In control populations, the ratio of cells
in anaphaseto cells in metaphasewas 0.15 Â±0.04 (Table 1). A small
number of cells entered anaphaseafter removal of 10 flM paclitaxel
from the medium (the ratio of cells in anaphaseto cells in metaphase
was 0.01 Â±0.01 at 24 h after drug removal and was 0.04 Â±0.003 at
48 h after drug removal). However, no cells entered anaphasefollow
ing removal of higher concentrations of paclitaxel (33â€”1000nM). The

results indicate that after removal of paclitaxel, most cells exit mitosis
abnormally without completing anaphase and progress to an inter

phase-like state.
Cellular DNA Content. To further examine the pathway of mi

totic exit following paclitaxel incubation and removal, we determined
the DNA content of the cells by flow cytometry. At 20 h of incubation
with paclitaxel (10 nM-l p.M),most cells were blocked in G2-M with
a 4n amount of DNA (Fig. 8). Twenty-four and 48 h after removal of

10 revspaclitaxel, a few cells had divided and contained a diploid (2n)
amount of DNA, whereas many cells appeared to have variable
amounts of DNA, generally less than the 2n amount. With higher
paclitaxel concentrations (33nrviâ€”lp.M), cells (or parts of cells) had
variable amounts of DNA, ranging from < ln to 4n, with a prominent
peak of cells with < In DNA content. Forty-eight h after removal of
paclitaxel (10â€”1000nM), nearly all cells or cell fragments contained
<in DNA. The 2n diploid peak did not reform. No significant peaks
representing higher multiples of DNA amounts (> 4 n) were ob
served, i.e., cells that failed to complete mitosis and cytokinesis did
not synthesize additional DNA to produce polyploid cells with 8n
DNA. The results suggest that exit from mitotic block with 10 flM
paclitaxel was followed 24â€”48h later by significant degradation of
DNA in most cells. Exit from mitotic block with 33 nM paclitaxel
was followed 24â€”48h later by complete degradation of DNA.

Intracellular Paclitaxel Concentrations. Intracellular concentra
tions of paclitaxel were determined under the conditions of the ex
periments using [3H]paclitaxel (Table 2). Incubation of HeLa cells
with paclitaxel (3 nM-l p.M) for 20 h resulted in high intracellular
accumulation of the drug (between 2 and 241 p.M; 240â€”830-fold
higher than the paclitaxel concentration added to the medium). Pacli
taxel was taken up rapidly by the cells; half-maximal concentrations
were attained within 25 mm at 100 nM paclitaxel and within 1.5 h at
10 flM paclitaxel; 90% of maximal concentrations were attained within
1.3 and 6.3 h, respectively (data not shown). The intracellular pacli
taxel remained at high levels twenty-four h after washing the cells to
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TAXOL INDUCES ABNORMAL MITOTIC EXIT AND APOPTOSIS

Fig. 5. HeLa cells 24 h after paclitaxel removal.
Cells were incubated with paclitaxel for 20 h. The
paclitaxel was removed from the medium, cells
werewashed,andincubationwascontinuedin the
absenceof addedpaclitaxelfor 24 h. a, c, ande,
microwbules;b,d,andf, chromosomesandnuclei
(see â€œMaterialsand Methodsâ€•).a and b, 24 h after
removal of 6 nM paclitaxel from the medium. Cells
resemblecontrols;mostcellsarein interphaseand
are mononucleate; mitoses are normal: small aster
isk, metaphase; medium asterisk, anaphase; large

asterisk, telophase. c and d. 24 h following removal

of 10 nMpaclitaxelfrom the medium.Cells vary
greatly in size,perhapsresultingfrom infrequent
cytokinesis (see also Fig. 8; 10 nM); most cells are
in interphase,andmanycells havemorethanone
nucleus (arrowheads in d) of varying sizes. Some
cells havebundlesof microtubules(arrowheadin
c). Most spindles are abnormal (*). e and f@24 h

following removal of I @&Mpaclitaxel from the
medium. Cells vary greatly in size, most cells are in
interphaseand havefragmentednuclei of smaller
size and greaternumber(arrowheadsin f) than
after treatmentwith 10nMpaclitaxel.Bar, 10 @sm.

remove the paclitaxel. Thus, the intracellular paclitaxel concentrations
under conditions that induced cell killing remained at levels 4 p.M
after washing.

Apoptosis of HeLa Cells following Mitotic Block by Paclitaxel.

Microscopic examination and flow cytometry of cells following
exit from mitotic block indicated that the cells were dying by
apoptosis. To further examine the mechanism of cell death and to
determine whether fragmentation of DNA into nucleosome-sized
pieces occurred following paclitaxel-induced mitotic block, we
performed agarose gel electrophoresis on the DNA isolated from
cells incubated for 20 h with paclitaxel (10â€”100nM) and from cells
24â€”48h after removal of paclitaxel. The results of a typical
experiment are shown in Fig. 9. No DNA fragmentation was
detected in control cells during the course of the experiment.

Twenty h after addition of 10 flM paclitaxel, DNA fragmentation
was barely detectable; however, 24â€”48h after removal of 10 nM
paclitaxel, substantial fragmentation of DNA into a ladder of
nucleosome-sized pieces (â€”256bp) occurred. Higher concentra
tions of paclitaxel (33â€”100 nM) induced clear DNA fragmentation

both 20 h after drug addition and 24â€”48h after drug removal.

DISCUSSION

Low concentrations of paclitaxel (â€”â€˜10 nM) strongly block mi
tosis at the metaphase/anaphase transition without enhancing mi
crotubule polymer levels in HeLa cells, apparently by stabilizing
microtubule dynamics (3). In the present study, we wanted to
determine whether such a mitotic block results in a transitory
slowing of the cell cycle, from which cells recover and continue
proliferating, or whether the block is sufficient to induce cell
death. Thus, we blocked mitosis with a broad range of paclitaxel
concentrations (3 nM-i p.M for 20 h) and then washed the cells
extensively to remove the extracellular paclitaxel. We found that
cells did not proliferate after incubation with 10 revspaclitaxel
and removal. In addition, significant apoptotic cell death occurred
during paclitaxel incubation and 24â€”72h after removal of the drug.
Cell proliferation resumed, and cell killing did not occur to a
significant extent at paclitaxel concentrations (< 10 nM) that were
too low to block mitosis. Thus mitotic block or significant mitotic
slowing appears to be a critical determinant of paclitaxel-induced
apoptotic cell death.
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TAXOL INDUCES ABNORMAL MITOTIC EXIT AND APOPTOSIS

Fig.6. Apoptotic HeLacells 24â€”48h after re
movalof paclitaxelfrom the medium.a, c, ande,
microtubules; b, d, and,f@chromatin. a and b, 48 h
afterremovalof 33flMpaclitaxelfrom themedium.
Onecell containsa circumferentialbundleof ml
crotubules,one cell containsa yarn-like ball of
tangledmicrotubules.andonecellcontainsnomi
crotubules(arrow in a). Chromatinis fragmented,
condensed, and apoptotic in two cells (arrow in b).
c and d, 48 h after removal of 100 nM paclitaxel

from themediumshowingbundlesof microtubules
protrudingfrom thecell peripheryandfragmented
condensedchromatin.e andf, 24h afterremovalof
33mi paclitaxelfrom themediumshowingbundles
of microtubulesprotrudingfrom thecell periphery
andapoptoticbodiesof chromatin.Bar, 10p.m.

Exit from Mitosis in the Presence of Paditaxel-stabilized
Microtubules. HeLa cells exited mitosis and progressed to an inter
phase-like state following removal of paclitaxel from the medium.
However, the exit from mitosis into interphase was abnormal; it
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occurred in the absenceof anaphase,telophase, or cytokinesis (Table
1, Fig. 8). The cells entered into an interphase-like state: chromatin
decondensed, nuclear membranes reformed, and microtubule arrays
were interphase like, but nuclei were fragmented and numerous (Figs.
4, 5, and 7). It is conceivable that the multiple nuclei arise upon entry
into interphase becausethe nuclear envelope reforms around individ
ual chromosomes or groups of chromosomes that are maintained in a
scattered array by paclitaxel-stabilized, dysfunctional spindle micro
tubules that can neither properly polymerize to induce anaphase
spindle lengthening nor depolymerize to facilitate anaphasechromo
some segregation. Similar formation of multiple nuclei occurs follow
ing mitotic slowing or block with paclitaxel in other tumor cell types,
including human colon, breast, and lung carcinoma cells (6, 7), and
also with other antimitotic drugs such as Vinca alkaloids (13) and
dolastatin analogues (15).

In some human tumor cell lines such as K562 leukemia, HCT1 16
colon carcinoma, and A2780 ovarian carcinoma cells, exit from
paclitaxel-induced mitotic block into interphase is accompanied by
continued rounds of DNA synthesis (4, 6, 16). This has been sug
gestedto contribute to the cytotoxicity of paclitaxel as a result of gene
dosage effects of tetraploidy or octaploidy (6). However, no further
DNA synthesis occurred in HeLa cells following exit from paclitaxel
blocked mitosis, suggesting that continued DNA synthesis cannot be
responsible for cell killing in HeLa cells.

Apoptosis Is a Consequence of Mitotic Block and Abnormal
Mitotic Exit. Apoptosis is a form of programmed cell death that has
been postulated to result from aberrant cell cycle control and to be a
consequence of conflicting growth regulatory signals that ultimately

lead to an unsuccessful attempt to traverse the cell cycle (17, 18). The
biochemical events leading to apoptosis are complex and appear to
vary among cell types (19). It is known that drugs that interact with

48 microtubulescaninduceapoptosisatrelativelyhighdrugconcentra
tions. For example, paclitaxel at concentrations of 60 revsinduces
apoptosis in human leukemia cells, HeLa cells, and human prostate
cancer cells (5, 8, 20, 21). Vinblastine and colchicine at concentra
tions that depolymerize microtubules (250 revsand 2 p.M,respectively)
also induce apoptosis in human leukemia cells (22). However, it was
not previously known whether apoptosis occurs at low concentrations

1@

24

822

Time After Removal of Taxol (h)
Fig. 7. Paclitaxel-inducedformation of multinucleatedinterphasecells. Cells were

incubatedwithpaclitaxelfor 20h,andthenpacitaxelwasremovedfromthemedium.
Attachedcells were fixed and stained(â€œMaterialsand Methodsâ€•),and the numberof
interphase cells with one nucleus or with multiple nuclei was determined. Twenty-h data
from Jordanci a!. (3). Valuesarethemeansof from two to fourexperiments.Symbolsare
the same as in Fig. I ; â€¢, 1 mi paclitaxel.
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Table2 Paclitaxelaccumulatesintracellularlv and is retainedafter removalfromthe
mediumPaclitaxel

concentration in HeLa cells after incubation for 20 h inpaclitaxel-containingmedium
and retention 24 h after removal of paclitaxel from medium and washing ofcells(â€œMaterials

and Methodsâ€•).Values are mean Â±SE from three experiments (twoinmonolayer,
one in suspension);n = 4 or 6 totalmeasurements.Paclitaxel

added to Paclitaxel in cells Paclitaxel incellsmedium
at time 0 at 20 h 24 h afterRetention(p.M)

(p.M) Fold uptake washing (psi)%0.003

1.7 Â±0.2 570 0.7 Â±0.04420.01
8.3 Â±2.1 830 4.0 Â±0.7480.1

71.5Â±6.2 720 27.0Â±6.7381.0
241.0Â±27.0 240 38.6Â±9.9 16

control io n@
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TAXOL INDUCES ABNORMAL MITOTIC EXIT AND APOFrOSIS

1c@nM 1@nM

Fig. 8. Time course of change in cellular DNA
content after paclitaxel incubation and washing.
First row is after 20 h incubationwith paclitaxel:
secondand third rows are after washingandre
movalof paclitaxelfrom medium.Incubationwith
paclitaxel at concentrations 10nM induced block
in G2-M, which was followed 48 h later by some
degradation of DNA at 10 nsi and massive DNA
degradationat concentrations 33 nsi.

0
E

20h

2011+2411

2011+4811

2n4n 2n4n 2n4n 2n4n @l4n

microtubules (27, 28). Additional evidence suggests that the tumor
suppressorprotein p53 may be prevented from exerting its activity in
HeLa cell nuclei as a result of abnormal retention in the cytoplasm of
HeLa cells (29, 30); thus, it is conceivable that paclitaxel-induced
perturbation of mitotic exit and nuclear reformation may permit
accessof p53 to the chromatin and result in cell death. Cell death also
might involve the continued abnormal presenceor activity of some of
the numerous proteins that are normally transported to the midzone
region of the spindle to form the â€œtelophasediscâ€•or â€œintercellular
bridgeâ€•that has been postulated to function critically in cytokinesis
(31â€”33).

of antimitotic drugs, concentrations that do not alter the microtubule
mass but appear to block mitosis by stabilizing microtubule dynamics

(23, 24).
HeLa cells that had been blocked at the metaphase/anaphasetran

sition by paclitaxel (â€”10 nM) did not proliferate after removal of the

drug. Instead, most of the cells underwent degradation characteristic
of apoptosis. The nuclear contents of many cells became condensed,
opaque, fragmented, and almost liquid in appearanceduring the first
24 h following paclitaxel removal (Figs. 5 and 6). Agarose gel
electrophoresis indicated that the DNA was fragmented into nucleo
some-sized fragments characteristic of apoptosis during the initial
20-h drug incubation, and fragmentation continued after paclitaxel
removal (Fig. 9). Flow cytometry indicated that significant DNA
degradation occurred during the first 24 h after removal of the drug
(Fig. 8). Microtubules became tangled and formed disorganized balls
or bundles that protruded from the cell periphery. In some cells,
microtubules were degraded and disappearedafter paclitaxel removal
(Fig. 6). Additional recent evidence indicates that the initial nicking of
DNA can occur as little as 30 mm after mitotic block induced by 200
nM paclitaxel in HeLa cells (21).

The importance of our findings is that apoptosis occurs at very low
taxol concentrations that do not increase the mass of microtubules in
cells and do not induce formation of microtubule bundles or greatly
distort the organization of mitotic spindles. Thus, apoptotic cell death
at low paclitaxel concentrations appearsto result from a mitotic block
induced by suppressionof spindle microwbule dynamics. Exit into an
interphase-like state from paclitaxel-blocked mitosis occurred in the
absenceof anaphaseor cytokinesis (Table 1, Fig. 8). Thus, paclitaxel
induced mitotic block resulted in a significant disintegration or asyn
chrony of cell cycle events that triggered apoptotic cell death. The
critical cell cycle events that are perturbed by paclitaxel are unknown,
but they might involve, for example, the prolonged influence of
elevated levels of cyclin B and p34C@@@2kinase activity (8, 25, 26).
Alternatively, biochemical events associated with anaphase, telo
phase, and cytokinesis may occur while spindle pole separation and
cytokinesis are mechanically blocked by paclitaxel-stabilized spindle

823

I I
M 20h

Fig.9. Agarosegel electrophoresisof DNA isolatedfrom HeLacells after paclitaxel
incubation. Cells were incubated without paclitaxel or with paclitaxel (10â€”100nM) for 20
h, followed by washing and continued incubation in the absence of added paclitaxel (as

described in Fig. I). Cells were lysed, DNA was extracted, and 30 p.gofeach sample were
analyzedby agarosegelelectrophoresis(â€œMaterialsandMethodsâ€•).M. l23-bp molecular
weight markers.
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TAXOL INDUCES ABNORMAL MITOTIC EXIT AND APOPTOSIS

Microtubule Dynamics in Mitosis and the Action of Paclitaxel.
Previous results have strongly suggestedthat sensitive suppression of
microtubule dynamics by paclitaxel is responsible for the mitotic
block induced in HeLa cells at low concentrations of the drug (3).
Microtubules are intrinsically dynamic polymers (23, 24). Their dy
namics speed up 10â€”100-foldupon entry into mitosis and undergo
complex changes during mitosis (34). During prometaphase, micro
tubules make vast growing and shortening excursions, functioning to
â€œfindâ€•and attach chromosomes to the forming spindle (35). During
metaphase, the chromosomes attached to the microtubules oscillate
back and forth in the spindle equatorial region in concert with growing
and shortening of the microtubules (36). In addition, tubulin is con
tinually added to the microtubule ends at the chromosomes and lost
from the microtubule ends at the spindle poles in a balanced fashion
(37). During anaphase, microtubules attached to chromosomes
shorten at the same time that other microtubules in the spindle
midzone lengthen. Thus, it is becoming clear that microtubule dy
namics are critical for the progress of cells through mitosis, in par
ticular, for the transition from metaphaseto anaphase.

We previously found that in addition to paclitaxel, low concentra
tions of other drugs, such as vinblastine, colchicine, and nocodazole,
which potently suppressmicrotubule dynamics in the test tube and in
cells (24, 38â€”41),also block mitosis in HeLa cells (13, 42). Mitotic
block occurs specifically at the transition from metaphaseto anaphase
without gross distortion of the mitotic spindle and without changes in
the massof assembledmicrotubules. The transition from metaphaseto
anaphaseis an important cell cycle checkpoint that prevents cells from
completing mitosis until the spindle is fully assembled and the chro
mosomes are properly poised for separation (43). Additional studies
have indicated the importance of tension that may be produced by
dynamic microtubules in mitosis. Rieder et a!. (1 1) found that low
concentrations of paclitaxel addedto rodent cells in mitotic metaphase
delayed anaphaseby as long as 7 h, with no detectable alterations in
spindle morphology. Li and Nicklas (44) found that tension on sister
chromatids is required for the metaphase/anaphase transition. To

gether, the data suggestthat successful transition from metaphaseinto
anaphasemay involve tension between sister chromatids that is de
pendent, at least in part, upon dynamic microtubules.

Paclitaxel stimulates microtubule polymerization by binding di
rectly to tubulin along the length of the microtubule (reviewed in Ref.
24). There is a paclitaxel binding site on each molecule of tubulin in
microtubules, and the powerful ability of paclitaxel to increase mi
crotubule polymerization is associated with nearly stoichiometric
binding of paclitaxel to tubulin in microtubules (45). However, recent
studies from our laboratory indicate that binding of only a small
number of paclitaxel molecules to a microtubule (1 molecule of
paclitaxel/600 molecules of tubulin) can stabilize its dynamics (12).

Intracellular Pacita.xel Concentrations Associated with Mitotic
Block, Abnormal Mitotic Exit, and Apoptosis. Interestingly, exten
sive quantities of paclitaxel accumulated in the HeLa cells during drug

incubation, and a large proportion of the accumulated paclitaxel was
retained intracellularly following the washing procedure. For exam
pIe, at 10 nM [3H]paclitaxel, the intracellular paclitaxel concentration
was -â€˜-8.3p.Mafter 20 h of incubation (an 830-fold accumulation), and
48% of the accumulated drug was retained after washing. Determi
nations of the intracellular microtubule polymer mass at 10 revspacli
taxel (3) indicate that approximately 8 p.M tubulin is present in
microtubule polymer in these cells. Since each tubulin molecule in
microtubules contains one paclitaxel binding site (45, 46), these data
suggestthat most or all of the paclitaxel may be bound to microtubules.

At 100 flM and I p.Mpaclitaxel, the intracellular paclitaxel concen
tration after 20 h incubation was â€˜â€”72p.Mand 241 p.M, respectively,
which was reduced to 27 p.M and 39 p.M, respectively, 1 day after

washout. Measurements of microtubule polymer mass after 20 h
paclitaxel incubation indicated that tubulin in microtubule polymer
was â€”20and â€˜â€”30p.M. respectively (3) . Thus, during the initial 20-h

incubation, the amount of intracellular paclitaxel far exceeded the
intracellular microtubule binding capacity. The aqueous solubility of
paclitaxel is low (35 p.M; Refs. 47 and 48). Thus, at paclitaxel
concentrations 100 nM, the drug must be compartmentalized into
nonaqueous phasesor bound to other organelles. The paclitaxel con
centrations remained high after washout, but they were reduced to
levels that approximated the intracellular concentration of tubulin in
microtubule polymer form. An important implication of these results
is that the high degree of paclitaxel retention in cells may contribute
significantly to the cytotoxicity and antitumor activity of the drug. In
similar experiments performed with vinblastine, we found that, in
contrast to paclitaxel, most of the vinblastine effluxed from the cells
after washing, and cell death did not occur.5

In summary, paclitaxel at low concentrations inhibits mitotic pro
gression in HeLa cells without increasing the mass of microtubules,

apparently by potently suppressing spindle microtubule dynamics.
HeLa cells do not recover from mitotic block with low concentrations
of paclitaxel (10 nM). Instead, mitotic block is followed by an abnor
mal exit from mitosis into an interphase-like state with no accompa
nying cytokinesis. The mitotic block appearsto be sufficient to inhibit
further cell proliferation and to induce death by apoptosis. Cell killing
does not occur at paclitaxel concentrations that are too low to induce
mitotic block. Thus, mitotic block appears to be a critical determinant

of paclitaxel-induced cell death in HeLa cells. The important under
lying mechanism responsible for the potent ability of paclitaxel to
inhibit cell proliferation and kill tumor cells may be the kinetic
stabilization of spindle microtubule dynamics rather than excessive
polymerization of spindle microtubules. The results suggest that ther
apeutic administration of paclitaxel at low concentrations for pro
longed durations may effectively inhibit tumor growth.
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