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Eric K. Rowinsky,2 Ross C. Donehower, Richard J. Jones, and Robert W. Tucker

The Johns Hopkins Oncology Center, Baltimore, Maryland 21205

ABSTRACT

Taxol, a diterpenoid plant product that enhances the polymerization
of tubulin, is currently entering clinical trials in the treatment of human
leukemia. In order to develop an in vitro assay to predict tumor sensitivity
to taxol, human leukemic cell lines were exposed to clinically achievable
concentrations of taxol for relevant exposure periods. Changes in micro-
tubules visualized by indirect immunofluorescence were compared to drug
sensitivity measured by a clonogenic assay. Taxol produced either mul
tiple mitotic asters in G2/M or microtubule bundling throughout the cell
cycle. In cells that were relatively resistant to taxol, microtubule bundling
was reversible while microtubule bundling in relatively sensitive cells
persisted in the presence or absence of taxol. In contrast, aster formation
was unrelated to cytotoxicity in any cell line. In the future, these micro
tubule effects may be useful in predicting the chemotherapeutic efficacy
of taxol.

INTRODUCTION

Taxol (NSC 125973) is a diterpenoid plant product [western
yew, Taxus brevifolia (1)] with a unique antineoplastic mecha
nism of action. Taxol's main target is the equilibrium between

microtubules and their basic subunits, tubulin dimers (2). How
ever, unlike other clinically utilized antimicrotubule agents
(colchicine, vincristine, and vinblastine) that induce microtu
bule disassembly, taxol promotes the assembly of microtubules
and stabilizes tubulin polymers by preventing their depolymer-
ization (2,3). Taxol reduces the critical concentration of tubulin
required for polymerization and enhances the rate and yield of
microtubule assembly in the presence or absence of factors that
are normally essential for microtubule assembly, such as exog
enous GTP or microtubule-associated proteins (4, 5). Taxol-
treated microtubules are stable even after treatment with cal
cium or low temperatures, conditions that usually promote
disassembly (2, 3, 6). This unusual stability results in the
inhibition of the normal dynamic reorganization of the micro
tubule network. Since microtubules are important for mitosis
and interphase functions such as maintenance of cell shape, cell
motility, and intracellular transport (7), taxol might be expected
to affect cells during both interphase and mitotic cell cycle
phases. Indeed, in cultured HeLa cells and P388 murine leu
kemia, taxol inhibited cell replication by blocking the cell cycle
in the GÃŒor M phases (6, 8), while in embryonic fibroblasts
(3T3 cells) high concentrations of taxol prevented the Go to S
transition during the stimulation of DNA synthesis by growth
factors (9). Taxol also induced formation of abnormal arrays
or bundles of microtubules in brain-derived microtubule prep
arations, and in ovarian granulosa and fibroblast cell lines as
monitored by immunofluorescence or electron microscopy (6,
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10, 11). This effect was both concentration- and time-depend
ent, and required an intact cell with normal levels of ATP (12).
In contrast, the effects of taxol on the microtubules and cell
cycle of human leukemic cells have not been thoroughly inves
tigated.

Taxol has demonstrated a broad spectrum of activity against
both solid tumor and leukemic cell lines in studies supported
by the National Cancer Institute's Division of Cancer Treat

ment (13). Phase I studies in patients with solid tumors have
demonstrated that the predominant dose-limiting toxicity is
myelosuppression (14). At the maximum tolerated and recom
mended Phase II doses for taxol administered as a 6-h infusion,
plasma levels have approached 10.0 /Â¿Mfor 2 to 4 h, and have
exceeded 1.0 UM for 24 h, and 0.1 Â¿IMfor 48 h (15). Based on
taxol's in vitro antileukemic activity (8, 13), myelosuppression

as its primary dose-related toxicity (14), and the antileukemic
efficacy demonstrated for other antimicrotubule agents such as
the Vinca alkaloids (16), clinical trials with taxol are beginning
in acute leukemia.

In order to study the effects of taxol on the microtubules of
leukemic cells and to evaluate these microtuble changes as an
in vitro predictor of tumor sensitivity to taxol, human leukemic
cell lines were treated with clinically achievable taxol concen
trations (0.1-10.0 /Â¿M)for clinically relevant periods (2-22 h).
The effects of taxol on cellular microtubules monitored by
indirect immunofluorescence with antitubulin antibody and on
cell cycle traverse assessed by flow cytometry were compared
to drug sensitivity as measured by clonogenic assay.

MATERIALS AND METHODS

Chemicals and Cell Culture. Taxol was obtained from the Drug
Synthesis and Chemistry Branch, Division of Cancer Treatment, Na
tional Cancer Institute (Bethesda, MD). Stock solutions (0.01 M) of
taxol were made in dimethyl sulfoxide, so that the highest concentration
of dimethyl sulfoxide used was 0.1%.

HL-60 promyelocytic, K562 myeloblastic, and Daudi lymphoblastic
cell lines were obtained from Dr. John Hilton of The Johns Hopkins
Oncology Center, Baltimore, MD. The LC8A lymphoblastic cell line
was established from an adolescent patient with acute lymphoblastic
leukemia and provided by Dr. Steven Staal of The Johns Hopkins
Oncology Center. These cells possessed B-cell lymphoid surface mark
ers and immunoglobulin gene rearrangements identical to the patient's

leukemic cells. Log-phase cultures of all four lines were propagated in
RPMI 1640 medium (GIBCO, Grand Island, NY) with 10% fetal
bovine serum (GIBCO), penicillin, and streptomycin.

Preparation for Immunofluorescence. Exponentially growing cells of
K562, HL-60, Daudi, and LC8A cell lines were treated with 10.0, 1.0,
0.1, and 0 Â¿IMtaxol for 2, 4, and 22 h. Five x 10s cells/cc in RPMI

1640 medium with 10% fetal bovine serum were treated in each 2.1
cm3 well of a 24-well plate (Falcon) at 37Â°Cin a 7.5% CO2 incubator.

A glass coverslip that had been previously immersed for 24 h in 0.01 %
polylysine (Sigma, St. Louis, MO) was placed at the bottom of each
well prior to treatment. At the end of the treatment period, the plate
was centrifuged at 500 rpm for 5 min.

Immunofluorescence. The rabbit antitubulin antibody, derived from
vinblastine-induced tubulin crystals from sea urchin eggs, has been
characterized and described previously (17, 18). Cells attached to pol
ylysine-coated circular glass coverslips were fixed for 30 min with 10%
formalin (Baker Chemicals, Phillipsburg, NJ) in PBS3 at room temper-

3The abbreviation used is: PBS, phosphate buffered saline.
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ature. The fixed cells were then permeabilized with cold acetone for 7
min. air dried, and incubated with the rabbit antitubulin antiserum
(1:30 dilution with PBS) for 30 min at 30Â°C.After a 10 min wash in

PBS, the cells were stained with a 1:60 dilution of rhodamine-conju-
gated goat anti-rabbit globulin (Cappel Laboratories, Cochranville, PA)
and then washed in PBS for 10 min. The wet coverslips were mounted
in 90% glycerol in PBS and viewed with an Ortholux II epifluorescence
microscope (Leitz, West Germany) equipped with a rhodamine excita
tion filter set (Leitz), 100-W mercury arc lamp, and 63x (N.A. 1.4)
objective lens. The fluorescent images were photographed using 35-
mm Tri-X film (Kodak. Rochester, NY).

In order to determine the frequency of changes in cellular microtu-
bules, a minimum of 150 consecutive cells on each coverslip were
scored as positive or negative for the presence of taxol-induced micro-
tubule changes. For each concentration of taxol and exposure period,
three experiments were performed and the percentages of cells with
specific microtubule changes were determined.

Flow Cytometry. Flow cytometric analysis of cellular DNA content
by propidium iodide (50 ng/ml) staining in 0.1% sodium citrate was
performed as previously described (19). Ribonuclease (40 ^g/ml) was
added to the preparative solution to decrease interference by RNA
fluorescence. Exponentially growing cells from LC8A, K562, HL-60,
and Daudi lines at 5 x 10* cells/ml were treated with 1.0 pM taxol.

Cells were removed at various intervals during incubation, stained with
propidium iodide, and 2.0 x IO4cells were analyzed for DNA content

in a modified FACS II (Becton-Dickinson, Oxnard, CA), with excita
tion using with an argon laser (488 nm) and emission measured using
a 580/600 LP filter. The percentages of cells in the G,, 5, and G2/M
cell cycle phases were calculated using Para 1 Software (Coulter,
Hialeah, FL).

In order to assess and quantitate the distributions of specific taxol-
induced microtubule changes in cells during d and G2/M, 5 x 10s

cells/ml were treated with 1.0 pM taxol for 22 h, then incubated with 2
Â¿ig/mlHoechst bisbenzimidazole dye 33342 (20) for 37Â°C,and sepa

rated into GÃ¬and G2/M fractions on the basis of DNA content following
excitation with an argon laser (351-363 nm). The frequency of taxol-
induced microtubule changes that were present in different cell cycle
populations were then assessed and quantitated by indirect immunoflu-
orescence.

Electron Microscopy. Suspensions of exponentially growing K562
and LC8A lines containing 5 x 10* cells/ml were incubated with 1.0
Â¿iMtaxol at 37Â°Cfor 22 h. Taxol-treated and untreated cells were

washed twice in PBS and fixed in 2% glutaraldehyde, 0.1 M cacodylate
buffer, pH 7.4, for 45 min at room temperature. Cells were then rinsed
three times in 0.1 M cacodylate buffer with 7% sucrose, pH 7.4, and
postfixed for 60 min with 1% osmium tetroxide in 0.1 M cacodylate
buffer. The samples were subsequently washed in the cacodylate-sucrose
buffer, and embedded in Poly/Bed 812 (Polysciences, Warrington, PA).
Sections were cut on an LKB-V ultramicrotome (LKB, Rockville, MD)
using a diamond knife stained with uranyl acetate and lead citrate, and
viewed with a Phillips 410 electron microscope (Phillips, Mahwah,
NJ).

Colony-Forming Assay. Taxol treatment of cells in preparation for
the colony-forming assay was identical to that described for the ini-
munofluorescence assay. Five x 10* cells/cc were treated with 10.0,

1.0, and 0.1 ><Mtaxol for 2, 4, and 22 h. Following drug incubation,
cells were washed twice in medium, counted with and without trypan
blue dye, and resuspended in culture medium. The cells were suspended
in a bilayer soft-agar assay system (21) consisting of enriched McCoy's

5A medium (22) in a 0.5% agar underlayer and a 0.3% agar top layer.
The enriched McCoy's 5A medium was prepared by using 30% fetal

bovine serum, 1% bovine serum albumin, and 0.1 ITIM2-mercaptoeth-
anol. Daudi cells were plated in enriched McCoy's 5A medium contain

ing methylcellulose (23), since Daudi cells had an increased plating
efficiency in methylcellulose and studies that compared clonogenic
assays performed in a soft-agar bilayer to assays in methylcellulose
have not demonstrated differences in survival curves nor in colony
growth rates (23). Colonies (>40 cells) were counted with an inverted
microscope after 7 days for the Daudi and K562 cell lines and after 10
days for the HL-60 and LC8A cell lines. Mean fractional clonogenic

survival (number of colonies formed after taxol treatment/number of
colonies formed by untreated cells) of at least two experiments done in
quadruplicate was determined for each treatment condition.

RESULTS

Immunofluorescence of Untreated Leukemic Cells. The orga
nization of microtubules in untreated LC8A, K562, Daudi, and
HL-60 cells was examined by indirect immunofluorescence
utilizing antitubulin antibody. Microtubule patterns were iden
tical in cells on polylysine-coated and uncoated coverslips. In
contrast to relatively flat and well-spread cells such as fibro-
blasts growing adherent to solid surfaces, these leukemic cells
remained rounded, and microtubular pattern could only be
appreciated by focusing through several planes. Nevertheless,
the organization of microtubules in untreated leukemic cells
was in agreement with previous reports that have characterized
the microtubule pattern of lymphocytes (24, 25) and malignant
lymphoid cells (25). In most cells there was a faint and diffuse
background of intracellular fluorescence. Microtubule patterns
were similar in the various untreated leukemic cell lines and
consisted of a fine network of microtubules emanating from a
single perinuclear organizing center and extending to the
plasma membrane (Fig. \A). Mitotic cells were easily recog
nized by the bright fluorescence of their bipolar mitotic spindles
and comprised less than 5% of the cell populations in all four
leukemic lines. Untreated cells containing greater than two
mitotic asters were not observed. To characterize and quantitate
the effects of taxol on the organization of microtubules of these
myeloblastic and lymphoblastic cell lines, we next studied
whether normal microtubule patterns were changed by clinically
achievable taxol concentrations and exposure periods.

Immunofluorescence of Taxol-treated Leukemic Cells. Cells
from cultured leukemic lines were exposed to 10.0,1.0, and 0.1
JIM taxol for clinically relevant periods (2, 4, and 22 h) that
approximated the areas under the concentration x time curves
achieved during previous clinical studies of taxol (14). The
following two prominent effects of taxol on cellular microtu
bules were observed: (a) formation of microtubule bundles,
apparent as fluorescent cytoplasmic bands, often disrupting
cellular shape (Fig. IB), and (b) a time-dependent accumulation
of cells containing multiple mitotic aster-like aggregates of
short microtubules, occasionally greater than 10 asters per cell
(Fig. 1C). An examination of the microtubules in over 300
untreated cells of the four cell lines revealed neither the presence
of characteristic taxol-induced bundles nor multiple mitotic
asters. Microtubule bundles and multiple asters were mutually
exclusive and were not noted to occur simultaneously within a
single cell. However, microtubule bundles and asters could
appear in separate cells within the same population. The relative
proportions of cells with these drug effects were characteristic
of each cell line.

Microtubular bundles were the predominant taxol effect ob
served in HL-60 promyelocytic and LC8A lymphoblastic cell
lines (Figs. 2, A-D, and 3). After 22 h of treatment, the
percentages of cells containing microtubule bundles were rela
tively independent of taxol concentration (0.1-10.0 /JM) and
included 67 to 90% of LC8A cells and 86 to 92% of HL-60
cells, respectively. Taxol-induced microtubule bundles were
thicker and significantly brighter than the thin microtubules of
untreated cells. Microtubule bundles of taxol-treated LC8A and
HL-60 cells radiated from one or two common sites in the
peripheral cytoplasm with the exception of multiple short in
tracellular bundles occasionally observed in cells exposed to the
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EFFECT OF TAXOL ON CULTURED LEUKEMIC CELLS

Fig. 1. Indirect immunofluorescence staining of tubulin in leukemic cells. .1,
untreated Daudi cell with microtubules that emanate peripherally from the
microtubule organizing center; H. characteristic microtubule bundling in LC8A
lymphoblasts treated with 1.0 iiM taxol for 22 h; C, multiple mitotic asters in
K562 myeloblasts treated with 0.1 #iMtaxol for 22 h: /). multiple short microtu
bule bundles in LC8A cells treated with high taxol concentrations (10.0 Â«iM)for
22 h.

highest taxol concentrations (10.0 MM)for 22 h (Fig. ID). HL-
60 cells were the most sensitive to the formation of microtubule
bundles since a higher percentage of these cells formed taxol-
induced bundles at any given experimental condition as com
pared to the other leukemic cell lines. Even with taxol concen
trations as low as 0.1 pM for 2 h, 77% of HL-60 cells formed
microtubule bundles. Multiple asters were noted in only a small
percentage of LC8A and HL-60 cells. Even after prolonged
taxol treatment (22 h), only 5 to 10% of LC8A cells, and 5 to
8% of HL-60 cells formed multiple asters.

The predominant taxol effect observed in Daudi and K562
cells was the induction of multiple asters (Figs. 2, E-H, and 3).
The percentage of cells forming these multiple asters increased
during the 22-h exposure. Following treatment with 0.1 MMto
10.0 MMtaxol for 22 h, 48 to 89% of K562 and 49 to 69% of
Daudi cells, respectively, formed multiple asters. Taxol also
occasionally induced bundling of microtubules of Daudi and
HL-60 cells. However, these bundles were less bright, thick,
and numerous as compared to bundles formed by HL-60 and
LC8A cells, and were observed in only a low percentage of cells
(<20%) even after 22 h of treatment. For any exposure condi

tion, the percentages of predominantly aster-forming cells
(K562 and Daudi) that formed microtubule bundles were less
than the percentages of LC8A and HL-60 cells with bundles
but the most marked differences in bundle formation were
observed after prolonged drug exposure (22 h). Only after a
short incubation time (2 h) with high concentrations of taxol
(1.0-10.0 MM)did Daudi cells have a high (20-60%) percentage
of microtubule bundles. The percentages of Daudi cells with
microtubule bundles thereafter decreased as drug exposure was
prolonged (Fig. 3). This phenomenon also occurred in K562
cells and may be explained by the rapid cytolysis of cells
containing microtubule bundles or by the intrinsic ability of
cells to depolymerize bundled microtubules in the continuous
presence of taxol.

To assess the reversibility of taxol-induced microtubule bun
dles and asters, LC8A and K562 cells, which primarily formed
microtubule bundles and asters respectively, were treated with
1.0 MMtaxol for 22 h, washed, and resuspended in taxol-free
medium. Cells were stained for microtubules prior to taxol
treatment and 0, 4, 8, and 24 h following removal of taxol. The
75% of K562 cells that had multiple asters decreased to only
15% by 24 h following removal of taxol. Since no net cell loss
was noted, this decrease in the percentage of cells with asters
reflected recovery from the taxol effect. Thus, K562 cells ap
parently reconstructed organized microtubule networks and
normal mitotic spindles from the multiple asters induced by
taxol. In contrast, the prominent bundles formed in 70% of
LC8A cells following taxol treatment did not disappear after
incubation in drug-free medium. Instead, with the total cell
population declining by 25%, a high percentage of LC8A cells
(50%) still contained bundles even 24 h after resuspension in
taxol-free medium. Some LC8A cells with microtubule bundles
must have died since both the percentage and total number of
cells with bundles declined while the percentage and number of
cells without bundles increased during the recovery period. The
small percentage of LC8A cells containing asters also declined
from 10 to 0% during recovery.

Electron Microscopy. Electron microscopy was used to ex
amine the ultrastructure of taxol-induced bundles and asters.
Cell pellets of LC8A and K562 lines were sectioned following
treatment with 10 MMtaxol for 22 h. Concurrent examination
of similar cell suspensions by indirect immunofluorescence
revealed the presence of characteristic microtubule bundles in
85% of LC8A cells and multiple asters in 90% of K562 cells.

Electron micrographs of taxol-treated LC8A cells confirmed
the presence of microtubule bundles throughout the cytoplasm
(Fig. 4.-I). In contrast, taxol-treated K562 cells did not have

microtubule bundles, but did contain microtubules arranged in
an aster-like configuration (Fig. 4Ã„).Centrioles appeared nor
mal morphologically and were not associated with either micro
tubule bundles or asters.

Clonogenic Assays. Clonogenic survival was determined for
leukemic cells following treatment with the identical taxol
concentrations and exposure periods used for immunofluores
cence microscopy. Percentage of Clonogenic survival at the
various treatment conditions is depicted in Table 1. HL-60
cells, the cell line that demonstrated the highest sensitivity to
taxol-induced microtubule bundle formation and persistent
bundles at 22 h (Fig. 3), was also the most sensitive in the
clonogenic assay as indicated by the most marked decreases in
Clonogenic survival for all taxol treatments. The next most
sensitive line for formation and persistence of microtubule
bundles, LC8A cells, were also the second most sensitive with
respect to colony inhibition by taxol. Similarly, taxol-treated

4095

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2432475/cr0480144093.pdf by guest on 19 M

ay 2023



EFFECT OF TAXOL ON CULTURED LEUKEMIC CELLS

Fig. 2. Indirect immunofluorescence staining of taxol-induced microtubule effects in various leukemic cell lines. A, LC8A lymphoblasts, untreated; B, LC8A cells
treated with 1.0 pM taxol for 22 h; C, HL-60 promyelocytic leukemic cells, untreated; D, HL-60 cells treated with 1.0 *iM taxol for 2 h; E, K562 myeloblasts,
untreated; F, K562 cells treated with 1.0 nM taxol for 2 h; G, Daudi lymphoblasts, untreated; H. Daudi lymphoblasts treated with 1.0 nM taxol for 22 h.
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and asters (unshaded bars) as a function of taxol concentration and exposure period. Percentages are calculated from the means of three experiments. Standard errors
of the means are less than 10% of mean values.

K562 and Daudi cells, which were more sensitive to aster G2/M fractions, and stained for microtubules. Although signif-
formation especially after 22 h of drug treatment and formed
relatively few irreversible microtubule bundles, were corre
spondingly less sensitive to colony inhibition. Clonogenic sur
vival for the K.562 and Daudi cell lines was never reduced to
less than 10% with one exception (Daudi cells treated with 10.0
Â¿IMtaxol for 22 h). Thus, among the leukemic cell lines studied,
inducibility of persistent microtubule bundles was associated
with an increased cytotoxic effect.

Flow Cytometry. Accumulation of aster-containing cells in
some taxol-treated leukemic lines suggested that taxol could
have cell cycle-specific effects. To investigate this phenomenon
further, flow cytometry was used to study the effects of taxol
on the cell cycle distribution of leukemic cells. Table 2 depicts
the percentages of cells in the d, S, and Gz/M cell cycle phases
prior to and 22 h following treatment with 1.0 UM taxol.
Although accumulation in Gz/M occurred following drug treat
ment of all cell lines, the magnitude of G2/M accumulation was
greatest for K562 and Daudi cells that were less sensitive to the
taxol's induction of persistent microtubule bundles and to the
drug's cytotoxic effects. In contrast, LC8A and HL-60 cells,

which were more sensitive to bundle formation and cytotoxicity,
demonstrated less accumulation in Gz/M with a larger propor
tion remaining in interphase.

In order to evaluate the cell cycle compartments in which
microtubule bundles occurred in taxol-sensitive lines, taxol-
treated HL-60 cells (1.0 ^M for 22 h) were incubated with the
Hoescht 33342 bisbenzimidazole dye, separated into d and

icant aster formation was limited to cells in Gz/M, microtubule
bundling was observed in cells that were in both d and G2/M
phases of the cell cycle. Eighty-seven % (range, 85-90%) of
Ã©valuableHL-60 cells in GI contained bundles, while 8% (range,
5-11%) had normal microtubules, and only 4% (range, 4-5%)
contained multiple asters. A significantly higher proportion of
cells in G2/M contained asters (33%; range, 30-37%) as com
pared to GI cells (4%); however, bundling was also observed in
a high percentage of Gz/M cells (53%; range, 47-60%). Thus,
taxol-induced bundles occurred in both GI and Ga/M phases of
the most sensitive line, HL-60.

DISCUSSION

This paper demonstrates that the induction of persistent
microtubule bundles is strongly associated with taxol's cyto

toxic effects in leukemic cell lines. Taxol can also induce the
formation of multiple asters in Gi/M that are apparently re
versible and not associated with significant cytotoxicity.

The most surprising result of this study was the relationship
between microtubule bundling and cytotoxicity. Taxol-induced
microtubule bundles can occur throughout the cell cycle. Bun
dles can be induced by taxol in cell lines that are relatively
sensitive to taxol's cytotoxic effects (HL-60 and LC8A) and in

relatively resistant cell lines (K562 and Daudi). However, in the
more resistant lines, bundling of microtubules appears reversi
ble both in the presence and absence of taxol, and these resistant
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Fig. 4. Electron micrographs demonstrate longitudinal bundles of microtubules in LC8A lymphoblast treated with 1.0 (/\i taxol for 22 h (A) and microtubules (B)
arranged in an aster-like pattern in K562 myeloblast treated with 1.0 Â¿IMtaxol for 22 h. Microtubule bundles and asters are not associated with centrioles. Arrowheads,
individual microtubules.

Table 1 Percentage ofclonogenic survival ofleukemic cells as a function of taxol
exposure

TaxolexposureTime

Concentration
(h)G,M)2

0.1
1.0

10.0
4 0.1

1.0
10.0

22 0.1
1.0

10.0Clonogenic

survival of leukemic celllines"LC8A

HL-6088.1

Â±1.7 34.2 Â±7.0
43.6 Â±1.7 12.5 Â±1.5
20.8 Â±2.4 0.05 Â±0.1
64.9 1.9 34.8 + 2.0
49.6 2.0 9.7 Â±1.0

1.1 0.4 0.04 Â±0.08
6.5 1.0 3.4 Â±0.6
2.7 0.8 1.2 + 0.04
1.5 Â±0.5 0.05 Â±0.08Daudi

K56260.2

Â±2.7 68.9 Â±1.3
33.4 + 2.7 58.9 Â±1.7
35.4 Â±1.9 44.3 Â±0.7
51.4 + 2.3 66.7 1.4
40.7 Â±2.8 63.0 1.9
29.5 Â±1.7 51.0 0.9
51.2 Â±2.6 23.4 1.2
23.1 + 1.9 19.5 0.8
0.02 Â±0.03 16.9 Â±0.9

" Mean percentage Â±SEM of colony growth following taxol treatment as a

fraction of the colony growth of untreated cells. Plating efficiencies for untreated
cells included 0.1% (LC8A), 10.0% (HL-60), 5.0% (Daudi). and 10.0% (K562).

cells gradually accumulate over 22 h in G2/M with taxol-
induced asters. In contrast, bundles of microtubules in more
sensitive cell lines are apparently irreversible and persist in the
presence and absence of taxol.

It is not clear how stabilization or bundling of the interphase
microtubule complex by taxol, rather than mitotic arrest, results
in cytotoxicity. For other agents such as the Vinca alkaloids
that produce mitotic arrest (G2/M) (26-28), antimitotic activity
also does not adequately explain the magnitude and kinetics of
cytotoxicity for these alkaloids in sensitive tumor cells and solid
tumors which may have small numbers of proliferating cells or
negligible growth fractions. Rather, experimental and clinical
observations indicate that the cytotoxicity produced by the

Table 2 Cell cycle distributions following taxol exposure
Percentage of leukemic cells in specific cell cycle phases following treatment

with 1.0 fiM taxol for 22 h. Results of two experiments are shown here. Coeffi
cients of variation for the d peak at half peak height include 5.4% (HL-60).
3.5% (LC8A), 4.3% (Daudi), and 3.9% (K562).

CelllineTaxol-sensitivecell

linesLC8AHL-60Hour022022022022%G,5432675056217267%S231912161831137%

(G2 +M)2349213426491526A(G2 +M)Â°26132311

Taxol-resistant
cell lines

DaudiK562022022022022642270405717682622115523191615146725552064165953304443

" Increase in the percentages of cells in <â€¢â€¢

of taxol treatment.
M occurring between 0 and 22 h

VÃ¬ncaalkaloids can in part be attributed to their effects in
interphase (29, 30). For example, significant in vitro and in vivo
activity has been demonstrated for vincristine and vinblastine
in the d and 5-phases of the cell cycle (29-31). Time-lapse

4098

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2432475/cr0480144093.pdf by guest on 19 M

ay 2023



EFFECT OF TAXOL ON CULTURED LEUKEMIC CELLS

and electron microscopic studies have also shown that the Vinca
alkaloids induce early changes in the membranes of leukemic
blasts long before their stathmokinetic effects become manifest
(32). Recent evidence demonstrating that tubulin is an integral
protein in the cell membranes of leukemic blasts suggests that
leukemic cells may be particularly susceptible to the membrane
effects of antimicrotubule agents (33,34). Thus, it is conceivable
that antimicrotubule drugs such as taxol could bind to mem
brane tubulin and induce rapid cytolysis or growth inhibition
by changing the characteristics of the surface membranes. In
this case, microtubule bundling itself may not inhibit growth,
but may reflect additional effects of taxol (e.g., membrane
tubulin alterations) that produce cytotoxicity.

Alternatively, taxol may inhibit cell growth by disrupting the
microtubule cytoskeletal complex of interphase cells. The cy-
toskeleton appears to modulate the interactions of growth
factors with cell-surface receptors and proliferative transmem
brane signals generated by these interactions (9, 35-38). For
example, intact microtubules inhibit the mobility of mitogenic
receptors on lymphocytes and affect the ability of these mito-
gens to initiate DNA synthesis (39, 40). Drugs such as colchi-
cine that promote the disassembly of microtubules have been
shown to enhance the stimulation of DNA synthesis by epider
mal growth factor, insulin, and serum (9, 35-37, 40). On the
other hand, taxol inhibits the initiation of DNA synthesis in
fibroblasts stimulated by thrombin and epidermal growth factor
(9). Thus, if dynamic changes in polymerization of cytoplasmic
microtubules are required for the normal response to growth
factors, then it is conceivable that the abnormal stabilization of
the microtubule network by taxol-induced polymerization of
tubulin and microtubule bundling could result in growth inhi
bition, decreased clonogenic potential, and eventual cytotoxic
ity. Thus, it is not merely the formation but the persistence of
microtubule bundles that is associated with the cytotoxicity of
taxol in these leukemic cells. Reversibility of microtubule bun
dling has been demonstrated in at least one fibroblast-like cell
line (PtK2) (41), but the generality of this result and the precise
mechanisms involved have not been further studied.

In contrast to microtubule bundling, taxol-induced aster for
mation is reversible, primarily occurs in the G2/M phases of
the cell cycle, and is not associated with significant cytotoxicity.
These asters appear to be reversibly nucleated from centers
other than centrioles and kinetochores (41). It appears that
leukemic cells that are relatively insensitive to the formation of
stable microtubule bundles pass into mitosis after breakdown
of the interphase microtubule complex. By decreasing the crit
ical concentration of tubulin dimers necessary for polymeriza
tion, taxol may promote random nucleation of microtubules to
form multiple asters during mitosis (41-43). We have found no
ultrastructural evidence indicating that these nucleation sites in
leukemic cells were associated with centrioles. The formation
of normal bipolar or multiple asters limited to the mitotic stage
implies that specific factors may promote aster formation in
G2/M (44,45). A higher proportion of cells of these leukemic
cell lines that are relatively more resistant to taxol progress to
Gi/M where taxol potentiates this aster-inducing effect. As in
normal mitotic cells, taxol-induced asters are reversible. The
4-5% of Ã©valuablecells with asters in G, may be explained by
the relatively imprecise separation of viable cells into cell cycle
phases by Hoescht DNA staining as compared to more com
monly performed separations of nonviable cell nuclei according
to DNA content.

The relative taxol resistance described here is fundamentally
different from other forms of taxol resistance. Investigations

utilizing cell lines made resistant to taxol have demonstrated
two potential mechanisms to explain acquired taxol resistance
(46,47). First, taxol-resistant Chinese hamster ovary cells have
been shown to possess altered a- or fi-tiibiilin and require taxol
in their growth medium for normal growth (46). Both immu-
nofluorescence and electron micrographie studies suggest that
there is an absence of normal interpolar spindle microtubules
in the resistant cells deprived of taxol. It is believed that taxol
potentiates polymerization of tubulin to form functional inter-
polar microtubules in these cells so that mitosis can proceed
normally. Clearly, the relatively resistant Daudi and K562 cells
do not fit this phenotype. A second well-documented mecha
nism of acquired taxol resistance involves alterations in mem
brane permeability and drug retention (47, 48). These cells have
no major alterations in tubulin, but instead possess double
minute chromosomes and a high molecular weight phospho-
glycoprotein in the cell membrane that has been associated with
a decreased ability to accumulate and retain many structurally
unrelated antineoplastic agents (48). However, for the leukemic
cells studied in this report, there is no evidence to suggest that
differences in taxol sensitivity result from differences in taxol
accumulation or transport. In fact, the induction of bundles and
abnormal asters by low concentrations of taxol indicates that
these less sensitive leukemic cells are permeable to taxol.
Rather, differences in taxol sensitivity in these cells is related
to the reversibility of drug-induced microtubule bundles.

In summary, our results demonstrate that cytotoxicity of
taxol in leukemic cell lines is associated with the formation of
persistent microtubule bundles. These structural changes (mi
crotubule bundles) in interphase cells may be associated with
delayed transit in interphase, so that taxol may not be synergis-
tic with other interphase-active cells such as cytosine arabino-
side. In the future, it will be important to test whether the
cytotoxic and therapeutic effects of taxol in patients can be
predicted by the persistence of microtubule bundling, and
whether taxol is synergistic with 5-phase or G2/M agents.
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