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Drugs that targetmicrotubules are thought to inhibit cell divi-
sion and cell migration by suppressing dynamic instability, a
“search and capture” behavior that allows microtubules to
probe their environment. Here, we report that subtoxic drug
concentrations are sufficient to inhibit plus-end microtubule
dynamic instability and cell migration without affecting cell
division or microtubule assembly. The higher drug concentra-
tions needed to inhibit cell division act through a novel mecha-
nism that generates microtubule fragments by stimulating
microtubule minus-end detachment from their organizing cen-
ters. The frequency of microtubule detachment in untreated
cells increases at prophase suggesting that it is a regulated cel-
lular process important for spindle assembly and function. We
conclude that drugs produce differential dose-dependent
effects at microtubule plus and minus-ends to inhibit different
microtubule-mediated functions.

Microtubules are essential cytoskeletal structures that have
been implicated inmany important cellular processes including
vesicle transport, cell structure and motility, signaling, and cell
division. They appear as small hollow tubes whose walls are
composed of protofilaments assembled from the head-to-tail
addition of ��-tubulin heterodimers. This ordered assembly
generates polar microtubules that are arranged with their
minus-ends embedded in nucleating centers, called centro-
somes, located near the nuclearmembrane, andwith their plus-
ends extended out toward the cell periphery. Microtubules are
highly dynamic filaments that exhibit a behavior called
dynamic instability (1). Microtubules engaged in dynamic
instability experience stochastic episodes of growth and short-
ening of their plus-ends interspersed with variable periods of
pause during which there is no net change in length.
Because microtubules are essential for assembly and func-

tion of the mitotic spindle apparatus, drugs that bind tubulin
inhibit chromosome segregation and block cell division. These
toxic effects have led to the widespread use of these agents in
the treatment of cancer. For example, the microtubule inhibi-
tors (MIs)3 vinblastine and vincristine have been used since the

1960s and remain first line drugs for the treatment of lym-
phoma, leukemia, and testicular carcinoma.More recently, tax-
anes such as paclitaxel have been shown to be very effective
against breast and ovarian carcinoma, nonsmall cell lung carci-
noma, head and neck tumors, Kaposi’s sarcoma, and others.
Although all of these drugs are effective in blocking cell divi-
sion, they have differing effects on microtubule assembly. One
group of MIs that includes vinca alkaloids, colchicine, and col-
cemid disrupts assembly and causes a depletion of cellular
microtubules. A second group that includes taxanes and
epothilones promotes assembly and causes increased microtu-
bule density and bundling in treated cells. Despite these differ-
ences, both groups of drugs inhibit the normal progression of
cells through mitosis.
In addition to their well known effects on cell division, MIs

also interfere with cell migration (2, 3). Currently it is unclear
whether drug effects on cellmigration andmitosis aremediated
by a common mechanism. A number of studies have indicated
that virtually allMIs inhibitmitosis by suppressingmicrotubule
plus-end dynamics (4), and alteration of dynamics has been
used to explain drug inhibition of cell migration as well (5). On
the other hand, there is evidence that the drug concentrations
affecting migration can be lower than those that affect mitosis,
suggesting that different mechanisms may be involved (6). In
the studies described here, we examined the effects of MIs on
microtubule dynamic instability, microtubule assembly, cell
division, and cell migration. We report that low drug concen-
trations suppress both dynamic instability and cell migration,
but higher drug concentrations are needed to inhibit microtu-
bule assembly and cell division. The effects of the higher drug
concentrations are mediated by a novel mechanism affecting
the stability of microtubule minus-end attachment to centro-
somes and spindle poles.

EXPERIMENTAL PROCEDURES

Cell Lines, Antibodies, and Drugs—Chinese hamster ovary
(CHO), CHO mutants CV 2-8 (7), Tax 5-6 (8), MCF-7, and
COS-7 cells were all maintained in �-minimum Eagle’s
medium (Mediatech, Inc., Manasas, VA) supplemented with
5% fetal bovine serum (Gemini Bio-Products, West Sacra-
mento, CA). PTK2 cells were maintained in F10 medium
(Thermo Scientific, Logan, UT) containing 10% fetal bovine
serum. Ishikawa cells were maintained in DMEM (Invitrogen)
with 10% fetal bovine serum. Drugs and mouse monoclonal
antibody DM1A to �-tubulin were from Sigma, and goat anti-
mouse IgG conjugated toAlexa 488 orAlexa 647was purchased
from Invitrogen. Antibodies were used at a concentration of
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1:100 for immunofluorescence and 1:2000 for Western blots
unless otherwise stated.
Colony Formation Assay—Approximately 100 cells were

seeded into each of 9 replicate wells in a 24-well dish in the
presence of increasing concentrations of drug. Depending on
the cell line, cells were allowed to grow 7–12 days until colonies
visible to the naked eye were formed. The cells were then
stained with 0.05% aqueous methylene blue and photographed
as previously described (9). In some cases, quantification was
carried out by eluting the dye in 1% SDS and measuring the
optical density at 630 nm (10).
Transfection and Live Cell Microscopy—For live cell micros-

copy cells were seeded onto glass coverslips, grown overnight,
and transfected with EGFP-MAP4 (11) using Lipofectamine
(Invitrogen). After transfection, the cells were grown 16–48 h
and then transferred toMcCoy’s 5Amedium containing 25mM

HEPES (Mediatech). Images were captured 5 s apart using a
DeltaVisionCore imaging system (Applied Precision, Inc., Issa-
quah, WA) at 37 °C equipped with a CCD camera and imaging
software supplied by the vendor.
Immunofluorescence—Cells were seeded onto glass cover-

slips, grown to 50–70% confluence, rinsed in PBS, and fixed in
methanol at �20 °C for 20 min. To minimize background fluo-
rescence and enhance contrast, cells were sometimes pre-ex-
tracted before fixation by incubating them for 1min at 4 °Cwith
microtubule buffer (20 mM Tris-HCl (pH 6.8), 1 mM MgCl2, 2
mM EGTA, 0.5% Nonidet P-40) containing 4 �g/ml paclitaxel.
Fixed cells werewashed in PBS, incubatedwithDM1A for 1 h at
37 °C, washed again in PBS, and incubated with goat antimouse
IgG that included 1 �g/ml 4�, 6-diamidino-2-phenylindole
(DAPI). Cells were viewed using an Optiphot microscope
(Nikon, Inc., Melville, NY) equipped with a MagnaFire digital
camera (Optronics, Goleta, CA).
Cell Migration Assay—Cells were seeded uniformly into

6-well dishes and grown to 80% confluence. A scratchwasmade
through the center of eachwell using awooden toothpick, float-
ing cells were removed, and the cells were allowed to recover for
2 h. Fresh media containing increasing drug concentrations
were then added. The dish was incubated at 37 °C in a Pathway
bioimaging system (BD Biosciences) for 30 min before acquir-
ing images. Thewound in the cellmonolayerwas photographed
every 15min using a 10� objective. For the first image in a time
sequence, the distance between the edges at 10 separate loca-
tions was averaged. Similar averages were then calculated at
each subsequent time point using the same ten locations, and
the distance the cells migrated was calculated as the change in
the distance between edges of the wound divided by two. This
experiment was repeated four times, averaged for each time
point, and plotted against time to calculate the rate of
migration.
Measurement of Polymerized and Free Tubulin—Tomeasure

the fraction of tubulin assembled into microtubules, cells
grown 16 h with or without MIs were lysed in 200 �l of micro-
tubule buffer containing 0.14 M NaCl and 4 �g/ml paclitaxel to
keep the polymerized microtubules intact (12). The lysates
were centrifuged at 12,000 � g for 10 min at 4 °C. An equal
amount of bacterial cell lysate containing glutathione S-trans-
ferase-�-tubulin was added to each supernatant and pellet frac-

tion to monitor possible losses of material during subsequent
steps. Proteinswere precipitatedwith acetone, dissolved in SDS
sample buffer, and analyzed by Western blots as previously
described (10). Tubulin was detected and quantified on the
Western blots stained with DM1A antibody and Alexa 647-
conjugated goat antimouse IgG using a Storm 860 scanner
equipped with an infrared filter (GE Healthcare). The percent
of total tubulin polymerized into microtubules was calculated
by normalizing tubulin in the supernatant and pellet fractions
to the amount of glutathione S-transferase-�-tubulin, dividing
the normalized value from the pellet by the sum of the values
from supernatant and pellet and multiplying the quotient by
100. An average value � S.D. from six experiments was calcu-
lated at each drug concentration.
Calculation of Microtubule Dynamics—The lengths of indi-

vidual microtubules labeled by EGFP-MAP4 were measured
using ImageJ software and plotted as a function of time to gen-
erate microtubule life histories. The rates of growth and short-
eningwere calculated from the slopes of each curve using linear
regression. If the change of length in a microtubule between
two time points was greater than 0.5 �m, it was considered real
growth or shortening. Otherwise, it was considered to be a
pause. The frequency of catastrophe, a transition from either
growth or pause to a shortening phase, was calculated as the
number of catastrophes divided by the total time spent in
growth and pause states. The frequency of rescue, a transition
from shortening to either growth or pause states, was calculated
as the number of rescues divided by the total time spent in
shortening phases. Dynamicity, an overall parameter used to
characterize the degree ofmicrotubule dynamic instability, was
calculated by dividing the total of all the changes in length dur-
ing growth and shortening phases by the total time the micro-
tubule was observed. Only microtubules persisting for more
than 2minwere included in calculations of catastrophe, rescue,
and dynamicity. Each parameter is represented as the mean �
S.E. Student’s t test was utilized to compare drug-treated cell
lines to untreated controls. Differences with p� 0.05 were con-
sidered significant.

RESULTS

Effect of MIs on Microtubule Organization and Cell Division—
Weused a colony formation assay to determine the lowest drug
concentration needed to inhibit CHO cell proliferation and
found that reductions in colony size and numbers began to
appear at �25 nM colcemid or 15 nM vinblastine (supplemental
Fig. S1). To assess the effects on microtubules, cells were
treated with drugs for 2 days and viewed by tubulin immuno-
fluorescence (Fig. 1). As expected, drug concentrations below
those needed to inhibit colony formation had little or no effect
on microtubule density or organization. In addition, almost all
the cells were normal in size and had single,mostly symmetrical
nuclei that indicated they had undergone normal cell division
(Fig. 1, A, B, and E). Consistent with normal cell division, met-
aphase spindles with a normal appearance were present (Fig. 1,
upper insets). At 25 nM colcemid or 15 nM vinblastine, however,
the cell populations became heterogeneous. Although most
cells exhibited apparently normal cytoplasmic microtubule
arrays, many had multiple or oddly shaped nuclei indicating
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that they had experienced problems in chromosome segrega-
tion and cell division (Fig. 1, C and F). In addition, mitotic cells
in a prometaphase-like state with disorganized chromosomes
and spindle microtubules became abundant (see upper insets).
At still higher drug concentrations (Fig. 1, D and G), cytoplas-
mic microtubules were obviously disrupted, and the cells were
large and extensively multinucleated, indicating that they had
experienced severe problems in chromosome segregation and
re-entered G1 phase without dividing. Similar changes have
previously been described for this cell line when treated with
drugs or when harboringmutations that affect spindle function
(13–15).
Low Concentrations of MIs Suppress Microtubule Dynamics

but Not Mitosis—Previous studies have indicated that MIs
inhibit mitosis by suppressing microtubule dynamic instability
(4). To test this mechanism, we transfected CHO cells with
EGFP-MAP4 and used live cell imaging to directly measure
drug effects on microtubule plus-end dynamics. MAP4 is a
microtubule-associated protein that decorates microtubules
but has no effect on microtubule assembly or drug sensitivity
when overexpressed or inhibited (16, 17). Moreover, we
recently used photobleaching to show that MAP4 residence
time on microtubules is very short (half-life �5 s),4 a finding
that is inconsistent with a structural role forMAP4 inmicrotu-
bule stability. Bymeasuringmicrotubule length as a function of
time, we generated life-history plots that were used to calculate
various dynamic parameters including growth rates and dura-
tions, shortening rates and durations, transitions from growth
or pause to shortening (catastrophes), transitions from short-
ening to growth or pause (rescues), and the total distance of
growth plus shortening per unit time during the period of
observation (dynamicity). The parameters that we calculated
for vinblastine and colcemid at a series of drug concentrations

are summarized in supplemental
Tables S1 and S2. It should be noted
that the parameters for untreated
CHO cells were very similar to pub-
lished values from studies in which
microinjection of rhodamine-la-
beled tubulinwas used to create fluo-
rescent microtubules (18). Thus,
our methodology produced data
that agree well with the data pro-
duced by other approaches for
measuring microtubule dynamics
and has the advantage that the fluo-
rescent reporter is not incorporated
into the microtubule lattice. Also in
agreementwith previous studies (4),
the data summarized in supplemen-
tal Tables S1 and S2 demonstrate
that treatment with vinblastine or
colcemid decreased many of the
parameters associated with dy-
namic instability including growth
rates, shortening rates, and dynam-

icity. The frequency of catastrophe remained mostly un-
changed, the frequency of rescue increased by 35–50%, and the
time spent in a paused state increased almost 60%. Overall, the
microtubules in drug-treated cells exhibited smaller excursions
of growth and shortening and spent less time in either activity,
changes that are collectively best characterized by the parame-
ter called dynamicity.
These effects on dynamic instability were seen at low drug

concentrations thatwere insufficient to inhibit cell division (see
supplemental Tables S1 and S2). An example of life history
plots generated using the minimum drug concentrations that
maximally suppressedmicrotubule dynamics is shown in Fig. 2.
Untreated CHO microtubules exhibited significant periods of
growth and shortening (Fig. 2A), but the addition of 7 nM col-
cemid (Fig. 2B) or 2.5 nM vinblastine (Fig. 2C), concentrations
well below those needed to inhibit cell division, strongly sup-
pressed microtubule dynamic behavior. Thus, we agree with
the notion that MIs suppress microtubule dynamics, but we
found no evidence that the drugs inhibit cell division by this
action alone. We reached a similar conclusion from more lim-
ited data using PtK2 and MCF-7 cell lines.
LowDrugConcentrations Inhibit CellMigration—The ability

of low drug concentrations to suppress microtubule dynamics
without inhibiting cell division led us to questionwhether these
low concentrations would affect other microtubule-mediated
functions. Because previous studies indicated that MIs affect
cell migration (6), we tested the effects of colcemid and vinblas-
tine onCHOcellmovement in awound healing assay. For these
experiments, a scratch mark was introduced into a monolayer
of CHO cells, and the rate at which the wound closed was mea-
sured. An example of such an experiment is shown in supple-
mental Fig. S2, and measurements of the distance traveled by
each edge of the wound as a function of time are plotted in Fig.
3A. Untreated CHO cells closed the wound at a rate of �22
�m/h for an average cell velocity at each edge of the wound of4 H. Yang, A. Ganguly, and F. Cabral, unpublished data.

FIGURE 1. Tubulin immunofluorescence. CHO cells were treated for 2 days with the indicated concentrations
of colcemid or vinblastine and stained with DM1A for tubulin (green) and DAPI for DNA (red). Bar � 10 �m.
Upper insets show representative mitotic cells at each of the indicated drug concentrations. Lower insets show
1.5-fold enlargements of a part of the cell to more clearly indicate the presence of microtubule fragments
(arrowheads); bar � 5 �m.
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11 �m/h. Consistent with a role for microtubule dynamics in
cell migration, a gradual dose-dependent decrease in the aver-
age cell velocity to 1.8 (colcemid) and 2.4 �m/h (vinblastine)
occurred at concentrations that did not inhibit mitosis (Fig.
3A).
Because the rate of wound healing onlymeasures the average

speed at which cellsmove in the direction of thewound, we also
tracked individual cells to determine whether suppressing
microtubule dynamics affected the directionality of cell move-
ment. To accomplish this, the coordinates of individual nuclei
relative to a fixed imperfection in the dish were plotted at
15-min intervals. The results (Fig. 3B) indicated that untreated
control cellsmoved steadily and predominantly in the direction
of the wound. The addition of 4 �M vinblastine did not appear
to greatly alter the directionality of movement. Rather, it was
the persistence of movement that appeared to be most affected

by suppressed microtubule dynamics. In contrast to the
untreated control, the drug-treated cells spent many intervals
without any significant movement, and when they did move,
the distance traveledwas shorter. The velocity ofmovement for
the control cells irrespective of direction was calculated by
averaging the velocities for each 15 min interval and was found
to be 18.3 � 1.6 �m/h, a value that is 67% higher than the rate
calculated from wound closure that only measured velocity in
the direction of the wound. This value compares favorably with
previous published values for CHO cell movement (19). The
velocity of vinblastine-treated cells, calculated using only those
intervals in which the cells actually moved, was found to be
11.8 � 1.7 �m/h. This velocity is almost 5 times higher than
the rate calculated from wound healing and is only 35% lower
than the control, implying that the major factor limiting the
ability of the treated cells to move into the wound was their
inability to move continuously. Time lapse movies showed that
untreated control cells extended lamellipodia, stretched in the
direction of the wound, and then retracted their tails causing
them to move in a forward direction (supplemental Movie 1).
The drug-treated cells also extended lamellipodia andpolarized
in the direction of the wound, but their tails appeared to have
difficulty releasing from the dish and moving forward
(supplemental Movie 2).
High Drug Concentrations Produce Microtubule Fragments

and Inhibit Mitosis—To explain the ability of MIs to inhibit
mitosis, we turned our attention to the presence ofmicrotubule
fragments that we noted in cells treated with drug concentra-
tions that inhibited cell division. For example, Fig. 1 shows that
microtubule fragments were rare in untreated cells, but they
became evident in cells treated with the minimum drug con-
centrations able to inhibit normal cell division (Fig. 1, C and F).
Moreover, the proportion of fragmented microtubules
increased as the drug concentration increased (Fig. 1,D andG).
To further demonstrate the involvement of microtubule frag-
ments in drug action, we compared the vinblastine dose
responses for microtubule fragment generation in wild-type
and mutant CHO cell lines characterized by changes in micro-
tubule assembly that confer altered drug sensitivity (20). As
shown in Fig. 4A, there was a dose-dependent increase in the
percentage of wild-type cells with microtubule fragments at
drug concentrations that were significantly higher than those
needed to suppress microtubule dynamics. CV 2-8, an �-tubu-
lin mutant that is about 2-fold resistant to vinblastine in a col-
ony formation assay (7) required more drug to generate similar
microtubule fragments, whereas Tax 5-6, an �-tubulin mutant
that is about 2-fold more sensitive vinblastine (8), required less
drug. It, thus, appears that the ability of vinblastine to generate
microtubule fragments is closely linked to its ability to inhibit
cell division in both wild-type and mutant cell lines. To be cer-
tain that these drug effects are not restricted to CHO cells, we
treated COS-7, MCF-7, and Ishikawa cells for 1 h with vinblas-
tine at twice its IC50 concentration for each cell line and found
similar microtubule fragments (supplemental Fig. S3). Thus,
the drug effects on microtubule fragment formation are rapid
and are not cell line-specific. Similar effects were also seen
using other MIs such as nocodazole, colchicine, griseofulvin,
podophyllotoxin, and maytansine (data not shown). We con-

FIGURE 2. Microtubule life history plots. CHO cells were transfected with
EGFP-MAP4, grown overnight, and examined by time-lapse fluorescence
microscopy at 37 °C 30 min after the addition of colcemid or vinblastine.
Images were taken every 5 s, and the microtubule length, measured from an
arbitrary fixed point, was plotted against time. Each line represents a different
microtubule. The drug concentrations were chosen to maximally suppress
microtubule dynamics without affecting cell division.
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clude thatmost, if not all, drugs that inhibitmicrotubule assem-
bly producemicrotubule fragments inmultiplemammalian cell
lines.
To more clearly demonstrate the relationship between drug

effects on microtubule assembly and cell behavior, we plotted
cell division, cell migration, microtubule assembly, microtu-
bule fragmentation, and microtubule dynamicity as a function
of drug concentration (Fig. 4B). For cell migration, we plotted
the normalized rates of cell movement into a wound derived
from the slopes of the graphs shown in Fig. 3. For cell division,
we plotted cell proliferation after 7 days of growth, but we also
measured the percentage of cells that weremultinucleated after
2 days and the mitotic index after overnight treatment, each of
which gave very similar results (data not shown). Finally, we
also plotted drug effects on the extent of microtubule assembly
in the treated cells, measured as the percentage of total tubulin
that was recovered by centrifugation of the microtubule
cytoskeleton from a cell lysate. The results showed that drug
effects on microtubule mediated functions are concentration-
dependent. For both colcemid and vinblastine, low drug con-
centrations suppressed microtubule dynamicity and inhibited
cell migration with similar dose-response relationships (Fig.
4B). In contrast, drug effects on cell division and microtubule
assembly required significantly higher drug concentrations.
The inhibition of cell division paralleled an increase in the per-
centage of cells with fragmented microtubules, suggesting that
the two effects of drug action are linked. The decrease inmicro-
tubule assembly appeared to require a somewhat higher drug
concentration. This could be due to the fact that we scored cells
with relatively few (�10)microtubule fragments as positive but
that much higher levels of fragmented microtubules might be

needed to have a significant impact on microtubule polymer
levels. Alternatively, it might suggest that the drugs have an
additional microtubule destabilizing activity at even higher
drug concentrations. We concluded from these experiments
that MIs likely inhibit cell migration by suppressing microtu-
bule dynamics, but inhibition of cell division requires an addi-
tional action of the drugs that involves microtubule fragment
formation. Whether this latter mechanism also affects micro-
tubule assembly was less certain.
Fragments Are Formed by Microtubule Detachment from

Centrosomes—In an effort to determine howmicrotubule frag-
ments form, we examined EGFP-MAP4 transfected control
and drug-treated cells by live cell imaging. Initially, we sus-
pected that drug binding to tubulin might weaken interactions
between subunits and thereby increase the frequency of lateral
breaks in the microtubule wall; however, we found no evidence
for this mechanism. Lateral breaks in microtubules were very
rare in untreated cells (4 breaks in a total of 100 min of obser-
vation involving 20 cells) and were not seen to increase when
the cells were treated with vinblastine at concentrations near
the IC50 (3 lateral breaks under identical conditions). We also
considered the possibility that microtubules were being nucle-
ated in areas away from the centrosome, but we found no clear
examples of this.Moreover, thismechanismwould be expected
to increase rather than decrease polymer levels in contradiction
to the known action of these drugs.
In contrast to these other potential mechanisms for micro-

tubule fragment generation, we noticed a significant increase of
microtubule detachment from centrosomes at drug concentra-
tions that produced microtubule fragments. Examples of
microtubule detachment in untreated and vinblastine-treated

FIGURE 3. Effect of drugs on cell migration. A, CHO cells were treated with colcemid or vinblastine, and the distance they moved was measured using a wound
healing assay. Each line is labeled with the nM drug concentration used in the experiment. Each data point and error bar represents the mean � S.D. of at least
four independent experiments. B, control CHO cells or cells treated with 4 nM vinblastine were tracked while moving into a wound (situated toward the right).
Each line represents a single cell. The x and y coordinates of the cell nucleus were measured every 15 min relative to a fixed position on the dish and plotted onto
the graphs. Each small open circle represents a single 15-min time point. When movement did not occur after 15 min, the time points were assigned symbols
according to the legend to indicate the number of 15-min intervals that passed before cell migration resumed. Thus, filled circles represent 2 intervals or 30 min,
open triangles represent 3 intervals or 45 min, etc. Note that untreated cells exhibited few instances where they did not move in a 15-min time span, but
vinblastine-treated cells had many such instances.
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CHO cells are shown in Fig. 5. Detachment was infrequent in
the non-treated control cells (0.17 � 0.18/cell/min) but
increased�9-fold when the drug concentration reached a level
that inhibited cell division (1.52 � 0.45/cell/min). It appeared
that microtubule release from centrosomes was a random

event. Sometimes, detachment of long established microtu-
bules was seen (see the arrows in the upper panels of Fig. 5),
whereas other times newly nucleated microtubules were
affected (see the arrows in the lower panels of Fig. 5). After
detachment, microtubule fragments had varying lifetimes.
Some depolymerized and disappeared rapidly, whereas others
persisted with little or no changes in length for variable
amounts of time. Some fragments remained near their site of
detachment, whereas others translocated toward the cell
periphery by an unknown mechanism. Although the free
microtubule minus-ends generated by detachment were stable
for varying lengths of time, shortening from this end was ulti-
mately seen. It, therefore, appears likely that the released
minus-ends lead to shorter microtubule lifespans and thereby
contribute to the decrease in polymer induced byMIs. In agree-
ment with a previous report, the freeminus-endwas never seen
to elongate (21).
Spindle Microtubules Are More Dynamic and Detach More

Frequently—Most of our experiments on drug-induced
changes in microtubule behavior were carried out on inter-
phase cells because the morphology of those cells facilitates
measurements on individual microtubules. The ability of MIs
to inhibit cell division, however, is mediated by their effects on
microtubules during mitosis. To determine whether the
changes we detected in microtubule behavior during inter-
phase reflect similar changes that occur during mitosis, we
measured the effects of vinblastine in prophase cells that
remained relatively flat but could be clearly seen to have DNA
condensation and separation of their spindle poles. Consistent
with a previous study on mitotic microtubules (22), we found
that prophase microtubule dynamics differed from interphase
by having a 2-fold higher frequency of catastrophe and a 35%
decrease in the time spent in pause leading to an overall 50%
increase in dynamicity (Table 1). Compared with interphase
(Fig. 2), prophase microtubule dynamics were characterized by
more frequent growth and shortening events that were inter-
rupted by short pauses (supplemental Fig. S4). Other parame-
ters of dynamic instability including growth rates, shortening
rates, and rescues were comparable between interphase and
prophase. In addition to these commonlymeasured parameters
of dynamic instability, we also noted that a higher fraction of
the mitotic microtubules was dynamic. During interphase,

FIGURE 4. The appearance of microtubule fragments correlates with inhi-
bition of cell division in wild-type and mutant CHO cells. A, wild-type cells,
CV 2-8, a colcemid-resistant mutant that is also 2-fold resistant to vinblastine,
and Tax 5-6, a paclitaxel-resistant mutant that is 2-fold more sensitive to vin-
blastine, were incubated in varying concentrations of vinblastine for 2 days
and stained for tubulin immunofluorescence. The percentage of cells with
�10 microtubule fragments was plotted against drug concentration for each
cell line. B, cell proliferation (F) was measured using a clonogenic assay and
expressed relative to untreated cells set at 100%. The percent of cells with
�10 microtubule fragments (E) was counted after treating with colcemid or
vinblastine at the indicated concentrations for 2 days. The rate of cell migra-
tion relative to untreated control cells (�) was measured using a wound
healing assay that began 30 min after adding the drug. Microtubule dynam-
icity (�) was calculated relative to untreated cells using the values found in
supplemental Tables S1 and S2. The percent of total cellular tubulin found in
microtubules (Œ) was measured by lysing cells in a microtubule stabilizing
buffer, centrifuging to separate polymerized from non-polymerized tubulin,
and quantifying the tubulin in each fraction.

FIGURE 5. Microtubule detachment during interphase. CHO cells trans-
fected with EGFP-MAP4 were left untreated (upper panels) or were treated
30 min with 15 nM vinblastine, the IC50 concentration for inhibition of cell
division (lower panels). Fluorescence microscopic images, taken 5 s apart
at 37 °C, were deconvolved to improve contrast. Arrows point to microtu-
bule minus-ends before and after detachment. The numbers represent
the time (in seconds) the images were taken relative to an arbitrary zero
time point. Bar � 5 �m.
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�70% of the microtubules under observation appeared to have
significant episodes of growth and shortening, whereas the
remainder did not appreciably change during the period of
observation. In the case of prophase cells, however, almost all
the measurable astral microtubules appeared to be dynamic.
Microtubules in the central spindlewere too dense and bundled
to be able to perform thesemeasurements. The addition of 5 nM
vinblastine, a concentration belowwhat is needed to inhibit cell
division, maximally suppressed prophase microtubule dynam-
ics (Table 1 and supplemental Fig. S4). This observation con-
firms our earlier conclusion based on interphase microtubule
behavior that suppression of dynamics is not sufficient to
explain how MIs are able to inhibit mitosis.
Because vinblastine did not appear to inhibit cell division

solely by its suppression of dynamic instability during mitosis,
we measured microtubule detachment from spindle poles with
and without drug treatment (Fig. 6A). Quantification of these
events indicated thatmicrotubules detach from spindle poles in
prophase more frequently than they do from centrosomes dur-
ing interphase (Fig. 6B). The addition of a low vinblastine con-

centration sufficient to inhibit dynamic instability behavior did
not change the frequency of microtubule detachment, but a
higher drug concentration capable of inhibiting cell division
produced a significant increase in detachment in both inter-
phase and prophase cells. Thus, we conclude that drug-medi-
ated destabilization ofmicrotubule attachment to spindle poles
is involved in the inhibition of cell division.
To further determine whether similar drug concentrations

affect both interphase and mitotic microtubules equally, we
measured the formation of microtubule fragments in PtK2, a
cell line that remains relatively flat duringmitosis. As illustrated
in supplemental Fig. S5A, mitotic cells frequently exhibited
extensive microtubule fragmentation at vinblastine concentra-
tions that had minimal effects on nearby interphase cells. To
quantify this observation, we counted the percentage ofmitotic
versus the percentage of interphase cells that contained an ele-
vated number of microtubule fragments at a series of drug con-
centrations (supplemental Fig. S5B). The results showed that
mitotic microtubules were approximately two times more sen-
sitive to vinblastine-induced fragment formation compared
with interphasemicrotubules.Moreover, inhibition of cell divi-
sion appeared to be in better agreement with the generation of
microtubule fragments in mitotic rather than interphase cells.
With the exception of this 2-fold shift in the dose-response
curve, drug-induced changes in cytoplasmic microtubule
behavior appeared to faithfully mirror the changes that occur
during mitosis.

DISCUSSION

It is currently thought that MIs suppress microtubule
dynamic instability and thereby inhibit mitosis as well as
cell migration. However, some observations do not support this
model. For example,MIs have been reported to inhibit cellmigra-
tion at lower doses than those that are needed to inhibit mitosis
(5, 23–25). In clonogenic assays for cell division, mutations in
tubulin that confer resistance to vinca alkaloids make cells
more sensitive to taxanes (7). Conversely,mutations that confer
resistance to taxanes make cells more sensitive to vinca alka-
loids (26). In addition, some tubulin mutations not only confer
resistance to taxanes; they alsomake cell division dependent on
the presence of taxanes (8, 27). These drug-dependent cells
divide normally in the presence of taxanes, epothilones, and

other agents that stabilize microtu-
bules, but they are not rescued by
vinca alkaloids, colchicine, or other
agents that destabilize microtu-
bules. Simple suppression of micro-
tubule dynamics by all MIs cannot
explain these observations, suggest-
ing that MIs may act by at least two
separate mechanisms.
In the studies described here, we

report that low drug concentrations
were able to suppress microtubule
dynamics and inhibit cell migration,
but they had no visible effect on the
microtubule cytoskeleton or cell
division. Low MI concentrations

FIGURE 6. Microtubule detachment during mitosis. A, EGFP-MAP4-transfected CHO cells were left untreated
(upper panels) or were treated 30 min with 15 nM vinblastine (lower panels) and were then viewed by live cell
fluorescence microscopy. Prophase cells were located and photographed every 5 s. The images were decon-
volved to improve contrast. Arrows point to the minus-ends of microtubules that detached from the spindle
poles. Bar � 5 �m. B , the number of detachments seen in control- and drug-treated prophase and interphase
cells were counted from captured images and divided by the total time of observation. The mean � S.D. was
calculated from 11–20 cells during a total observation time of 50 – 80 min.

TABLE 1
Effect of vinblastine on microtubule dynamics in prophase CHO cells
Values shown represent the mean � S.E.

Interphase Prophase
0 0 5 35 nM

Growth
Rate (�m/min) 16.2 � 0.8 17.1 � 1.6 9.9 � 0.7a 12.3 � 1.0a
Distance (�m) 3.2 � 0.4 2.5 � 0.3 0.9 � 0.1a 1.3 � 0.1a
Duration (sec) 12.2 � 1.2 9.0 � 0.6 5.4 � 0.3a 6.4 � 0.3a

Shortening
Rate (�m/min) 28.2 � 2.3 24.6 � 2.0 13.5 � 1.5a 13.9 � 0.9a
Distance (�m) 5.2 � 0.6 3.3 � 0.4 1.4 � 0.1a 1.6 � 0.1a
Duration (sec) 11.2 � 1.1 8.7 � 0.9 6.3 � 0.3a 6.7 � 0.3a

% Time
Growth 31.1 � 2.2 36.0 � 2.4 12.2 � 1.8a 15.9 � 2.1a
Shortening 21.1 � 1.9 33.0 � 2.8 14.0 � 0.8a 16.3 � 1.7a
Pause 47.8 � 3.1 31.0 � 3.9 73.8 � 3.9a 67.7 � 3.3a

Frequency (min�1)
Catastropheb 1.5 � 0.1 3.4 � 0.3 1.6 � 0.1a 1.8 � 0.2a
Rescuec 6.3 � 0.5 6.0 � 0.5 9.3 � 0.9a 9.4 � 0.5a

Dynamicityd (�m/min) 9.0 � 0.9 13.8 � 1.4 3.1 � 0.4a 4.2 � 0.6a
Number of microtubules 30 12 8 15

a p � 0.05 compared to 0 concentration in prophase cells.
b The transition from growth or pause to shortening.
c The transition from shortening to growth or pause.
d The total change of length per unit time of individualmicrotubules during their life
histories.
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have previously been reported to inhibit the migration of vas-
cular endothelial cells, but this action was linked to an increase
in microtubule dynamics as opposed to the suppression of
dynamics that we observed in CHO cells (5, 28). This discrep-
ancy likely results from differences in the two cell lines because
similar low drug concentrations did not increase dynamics in
A549 tumor cells (28). Themechanism bywhichmodulation of
microtubule dynamics inhibits cell migration is unknown. We
observed that the main effect of vinblastine on the migration of
CHO cells was to increase the amount of time in which the cells
displayed no net movement. These cells extended lamellipodia
toward a wound but appeared to have difficulty retracting their
tails. This behavior could potentially be explained by a failure of
the trailing end of the cell to detach from the dish, a possibility
that is consistent with reports thatmicrotubules are involved in
the turnover of adhesion plaques (for review, see Ref. 3). Alter-
natively, suppressed dynamics could inhibit the ability of the
microtubules to remodel themselves in the trailing end
thereby resisting the forces that contract the tail (29). This
latter mechanism is consistent with the demonstration that
microtubule densification inhibits muscle contraction (30)
and with reports that themore stable microtubules are found
at the leading edge of migrating cells, whereas the more
dynamic microtubules are at the trailing edge4 (31).

The higher drug concentrations needed to inhibit mitosis
produced an increase of microtubule fragments. The produc-
tion of these fragments is likely to be an important aspect of
drug action because their numbers increased at the same drug
concentrations that inhibited wild-type cell division and
because the concentrations of drug needed for their production
were shifted in mutant cell lines whose ability to divide was
resistant or more sensitive to the drugs. The ability of MIs to
produce microtubule fragments is not CHO- or drug-specific
because fragments were seen in a variety of cell lines usingmul-
tiple microtubule inhibitory drugs. Fragments were seen to
arise from a drug-induced increase in microtubule detachment
from the centrosomal area of the cell. Detachment or release of
microtubules from centrosomes is a natural cellular process
that was previously reported in PtK1 and L929 cells (21, 32).
Noncentrosomal microtubules have also been observed in
nerve (33), muscle (34), and epithelial cells (35), but the mech-
anism by which they form has not been defined and could well
differ from the process that we observe. In interphase CHO
cells, microtubule detachment is a rare event with a frequency
(0.17/cell/min) that is intermediate compared with newt lung
cells (0.02/cell/min) and PtK1 cells (1.5/cell/min) (21, 36). The
reason for the variable frequencies is not clear, but they could
reflect differences among cell lines or differences in the meth-
ods used to measure detachments. Our experiments indicate
for the first time that the detachment rate increases dramati-
cally when cells are treatedwith vinblastine concentrations suf-
ficient to inhibit mitosis. Other recent studies indicate that
tubulin mutations that create paclitaxel-dependent cells also
dramatically increase the rate of microtubule detachment and
that paclitaxel is able to inhibit this process at the same concen-
trations that rescue mutant cell division.4 Thus, in contrast to
suppression of microtubule dynamics that occurs when cells
are treated with low concentrations of all microtubule targeted

drugs, microtubule detachment is only affected by higher drug
concentrations that may cause an increase or decrease in
detachment depending on whether the drug inhibits or pro-
motes microtubule assembly. The action of these drugs on
microtubule detachment has not previously been described and
needs to be taken into account when interpreting drug effects
on living cells.
The mechanism by which microtubules detach from centro-

somes is not known. At the present level of resolution, it cannot
be determined whether the process involves disruption of the
nucleating complex at the centrosome or lateral breaks in the
centrosomal area. Centrosome fragmentation has been associ-
ated with a high rate of microtubule release from spindle poles
during anaphase in LLPCK1 cells (37), but this process is likely
to be restricted to the latter stages of mitosis. We have not
detected centrosome fragmentation during interphase or
during prophase in either control or drug-treated CHO cells.
Preliminary experiments to detect components of the cen-
trosome such as �-tubulin and pericentrin on newly
detached microtubules have also been unsuccessful. This
together with the observation that nucleation rates are sim-
ilar in control and drug-treated cells4 leads us to conclude
that the nucleation machinery remains largely intact in the
presence of MIs. We, therefore, favor a mechanism in which
microtubules are severed or destabilized by one or more pro-
teins that localize predominantly to the centrosome. In such
a mechanism, structural defects in the microtubule wall
induced by drug binding could potentially make the micro-
tubules more susceptible to these severing or destabilizing
proteins. Although we cannot rule out the possibility that
these structural defects could also make the microtubules
more susceptible to mechanical breakage, the fact that we do
not see appreciable breakage away from the centrosomal
area makes this possibility less likely.
The low rate of microtubule detachment during interphase

coupled with its activation in prophase suggests that it is pri-
marily important during mitosis. This view is consistent with
the fact that the drugs that affect this process block cell division.
Onepossible role formicrotubule detachment is that it could be
required for the rapid remodeling of cytoplasmic microtubules
into spindle microtubules during prophase. A second possibil-
ity is that detachmentmay contribute to the overall turnover of
microtubules, which is known to increase duringmitosis (38). A
similar role for microtubule release in the turnover of cytoplas-
mic microtubules during interphase was previously proposed
(21). A third more intriguing possibility, however, is suggested
by electron microscopic studies that tracked microtubules
through successive serial sections of mitotic spindles and con-
cluded that asmany as 50% of themicrotubules were fragments
with no attachment to the spindle poles (39) and by live cell
studies showing that microtubule fragments become incorpo-
rated into the mitotic spindle (40). More recently it was
reported that meiotic spindles also contain a large number of
microtubule fragments and that these fragments may be neces-
sary for increasing the density of microtubules in the central
spindle (41, 42). This has led to a model in which spindles are
composed of an overlapping “tiled array” of microtubule frag-
ments held together bymicrotubulemotor proteins (43). Based
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on these observations, we speculate that normal spindle func-
tion may depend on having a correct balance between attached
and non-attached microtubules. MIs such as vinblastine and
colcemid may be toxic because they shift the balance by greatly
increasing the ratio between non-attached fragments and the
longer, centrosome-anchored microtubules. Paclitaxel and
epothilones may be toxic because they shift the balance toward
too few non-attached fragments.
In summary,we have shown thatMIs produce distinct effects

at different concentrations. At low, subtoxic drug concentra-
tions, they suppress plus-end microtubule behavior as well as
most of the parameters associated with dynamic instability. As
a consequence of this suppression, microtubules become more
static and less able to remodel in response to demands imposed
by changes in cell shape as occur, for example, during cell
migration. At higher concentrations,MIs producemicrotubule
fragments by destabilizing microtubule minus-end attachment
to centrosomes and spindle poles. Concomitant with the
appearance of these fragments, mitosis is inhibited, but in
agreement with previous reports, cytoplasmic microtubule
polymer levels are not significantly affected (4). Major
decreases in polymer levels occur only after MI concentra-
tions reach even higher levels, suggesting that further bind-
ing of the drugs may be necessary to lower the steady state
concentration of the microtubule polymer and arguing that
it is the microtubule detachment from spindle poles rather
than a change in polymer content that accounts for inhibi-
tion of mitosis. To rule out the possibility that mitotic micro-
tubules are more sensitive to drug-induced depolymer-
ization, we directly measured microtubule polymer in
synchronized mitotic cells treated with colcemid or vinblas-
tine and found no significant differences compared with
unsynchronized cell populations (data not shown). Thus,
our studies implicate microtubule detachment in the ability
of drugs to perturb normal mitotic progression.
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