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Background:Mutations causing paclitaxel resistance stimulate microtubule detachment from centrosomes.
Results: Depletion of mitotic centromere-associated kinesin (MCAK) reverses microtubule detachment and paclitaxel
resistance.
Conclusion:MCAK plays a pivotal role in the mechanism of microtubule detachment and drug resistance.
Significance: The ability of MCAK to reverse paclitaxel resistance identifies modulators of microtubule detachment as impor-
tant new drug targets.

Paclitaxel has powerful anticancer activity, but some tumors
are inherently resistant to the drug, whereas others are initially
sensitive but acquire resistance during treatment. To deal with
this problem, it will be necessary to understand themechanisms
of drug action and resistance. Recent studies indicate that pacli-
taxel blocks cell division by inhibiting the detachment ofmicro-
tubules from centrosomes. Here, we demonstrate that mitotic
centromere-associated kinesin (MCAK), a kinesin-related pro-
tein that destabilizes microtubules, plays an important role in
microtubule detachment. Depletion of MCAK altered mitotic
spindle morphology, increased the frequency of lagging chro-
mosomes, and inhibited theproliferationofWTCHOcells, con-
firming that it is an essential protein for cell division. In con-
trast, MCAK depletion rescued the proliferation of mutant
paclitaxel-dependent cell lines that are unable to divide because
of defective spindle function resulting from altered�-tubulin or
class III �-tubulin overexpression. In concert with the correc-
tion of mitotic defects, loss of MCAK reversed an aberrantly
high frequency of microtubule detachment in the mutant cells
and increased their sensitivity to paclitaxel. The results indicate
that MCAK affects cell sensitivity to mitotic inhibitors by mod-
ulating the frequency of microtubule detachment, and they
demonstrate that changes in a microtubule-interacting protein
can reverse the effects of mutant tubulin expression.

Paclitaxel is a powerful agent for treating breast, ovarian,
head and neck, lung, and other forms of cancer. At the doses
typically given to patients, the drug interferes withmicrotubule
assembly, thereby prolonging the mitotic checkpoint and caus-
ing tumor cells to die by apoptosis (1). Despite its effectiveness,
resistance to paclitaxel therapy often develops and leaves
patients with a poor prognosis.
In an effort to understand themolecular basis for drug resist-

ance, a number of laboratories have isolated resistant mamma-

lian cells in culture (2, 3). Early studies demonstrated that alter-
ations in �- and �-tubulin could confer resistance and that the
altered tubulin acted to modulate microtubule assembly in a
manner that counteracted the presence of the selecting drug
(4–6). Thesemutants shared a common set of properties. Cells
selected for resistance to amicrotubule-destabilizing drug such
as vinblastine were cross-resistant to many other destabilizing
drugs but weremore sensitive to stabilizing drugs such as pacli-
taxel. The converse was also found to be true, i.e. paclitaxel-
resistant cells were cross-resistant to epothilone A and
docetaxel but weremore sensitive to colcemid, vinblastine, and
othermicrotubule-destabilizing drugs. Changes inmicrotubule
polymer levels also followed a predictable pattern: paclitaxel-
resistant cells had less polymer than normal, and colcemid- and
vinblastine-resistant cells had more polymer (7).
A similar set of properties were found in paclitaxel-resistant

cells created by overexpression of specific �-tubulin genes. The
mammalian�-tubulin gene family contains at least sevenmem-
bers that differ principally in their C-terminal 15 amino acids,
but they have additional sporadic differences throughout their
sequences (8). The distinctive C-terminal tails have allowed
seven isotypes of �-tubulin to be described (�1, �2, �3, �4a,
�4b, �5, and �6) (9). Some of these isotypes are ubiquitously
expressed, whereas others (e.g.�3,�4a, and�6) are restricted to
specific tissues (10, 11). In addition, most cultured cell lines
express a small subset of these isotypes; for example, CHO cell
microtubules are composed of 70% �1, 25% �4b, and 5% �5
(12). Transfection of CHO cells with cDNAs encoding each of
the different isotypes of �-tubulin has shown that altered
expression of some (but not all) isotypes is capable of conferring
resistance to paclitaxel. Overexpression of the �1, �4b, and �2
isotypes had no effect onmicrotubule assembly or cell sensitiv-
ity to paclitaxel (13); but overexpression of �3, a brain-specific
isotype, reduced microtubule assembly and conferred resist-
ance to the drug (14). The similar phenotypes observed in cells
with overexpression of �3 and in cells with mutations in their
endogenous tubulin suggest that �3 acts like a mutant form of
tubulin to produce drug resistance.
The close association between reduced microtubule levels

and paclitaxel resistance led us to propose that any treatment
able to inhibit microtubule assembly should cause a resistance
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phenotype.Mitotic centromere-associated kinesin (MCAK),2 a
microtubulemotor protein that is also known asKif2c, has been
shown to catalyze microtubule disassembly and therefore pro-
vides a good test of that hypothesis (15). Recently, we reported
that overexpression of MCAK in wild-type CHO cells reduces
microtubule content and confers resistance to paclitaxel (16).
We nowdemonstrate that depletion ofMCAK is able to reverse
paclitaxel resistance caused bymutant tubulin or by�3-tubulin
overexpression, and we further show that the reversal of drug
resistance is associated with a reduced frequency of microtu-
bule detachment from centrosomes.

EXPERIMENTAL PROCEDURES

Cell Lines, Antibodies, and Drugs—CHO cells were main-
tained in �-minimum essential medium (Mediatech, Inc.,
Manassas, VA) supplemented with 5% fetal bovine serum
(Gemini Bio-Products). Drugs and mouse anti-�-tubulin
monoclonal antibody DM1A were from Sigma-Aldrich, rabbit
anti-MCAK polyclonal antibody was from Cytoskeleton, Inc.,
and Alexa-conjugated goat secondary antibodies were from
Invitrogen.
Construction of Plasmid Expressing shRNAs Specific for

MCAK—To silence the expression of CHO MCAK, we used
plasmid pBS/U6 (42) to express shRNA. Nucleotides 657–676
from CHO MCAK (GenBankTM accession number U11790)
were introduced into pBS/U6 using oligonucleotides 5�-AAT
TCA AAA AGG GCC CAG AAC TCG GAA ATA ACA AGC
TTG ATT ATT TCC GAG TTC TGG GCC-3� and 5�-GGC
CCA GAA CTC GGA AAT AAT CAA GCT TGT TAT TTC
CGA GTT CTG GGC CCT TTT TG-3�. To allow selection of
CHO cells containing shRNA, a pTOP-hygro plasmid (43) was
modified by replacing its CMV with the U6 promoter to create
plasmid pHygro/U6 for use as an empty vector control or with
theU6promoter plus theMCAK shRNA-encoding sequence to
create plasmid pHygro/U6-MCAK.
RT-PCR—Expression of endogenous MCAK was assessed

using the following primers to selectively amplify the C-termi-
nal region of the cDNA: forward primerMCAK1733F, 5�-GGC
ATA AGC TCC TGT G-3�; and reverse primer MCAK2120R,
5�-GCAGGGCTGAGAAGTGC-3�. As a control, a portion of
CHO �1-tubulin was also amplified using forward primer
5�-AAT GCC ACC CTG TCT GTC C-3� and reverse primer
5�-GGG AAC TAA GTA GCC TG-3�.
Transfection and Live Cell Microscopy—Cells were trans-

fected in 35-mm dishes using Lipofectamine (Invitrogen). For
live cell imaging, cells were transfected with GFP-MAP4 (44)
and grown for 16–48 h. The medium was then replaced with
McCoy’s 5A medium containing 25 mM HEPES (Mediatech,
Inc.) and images were captured every 5 s at 37 °C using a Del-
taVision Core microscope (Applied Precision, Inc.). Microtu-
bule detachment wasmeasured using cells in which the centro-
some was clearly positioned under the nucleus to provide
maximum contrast. Detachments were counted in 10–20 indi-
vidual cells, each observed for 4 min.
Immunofluorescence—Cells were seeded onto glass cover-

slips, grown to 50–70% confluence, and rinsed in PBS. Tomin-

imize background fluorescence, the cells were pre-extracted
before fixationwithmethanol at�20 °C by incubating them for
1 min at 4 °C with microtubule buffer (20 mM Tris-HCl (pH
6.8), 1 mM MgCl2, 2 mM EGTA, and 0.5% Nonidet P-40) con-
taining 4 �g/ml paclitaxel. Fixed cells were washed in PBS,
incubated with 1:100 dilutions of DM1A and anti-MCAK anti-
bodies for 2 h at 37 °C, washed again in PBS, and incubatedwith
1:100 dilutions of Alexa 594-conjugated goat anti-mouse IgG
and Alexa 488-conjugated goat anti-rabbit IgG that included 1
�g/ml DAPI. Cells were viewed using an Optiphot microscope
(Nikon Corp.) equipped with a MagnaFire digital camera
(Optronics).
Electrophoresis and Western Blotting—Cellular proteins sol-

ubilized in 1% SDSwere precipitated with 5 volumes of acetone
and resuspended in sample buffer containing 0.0625 M Tris-
HCl (pH 6.8), 2.5% SDS, 5% 2-mercaptoethanol, and 10% glyc-
erol. The proteins were then separated on 7.5% polyacrylamide
minigels and transferred to nitrocellulose membranes. Mem-
branes were blocked with 2% milk in PBS containing 0.05%
Tween 20 and incubated in a 1:1000 dilution of anti-MCAK
antibody and a 1:30,000 dilution of anti-actin monoclonal anti-
body C4 (Chemicon) for 1 h, followed by 1:2000 dilutions of
Alexa 647-conjugated goat anti-rabbit and anti-mouse IgGs
(Invitrogen). Bands were detected by fluorescence emission
using a Storm imager (Molecular Dynamics, Inc.).
Statistics—Data are expressed as the mean � S.D. Statistical

significance of differences between groups was determined
using Student’s t test.

RESULTS

Depletion ofMCAKCausesMitoticDefects inWild-typeCHO
Cells—To deplete CHO cell MCAK, we designed a 21-nucleo-
tide sequence that would produce a shRNA and cloned the
sequence into the pHygro/U6 vector. Cells transiently trans-
fected with this vector were depleted of MCAK mRNA as
detected by semiquantitative RT-PCR (Fig. 1A).MCAKprotein
was also depleted (Fig. 1B) and resulted in a loss of the centro-
mere and spindle pole immunostaining (Fig. 1C, long arrows)
that is normally seen in untransfected mitotic cells (Fig. 1C,
arrowheads) (17). An interphase cell lacking MCAK staining
was also present (Fig. 1C, short arrows), but it is unclearwhether
it represents a transfected cell depleted of MCAK or a cell in
early G1 phase, which would also be expected to have little, if
any, MCAK staining because the protein is degraded at the
metaphase-to-anaphase transition (18).
MCAK depletion did not cause major disruptions in CHO

spindle morphology, but it did result in more abundant and
pronounced astral fibers that were 1.5–2-fold longer than the
controls (Fig. 2A), a condition previously called “hairy spindles”
(19). In addition, a large increase in the frequency of lagging
chromosomes (Fig. 2B, arrow) was seen in cells depleted of
MCAK. Quantification of these changes is summarized in Fig.
2C. The lagging chromosomes caused a time-dependent
increase in cells with abnormal nuclear morphologies, ranging
from 3% in untransfected cells to 10% at 12 h and 50% at 2 days
following transfection with shRNA. The extent of multinucle-
ation underestimates the effects of MCAK depletion because
the transfection efficiency was only 70%, but the results none-2 The abbreviation used is: MCAK, mitotic centromere-associated kinesin.
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theless confirm studies in other cell lines indicating thatMCAK
is essential for faithful chromosome segregation during mitosis
(20).
Proliferation of Paclitaxel-dependent Mutants Is Rescued by

Depleting MCAK—Cells selected for resistance to paclitaxel
frequently have mutations in tubulin that reduce microtubule
assembly (5, 6). Inmore extreme cases, thesemutations perturb
microtubule assembly to such an extent that the cells are unable
to divide unless a microtubule-stabilizing agent such as pacli-
taxel is present in the growth medium, thus producing a pacli-
taxel-dependent phenotype (21, 22). We reported recently that
paclitaxel-dependent cells have a greatly elevated frequency of
microtubules detaching from centrosomes and spindle poles
and that paclitaxel suppresses the detachment frequency at the
same drug concentrations that rescue cell division (23).We also
reported recently that overexpression of MCAK increases the
frequency of microtubule detachment in WT cells and makes
the cells resistant to paclitaxel (16). On the basis of those obser-
vations, we predicted that cell division in paclitaxel-dependent
cells might be rescued by depleting MCAK.
To test that hypothesis, we examined two paclitaxel-depen-

dent CHO cell lines. Tax 11-6 is a cell line with an E77K substi-
tution in �-tubulin that was shown previously to have reduced
microtubule polymer and an elevated frequency ofmicrotubule
detachment (23).HA�3-3 is a cell line thatwas created by trans-
fecting wild-type CHO cells with a plasmid encoding
HA-tagged�3-tubulin, an isotypewhose expression is normally
restricted to brain (10, 11). The transfected cells were found to
have reduced microtubule polymer and to be paclitaxel-resist-
ant and paclitaxel-dependent (14). To determine whether
MCAK depletion would rescue cell division in these two cell
lines, wild-type, Tax 11-6, and HA�3-3 cells were transfected
with a control vector or with a vector that would produce
shRNA to deplete MCAK. The transfected cells were then
plated at low density tomonitor colony formation. As shown in

Fig. 3, wild-type cells transfected with the control vector
formed numerous colonies, but the shRNA-transfected cells
formed significantly fewer colonies that grew poorly, as would
be expected for the loss of a protein that is essential for normal
cell proliferation. In contrast, the paclitaxel-dependent cell
lines transfected with the control vector had difficulty forming
colonieswhenpaclitaxelwas omitted from the growthmedium,
but the shRNA-transfected cells produced robust colonies, sug-
gesting that MCAK depletion had reversed the paclitaxel-de-
pendent phenotype. The results further indicated that tubulin
mutations or expression of �3-tubulin can compensate for the
loss ofMCAK and allow the cells to survive the loss of an essen-
tial microtubule-interacting protein. To confirm that MCAK
had been depleted, endogenous MCAK levels were compared

FIGURE 1. Effects of shRNA on MCAK production. Cells were transiently
transfected with pHygro/U6-MCAK to produce MCAK shRNA or with empty
vector pHygro/U6. A, RT-PCR was carried out using primers specific for �1-tu-
bulin or MCAK. B, Western blot analysis of transfected WT CHO cells using an
antibody specific for MCAK. An antibody was also included to monitor actin as
a loading control. C, immunofluorescence of cells transiently transfected with
pHygro/U6-MCAK. Cells were stained with anti-MCAK antibody and with
DAPI to label the DNA. The long arrows indicate a transfected prophase cell
depleted of MCAK. The arrowheads show an untransfected prophase cell in
the same field with prominent MCAK staining. The third nucleus (short arrows)
is from an interphase cell. Scale bar � 10 �m.

FIGURE 2. MCAK depletion increases astral microtubule density and
increases the frequency of lagging chromosomes. Wild-type CHO cells
were transfected with the empty vector (Control) or with the same vector
engineered to express shRNA for MCAK. A, after 24 h, the cells were stained
with an antibody to �-tubulin. Metaphase spindles are shown. Cells trans-
fected with shRNA produced mitotic spindles that had a greater abundance
of astral fibers that were, on average, 1.5–2-fold longer than their normal
counterparts. The insets show 2-fold enlargements of the area around one
spindle pole. B, cellular DNA stained with DAPI. Chromosomes that appeared
to lack a connection to the spindle poles, did not segregate with the others
during anaphase, or remained apart from the others during telophase (arrow)
were scored as lagging chromosomes. Scale bar � 10 �m. C, the percentage
of transfected mitotic cells having hairy spindles and lagging chromosomes
was determined in three independent experiments and plotted. **, p � 0.005.
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in the paclitaxel-dependent cell lines before transfection and
after survival in paclitaxel-free medium following transfection
withMCAK shRNA (Fig. 3B). A partial reduction ofMCAKwas
seen in HA�3-3 cells, and a more complete reduction was seen
in Tax 11-6 cells. This result is consistent with the observation
that the paclitaxel-dependent phenotype is less severe in
HA�3-3 cells, but to rule out the possibility that some of the
HA�3-3 cells survived without paclitaxel because they lost
expression of HA-�3-tubulin, we also probed the cell lysates
with an antibody specific for theHA tag (Fig. 3C). In contrast to
the reduction observed for MCAK, there was no loss of the
HA-�3-tubulin. We thus conclude that both mutant cell lines
were rescued from their paclitaxel dependence by the decrease
or loss of MCAK.
Loss of Paclitaxel Dependence Is Associated with Reduced

Microtubule Detachment—Previous studies showed that Tax
11-6 cells have an elevated frequency at which microtubules
detach from centrosomes and spindle poles and that similar
concentrations of paclitaxel are able to suppress detachment
and rescue cell division (23). To determine whether paclitaxel
dependence in HA�3-3 cells is also associated with elevated
microtubule detachment, live cell imaging studies were carried
out. As shown in Fig. 4A, frequent examples of microtubules
detaching from centrosomes were seen in these cells. To deter-
mine whether MCAK depletion reduced detachment in addi-
tion to reversing the paclitaxel-dependent phenotype, the
detachment frequencies of control and shRNA-transfected
cells were compared. The results indicated that both mutant
cell lines transfected with the control vector had an elevated
frequency of microtubule detachment compared with wild-
type cells, but those frequencies returned to near-normal levels
in cells that were able to proliferate in paclitaxel-free medium
following MCAK depletion (Fig. 4B). Thus, paclitaxel depend-
ence conferred by a tubulinmutation or by expression of�3-tu-
bulin was similarly associated with an increased frequency of
microtubule detachment, and a treatment that reduced the fre-

quency of detachment by depleting MCAK allowed both cell
lines to divide without paclitaxel. The results strongly indicate
that an elevated frequency of microtubule detachment forms
the basis for the paclitaxel-dependent phenotype and that
MCAK is likely to be at least one of the proteins involved in the
mechanism of detachment.
MutantCellsDepleted ofMCAKHave Increased Sensitivity to

Paclitaxel—Paclitaxel-dependent cells are extreme examples of
paclitaxel-resistant cells, i.e. their tubulin alterations decrease
microtubule assembly to a greater extent, and the cells have less
sensitivity to paclitaxel compared with cells that are resistant
to, but not dependent on, the drug (7). The loss of drug depend-
ence would therefore suggest that the cells should have gained
increased sensitivity to paclitaxel. To test this prediction, we
made use of the observation that defective spindle function in
CHO cells causes missegregation of chromosomes and inhibits
cytokinesis but the cells slip past the mitotic checkpoint and

FIGURE 3. Effect of MCAK depletion on the proliferation of paclitaxel-de-
pendent cells. A, WT CHO cells and paclitaxel-dependent cell lines Tax 11-6
and HA�3-3 were transfected with pHygro/U6 (Vector) or pHygro/U6-MCAK
(shRNA) and plated for colony formation in hygromycin but without pacli-
taxel. B, extracts from untransfected HA�3-3 and Tax 11-6 cells (lanes 1 and 3)
and from the same cells that survived in the absence of paclitaxel following
transfection with pHygro/U6-MCAK (lanes 2 and 4) were examined by West-
ern blotting with antibodies to MCAK. An antibody to actin was included as a
loading control. C, HA�3-3 cells before transfection (�) and after survival
following MCAK depletion (�) were also examined by Western blotting with
antibodies to MCAK and the HA tag to ensure that loss of HA�3-tubulin was
not the reason they lost paclitaxel dependence.

FIGURE 4. Microtubule detachment from centrosomes. A, HA�3-3 cells
were transfected with GFP-MAP4, and live cell images of fluorescent micro-
tubules were recorded every 5 s. The asterisks indicate the position of the
centrosome. The arrowheads mark the position of the minus-end of a micro-
tubule that was seen detaching from the centrosome. Scale bar � 10 �m. B,
quantification of the frequency of microtubule detachment per cell per min in
WT cells and in paclitaxel-dependent cells (Tax 11-6 and HA�3-3) transfected
with the empty vector (open bars) or with a vector producing shRNA to MCAK
and then selected in hygromycin to enrich for cells harboring plasmid DNA
(filled bars). ***, p � 0.0001. There was no statistically significant difference in
detachment rates between WT and mutant cell lines following depletion of
MCAK (filled bars).
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reenter G1-phase as large multinucleated cells (24–26). Using
the appearance of multinucleated cells as a readout for prob-
lems encountered during mitosis, we monitored the effects of
MCAK depletion on the sensitivity of the mutant cell lines to
paclitaxel. Approximately 3% of the wild-type CHO cells were
found to be multinucleated during normal growth, but the per-
centage increased dramatically when paclitaxel reached a con-
centration that interferes with cell division (Fig. 5, filled circles).
In contrast, the percentage of multinucleated cells was high for
HA�3-3 cells (Fig. 5B, filled triangles) and higher still for Tax
11-6 cells (Fig. 5A, filled squares) when the cells were cultured
without paclitaxel. Multinucleated cells became much less
abundant in both mutant cell lines when paclitaxel was present
at normally toxic concentrations, indicating that normal cell
divisionwas rescued; but the percentage ofmultinucleated cells
rose again at higher drug concentrations, indicating that the
increased amount of drug had again become toxic. The right-
ward shift in the toxicity portion of the curve compared with
wild-type cells reflects the paclitaxel resistance of the drug-de-
pendent cell lines. On the other hand, mutant cells treated with
shRNA to deplete MCAK behaved much more like the wild-
type cells. Both HA�3-3 (Fig. 5B, open triangles) and Tax 11-6
(Fig. 5A, open squares) cells had a much lower percentage of
multinucleated cells in the absence of paclitaxel, but this per-
centage increased at the higher toxic drug concentrations. The
leftward shift in these curves relative to the untransfected cells
with normal levels of MCAK indicates that MCAK depletion
made the cellsmore sensitive to the toxic effects of paclitaxel on
cell division. This is especially noticeable for HA�3-3 cells,
which became even more drug-sensitive than wild-type cells

following depletion of MCAK, a result that is consistent with
the weaker drug-dependent phenotype of this cell line (14).

DISCUSSION

The emergence of drug-resistant tumor cells presents a
major barrier to successful chemotherapy. To deal with this
problem, it is essential to understand themechanisms by which
resistance arises and to devise strategies to prevent or mitigate
its occurrence. A particularly effective class of drugs used in
cancer chemotherapy affects microtubule assembly and
thereby blocks cell division. These drugs fall into two major
groups: those that inhibit and those that promote microtubule
assembly. Despite these differing actions, both groups interfere
with mitotic spindle function, block cells in mitosis, and pre-
vent cell division. Although the exact mechanism by which
these drugs interfere with mitosis is unclear, the current con-
sensus is that they act by suppressing microtubule dynamics
(27).
Cellular microtubules are continuously nucleated at the cen-

trosome, an organelle located near the nucleus, and extend
their growing plus-ends toward the plasma membrane while
their minus-ends remain embedded in the centrosome. The
plus-ends have been observed to undergo stochastic episodes of
growth and shortening interspersed by periods of pause, a
behavior known as “dynamic instability” (28). This behavior
increases the plasticity of the microtubules, allowing them to
rapidly remodel in response to cellular and environmental cues
(29). For example, when cells enter mitosis, the cytoplasmic
microtubule network is remodeled into a bipolar mitotic spin-
dle apparatus. Spindle microtubules probe the cytoplasm and
are believed to become stabilized when they bind to the kineto-
chore region on chromosomes. These interactions ensure the
proper alignment of the condensed chromosomes and the sub-
sequent segregation of their sister chromatids. It makes sense
that microtubule growth and shortening would be needed for
this “search and capture” activity and that drugs could interfere
with spindle function by suppressing this activity.
Despite the logic used to reach this conclusion, we demon-

strated recently that drug concentrations 10-fold lower than
required to block cell division were sufficient to maximally
inhibit microtubule dynamics in a variety of cell types (30).
Moreover, paclitaxel-dependent cell lines that require the drug
for proliferation had highly suppressed microtubule dynamics
at the very drug concentrations that allowed the cells to divide
(23). Together, these results argue that microtubule drugs do
not inhibit cell division by simply interfering with dynamics.
We found instead that drug concentrations able to inhibitmito-
sis act by altering the frequency at which microtubule minus-
ends detach from centrosomes (23, 30).
Currently, little is known about the process of microtubule

detachment. A small number of publications have previously
described this behavior, but the mechanism by which detach-
ment occurs has yet to be deciphered (23, 30–34). Detachment
frequencies appear to be very low in interphase cells (30, 32, 34).
However, we reported recently that the frequency increases sig-
nificantly during mitosis, suggesting that detachment is a cell
cycle-regulated process necessary for normal spindle function
and cell division (30). A similar conclusion was reached by

FIGURE 5. Effect of MCAK depletion on sensitivity to paclitaxel. The per-
centage of multinucleated cells (cells that failed to divide) was determined
after a 48-h exposure to a series of paclitaxel concentrations. A, WT CHO cells
(●), Tax 11-6 cells (f), and Tax 11-6 cells transfected to produce shRNA to
MCAK (�) are compared. B, WT CHO cells (●), HA�3-3 cells (Œ), and HA�3-3
cells transfected to produce shRNA to MCAK (‚) are compared.
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another laboratory (33), but the authors found that the detach-
ment frequency was elevated during anaphase, whereas we
observed stimulation of the process as early as prophase. The
role of microtubule detachment in spindle function is unclear.
Detached microtubules become fragments of varying size and
stability that are able to translocate through the cytoplasm by
an unknown mechanism, and one study found evidence that
peripheral microtubule fragments become incorporated into
the mitotic spindle (35). Other recent studies have indicated
thatmeiotic spindles are formed fromoverlappingmicrotubule
fragments thatmay be held together bymicrotubulemotor pro-
teins (36–38). It is thus tempting to speculate thatmitotic spin-
dles similarly require a mixture of detached microtubule frag-
ments in addition to continuous microtubules anchored at the
spindle poles to function properly (23, 39).
The importance ofmicrotubule detachment is supported not

only by its stimulation during mitosis but also by a number of
additional observations. 1) Drugs that inhibit microtubule
assembly increase the frequency of detachment, whereas drugs
that promote assembly and stabilize microtubules decrease the
frequency of detachment (23, 30). 2) Tubulin mutations that
affect the sensitivity of cells to microtubule drugs alter the con-
centration of drug needed tomodulate the frequency of detach-
ment and produce microtubule fragments (30). 3) Tubulin
mutations that block cell division and are correctable by the
action of microtubule-stabilizing drugs (paclitaxel-dependent
phenotype) have highly elevated frequencies of microtubule
detachment that revert to normal following drug treatment
(23). 4)Overexpression of�3-tubulin causes paclitaxel depend-
ence and also elevates the frequency of microtubule detach-
ment (Fig. 4).
The ability of drugs, tubulinmutations, and changes in tubu-

lin composition to affect microtubule detachment indicates
that the process is essential for normalmitotic progression. The
observations that detachment occurs at centrosomes and spin-
dle poles and that the process is cell cycle-regulated suggest that
detachment does not simply result from mechanical stress;
rather, it seems likely that specific proteins are involved in the
process.MCAK is a protein that could be playing such a role. In
addition to its location at mitotic centromeres, it is found in
interphase centrosomes and at spindle poles (18, 40). More-
over, it is known to stimulate disassembly at both ends of iso-
lated microtubules (15). In support of a role for MCAK in
microtubule detachment, we showed recently that overproduc-
tion of the protein was able to stimulate detachment, produce
microtubule fragments, confer resistance to paclitaxel, and
enhance sensitivity to colcemid (16). In addition, depletion of
MCAK has been shown to increase the density and length of
microtubules at the spindle poles (Fig. 2A) (41), a phenotype
consistent with a decreased frequency of microtubule detach-
ment. We have now further shown that depletion of MCAK in
paclitaxel-dependent cells harboring an �-tubulin mutation or
expressing the �3-tubulin isotype caused a reversal of drug
resistance and drug dependence. These changes were accom-
panied by a reduction in the frequency of microtubule detach-
ment to near-normal values and provide evidence that MCAK
is involved in the process of microtubule detachment.

The results summarized in Fig. 6 support a model based on
the idea that functional mitotic spindles require a balance
between continuous and fragmented microtubules. Changes
that disturb this balance by increasing or decreasing the fre-
quency of detachment produce an altered drug response. For
example, changes such as tubulin mutations, �3 overproduc-
tion, and MCAK overproduction that destabilize microtubules
increase microtubule detachment and tip the balance toward
too many fragments. These changes produce resistance to
paclitaxel, a drug that exerts toxicity by inhibiting microtubule
detachment and reducing fragment formation (23). On the
other hand, these same changes increase sensitivity to vinblas-
tine and colcemid because these drugs also increase detach-
ment and produce microtubule fragments (30). In contrast,
other changes such as microtubule-stabilizing tubulin muta-
tions and MCAK depletion decrease microtubule detachment
and tip the balance toward too fewmicrotubule fragments. This
increases sensitivity to paclitaxel and confers resistance to vin-
blastine and colcemid. The model is consistent with all of the
experimental observations except for the predicted vinblastine
and colcemid resistance in cells depleted of MCAK, which we
have not been able to verify. We suggest that this discrepancy
may be explained by the fact that MCAK functions not only at
spindle poles but also at kinetochores, whereas themicrotubule
drugs specifically act at the spindle poles to inhibit mitosis.
Thus, MCAK overexpression affects sensitivity to both pacli-
taxel (decreased sensitivity) and vinblastine (increased sensitiv-
ity) because MCAK is present to function at the kinetochores,
whereas the increased detachment at the spindle poles caused
by MCAK overexpression can be compensated by paclitaxel to
produce paclitaxel resistance or aggravated by vinblastine to
produce enhanced vinblastine sensitivity. On the other hand,
depletion of MCAK leaves insufficient MCAK at the kineto-
chores to allow wild-type cell survival with or without drugs. It
is interesting, however, that Tax 11-6 and HA�3-3 cells were
able to survive with moderate to large reductions in MCAK,
indicating that, in contrast tomicrotubule drugs, tubulinmuta-
tions may be able to compensate for MCAK loss, even at
kinetochores.

FIGURE 6. Central role of microtubule detachment in resistance to micro-
tubule drugs. Changes that increase or decrease microtubule detachment
and the effects that are caused by those changes are summarized. Ptx, pacli-
taxel; Vlb, vinblastine; Cmd, colcemid; Epo, epothilone A; R, resistant; D,
dependent; SS, supersensitive.
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