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The dynamic activities of cellular microtubules (MTs) are tightly regulated by a balance between
MT-stabilizing and -destabilizing proteins. Studies in Xenopus egg extracts have shown that the
major MT destabilizer during interphase and mitosis is the kinesin-related protein XKCM1, which
depolymerizes MT ends in an ATP-dependent manner. Herein, we examine the effects of both
overexpression and inhibition of XKCM1 on the regulation of MT dynamics in vertebrate somatic
cells. We found that XKCM1 is a MT-destabilizing enzyme in PtK2 cells and that XKCM1
modulates cellular MT dynamics. Our results indicate that perturbation of XKCM1 levels alters
the catastrophe frequency and the rescue frequency of cellular MTs. In addition, we found that
overexpression of XKCM1 or inhibition of KCM1 during mitosis leads to the formation of aberrant
spindles and a mitotic delay. The predominant spindle defects from excess XKCM1 included
monoastral and monopolar spindles, as well as small prometaphase-like spindles with improper
chromosomal attachments. Inhibition of KCM1 during mitosis led to prometaphase spindles with
excessively long MTs and spindles with partially separated poles and a radial MT array. These
results show that KCM1 plays a critical role in regulating both interphase and mitotic MT
dynamics in mammalian cells.

INTRODUCTION

Microtubules (MTs) are cytoskeletal polymers comprised of
�- and �-tubulin heterodimers. Their head-to-tail arrange-
ment within the MT confers structural polarity to the poly-
mer. The radial array of MTs in an interphase cell is largely
organized by the centrosome, with the MT minus ends at the
centrosome and the plus ends extending out toward the cell
periphery. MTs exhibit a behavior termed dynamic instabil-
ity, wherein a population of MTs, whether in vitro or in
vivo, contains both growing and shrinking polymers that
interconvert infrequently and randomly between these two
states (Mitchison and Kirschner, 1984). MT dynamics can be
described by four parameters: growth rate; shrinkage rate;
catastrophe frequency, which is the transition from growth
to shrinkage; and rescue frequency, which is the transition
from shrinkage to growth (Walker et al., 1988). MT turnover
in vivo is much greater than in solutions of pure tubulin (for
review, see Desai and Mitchison, 1997), suggesting the pres-

ence of cellular factors that regulate MT dynamics. One of
the most striking examples of cellular regulation of MT
dynamics is the sudden increase in MT turnover upon the
transition from interphase to mitosis (Salmon et al., 1984;
Saxton et al., 1984), which results in a decrease in total MT
polymer levels at the beginning of mitosis (Zhai et al., 1996).
Overall, mitotic MTs are more dynamic than interphase
MTs; astral MTs associated with the mitotic spindle exhibit
an increase in the catastrophe frequency and a decrease in
the rescue frequency of MTs in cultured cells (Rusan et al.,
2001).

Numerous studies have shown that the interphase MT
array is tightly regulated by the opposing activities of MT
stabilizers, commonly known as MT-associated proteins
(MAPs), and MT destabilizers, such as Op18 or the kinesin-
related protein Xenopus kinesin catastrophe modulator-1
(XKCM1) (for review, see Cassimeris and Spittle, 2001).
XKCM1 belongs to a group of kinesins that regulate aspects
of MT dynamics during mitosis (Endow et al., 1994; Walczak
et al., 1996; Cottingham and Hoyt, 1997; Desai et al., 1999;
Maney et al., 2001; Severin et al., 2001; West et al., 2001).
Inactivation of XKCM1 in mitotic Xenopus egg extracts re-
sults in huge asters of long, nondynamic MTs that are inca-
pable of forming a mitotic spindle. Measurement of MT
dynamics revealed that XKCM1 inhibition leads to a four-
fold decrease in the catastrophe frequency in mitotic egg
extracts (Walczak et al., 1996). Biochemical analysis showed
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that XKCM1 uses the energy derived from ATP hydrolysis
to depolymerize MTs rather than to translocate along the
MT lattice like conventional kinesins (Desai et al., 1999).

Studies in egg extracts have also shown that XKCM1 plays
a role in regulating MT dynamics during interphase, primar-
ily by opposing the activity of the MT stabilizer XMAP215
(Tournebize et al., 2000). In addition, recent studies have
demonstrated that in vivo MT dynamics can be reconsti-
tuted by combining purified tubulin, XMAP215 and XKCM1
in vitro (Kinoshita et al., 2001). These studies suggest that
much of the observed in vivo MT dynamics can be attrib-
uted to the antagonizing activities of these two proteins, and
that the ability of XKCM1 to depolymerize the interphase
MT array is largely inhibited because XMAP215 is bound to
MTs. An attractive model is that upon entry into mitosis,
XMAP215 transiently dissociates from MTs, allowing
XKCM1 to cause an increased number of MT catastrophes
(for review, see Heald, 1999; Andersen, 2000).

The experiments to date have examined the activity of
XKCM1 by using either purified proteins or Xenopus egg
extracts comprised of meiotic cytoplasm. The role of XKCM1
in the regulation of MT dynamics in vertebrate somatic cells
is not known. A recent study in Chinese hamster ovary
(CHO) cells has shown that mitotic centromere-associated
kinesin (MCAK), the hamster homolog of XKCM1, destabi-
lizes MTs when overexpressed as a green fluorescent protein
(GFP) fusion protein (Maney et al., 2001); however, the
changes in MT dynamics that cause this destabilizing effect
in cells are unknown.

In this study, we examined the results of both overexpres-
sion and inhibition of XKCM1 on MT dynamics in inter-
phase and on spindle morphology during mitosis in PtK2
cells. Our results demonstrate that XKCM1 regulates dy-
namic instability of cellular MTs, and that the formation and
function of the mitotic spindle are perturbed by overexpres-
sion of GFP-XKCM1 or by inhibition of KCM1 during mito-
sis. Our results also suggest that XKCM1 could be used by
cells to initiate the increase in MT turnover that occurs when
cells enter mitosis and begin formation of the mitotic spindle
(for review, see Wittmann et al., 2001).

MATERIALS AND METHODS

Cell Culture
PtK2 cells were grown in minimal essential medium � (MEM�)
supplemented with 10% fetal calf serum, penicillin, streptomycin,
and l-glutamine (Invitrogen, Carlsbad, CA) in an incubator at 37°C,
5% CO2. For transfection and immunostaining of interphase cells,
cells were plated onto 12-mm glass coverslips at a density of 10,000
cells/cm2 1 d before transfection. For transfection and immuno-
staining of mitotic cells, cells were plated at 5000 cells/cm2 1 d
before transfection. To microinject cells in interphase, cells were
split 1/4–1/6 2–3 d before injection and plated on 18- � 18-mm or
12-mm glass coverslips depending on the experiment. To microin-
ject cells in prophase, cells were plated onto 12-mm coverslips at
1/6–1/8 3–4 d before injection. For interphase cells that were trans-
fected and subsequently microinjected, cells were grown on 18- �
18-mm glass coverslips at a density of 10,000 cells/cm2 1 d before
transfection.

Preparation of Recombinant GFP-XKCM1
GFP-XKCM1 was created by cloning the full-length cDNA of
XKCM1 (Walczak et al., 1996) into the SacI to KpnI sites of pEGFP-C1

(CLONTECH, Palo Alto, CA). The 5� untranslated region of XKCM1
was removed by polymerase chain reaction. The correct sequence of
the clone was verified by sequencing.

Transfection
Transfections were performed using a modified version of a previ-
ously published protocol (Heald et al., 1993). Cells were rinsed with
fresh media 15–20 min before addition of a mixture containing 5
�g/ml DNA, 13 mM CaCl2, and HEPES-buffered saline (18 mM
NaCl, 0.65 mM KCl, 97 �M Na2HPO4, 78 �M dextrose, and 3.2 mM
HEPES, pH 7.05) in complete media. Cells were returned to the
37°C, 5% CO2 incubator for 4–5 h then rinsed three times with
incomplete MEM� media and covered with complete media. Cells
were processed at 24, 48, or 72 h after this time. To enhance the
mitotic index of transfected cells, dimethyl sulfoxide was added to
fresh media to a final concentration of 0.1% at 24 h posttransfection,
and cells were processed for at 72 h posttransfection. This technique
was used only for observation of mitotic cells overexpressing GFP
or GFP-XKCM1 and never used in any other experiment.

Immunofluorescence
All immunofluorescence labeling procedures were performed at
room temperature. Cells were rinsed in phosphate-buffered saline
(12 mM phosphate, 137 mM NaCl, and 3 mM KCl, pH 7.4) and fixed
for 25 min in BRB-80 [80 mM piperazine-N,N�-bis(2-ethanesulfonic
acid), 1 mM EGTA, and 1 mM MgCl2, pH 6.8] supplemented with 4
mM EGTA, 4% formaldehyde, and 0.01% glutaraldehyde. Free al-
dehydes were quenched in Tris-buffered saline (TBS) (20 mM Tris
and 150 mM NaCl, pH 7.5) plus trace NaBH4 for 5 min. Fixed cells
were rinsed with TBS-Triton X-100 (TX) (TBS � 0.1% Triton X-100)
and blocked in AbDil (2% bovine serum albumin and 0.1% NaN3 in
TBS-TX) for 20 min. All subsequent rinses between antibody incu-
bations were performed using TBS-TX. All antibodies were diluted
in AbDil. For immunofluorescence of MTs, cells were incubated for
20–25 min in 1/500 DM1� (Sigma-Aldrich, St. Louis, MO) followed
by a 20–25-min incubation in 1/50 Texas Red-conjugated donkey
anti-mouse secondary antibody (Jackson Immuno Research Labora-
tories, West Grove, PA). For immunofluorescence of XKCM1, cells
were incubated for 20–25 min in 5 �g/ml anti-XKCM1-NT (Walc-
zak et al., 1996) followed by a 20–25-min incubation in 1/50 fluo-
rescein-conjugated goat anti-rabbit secondary antibody (Jackson Im-
muno Research Laboratories). Cells that had been injected with
X-rhodamine–labeled tubulin were rinsed with phosphate-buffered
saline and fixed for 25 min in PHEM [60 mM piperazine-N,N�-bis(2-
ethanesulfonic acid), 25 mM HEPES, 10 mM EGTA, and 2 mM
MgCl2, pH 6.9] supplemented with 4% formaldehyde, 4 mM EGTA,
and 0.5% glutaraldehyde. Free aldehydes were quenched in TBS (20
mM Tris and 150 mM NaCl, pH 7.5) plus trace NaBH4 for 5 min.
DNA was visualized using 10 �g/ml Hoechst in TBS-TX for 5 min.
Coverslips were mounted onto microscope slides by using 0.5%
p-phenylenediamine, 20 mM Tris, pH 8.8, in 90% glycerol.

Microinjection
Microinjections were performed using an IM300 microinjector (Ni-
kon, Tokyo, Japan) with microinjector controls (Nikon/Narishige)
and a TE-300 inverted microscope (Nikon). All microinjections were
performed on glass coverslips placed in a 35-mm tissue culture dish
covered with MEM� without phenol red, supplemented with 10%
fetal calf serum, penicillin, streptomycin, l-glutamine, and 20 mM
HEPES-KOH, pH 7.2. Cells were kept on a 37°C warming tray
before and after microinjection. All injectate samples were diluted in
IB (50 mM K-glutamate and 0.5 mM MgCl2), spun at 14,000 rpm at
4°C for 15–25 min to remove particulate matter, and kept on ice for
the duration of the experiment. For fluorescent MTs, X-rhodamine–
labeled tubulin, prepared according to Hyman et al. (1991), was
injected into interphase cells at a needle concentration of 2 mg/ml.
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For coinjection experiments, the tip concentration of injectate was 2
mg/ml X-rhodamine tubulin and 1 mg/ml antibody (either anti-
XKCM1 or control IgG). The control IgG was either a nonimmune
IgG (Sigma-Aldrich) or a random IgG to another kinesin-related
protein (Walczak et al., 1997) for which there is no cross-reactivity in
PtK2 cells neither by immunostaining nor by immunoblotting anal-
ysis (our unpublished data). For injection of antibody alone into
prophase or interphase cells, either IgG control antibody or anti-
XKCM1 was diluted to 1 mg/ml in IB. For injection of prophase
cells, coverslips were microinjected over a period of 5 min then fixed
after a 30-min incubation. All interphase cells were allowed to
recover for 1–3 h after microinjection before further experimentation
took place. To image MT dynamics, coverslips were mounted on
glass microscope slides using double stick tape spacers and fresh
complete media lacking phenol red that had been supplemented
with 20 mM HEPES-KOH, pH 7.2, and 1/25 EC Oxyrase (Oxyrase,
Mansfield, OH). Coverslips were sealed with VALAP (1:1:1, petro-
leum jelly/lanolin/paraffin).

Microscopy and Image Acquisition
Cells were imaged on a multimode time-lapse fluorescence micro-
scope system similar to that described by Salmon et al. (1998). This
system consists of a Nikon E-600 microscope equipped with 40�/
1.0 numerical aperture (NA) Plan Apo oil, 60�/1.4 NA Plan Apo
oil, and 100�/1.3 NA Plan Fluor oil objectives (Nikon). Digital
images were collected with a Micromax 1300 Y cooled charge cou-
pled device camera (Roper Scientific, Trenton, NJ). All cameras,
shutters, and filter wheels were controlled by MetaMorph software
(Universal Imaging, Downington, PA). For mitotic cells, Z-series
optical sections through each cell were obtained at 0.1-�m steps
with the use of MetaMorph software and a stepping motor (Prior
Scientific, Rockland, MA). For MT dynamics imaging, specimens
were maintained at 35.5–37°C by using a 400 ASI air stream incu-
bator (Nevtek, Burnsville, VA). Images were collected at 7-s time
intervals for 5 min as described by Waterman-Storer and Salmon
(1997) by using the epifluorescence setup described above with a
60�/1.4 NA Plan Apo oil objective. All time-lapse images for MT
dynamics were acquired at 100-ms exposure times while focusing
on the MTs in the periphery of the free edge of a cell. All micro-
graphs were assembled in Adobe Photoshop for contrast enhance-
ment. Montages were prepared using Canvas 5.0 or Adobe Illustra-
tor 8.0.

Data Analysis
To determine the average fluorescence intensity within cells, digital
images were collected using identical microscope settings and ex-
posure times. All measurements were made using MetaMorph soft-
ware. Individual cells were outlined using phase and soluble fluo-
rescent protein images. This outline was digitally transferred to the
exact pixel location on the corresponding MT images. The average
gray scale intensity within this outline was logged and the back-
ground intensity for each image was subtracted from this number.
We only measured cells absent of interfering morphological traits
such as vesicular inclusions and overlapping MTs. Data were pro-
cessed and plotted using Excel (Microsoft, Redmond, WA). We also
used this method to measure the fluorescence intensity in trans-
fected cells to ensure that our qualitative descriptions of GFP or
GFP-XKCM1 fluorescence levels were consistent. We found that our
descriptions of “low,” “moderate,” and “high” levels of GFP or
GFP-XKCM1 expression always fell into discrete groups of pixel
intensity values, showing that our qualitative assessments of over-
expression levels are precise. To determine the level of excess
XKCM1 in transfected PtK2 cells, 60 GFP control cells stained for
endogenous KCM1 were imaged and measured as stated above to
determine the baseline of KCM1 fluorescence in PtK2 cells. Sixty
cells expressing GFP-XKCM1 were processed in this manner and

graphed to determine the amount of excess XKCM1 at a specific
level of GFP-XKCM1 expression for each transfected cell.

MT dynamics were measured as described by Waterman-Storer
and Salmon (1997). Briefly, MT ends were tracked using the Meta-
Morph software “track points” function. All data was processed in
Excel, where pixel measurements were converted to distance mea-
surements using a 20-�m grid. Individual MT behavior was plotted
as the change in distance from the origin (the starting position of the
MT end) vs. time. Instantaneous growth and shortening velocities
were determined by regression analyses of these plots. To deter-
mine the precision of our tracking, we tracked a MT three separate
times and compared the differences between the three measure-
ments for individual time points. This was done for three MTs to
ensure that a precision within 1 �m could be achieved by our
tracking methods. Changes in the position of a MT end that mea-
sured �1 �m between two consecutive time points were not
counted as growth or shortening excursions, which is the same
guideline used by Waterman-Storer and Salmon (1997). Pause was
defined as slopes of �1 �m/min. Transition frequencies and SDs for
transition frequencies were calculated for the population of MTs as
described in Walker et al. (1988). To determine significant differ-
ences for catastrophe and rescue frequencies, means were compared
using a Student’s t test for two means with unequal variance by
assuming a Poisson distribution of data (Walker et al., 1988; Water-
man-Storer and Salmon, 1997; Howell et al., 1999), which predicts an
exponential distribution of time intervals between events such as
catastrophe or rescue (Pollard, 1977). This was necessary to do
because some MTs in our sample sets never underwent a transition,
which would not allow us to perform a standard student’s t test on
unpooled data sets. All other data values are reported as mean �
SD. To determine significant differences between means, unpaired t
tests assuming unequal variance were performed with significant
differences considered when p � 0.05.

RESULTS

GFP-XKCM1 Overexpression Destabilizes
Microtubules in PtK2 Cells
To probe the role of XKCM1 in interphase, we transfected
PtK2 cells with GFP or a GFP-XKCM1 fusion construct. The
GFP-XKCM1 protein was present in a soluble pool in the
cytoplasm and in the nucleus (Figure 1B), similar to the
localization of the endogenous protein in Xenopus XL177
cells (Walczak et al., 1996). GFP-XKCM1 was also localized
to interphase centrosomes. To examine the effect of GFP-
XKCM1 expression on the MT array, cells were fixed and
processed for immunofluorescence at 48 h posttransfection.
Cells expressing GFP had a morphologically normal MT
array compared with neighboring cells not expressing GFP
(Figure 1A); however, cells expressing moderate levels of
GFP-XKCM1 had disruptions of the interphase MT array
(Figure 1B), consistent with the role of XKCM1 as a MT
destabilizer. Despite the significant decrease in MT polymer,
there was little to no visible tubulin staining in the cyto-
plasm of these cells at 24–72 h posttransfection. In cells
expressing high levels of GFP-XKCM1, the entire MT array
was nearly abolished and a lightly staining tubulin pool was
present in the cytoplasm (Figure 1C). The effects of GFP-
XKCM1 overexpression were similar from 24 to 72 h post-
transfection, although the overall level of expression in-
creased with time. To determine the likelihood of MT
destabilization due to GFP-XKCM1 overexpression, we ex-
amined cells expressing moderate levels of GFP or GFP-
XKCM1 and then asked whether the MT arrays were desta-
bilized at 48 h posttransfection. We found that 74% of cells
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expressing moderate levels of GFP-XKCM1 had destabilized
MT arrays (n � 414), whereas only 5% of cells expressing
moderate levels of GFP showed a decrease in MT density
(n � 500). We verified that our qualitative descriptions of
low, moderate, and high levels of fluorescence intensities
accurately represented discrete groups of GFP- or GFP-
XKCM1–expressing cells by measuring the pixel intensity
values from digital images of cells as stated in MATERIALS
AND METHODS.

We also tested whether the effects of GFP-XKCM1 over-
expression were unique to PtK2 cells, or whether this fusion
protein could alter MT morphology in other cell types. GFP-
XKCM1 overexpression destabilized MTs in HeLa cells sim-
ilarly to PtK2 cells, although HeLa cells exhibited a brightly
staining tubulin pool upon destabilization of MTs by GFP-
XKCM1 overexpression (our unpublished data). In addition,
the small, round morphology of HeLa cells made the overall
effect of excess XKCM1 on MTs more difficult to visualize
than in PtK2 cells. We also found that GFP-XKCM1 overex-
pression destabilized the MT array in Xenopus A6 cells (our
unpublished data), but low transfection efficiency and poor

MT morphology of this cell line led us to pursue our studies
in the PtK2 cell line due to their nice morphology, a slightly
higher transfection efficiency (10–15%), and well-character-
ized MT dynamics and mitotic properties.

Increased Overexpression of GFP-XKCM1 Decreases
the Level of Microtubule Staining
We observed that the extent of MT destabilization was
tightly correlated with the level of GFP-XKCM1 expression.
To quantify this effect, we collected digital images of PtK2
cells that had been fixed and processed for immunofluores-
cence of MTs at 48 h posttransfection. We then measured the
average intensities of both the immunostained MTs (Texas
Red channel) and the GFP or GFP-XKCM1 fluorescence
(fluorescein isothiocyanate [FITC] channel) within individ-
ual cells. Because there was little to no tubulin pool staining
in cells with GFP-XKCM1–induced destabilization of MTs,
the Texas Red fluorescence intensity measurements could be
used to estimate MT polymer levels. Cells expressing GFP
had a broad range of MT staining that exhibited no correla-
tion to the level of GFP expression (Figure 2A). In striking
contrast, cells overexpressing GFP-XKCM1 showed a steep
decrease in MT staining as the level of GFP-XKCM1 in-
creased (Figure 2B). This eventually leveled off to a point we
termed “maximal destabilization,” beyond which additional
GFP-XKCM1 had little effect on the MT array. The residual
fluorescence in these cells was due to the soluble tubulin
pool and a few remaining MTs.

To determine how much overexpression of GFP-XKCM1
was required to reach maximal destabilization of cellular
MTs, in which the MT array was nearly obliterated, we
stained transfected cells with an antibody raised against the
N terminus of XKCM1 (Walczak et al., 1996) to compare the
levels of the expressed protein. Immunoblot analysis of Xe-
nopus XL177 cell extracts and PtK2 cell extracts indicated
that this antibody recognized the endogenous KCM1 protein
in PtK2 cells with a similar affinity as XKCM1 in XL177 cells,
and both cell lines exhibited an identical staining pattern
when processed for immunofluorescence by using the anti-
XKCM1 antibody (data not shown). By staining transfected
PtK2 cells with this antibody, we found that maximal desta-
bilization of cellular MTs was achieved at 10–20-fold excess
expression of GFP-XKCM1 over endogenous levels of the
protein in PtK2 cells. These results lead us to conclude that
increased levels of XKCM1 expression lead to an increase in
the extent of MT destabilization in somatic cells.

Overexpression of GFP-XKCM1 Prevents
Incorporation of Injected Labeled Tubulin into
Microtubule Arrays
We next wanted to measure individual MT dynamics in cells
overexpressing GFP-XKCM1. We microinjected X-rhoda-
mine–labeled tubulin into cells at 48 h posttransfection and
examined the MT array 1–3 h postinjection. Cells expressing
GFP alone incorporated rhodamine tubulin into their inter-
phase MT arrays similarly to neighboring cells not express-
ing GFP (data not shown; n � 37). In contrast, 88% of cells
overexpressing GFP-XKCM1 did not incorporate injected
rhodamine tubulin into their MT arrays and instead had a
bright pool of fluorescent tubulin in the cytoplasm at 1–3 h
postinjection (data not shown; n � 40). Due to the high

Figure 1. GFP-XKCM1 overexpression destabilizes microtubules
in PtK2 cells. Cells were transfected with GFP or GFP-XKCM1 then
fixed and processed for immunofluorescence at 48 h posttransfec-
tion. Digital images were taken using identical microscope settings
and exposure times. (A) Control cells expressing GFP and corre-
sponding interphase MT arrays. (B) Cell expressing a low level of
GFP-XKCM1 and corresponding MT array. Note the nonexpressing
cells with normal MT arrays to the left. (C) Cell expressing a high
level of GFP-XKCM1 and corresponding MT array. Bar, 20 �m.
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background fluorescence of tubulin subunits in the cyto-
plasm, the 12% of cells overexpressing GFP-XKCM1 that did
incorporate injected rhodamine tubulin into MTs could not
be imaged to measure individual MT behavior.

To test whether the lack of incorporation of rhodamine
tubulin into MTs was due to overexpression of GFP-
XKCM1, we analyzed the MT array at 1–3 h after coinjecting
a mixture of either X-rhodamine tubulin and a random IgG
antibody or X-rhodamine tubulin and the anti-XKCM1 an-
tibody described above, which inhibits XKCM1 activity in
egg extracts (Walczak et al., 1996; Tournebize et al., 2000). If
the excess XKCM1 was preventing injected tubulin incorpo-
ration then its inhibition would rescue this defect. Control
cells expressing GFP alone that were coinjected with a mix-
ture of random IgG and rhodamine tubulin had morpholog-
ically normal MT arrays (Figure 3A; n � 32), whereas 85% of
cells expressing GFP-XKCM1 that were coinjected with a

random IgG and rhodamine tubulin had bright pools of
unpolymerized fluorescent tubulin subunits (Figure 3B; n �
40). Cells expressing GFP alone that were coinjected with
anti-XKCM1 antibody and labeled tubulin had morpholog-
ically normal arrays, although they often exhibited an in-

Figure 2. Increased overexpression of GFP-XKCM1 decreases the
level of microtubule polymer. The average pixel intensities in both
the fluorescein channel (GFP or GFP-XKCM1) and the Texas Red
channel (MTs) were measured for each cell and then plotted as a
single point on the graphs. (A) Plot of cells expressing different
levels of GFP (n � 107 cells). (B) Plot of cells expressing different
levels of GFP-XKCM1 (n � 164 cells). The arrow indicates the level
of GFP-XKCM1 intensity at which “maximal destabilization” of
MTs occurred. Figure 3. Inhibitory anti-XKCM1 antibody rescues the effect of

GFP-XKCM1 overexpression. PtK2 cells were transfected with ei-
ther GFP or GFP-XKCM1 and coinjected with antibody plus X-rhoda-
mine tubulin at 48 h posttransfection. Cells were then fixed at 1–3 h
postinjection. (A) Cells expressing GFP coinjected with labeled tu-
bulin and random IgG antibody. (B) Cell expressing GFP-XKCM1
and coinjected with labeled tubulin and a random IgG antibody.
Note soluble tubulin pool in cell expressing GFP-XKCM1 vs. normal
MT arrays in two nonexpressing cells. (C) Cells expressing GFP and
coinjected with inhibitory anti-XKCM1 antibody and labeled tubu-
lin. (D) Cells expressing GFP-XKCM1 and coinjected with labeled
tubulin and inhibitory anti-XKCM1 antibody. Note cytoplasmic
aggregations of GFP-XKCM1 and corresponding normal interphase
arrays. Bar, 20 �m.
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crease in the density of MTs in the perinuclear region (Fig-
ure 3C; n � 21). Consistent with the hypothesis that excess
XKCM1 was preventing polymerization of injected tubulin,
microinjection of inhibitory anti-XKCM1 antibody restored
the MT array morphology and density to that of control cells
in 42% of cells overexpressing GFP-XKCM1 (Figure 3D; n �
50). The probability of rescue depended on the level of
GFP-XKCM1 expression, with the cells expressing the high-
est levels of GFP-XKCM1 still exhibiting bright tubulin pools
and no MTs that could be visualized by fluorescence micros-
copy. In addition, cells injected with inhibitory antibody
often exhibited aggregates of GFP-XKCM1 protein in the
cytoplasm (Figure 3D), which were never seen in cells ex-
pressing GFP-XKCM1 that were uninjected or injected with
random IgG (Figure 3B). These results lead us to conclude
that the lack of incorporation of injected labeled tubulin is a
consequence of GFP-XKCM1 overexpression.

Overexpression of GFP-XKCM1 Increases the
Catastrophe Frequency and Decreases the Rescue
Frequency of Microtubules
We reasoned that at earlier time points after transfection,
cells might express sufficiently low levels of GFP-XKCM1 to
allow for incorporation of rhodamine tubulin into the MT
array and subsequent visualization of the MTs. In an effort to
measure MT dynamics, we microinjected X-rhoda-
mine–labeled tubulin at 24 h posttransfection into cells ex-
pressing low levels of GFP-XKCM1. By measuring the fluo-
rescence intensity in immunostained GFP-XKCM1–
expressing cells as in Figure 2, we found that the cells
microinjected at 24 h posttransfection expressed only 4–6-
fold excess XKCM1 relative to the endogenous level of
KCM1 in PtK2 cells. At this level of GFP-XKCM1 expression,
cells did not exhibit gross changes in MT array morphology.
This allowed us to visualize MTs in many of the cells we
examined. At 1–3 h postinjection, MTs in the cell periphery
at the free edge of a cell were imaged using time-lapse
fluorescence microscopy (Figure 4, A–D) and individual MT
dynamics were measured (Figure 4, E and F). We analyzed
MTs that could be visualized for at least half of the 5-min
imaging period, and MTs in a continuous state of pause
were not included in our data sets. In addition, to restrict our
sampling to MT plus ends, we only analyzed MTs that
extended back toward the centrosome as far as it was pos-
sible to visualize by fluorescence microscopy. Although we
observed many free MTs in the cytoplasm of cells overex-
pressing GFP-XKCM1, these MTs were never included in
our data sets for MT dynamics measurements. Most of these
MTs were parallel to the cell edge and often moved through
the cytoplasm initially then depolymerized rapidly and
completely from the trailing end of the MT to the tip (our
unpublished data).

The parameters of MT dynamic instability were measured
and compared between cells expressing GFP or GFP-
XKCM1 by using the MT dynamics conventions set forth by
Walker et al. (1988). In cells expressing low levels of GFP-
XKCM1, we found a 4.5-fold increase in the MT catastrophe
frequency (p � 0.001) and a 1.7-fold decrease in the MT
rescue frequency (p � 0.05) compared with GFP control cells
(Table 1). In addition, the growth rate increased 1.7-fold (p �
0.001), whereas the shrinkage rate decreased 1.4-fold (p �
0.05) in cells expressing GFP-XKCM1.

There were three additional differences between GFP con-
trol cells and cells expressing GFP-XKCM1 that were con-
sistent with overexpression of a MT-destabilizing protein.
First, MTs in control cells spent only 7% of their cumulative
lifetime in a state of shrinkage, whereas MTs in cells express-
ing GFP-XKCM1 spent 29% of their lifetime shrinking (Table
1). Second, there was a 17.7-fold decrease in the number of
MTs that never shrank in cells expressing GFP-XKCM1 com-
pared with control cells. Third, although every MT in cells
expressing GFP underwent growth excursions, 13% of the
MTs in cells overexpressing GFP-XKCM1 never grew.

We were surprised to find that MTs in control cells ex-
pressing GFP alone were not very dynamic compared with
the published values for MT dynamics in PtK1 cells (Shelden
and Wadsworth, 1993). To determine whether the dimin-
ished dynamics of MTs in GFP-expressing cells were due to
the reagents used in the transfection procedure, we mea-

Figure 4. Overexpression of GFP-XKCM1 increases dynamic in-
stability of microtubules. PtK2 cells were transfected with GFP or
GFP-XKCM1 and microinjected with labeled tubulin at 24 h post-
transfection. Individual MTs were visualized in live cells at 1–3 h
posttransfection. Rhodamine MTs in representative cells expressing
GFP (A) or GFP-XKCM1 (B). Asterisks lie next to the MTs repre-
sented in C–F. Individual MTs in live cells expressing either GFP (C)
or GFP-XKCM1 (D) were imaged for MT dynamics. Actual image
times are in the top right corner. White arrowheads denote the end
of the MT. (E) Life history plot of the MT shown in C in a cell
expressing GFP. Black arrowheads correspond to the three image
time points. (F) Life history plot of the MT shown in D in a cell
expressing GFP-XKCM1. Black arrowheads correspond to the three
image time points. Bars, 5 �m.
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sured individual MT dynamics of cells that were exposed to
the transfection reagents but were not expressing a transfec-
tion construct. These cells, called “nonexpressing” cells,
were on coverslips that were transfected with either GFP or
GFP-XKCM1 constructs. We analyzed the two types of non-
expressing cells both separately and as a group, and found
no statistically significant differences between nonexpress-
ing cells and GFP-expressing cells (Table 1). This suggests
that the decreased dynamics seen in cells expressing GFP
alone resulted from the CaPO4 transfection procedure itself
and not from the expression of GFP. Overall, these findings
suggest the destabilization of MTs in cells overexpressing
GFP-XKCM1 is due to an increase in the catastrophe fre-
quency and a decrease in the rescue frequency of MTs.

Injection of Inhibitory Anti-XKCM1 Antibody
Increases Microtubule Density in PtK2 Cells
To complement our studies of GFP-XKCM1 overexpression,
we wanted to examine the effect of KCM1 inhibition in PtK2
cells. We microinjected inhibitory antibodies into interphase
PtK2 cells and processed the cells for immunofluorescence
of MTs and injected primary antibodies at 1–3 h after mi-
croinjection. We found that cells injected with anti-XKCM1
antibody exhibited an increase in the density of MTs in the
perinuclear region of the cell compared with control IgG-
injected cells or uninjected neighboring cells (Figure 5, A
and B). This effect was also observed upon coinjection of
anti-XKCM1 antibody and labeled tubulin into cells express-
ing GFP or GFP-XKCM1 (Figure 3, C and D).

To measure the level of MT fluorescence when KCM1 is
inhibited, we collected digital images of PtK2 cells that had
been fixed and processed for immunofluorescence of in-
jected antibodies and MTs at 1–3 h after microinjection. We
then measured the average fluorescence intensity of MTs in
the injected cells. We found that inhibitory anti-XKCM1
antibody injection increased the fluorescence of MTs by 14%
over IgG-injected controls (p � 0.001; n � 95 IgG-injected
cells and 98 anti-XKCM1-injected cells). These findings dem-

onstrate that KCM1 inhibition in PtK2 cells leads to an
increase in the level of MT staining.

Inhibition of KCM1 Decreases the Catastrophe
Frequency and Increases the Rescue Frequency of
Microtubules in PtK2 Cells
To determine how the parameters of dynamic instability
were altered in cells injected with an inhibitory anti-XKCM1

Table 1. Overexpression of GFP-XKCM1 increases dynamic instability in PtK2 cells

Nonexpressing transfected
cells

GFP-expressing
cells

GFP-XKCM1-expressing
cells

Catastrophe frequency (s�1) (� SD) 0.0036 (�0.0009) 0.0039 (�0.0009) 0.0177 (�0.0023)
Rescue frequency (s�1) (� SD) 0.0286 (�0.0074) 0.0357 (�0.0087) 0.0212 (�0.0031)
Growth rate (�m/min) (� SD) 4.5 (�3.8) 3.6 (�2.4) 6.0 (�4.9)
Shrinkage rate (�m/min) (� SD) 10.9 (�6.4) 9.5 (�5.6) 6.9 (�5.0)
% Time growing (� SD) 52.0 (�26.8) 66.2 (�27.6) 34.1 (�21.4)
% Time shrinking (� SD) 5.8 (�9.4) 7.2 (�12.3) 29.0 (�17.6)
% Time pausing (� SD) 42.2 (�23.7) 28.9 (�25.0) 38.7 (�23.3)
% MTs never shrinking 40.6 56.7 3.2
% MTs never growing 3.1 0.0 12.9
No. of MTs analyzed 32* 30 31
No. of Cells analyzed 7* 6 6

Parameters of MT dynamics were measured at the periphery of the free edge of live cells expressing GFP, GFP-XKCM1, or no transfection
construct (“nonexpressing” cells) as described in MATERIALS AND METHODS.
* Nonexpressing cell sample sizes are divided as follows: 15/32 MTs imaged were from three cells on coverslips with cells expressing GFP;
17/32 MTs imaged were from four cells on coverslips with cells expressing GFP-XKCM1.

Figure 5. Injection of inhibitory anti-XKCM1 antibody increases
microtubule density. PtK2 cells were microinjected with antibody
and fixed and processed for immunofluorescence at 1–3 h postin-
jection. (A) Cell injected with nonimmune IgG antibody and corre-
sponding MT array. Note similar MT arrays of uninjected cells. (B)
Cell injected with inhibitory anti-XKCM1 antibody and correspond-
ing MT array. Note slight increase in density of perinuclear MTs in
injected cells compared with uninjected cells to the right. Bar, 20 �m.
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antibody, we coinjected cells with a mixture of either non-
immune IgG and rhodamine tubulin or anti-XKCM1 anti-
body and rhodamine tubulin to examine the behavior of
individual MTs. At 1–3 h postinjection, MTs in the cell
periphery at the free edge of a cell were imaged using
time-lapse fluorescence microscopy (Figure 6, A–D), and
individual MT dynamics were measured (Figure 6, E and F).

In cells coinjected with the inhibitory anti-XKCM1 anti-
body and labeled tubulin, there was a 2.1-fold decrease in
the MT catastrophe frequency (p � 0.01) and a 1.9-fold
increase in the MT rescue frequency (p � 0.01) compared
with nonimmune IgG-injected cells (Table 2). Consistent
with this finding, MTs spent 2.6-fold less time in a state of
shrinkage, and there was a 5.3-fold increase in the number of
MTs that never underwent shrinkage when KCM1 was in-
hibited. In addition, although 17% of MTs in IgG-injected
control cells never grew, we found that every MT in anti-
XKCM1-injected cells exhibited growth excursions (Table 2).
Inhibition of KCM1 also caused a 1.6-fold increase in the
shrinkage rate of MTs in injected cells (p � 0.001). These
findings suggest that the increase in MT staining upon
KCM1 inhibition in PtK2 cells is due to a decrease in the
catastrophe frequency and an increase in the rescue fre-
quency of MTs.

Altering the Level of XKCM1 during Mitosis Affects
Spindle Morphology
We next sought to address what would happen if cells
overexpressing GFP-XKCM1 entered mitosis. In control cells
GFP was localized in a soluble pool (Figure 7A). Consistent
with XKCM1 staining in XL177 cells (Walczak et al., 1996),
GFP-XKCM1 was present in a soluble pool and localized to
poles and centromeres in mitotic cells (Figure 7, B–D). In
cells expressing GFP and in nonexpressing transfected cells,
the mitotic index was �2% (n � 1000 nonexpressing and 992
GFP-expressing cells). In contrast, �6% of cells expressing
GFP-XKCM1 were mitotic (n � 310), suggesting that cells
overexpressing GFP-XKCM1 exhibited a mitotic arrest or a
mitotic delay.

Consistent with this finding, 62% of mitotic cells express-
ing GFP-XKCM1 had abnormal spindles compared with
cells expressing GFP or to nonexpressing control cells (n �

Figure 6. Inhibition of KCM1 suppresses dynamic instability of
microtubules. PtK2 cells were coinjected with antibody and rhoda-
mine-labeled tubulin. Individual MTs were visualized in live cells at
1–3 h posttransfection. Rhodamine MTs in representative cells in-
jected with nonimmune IgG antibody (A) or inhibitory anti-XKCM1
antibody (B). The asterisks lie next to the MTs represented in C–F.
Individual MTs in live cells injected with either IgG antibody (C) or
inhibitory anti-XKCM1 antibody (D) were imaged for MT dynam-
ics. Actual image times are in the bottom right corner. White arrow-
heads denote the end of the MT. (E) Life history plot of the MT
shown in C in a cell injected with control IgG. Black arrowheads
correspond to the three image time points. (F) Life history plot of the
MT shown in D in a cell injected with anti-XKCM1 antibody. Black
arrowheads correspond to the three image time points. Bars, 5 �m.

Table 2. Inhibition of KCM1 suppresses dynamic instability in PtK2 cells

IgG-injected cells Anti-XKCM1-injected cells

Catastrophe frequency (s�1) (� SD) 0.0116 (�0.0018) 0.0056 (�0.0010)
Rescue frequency (s�1) (� SD) 0.0203 (�0.0031) 0.0378 (�0.0073)
Growth rate (�m/min) (� SD) 4.8 (�3.9) 4.0 (�2.1)
Shrinkage rate (�m/min) (� SD) 6.4 (�4.3) 10.0 (�5.5)
% Time growing (� SD) 38.7 (�27.0) 63.8 (�24.4)
% Time shrinking (� SD) 19.9 (�17.3) 7.6 (�10.5)
% Time pausing (� SD) 39.4 (�22.9) 29.0 (�22.5)
% MTs never shrinking 8.6 45.9
% MTs never growing 17.1 0.0
No. of MTs analyzed 35 37
No. of Cells analyzed 6 8

Parameters of MT dynamics were measured at the periphery of the free edge of live cells injected with either nonimmune IgG or inhibitory
anti-XKCM1 antibody as described in MATERIALS AND METHODS.
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63). The most frequent abnormalities included monoastral
and monopolar spindles (54% of abnormal spindles; Figure
7, B and C). Monoastral spindles had two closely spaced
centrosomes in the center of the cells surrounded by chro-
mosomes, whereas monopolar cells had two closely spaced
centrosomes to one side of the cell, with all of the chromo-
somes on the opposite side of the cell. In addition, we found
many small prometaphase-like spindles with improperly
attached chromosomes (31% of abnormal spindles; Figure
7D). Chromosomes in these cells were often oriented with
their arms located far outside the spindle, and some chro-
mosomes were completely unattached from the spindle and
floating freely in the cytoplasm. These prometaphase-like
spindles also exhibited poorly focused spindle poles and
virtually no astral MTs. These findings suggest that both the
formation and function of the mitotic spindle are sensitive to
the increased expression of XKCM1.

We were also interested in how the inhibition of KCM1
during mitosis would affect the mitotic spindle. To examine
this, we microinjected nonimmune IgG antibody or inhibi-
tory anti-XKCM1 antibody into the cytoplasm of prophase
cells. Each coverslip was injected over a period of 5 min and
then fixed and processed for fluorescence of MTs, DNA and
the injected antibody at 30 min postinjection. Injected cells
were then analyzed to determine what stage of mitosis they
had reached and whether they exhibited defects in spindle
morphology. Interestingly, we found that after a 30-min
incubation, 77% of cells injected with anti-XKCM1 were still
in prometaphase (n � 85), whereas only 41% of IgG-injected
cells were in prometaphase (n � 69; Figure 8). This 35%
increase in the number of anti-XKCM1-injected cells still in
prometaphase (p � 0.01) suggests that these cells were either
delayed or arrested in mitosis. This is also reflected in the
finding that there is a 20% decrease in the number of anti-

Figure 7. Overexpression of GFP-XKCM1 perturbs spindle morphology in PtK2 cells. Cells were transfected with GFP or GFP-XKCM1 and
processed for immunofluorescence microscopy at 72 h posttransfection. MTs are in red and DNA is in blue. Optical Z-series images were
collected using a Z-axis motor and three-dimensionally reconstructed in MetaMorph. (A) Prometaphase spindle in a cell expressing GFP. (B)
Monoastral spindle in a cell overexpressing GFP-XKCM1. (C) Monopolar spindle in a cell overexpressing GFP-XKCM1. (D) Prometaphase-
like spindle in a cell overexpressing GFP-XKCM1. Arrowheads point between unseparated centrosomes. Arrows denote centromere
localization of GFP-XKCM1. Bar, 10 �m.
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XKCM1–injected mitotic cells that had reached metaphase
by this time point (p � 0.01).

A mitotic delay or arrest is consistent with the spindle
morphology defects we observed in anti-XKCM1–injected
mitotic cells vs. IgG-injected mitotic cells that were fixed 30
min postinjection. Compared with IgG-injected cells in pro-
metaphase (Figure 9A), 53% of the anti-XKCM1–injected
cells exhibited spindle morphology defects consistent with
the inhibition of a MT-destabilizing protein (n � 64). The
most predominant spindle defect was a “hairy” promet-
aphase spindle, in which there were obvious increases in
both the length and density of spindle and astral MTs (30%
of all prometaphase spindles; Figure 9B). In addition, we
often observed monoastral spindles with partially separated
poles and many long MTs emanating radially out to the cell
periphery (23% of all prometaphase spindles; Figure 9C),
reminiscent of the huge MT asters found in mitotic egg
extracts upon inhibition or immunodepletion of XKCM1
(Walczak et al., 1996). These monoastral spindles often had
all chromosomes clustered to one side. Despite the aberrant
morphology of the monoastral spindles, they were classified
as prometaphase because the chromosomes had not yet
congressed, but nuclear envelope breakdown had occurred.
This could be determined by the FITC staining pattern of the
injected antibodies, which did not enter the nuclear region
until after nuclear envelope breakdown (data not shown). In
addition, the FITC staining pattern indicated that anti-
XKCM1 antibody injection into mitotic cells blocked the
ability of endogenous KCM1 protein to target to centro-
meres and spindle poles (Figure 9, B and C). Taken together,
the observed spindle morphology defects observed upon
injection of anti-XKCM1 antibody suggest that inhibition of

KCM1 perturbs the formation and function of the mitotic
spindle.

DISCUSSION

Previous studies showed that XKCM1 is the dominant MT
destabilizer in cytoplasmic extracts prepared from Xenopus
eggs (Walczak et al., 1996; Tournebize et al., 2000); however,
whether XKCM1 acts as a MT destabilizer in somatic cells
and the importance of its contribution to cellular MT dy-
namics have not been addressed. Herein, we explore the
effect of XKCM1 inhibition or overexpression in PtK2 cells
with live and fixed analyses of the MT cytoskeleton. We
found that the MT arrays in PtK2 cells are sensitive to the
level of XKCM1 expression during interphase and that al-
tering the level of XKCM1 in mitosis leads to defects in
spindle morphology. Measurements of individual MT dy-
namics revealed that XKCM1 perturbation causes dramatic
effects on the catastrophe frequency and modest effects on
the rescue frequency of MTs in PtK2 cells. These results lead
us to conclude that XKCM1 is an essential regulator of MT
dynamics in vertebrate somatic cells.

XKCM1 Regulates Microtubule Organization in
Somatic Cells
Our findings demonstrate that XKCM1 acts as a MT desta-
bilizer not only in vitro and in egg extracts but also in cells.
Given that GFP-XKCM1 destabilized MTs in Xenopus A6
cells, marsupial PtK2 cells, and human HeLa cells, it is clear
that the activity of this protein is conserved in vertebrate
somatic cells. Previous studies in CHO cells with a GFP
fusion with the hamster homolog of XKCM1, MCAK, have
given variable results with respect to depolymerization. In
the first study, overexpression of GFP-MCAK resulted in no
effect in CHO cells at 16–24 h but did cause a decrease in MT
polymer in mitotic cells at 70 h (Maney et al., 1998). In
contrast, a recent study reported a noticeable decrease in
interphase MT staining due to GFP-MCAK overexpression
at 18 h posttransfection (Maney et al., 2001). The source of
the differences between these two studies is not clear, al-
though the observation that MT morphology is affected by
MCAK overexpression is consistent with our findings.

We were surprised to find that PtK2 cells overexpressing
GFP-XKCM1 had little to no soluble tubulin pool staining in
the cytoplasm, despite the significant destabilization of MTs.
One possible explanation of these results is that XKCM1
somehow modulates intracellular tubulin levels. It is more
likely that the lack of cytoplasmic tubulin staining is due to
autoregulation of tubulin expression, wherein tubulin tran-
scription is suppressed in response to an increase in the level
of unpolymerized tubulin subunits (Ben-Ze’ev et al., 1979;
Cleveland et al., 1981). Consistent with this idea, we found
that a 24-h nocodazole treatment also causes a diminished
MT array and little tubulin pool staining in the cytoplasm of
many PtK2 cells (our unpublished data). Autoregulation of
tubulin levels in PtK2s could explain why microinjected
fluorescent tubulin was present at such high levels in the
cytoplasm of cells expressing GFP-XKCM1. The destabiliz-
ing activity of XKCM1 would not favor stable incorporation
of tubulin into the MT array, and the short incubation period

Figure 8. Inhibition of KCM1 in mitosis leads to a mitotic delay in
PtK2 cells. Prophase cells were microinjected with either nonim-
mune IgG or inhibitory anti-XKCM1 antibody. At 30 min postinjec-
tion, cells were fixed and processed for fluorescence of injected
antibodies, MTs, and DNA. The percentage of cells in each stage of
mitosis was determined and plotted for IgG-injected cells (dotted
line) vs. cells injected with anti-XKCM1 antibody (solid line).
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of 1–3 h may not be sufficient for down-regulation of tubulin
expression levels.

When KCM1 was inhibited there was a small increase in
MT polymer staining, which was predominantly in the pe-
rinuclear region of PtK2 cells. A similar effect is seen upon
inhibition of the MT destabilizer Op18 (Howell et al., 1999).
An increase in MT density in this region could be due to an
increase in MT nucleation, a decrease in the frequency of MT
release from the centrosome (Keating et al., 1997), or an
increase in the stabilization of MTs near the centrosome by
localized MAPs, such as TOGp (Charrasse et al., 1998). Fur-
ther experiments are necessary to determine whether
XKCM1 plays a role in centrosomal release of MTs or in the
regulation of pericentrosomal MTs organized by proteins
such as cytoplasmic dynein (Vorobjev et al., 2001).

Altering the level of XKCM1 was also found to affect MTs
in mitotic PtK2 cells. The predominant spindle defects due
to GFP-XKCM1 overexpression, including monopolar spin-
dles, monoastral spindles, and small prometaphase-like
spindles with poorly organized poles, improperly attached
chromosomes, and no astral MTs, could all result from ex-
cess spindle MT destabilization. For example, monopolar
and monoastral spindles could result from the failure of
centrosomes to separate or from the collapse of an unstable
bipolar spindle. To determine how these spindles are
formed and whether they arrest in mitosis, it will be neces-

sary to perform live analysis. Although CHO cells overex-
pressing GFP-MCAK exhibit a pseudoprometaphase arrest
(Maney et al., 1998), the spindle structures in these cells are
very different from the prometaphase-like spindles we have
analyzed. Specifically, we have not observed MT bundling
in PtK2 cells overexpressing GFP-XKCM1. In addition, we
found that more than half of the abnormal spindles in PtK2
cells were monopolar or monoastral, which were not re-
ported in CHO cells overexpressing GFP-MCAK. Because
mitotic CHO cells are able to be removed by mitotic shake-
off (Maney et al., 1998), it is possible that the most disrupted
spindles do not remain attached to the coverslip.

Differences between MCAK studies in CHO cells and
KCM1 studies in PtK2 cells were also found concerning
inhibition of these proteins during mitosis. Our fixed time-
point analysis indicated that KCM1 inhibition leads to a
mitotic arrest or delay, with an increase in the length and
density of MTs disrupting the overall spindle morphology in
prometaphase cells. Antisense-induced down-regulation of
MCAK in CHO cells results in lagging chromosomes during
anaphase, with no effect on the timing or progression of
mitosis, and no differences in MT spindle morphology. Our
assay is different in that our cells are injected with inhibitory
antibody during prophase and allowed only 30-min incuba-
tion before fixation. This allows us to visualize cells under
very specific circumstances, with every cell having already

Figure 9. Inhibition of KCM1 in mitosis perturbs spindle morphology in PtK2 cells. Prophase cells were microinjected with either
nonimmune IgG or inhibitory anti-XKCM1 antibody. At 30 min postinjection, cells were fixed and processed for fluorescence of injected
antibodies, MTs (red), and DNA (blue). Optical Z-series images were collected using a Z-axis motor and three-dimensionally reconstructed
in MetaMorph. (A) Prometaphase spindle in a cell injected with IgG. (B) Hairy prometaphase spindle in a cell injected with anti-XKCM1. (C)
Monoastral spindle in a cell injected with anti-XKCM1. Note lack of XKCM1 staining at centromeres and spindle poles in B and C. Bar, 10
�m.
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begun the process of mitosis. It will be interesting to deter-
mine whether the spindles with excessive MTs can complete
mitosis through a prolonged prometaphase, or whether
these cells arrest during mitosis. Taken together, our results
suggest that altering the level of KCM1 leads to major de-
fects in spindle assembly and function during mitosis in
PtK2 cells. In addition, the predominant spindle defects we
have observed in mitotic cells with excess or inhibited
XKCM1 are consistent with our findings that XKCM1 regu-
lates MT catastrophe and rescue frequencies.

XKCM1 Regulates Microtubule Transition
Frequencies in Somatic Cells
Our results indicate that XKCM1 is an essential regulator of
MT dynamics in PtK2 cells, most notably by modulating MT
transition frequencies. Overexpression of GFP-XKCM1
caused an increase in the catastrophe frequency, whereas
inhibition of XKCM1 caused a decrease in the catastrophe
frequency of MTs. These findings are consistent with anal-
yses of XKCM1 by using purified proteins and in Xenopus
egg extracts, which indicate that XKCM1 is a modulator of
MT catastrophe (Walczak et al., 1996; Desai et al., 1999;
Tournebize et al., 2000; Kinoshita et al., 2001). Interestingly,
we also found that GFP-XKCM1 overexpression caused a
decrease in the rescue frequency of MTs, whereas inhibition
of XKCM1 caused an increase in the rescue frequency of
MTs. An effect on rescue frequency was not previously
observed in experiments in egg extracts (Walczak et al., 1996;
Tournebize et al., 2000) and may reflect differences in the
complements of MT-regulating proteins between egg ex-
tracts and somatic cells.

Additional support for this idea comes from MT dynamics
studies comparing interphase and mitosis in both systems.
Studies in Xenopus egg extracts have demonstrated that the
increase in MT turnover during mitosis is predominantly
due to an increase in the catastrophe frequency of MTs
(Belmont et al., 1990; Verde et al., 1992). In contrast, a recent
study in somatic cells has shown that both an increase in the
catastrophe frequency and a decrease in the rescue fre-
quency of MTs are responsible for enhancing the dynamics
of astral MTs in mitosis (Rusan et al., 2001). In combination
with previous studies of XKCM1, we have demonstrated
that the same molecule can be used in both extracts and cells
to increase global MT turnover upon entry into mitosis,
despite differences in how the transition frequencies are
regulated in these two systems.

Another interesting observation was that the effects on MT
dynamics were much greater in magnitude when overex-
pressing GFP-XKCM1 than when inhibiting KCM1 in inter-
phase PtK2 cells. This was also true when examining the
interphase MT array by fluorescence microscopy. What
might explain these differences? First, it is possible that our
inhibitory antibody does not recognize the PtK2 protein as
well as the Xenopus protein. We think this is unlikely be-
cause immunoblotting and immunostaining indicates that
the antibody recognizes both proteins equally well. An al-
ternative idea is that XKCM1 activity in interphase cells is
normally antagonized by the presence of MAPs bound to the
MTs. Inhibition of XKCM1 would therefore not cause a great
effect. In contrast, overexpression of XKCM1 would favor
depolymerization because cells are not expressing the level
of antagonistic MT-stabilizing proteins necessary to over-

come excess XKCM1. This idea is supported by studies of
XKCM1 and XMAP215 in egg extracts, which showed that
XKCM1 and XMAP215 activities are antagonistic both in
interphase and in mitotic extracts (Tournebize et al., 2000). In
addition, studies in the yeast Saccharomyces cerevisiae have
shown that the MT-stabilizing protein Stu2p, a homolog of
XMAP215, is counterbalanced during anaphase spindle
elongation by the kinesin-related protein Kip3p, a putative
MT destabilizer (Severin et al., 2001). Taken together, these
results support the idea that many cell types use antagoniz-
ing activities to control cytoskeletal organization. It will be
interesting to examine the relationship between KCM1 and
MAPs such as TOGp, the mammalian homolog of XMAP215
(Charrasse et al., 1998), in somatic cells such as PtK2s.

Unlike previous studies in Xenopus egg extracts, we found
that alterations in the levels of XKCM1 affected MT growth
and shrinkage rates. Specifically, overexpression of GFP-
XKCM1 resulted in an increase in growth rate and a de-
crease in shrinkage rate. One possible explanation for these
results is that our measurements inadvertently included
MTs that were not anchored at the centrosome or in the
pericentrosomal material. Although we only analyzed MTs
that extended as far back toward the centrosome as it was
possible to visualize by fluorescence microscopy, the high
density of MTs near the centrosomes of PtK2 cells made it
difficult to determine whether each MT was truly anchored.
If some MTs in our dynamics data sets were not anchored
and were undetectably moving toward the cell periphery,
this rate of motion would add to the net growth rate and
detract from the net shrinkage rate of MTs affected by GFP-
XKCM1. Consistent with this idea, we observed an in-
creased number of free MTs in the cytoplasm of cells over-
expressing GFP-XKCM1 compared with cells expressing
GFP. It is not currently known whether these free MTs were
formed by release from centrosomes (Keating et al., 1997),
breakage due to buckling (Waterman-Storer and Salmon,
1997), or whether they formed de novo in the cytoplasm
(Vorobjev et al., 1997; Yvon and Wadsworth, 1997).

Contribution of XKCM1 to Microtubule Dynamics
Regulation in Interphase and Mitotic Cells
Our findings lead us to propose the following speculative
model for regulation of cellular MT dynamics by XKCM1.
XKCM1 is active in interphase cells, but its effect is sup-
pressed by the stabilizing activity of MAPs. Other destabi-
lizers, such as Op18, also contribute to the dynamics of the
interphase MT array to account for the 10–20-fold increase
in catastrophe in vivo compared with solutions of pure
tubulin (Cassimeris et al., 1988; Simon et al., 1992), because
Op 18 inhibition decreases the catastrophe frequency 2.5–3-
fold in newt lung epithelial cells (Howell et al., 1999).

On entry into mitosis, there is a sudden increase in MT
turnover (Salmon et al., 1984; Saxton et al., 1984; Zhai et al.,
1996). Specifically, in cultured cells the MT catastrophe fre-
quency doubles and the MT rescue frequency decreases
nearly 4-fold during mitosis (Rusan et al., 2001). Concurrent
with this increase in MT turnover, the stabilizing activity of
MAPs and the destabilizing activity of Op18 are both de-
creased by phosphorylation (for review, see Cassimeris and
Spittle, 2001). This would allow the catastrophe-promoting
activity of XKCM1 to predominate as the cell transits into
mitosis. The increase in dynamics at this transition enables
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the cell to rapidly reduce the length of interphase MTs and
increase their dynamic behavior, thereby promoting spindle
formation and allowing MTs to efficiently “search and cap-
ture” the kinetochores on chromosomes (for review, see
Rieder and Salmon, 1998).
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