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Mitotic centromere-associated kinesin (MCAK) is the best characterized member of the kinesin-13 family and plays
important roles in microtubule dynamics during mitosis. Its activity and subcellular localization is tightly regulated by
an orchestra of mitotic kinases, such as Aurora B. It is well known that serine 196 of MCAK is the major phosphorylation
site of Aurora B in Xenopus leavis extracts and that this phosphorylation regulates its catalytic activity and subcellular
localization. In the current study, we have addressed the conserved phosphorylation site serine 192 in human MCAK to
characterize its function in more depth in human cancer cells. Our data confirm that S192 is the major phosphorylation
site of Aurora B in human MCAK and that this phosphorylation has crucial roles in regulating its catalytic activity and
localization at the kinetochore/centromere region in mitosis. Interfering with this phosphorylation leads to a delayed
progression through prometa- and metaphase associated with mitotic defects in chromosome alignment
and segregation. We show further that MCAK is involved in directional migration and invasion of tumor cells, and
interestingly, interference with the S192 phosphorylation affects this capability of MCAK. These data provide the first
molecular explanation for clinical observation, where an overexpression of MCAK was associated with lymphatic
invasion and lymph node metastasis in gastric and colorectal cancer patients.

Introduction

The most crucial and dynamic processes in cells involve micro-
tubules (MTs), structures of highly organized and dynamic a- and
b-polymers.1 MTs form the mitotic spindle in mitosis to ensure
chromosome congression and segregation, and serve as compo-
nents of the cytoskeleton responsible for organelle transport,
migration and cell motility.2-4 Therefore, microtubule dynamics
are tightly regulated by different microtubule-associated proteins
(MAPs) and depolymerizing proteins such as the kinesin-13 fam-
ily. The mitotic centromere-associated protein (MCAK), the best
characterized member of the family, couples the energy from its
ATP turnover to depolymerize MTs by disassembling tubulin
subunits from the polymer end.5,6 By regulating the microtubule
dynamics MCAK plays diverse roles in spindle assembly, sister-
chromosome separation and error correction.7 Along with
MCAK’s functions during the cell cycle, it localizes to MTs on the
leading edge of endothelial cells and promotes directional

migration.8,9 To fulfill these functions, MCAK has to be tempo-
spatially regulated via phosphorylation events by various kinases
like Aurora A, Aurora B, cyclin-dependent kinase 1 (Cdk1) and
Polo-like kinase 1 (Plk1).10-14 Deregulation of MCAK induces
defects in spindle assembly, chromosome congression and segrega-
tion in mammalian cells,12-16 leading further to chromosome
instability, a hallmark of tumors. In support of this notion, overex-
pression of MCAK associates with a more invasive and metastatic
phenotype and poor prognosis for breast, gastric and colorectal
cancer patients.17-20

Aurora B is the major regulator of MCAK by phosphorylating
several residues.11,21-23 Previous studies in Xenopus leavis extracts
and HeLa cells have reported that Aurora B decreases the catalytic
activity of XKCM1, the Xenopus homolog of MCAK, and its
localization to the kinetochore region by phosphorylating multi-
ple residues, including serine 196 (S196).11,23 Further studies
have demonstrated that MCAK phosphorylation by Aurora B is
involved in the correction of merotelic attachments and
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interfering with these phosphorylation sites lead to mitotic
defects in Xenopus leavis extracts.21,22,24,25 Interestingly, Aurora
A was also shown to phosphorylate MCAK on S196 at early
mitosis to regulate aster organization in Xenopus leavis extracts.10

In addition, the Rac1-Aurora A-MCAK signaling pathway medi-
ated by phosphorylation of S196 promotes endothelial cell polar-
ization and directional migration in HUVEC and MCF-7 cells.9

The inhibitory effect of this phosphorylation has been shown to
be mediated by a phospho-conformational switch that reduces
the microtubule association of MCAK in vitro.26 To address the
function of this phosphorylation residue, numerous studies have
been carried out with XKCM1. By contrast, only one study was
performed on human MCAK showing that p21-activated kinase
1 (PAK1) phosphorylates serine 192 (S192), the conserved resi-
due in human MCAK, which decreases its MT depolymerization
activity in vitro.27 To get a more depth understanding of
MCAK’s regulation by Aurora B in human cells, we have focused
on the major phosphorylation site S192 in MCAK and character-
ized its function in mitotic progression and cell motility in differ-
ent human cancer cells. We show here that the phosphorylation
of S192 by Aurora B is important for mitotic progression as well
as for MCAK’s novel role in cell motility.

Results

Phosphorylation at S192 regulates the catalytic activity
of MCAK in vivo and in vitro

To investigate the impact of S192 phosphorylation on the cat-
alytic activity of MCAK, GST-tagged human full-length MCAK,
the non-phosphorylatable mutant MCAK S192A and the phos-
phomimetic mutant MCAK S192D were expressed and purified.
Aurora B phosphorylates S192 of MCAK (Fig. S1A and B), as
reported.11,21-23,25 Using a well-established in vitro depolymeri-
zation assay,14 we examined the catalytic activity of MCAK WT
and its variants. As expected, MCAK WT efficiently depolymer-
ized MTs (Fig. 1A, 1st panel). While MCAK S192D was found
to be inactive by showing more stabilized MTs (Fig. 1A, 3rd

panel), MCAK S192A was hyperactive exhibiting less remained
MTs (Fig. 1A, 2nd panel). Further analyses showed that MTs
were much longer and the number was higher after 15 min incu-
bation with MCAK S192D, whereas MTs were shorter and the
number was reduced with MCAK S192A, relative to MCAK
WT (Fig. 1B and C). To examine the catalytic activity in cells,
an in vivo microtubule depolymerization assay was carried out.
HeLa cells were depleted of endogenous MCAK and replaced
24 h later by Flag-tagged MCAK WT, MCAK S192A and
MCAK S192D (Fig. 1D). HeLa cells depleted of MCAK
showed 46% more polymerized tubulin compared to cells treated
with control siRNA (Fig. 1E). While HeLa cells transfected with
S192A contained 30% less polymerized tubulin, S192D trans-
fected cells displayed 22% more polymerized tubulin compared
to cells transfected with MCAK WT (Fig. 1E). Comparable
results were also obtained in osteosarcoma U2OS cells (Fig. S1C
and D). To address if this phosphorylation impacts the morphol-
ogy of the mitotic spindle, we measured the pole-to-pole

distance. As depicted in Fig. 1F and G, compared to MCAK
WT transfected cells, the spindle length in cells with MCAK
S192A was obviously shorter. By contrast, MCAK S192D pro-
longed the spindle (Fig. 1F and G), suggestive of being inactive
in cells. To exclude the possibility that this phosphorylation
could alter the subcellular localization and subsequently affect its
catalytic activity, we examined HeLa cells transfected with
EGFP-tagged MCAK WT and its mutants in more detail. Like
MCAK WT, both mutants were localized to the spindle poles as
well as kinetochore/centromere region (Fig. S2), indicating that
this regulation hardly affects its rough localization in cells. These
data suggest that the catalytic activity of MCAK S192D is greatly
reduced, both in vivo and in vitro.

Interfering with the S192 phosphorylation retains cells in
metaphase

To investigate functional significance, HeLa cells were
depleted of endogenous MCAK (Fig. 2A, 1st row, lane 2) and
rescued with Flag-tagged MCAK WT, MCAK S192A and
MCAK S192D at comparable levels (Fig. 2A, 1st row, lanes
3–5). Cells were synchronized to the G2 phase using a specific
and reversible Cdk1 inhibitor RO-330628 and released for 1.5 h
to allow cells to progress through mitosis. To quantify the distri-
bution of mitotic sub-phases, the cells were stained for MT
marker a-tubulin, kinetochore marker Hec1 and centrosome
marker pericentrin. HeLa cells treated with siRNA against
MCAK showed an accumulation of pro- and prometaphase cells
of about 32% (Fig. 2B), as previously reported.29,30 Adding
back of MCAKWT could efficiently reverse this prophase/prom-
etaphase arrest (Fig. 2B). Cells with either of MCAK mutants
showed hardly problems in passing through prophase/prometa-
phase (Fig. 2B). However, compared to MCAK WT transfected
cells, HeLa cells expressing MCAK S192A and MCAK S192D
displayed 22% and 14% more metaphase cells (Fig. 2B), indicat-
ing that cells rescued with both mutants, especially MCAK
S192A, encounter problems in passing through metaphase. A
similar distribution of mitotic sub-phases was also observed in
colon carcinoma HCT116 cells (Fig. S3A). To corroborate these
results, MCAK depleted cells or cells rescued with Flag-tagged
MCAK WT, MCAK S192A or MCAK S192D were synchro-
nized to the G2 phase, released into fresh medium and harvested
at indicated time points for Western blot analyses. Like MCAK
WT expressed cells, those cells rescued with MCAK S192D
showed almost normal progression through mitosis, with a
peaked phosho-histone H3 (pHH3 (S10)) signal after 1 h
(Fig. 2C, 3rd row, lane 8 and 18), accompanied by degradation
of cyclin B1 (Fig. 2C, 2nd row, lanes 9–10 and 19–20). Similar
to cells depleted of endogenous MCAK, cells transfected with
MCAK S192A displayed a clear mitotic arrest with strong pHH3
(S10) signals even at 4 h after the release (Fig. 2C, 3rd row, lane
15), accompanied by a still high amount of cyclin B1 (Fig. 2C,
2nd row, lane 15), suggesting the cells with hyperactive non-phos-
phorylatable form face a severe problem in mitosis. Further flow
cytometry analyses underscored this notion by showing a laggard
G2/M progression in cells with MCAK S192A (Fig. 2D, left
bottom panel), even worse than cells depleted of endogenous
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Figure 1. For figure legend, see page 3758.
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MCAK demonstrating although an increased amount of the G2/
M cells at 1 h yet normalized at 2 h (Fig. 2D, left upper panel).
Taken together, both mutant expressing cells, especially MCAK
S192A expressing cells, are not able to fully restore the function
of endogenous MCAK, suggesting this S192 phosphorylation
and timely dephosphorylation are crucial for mitotic progression.

Mitotic defects by perturbing the phosphorylation
on serine 192

We were then interested in phenotype of cells expressing
MCAK mutants. HeLa cells depleted of endogenous MCAK
were transfected with MCAK WT or its variants and stained for
a-tubulin, Hec1, pericentrin and DNA. 49.5% of HeLa cells
knockdown of MCAK exhibited the typical “hairy” phenotype,
forming bipolar spindles with dense and excessively long and dis-
organized astral microtubules (Fig. 3A, 1st and 2nd panel), as
described previously.30,31 Moreover, 42.8% of MCAK depleted
cells showed defects in chromosome congression, with single or
multiple chromosomes not aligned onto the metaphase plate
(Fig. 3A, 1st panel, DAPI staining, white arrow, and Fig. 3D)
and 42.6% had segregation problems in anaphase (Fig. 3A, 2nd

panel, DAPI staining, white arrow and Fig. 3E). MCAK WT
transfected cells could rescue these mitotic defects back to control
HeLa cell levels (Fig. 3A, 3rd and 4th panel, and Figs. 3D and E).
Cells rescued with MCAK S192A or MCAK S192D could
slightly reduce the aberrant spindle formation to 43.9% and
42.1%, respectively, from 49.5% in cells depleted of MCAK
(Fig. 3A, 5th to 10th panel, and Fig. 3B). Notably, MCAK
S192A transfected cells demonstrated thin and less nucleated
spindles, whereas cells with MCAK S192D displayed densely
polymerized and aberrant spindles (Fig. 3A, 5th to 10th panel,
a-tubulin staining). Neither MCAK S192A nor MCAK S192D
was able to restore an accurate chromosome congression, still
with error rates of 38.9% and 33.3%, respectively (Fig. 3A, 5th

and 8th panel, DAPI staining, white arrows and Fig. 3D). Both
mutants also failed to rescue the segregation failures induced by
MCAK depletion with 24.6% for MCAK S192A and 34.4% for
MCAK S192D compared to 11.5% of MCAK WT cells
(Fig. 3A, 6th and 9th panel, DAPI Staining, white arrows, and
Fig. 3E). In addition, cells expressing the non-phosphorylatable

mutant MCAK S192A or the phosphomimetic mutant MCAK
S192D displayed 14.6% and 8.3% of multipolar cells, respec-
tively, which could not be observed in control cells, cells depleted
of MCAK or cells expressing MCAK WT (Fig. 3A, 7th and 10th

panel, DAPI Staining and Fig. 3C), in line with previous
reports.16,32 Comparable results were also obtained in HCT116
cells (Fig. S3B-E). Thus, neither MCAK S192A nor MCAK
S192D could fully restore the phenotype induced by depleting
endogenous MCAK. These data indicate that the S192 phos-
phorylation is an important regulatory event of MCAK and its
deregulation links to defective mitosis associated with failure in
spindle formation and chromosome movement.

MCAK S192A increases the inter-centromere distance and
the kinetochore localization of MCAK

MCAK is involved in creating tension between sister kineto-
chores by correcting mal-attachments within microtubules and
kinetochores, the inter-kinetochore distance is therefore a reliable
indicator of MCAK’s actitivty.11,33 HeLa cells depleted of endog-
enous MCAK were rescued with comparable levels of Flag-tagged
MCAK WT, MCAK S192A and MCAK S192D (Fig. 4B), syn-
chronized to prometaphase using Eg5 inhibitor III and released
for 2 h in the presence of MG132 to prevent cell progression
beyond metaphase (Fig. 4A). Cells were stained for the kineto-
chore marker Hec1 and the centromere marker INCENP for
measuring the inter-kinetochore distance by confocal micros-
copy. MCAK depleted cells showed a significantly decreased
inter-centromere distance compared to cells treated with control
siRNA and MCAK WT transfected cells (Fig. 4C and D).
Intriguingly, cells transfected with Flag-tagged MCAK S192A
displayed a remarkably increased sister kinetochore distance,
while the phosphomimetic construct reduced obviously the cen-
tromere stretch in HeLa cells, implying that both mutants have
deregulated depolymerization activity (Fig. 4C and D). Similar
results were also obtained with HCT116 cells (Fig. S4A and B).
To examine precisely if the phosphorylation on serine 192 affects
the kinetochore/centromere localization of MCAK, a well-estab-
lished chromosome spreading assay was performed with HeLa
cells expressing EGFP-tagged MCAK constructs.14,34 Chromo-
somes from metaphase cells were spread onto the slides and

Figure 1 (See previous page). The phosphorylation of S192 significantly regulates the depolymerization activity of MCAK in vitro and in vivo. (A) In vitro
MT depolymerization assay was performed with GST-MCAK WT, its non-phosphorylatable variant GST-MCAK S192A and the phosphomimetic variant
GST-MCAK S192D or GST alone as control. Example pictures at 0 and 15 min are shown. Red arrows indicate the length and number of remaining micro-
tubules. Scale bar: 10 mm. (B) Quantification of the microtubule length at indicated time points, evaluated with the AxioVision SE64 Rel. 4.9 software (n
D 5 visual fields of 5,000 mm2 for each condition). The results are presented as mean §SD. **p < 0.01, ***p < 0.001. (C) Quantification of the number of
microtubules at indicated time points (n D 5 visual fields of 5,000 mm2 for each condition). Only microtubules with a length longer than 2 mm were
taken for analysis. The results are presented as mean §SD. ***p < 0.001. (D) Control Western blot analysis for the in vivo depolymerization assay. HeLa
cells depleted of endogenous MCAK were transfected with Flag-tagged MCAK WT, its mutants or the empty vector, synchronized to prometaphase and
released for 1.5 h for Western blot analysis with indicated antibodies. b-actin served as loading control. sicon: control siRNA, siMCAK: siRNA targeting
MCAK. (E) Evaluation of the content of polymerized tubulin in mitotic HeLa cells by flow cytometry. Cells were extracted, fixed and stained for a-tubulin.
The polymerized a-tubulin content of control siRNA (sicon) transfected HeLa cells was assigned as 100%. The results are based on 3 independent experi-
ments and presented as mean §SEM. **p < 0.01, ***p < 0.001. (F) Evaluation of the pole-to-pole distance. HeLa cells were depleted of endogenous
MCAK with siRNA and transfected with EGFP-tagged MCAK WT, MCAK S192A, MCAK S192D or EGFP vector. Cells were synchronized to the G2 phase
using the Cdk1 inhibitor RO-3306 and released in the presence of MG132 for 1.5 h. Examples of metaphase cells rescued with EGFP MCAK and its
mutants are shown. White arrows indicate misaligned chromosomes. Scale bar: 7.5 mm. (G) Quantification of the spindle length, using the LAS AF soft-
ware (nD 90 metaphase cells for each condition). The results are presented as mean§SD (nD 3) and statistically analyzed. ***p < 0.001.

3758 Volume 14 Issue 23Cell Cycle



stained for the kinetochore marker
Hec1 and DNA. MCAK WT cells
displayed a nearly equal distribution
of MCAK localized to kinetochores
and centromeres (Figs. 4E and F). By
contrast, both mutants showed an
altered distribution around the kineto-
chore-centromere region: the colocali-
zation of the hyperactive mutant
MCAK S192A with the kinetochore
marker Hec1 was elevated by 26%,
whereas the phosphomimetic mutant
localization to the kinetochore was
decreased by 76% compared to the
MCAK WT signal (Fig. 4E and F).
The results strengthen the notion that
the phosphorylation of serine 192 sup-
presses the depolymerization activity
of MCAK and regulates accurately its location in the kineto-
chore/centromere region and deregulation of this control could
lead to severe failures during mitosis.

Involvement of S192 in directional migration and invasion
of tumor cells

It has been reported that MCAK promotes endothelial cell
polarity and directional migration by regulating MT dynamics.9

As the serine 192 is an important regulatory residue of MCAK,

we were wondering if this phosphorylation event confers addi-
tional functions beyond regulating mitosis. To address this, a
wound-healing/migration assay was performed with HeLa cells
expressing EGFP-tagged MCAK WT, MCAK S192A or MCAK
S192D. After 16 h, EGFP MCAK WT cells were able to close
the cell free gap to 0.6% comparable to HeLa control cells with
1.2% (Figs. 5A and B). In contrast, both mutants inhibited cell
migration: cells with MCAK S192A or with MCAK S192D dis-
played an increase in the cell free area of 9.4% and 6.4%,

Figure 2. Blocking the S192 phosphoryla-
tion causes a metaphase arrest. To evalu-
ate the mitotic phase distribution, HeLa
cells were transfected with siRNA target-
ing only endogenous MCAK and followed
by the rescue with Flag-tagged MCAK WT
and its mutants. Cells were synchronized
to the G2 phase with the Cdk1 inhibitor
RO-3306 and released into fresh medium
for 1.5 h. (A) Control Western blot analysis
showing the efficient knockdown of
endogenous MCAK and comparable
expression levels of Flag MCAK and its
mutants. b-actin served as loading con-
trol. sicon: control siRNA, siMCAK: siRNA
targeting MCAK. (B) Treated HeLa cells
were stained for a-tubulin, pericentrin,
DAPI and analyzed for distribution of the
mitotic sub-phases using immunofluores-
cence microscopy. The results are dis-
played as mean §SD (n D 3). *p < 0.05,
**p < 0.01. (C) HeLa cells, depleted of
endogenous MCAK and rescued with
Flag-tagged MCAK WT or its variants,
were synchronized to the G2 phase with
RO-3306 and released into fresh medium.
At indicated time points cells were har-
vested for Western blot analyses with
indicated antibodies. b-actin served as
loading control. (D) Cell cycle distribution
at indicated time points by flow
cytometry.
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respectively, at 16 h (Figs. 5A and B). To exclude deviations
caused by varied transfection efficiencies, single EGFP-tagged
cells were tracked during the wound-healing assay. Again relative

to EGFP MCAK WT cells, both mutants slowed migration
(Figs. 5C and D). Moreover, to assess if this reduced migration
is related to the invasive capability, HeLa cells depleted of

Figure 3. Interfering with MCAK S192 phosphorylation causes multiple mitotic defects. For mitotic phenotype analysis, HeLa cells were transfected with
siRNA targeting only endogenous MCAK and followed by the rescue with Flag-tagged MCAK WT or its mutants. Cells were synchronized to the G2 phase
using RO-3306 and released into fresh medium for 1.5 h for further analysis. (A) Immunofluorescence staining. To evaluate the mitotic phenotype,
treated cells were stained for a-tubulin, pericentrin, Hec1 and DAPI. Representatives are shown. White arrows indicate misaligned or segregated chromo-
somes. Scale bar: 10 mm. (B) Quantification of aberrant spindles. The results are represented as mean§SD. **p< 0.01. (C) The frequency of cells showing
multipolarity. The data are displayed as mean §SD. **p < 0.01, ***p < 0.001. (D) Evaluation of chromosome misalignment. The data are displayed as
mean §SD. **p < 0.01, ***p < 0.001. (E) The frequency of cells showing segregation defects. The results are represented as mean §SD. *p < 0.05,
**p < 0.01, ***p< 0.001.
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Figure 4. For figure legend, see page 3762.
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endogenous MCAK were added back with Flag-tagged MCAK
WT, MCAK S192A and MCAK S192D for invasion assay (Fig.
5E). While HeLa cells treated with siRNA against MCAK
showed a potent reduction of invading cells to 39%, both
MCAK S192A and MCAK 192D reduced also significantly
invading cells with 58% and 54%, respectively (Figs. 5F and G).
These results could be corroborated in HCT116 cells (Fig. S4D
and E). Thus, these observations support a novel role for MCAK
in directional migration by remodeling MT dynamics in the
cytoskeleton and the phosphorylation on S192 plays an impor-
tant role in this process.

Discussion

Since deregulated MCAK leads to chromosome instability
and is associated with invasiveness, metastasis and poor prognosis
of cancer patients,35 the precise regulation of MCAK by kinases
is fundamentally crucial. In fact, numerous important studies
have revealed the importance of the phosphorylation sites in
MCAK to delineate the regulatory mechanisms responsible for
its functions.10-14,27 We have shown that the phosphorylation at
S621 by Plk1 facilitates MCAK’s recognition by the ubiquitin/
proteasome dependent APC/CCdc20 degradation pathway13 and
phosphorylation at SS632/633 by Plk1 augments its catalytic
activity during mitosis.14 In contrast, the phosphorylation at
T537 by Cdk1 attenuates MCAK’s catalytic activity and initiates
its release from the centrosomes in pro-/prometaphase.12 Among
all revealed phosphorylation sites in MCAK, however, S192
(S196 in Xenopus leavis), the major phosphorylation site by
Aurora B/Aurora A, is the most important regulatory residue for
MCAK’s activity and localization and has thus attracted the most
attention. As Aurora A as well as Aurora B is deregulated in vari-
ous tumor cells,36-39 we have set up to study the function of the
S192 phosphorylation in cancer cells in more depth.

In the current work, we show that this phosphorylation on
S192 decreases MCAK’s catalytic activity in vitro and in mitotic
tumor cells, in line with the results derived from Xenopus leavis
extracts as well as in interphase cells.22,27 We demonstrate further
that the non-phosphoryltable MCAK S192A is hyperactive evi-
denced by reduced spindle length and increased inter-centromere
distance, whereas the phosphomimetic mutant MCAK S192D is
inactive by showing prolonged spindle and shortened inter-cen-
tromere distance. These results emphasize the role of Aurora B in

regulating the catalytic activity of human MCAK by phosphory-
lating S192 of MCAK. This catalytic regulation by Aurora B is
likely mediated by a phospho-conformation change inside
MCAK shown in vitro.26 Upon phosphorylation MCAK shifts
to a more “open” state characterized by a reduced affinity for
tubulin dimers, interestingly with a hardly changed MT on-rate,
which was previously assumed to play a role by interfering with
the positive charged region in the neck-domain.26,40

Furthermore, our data indicate a delayed mitotic progression
by interfering with the phosphorylation of Aurora B on S192.
This mitotic delay is caused by the deregulation of MCAK’s cata-
lytic activity and consequently defects in spindle assembly and
chromosome movement. While MCAK S192A, the hyperactive
form, induced thin abnormal spindles, the inactive variant
MCAK S192D displayed densely polymerized microtubules sim-
ilar to that in cells depleted of endogenous MCAK. Moreover,
both mutants MCAK S192A and MCAK S192D were not able
to rescue the assembly of aberrant spindles and to restore prop-
erly the chromosome alignment and the sister-chromatid segrega-
tion. Additionally, a part of mutant transfected was not able to
establish a bipolar spindle, leading to multipolar spindles, possi-
bly resulted from deregulated microtubule nucleation or defective
cytokinesis due to severely altered MCAK’s activity.16,32 We
show further that this phosphorylation of MCAK regulates its
localization on the kinetochore/centromere region in cells: the
hyperactive MCAK S192A favored the kinetochores, whereas the
inactive form MCAK S192D preferred the centromere region.
These data suggest that mitotic failures could be ascribed to
altered catalytic activity as well as to deregulated localization of
MCAK at the centromere/kinetochore region, where a precise
balance between active and inactive MCAK is required to correct
defective kinetochore-MT attachments.41 These observations
highlight the importance of a proper regulation of S192 in
MCAK and its phosphorylation and dephosphorylation must be
regulated in space and time, to maintain a precisely controlled
activity of MCAK throughout mitosis. This is substantial to
ensure MCAK’s function in regulating the microtubule nucle-
ation, spindle formation, chromosome alignment and separa-
tion.42 Our data also indicate that deregulated MCAK could be
involved in chromosome instability facilitating tumor develop-
ment and therapy resistance, as Aurora kinases are very often
overexpressed in tumor cells.36-39

We reveal further that MCAK is important for migration and
invasion of tumor cells, which is in line with previous

Figure 4 (See previous page). MCAK S192A increases the inter-centromere distance and favors the localization at the kinetochore at metaphase. (A)
Illustration of the working schedule: HeLa cells depleted of endogenous MCAK were transfected with Flag-tagged MCAK WT, MCAK S192A or MCAK
S192D. Cells were synchronized to prometaphase using the Eg5 inhibitor III for 12 h, the proteasome inhibitor MG132 was provided to the medium con-
taining Eg5 inhibitor for the last hour, and cells were then released into fresh medium with MG132 for 2 h to keep the cells at metaphase for further anal-
ysis. (B) Western blot analysis for transfection control. b-actin served as loading control. (C) Treated cells were stained for a-tubulin, INCENP, Hec1 and
DNA. The inter-centromere distance was measured using the LAS AF software (n D 90 kinetochore pairs for each condition). The results are presented as
mean § SD. ***p < 0.001. (D) Representative cells are shown. Scale bar: 7.5 mm. Insets: paired centromeres with 2 fold magnification. (E) Chromosome
spreading assay was carried out with treated cells. Representatives of colocalized EGFP-MCAK constructs with the kinetochore marker Hec1 are shown.
Insets indicate 2 fold magnification of the kinetochore/centromere region. Scale bar: 2.5 mm. (F) Quantification of colocalized EGFP-MCAK constructs
with Hec1. It was evaluated using the Pearson’s coefficient with ImageJ software (n D 100 kinetochore pairs). The results are presented as mean §SD.
***p < 0.001.
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Figure 5. For figurelegend, see page 3764.
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observation,8 possibly via its involvement in modulating MT
dynamics in the cytoskeleton. Interestingly, interfering with
S192 phosphorylation hampers migration and invasiveness of
tumor cells, indicating that this residue plays a role in cell motil-
ity. This function might be regulated by the Rac1-Aurora A-
MCAK signaling pathway, as suggested.9 Importantly, invasive
cervix carcinoma HeLa cells and colon carcinoma HCT116 cells
showed a remarkably reduced invasion capability by knockdown
of endogenous MCAK, which could be restored by wild type
MCAK but not by either of both mutants. These data provide
the first molecular indication for clinical studies, where an over-
expression of MCAK was associated with lymphatic invasion and
lymph node metastasis in gastric and colorectal cancer
patients.18,19 Further investigations are required to explore the
molecular mechanisms by which overexpression of MCAK
increases mobility and invasiveness in cancer cells.

Materials and Methods

Cell culture, synchronization and cell cycle analysis
HeLa, HCT116 and U2OS cells were cultured as instructed

(DSMZ, Braunschweig). Cells were synchronized to the G2
phase with the Cdk1 inhibitor RO-3306 (9 mM) for 16 h and to
prometaphase with nocodazole treatment (50 ng/ml).28 To pre-
vent progression of cells beyond metaphase, cells were treated
with the specific proteasome inhibitor MG132 (10 mM, Sigma-
Aldrich, Hamburg). Cell lysis was performed with RIPA
buffer.43,44

Kinase assay in vitro, Western blot and cell cycle analysis
Recombinant full-length and S192 mutants of MCAK were

induced and expressed in Escherichia coli BL21 (DE3, Codon
Plus) at 37�C for 2 h by addition of 1 mM IPTG and purified
using Glutathione-Sepharose 4B beads (GE Healthcare, Ham-
burg). The GST-tagged MCAK constructs were incubated with
Aurora B kinase (Biomol, Hamburg) in the presence of 1 mCi
[g32P] ATP and 100 mM non-radioactive ATP at 37�C for
30 min. The reaction was terminated by adding sample buffer
and boiling for 5 min, loaded onto 10% SDS PAGE, separated,
stained with Coomassie brilliant blue and scanned as input

control. The phosphorylation of Aurora B was quantified by
measuring the incorporation of g32P using Image J software.

Western blots were carried out as described45,46 and the fol-
lowing primary antibodies were used: mouse monoclonal anti-
bodies against anti-Kif2c (MCAK), Plk1 and cyclin B1 (Santa
Cruz biotechnology, Heidelberg), mouse monoclonal antibody
against b-actin (Sigma-Aldrich), rabbit polyclonal antibody
against phospho-histone H3 (Merck Millipore, Lake Placid).
Cell cycle was analyzed as described.47

siRNA knockdown and MCAK rescue experiments
Small interfering RNA (siRNA) (25 nM) targeting the

30-untranslated region of MCAK was synthesized by Sigma-
Aldrich against position 1666 to 1686. siRNA was transiently
transfected using the transfection reagent Oligofectamine (Invi-
trogen, CA) as described.46,48 For rescue experiments, HeLa cells
depleted of endogenous MCAK were transfected with Flag-
tagged MCAK WT, MCAK S192A or MCAK S192D by using
FuGene-HD transfection reagent (Promega, Madisson). All res-
cue experiments were independently performed at least 3 times.

Immunofluorescence staining and measurement of inter-
centromere and inter-centrosome distance

For immunofluorescence staining cells were transfected with
MCAK constructs and fixed for 8–10 min with methanol at
¡20�C or with 4% paraformaldehyde containing 0.1% Triton
X-100 for 15 min at room temperature. The following primary
antibodies were used: rat polyclonal antibody against a-tubulin
(Biozol, Eching), rabbit polyclonal antibodies against pericentrin
and INCENP and mouse monoclonal antibody against Hec1
(Abcam, Darmstadt), human ACA (anti-centromere antibody)
(Jackson Immunoresearch, Newmarket), rabbit polyclonal anti-
body against Aurora B (Cell signaling, Frankfurt) and mouse
monoclonal antibody against Plk1 (Santa Cruz biotechnology).
FITC-, Cy3- and Cy5 conjugated secondary antibodies were
obtained from Jackson Immunoresearch. DNA was stained using
DAPI (40,6-diamidino-2-phenylindole-dihydrochloride) (Roche,
Mannheim).

For measuring the distance of the inter-centromere and inter-
centrosome, cells were depleted of endogenous MCAK, added
back of Flag-tagged MCAK and its variants, and synchronized to

Figure 5 (See previous page). Decreased migration and invasion rate by interfering with MCAKs depolymerization activity. Wound healing/migration
assay was performed. Cells transfected with EGFP-MCAK WT and its variants were seeded onto a 35mm migration chamber with a 500 mm cell-free gap
and pictures were taken every 8 h to document the migration front. (A) Quantification of the open area between both migration fronts after 8 and 16 h,
evaluated with the AxioVision SE64 Rel. 4.9 software (n D 5 visual fields of 1350 £ 1800 mm2 for each condition). The cell-free area of control cells at 0 h
were assigned as 100%. The results are presented as mean §SD. *p < 0.05, **p < 0.01. (B) Representatives of migrating patterns. White dashed line
depicts the migration front. Scale bar: 200 mm. (C) Quantification of directional migration distance of transfected single cells, measured with the AxioVi-
sion SE64 Rel. 4.9 software (n D 50 cells for each condition). The migrated distance of non-transfected cells was assigned as 100%. The results are pre-
sented as mean §SD. **p < 0.01. (D) Representatives of single cell tracking. White dashed line indicate the start, yellow dashed line indicate the end
point of migrated cells and red dashed line displays the distance between both points. Scale bar: 20 mm. (E) Western blot analysis as transfection effi-
ciency controls. HeLa cells depleted of endogenous MCAK were added back with Flag-tagged wild type MCAK or its mutants for the invasion assay as
described in Materials and Methods. Western blot analysis was performed with MCAK antibody. b-actin served as loading control. (F) Quantification of
invaded HeLa cells. The number of invaded cells treated with control siRNA (sicon) was assigned as 100%. The results are presented as mean §SD (n D 5
visual fields of 170 £ 225 mm2 for each condition). **p < 0.01, ***p < 0.001. (G) Representatives of invaded HeLa cells rescued with wild type MCAK or
its mutants. Scale bar: 20 mm.
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prometaphase using Eg5 inhibitor III (1 mM, Sigma Aldrich) for
12 h, the proteasome inhibitor MG132 was provided to the
medium containing Eg5 inhibitor for the last hour, and cells
were then released into fresh medium with MG132 for 2 h. Both
distances were measured by using a confocal laser scanning
microscope (CLSM, Leica CTR 6500) with LAS AF software
(Leica, Heidelberg). Images were processed using Adobe
Photoshop.

Construction of MCAK mutants
The cDNA of full-length human MCAK was obtained from

RZPD (IRATp970F0111D, Berlin) and was cloned into
BamH1/EcoR1 sites of pGEX 5x-3 (GE healthcare), into
EcoR1/BamH1 sites of p3xFLAG-CMV7.1 (Invitrogen) and
into BamH1/ EcoR1 sites of pEGFP-C2 (Invitrogen). Single
point mutations were generated as previously described48 using
the following primers: S192A sense: 50-gaactcagttcggaggaaag-
catgtcttgtgaaggaag-30, S192A antisense: 50-cttccttcacaagacatgc
tttcctccgaactgagttc-30, S192D sense: 50-ctgtgaactcagttcggagg-aaa-
gattgtcttgtgaaggaagtgg-30, S192D antisense: 50-ccacttccttcacaaga-
caatctttcctccgaactgagttcacag-30. All mutant constructs were
confirmed by DNA sequencing.

Microtubule depolymerization assay in vitro and in vivo
Recombinant human GST-tagged MCAK and its mutants

were expressed and purified as described.13 The in vitro MT
depolymerization assay was performed and evaluated with the
AxioVision SE64 Re. 4.9 software as reported.14 For in vivo
depolymerization assay, cells were depleted of endogenous
MCAK, rescued with Flag-tagged MCAK or its mutants, and
synchronized with nocodazole and mitotic shake-off cells were
collected. For analysis of cellular microtubule polymer content,
mitotic cells were released for 1.5 h in fresh medium, then
extracted, fixed and stained for a-tubulin for fluorescence flow
cytometry (Becton Dickinson, Heidelberg) as described previ-
ously.29 Fluorescence intensity was evaluated using the Cell
Quest software (Becton Dickinson). Cells transfected with
MCAK WT were assigned as microtubule polymer content
100%. The experiments were independently performed 3 times
and each time was in triplicate.

Chromosome spreading assay with metaphase cells
HeLa cells were rescued with EGFP-tagged MCAK WT,

MCAK S192A and MCAK S192D after depleting endogenous
MCAK with siRNA. On day 2 cells were synchronized to prome-
taphase using nocodazole and released into fresh medium supple-
mented with the proteasome inhibitor MG132 to retract cells in
metaphase. Harvested cells were subjected to hypotonic buffer
(10 mM Hepes-Na pH 7.0, 30 mM glycerol, 1.0 mM CaCl2
and 0.8 mM MgCl2), centrifuged onto an object slide by using a
cyto-centrifuge with 3000 rpm for 5 min, followed by fixation
and staining for Hec1 and DNA as described.34 The chromo-
some spreads were further examined by a confocal laser scanning
microscope (Leica CTR 6500). The colocalization of EGFP-
MCAK with Hec1 was quantified using the Pearsons’s coefficient
and analyzed with the software ImageJ with the plugin Coloc2.49

Migration and invasion assay
Cell migration assays were performed with culture-inserts

from ibidi (Martinsried). Culture-inserts (cell free gap of
500 mm) were placed in a 24-well culture dish and both wells of
each insert were filled with cell suspension. HeLa cells (7.5 £
104) transfected with EGFP-MCAK or its mutants were seeded
in each well of the culture-inserts. They were gently removed
after at least 8 h. The cells were acquired and imaged at indicated
time points with a fluorescence microscope. Five pictures of each
insert were taken and the experiments were performed in dupli-
cate. The open area was measured using the AxioVision SE64
Re. 4.9 software (Zeiss). For single cell tracking of EGFP-trans-
fected cells, the cells were treated as described above. Cell move-
ment was followed using a time lapse module of the AxioVision
SE64 Re. 4.9 software. This module took every 4 hours pictures
of 2five defined positions, which enabled the measurement of the
same cell during different time points. The migrated distance of
single cells was measured by using the AxioVision SE64 Re. 4.9
software (n D 50 cells for each condition). The experiments were
independently performed 2 times and each time was in duplicate.

For invasion assays, cells depleted of endogenous MCAK were
rescued with Flag-tagged MCAK WT, MCAK S192A or MCAK
S192D and seeded in 24-well transwell matrigel chambers (Cell
Biolabs Inc., San Diego) according to the manufacturer’s instruc-
tions and as previously reported.50 Briefly, cells (7.5 £ 104) were
seeded into the upper chamber of the transwell in 500 ml serum-
free medium and the lower chamber was filled with 750 ml
serum-free medium. After 12 h the medium of both chambers
was discarded and the invasion assay was started by adding
medium containing 10% fetal bovine serum for the next 24 h.
Cells were then fixed with ethanol and stained with DAPI.
Invaded cells were counted with a microscope. The experiments
were independently performed 3 times.

Statistical analysis
Student’s t-test (2 tailed and paired or homoscedastic) was

used to evaluate the significance of difference between different
groups. Difference was considered as statistically significant when
p < 0.05.
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