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Aurora B and Kif2A control microtubule length
for assembly of a functional central spindle

during anaphase
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he central spindle is built during anaphase by cou-

pling antiparallel microtubules (MTs) at a central over-

lap zone, which provides a signaling scaffold for
the regulation of cytokinesis. The mechanisms underlying
central spindle morphogenesis are still poorly understood.
In this paper, we show that the MT depolymerase Kif2A
controls the length and alignment of central spindle MTs
through depolymerization at their minus ends. The distri-
bution of Kif2A was limited to the distal ends of the cen-
tral spindle through Aurora B-dependent phosphorylation

Introduction

The central spindle is a microtubule (MT)-based apparatus that
is formed between segregating chromosomes and acts as a criti-
cal regulator of cytokinesis. It has bipolar organization in which
MT bundles of uniform length run parallel to the division axis
and interdigitate at the midzone to form antiparallel MT over-
laps. The stem body is an electron-dense structure observed
with EM at the MT overlapping region (MclIntosh and Landis,
1971; Mastronarde et al., 1993). Stem bodies align precisely at
the cell equatorial plane and provide scaffolds for the signaling
molecules required for contractile ring formation and abscis-
sion, which enables a cell to divide at its center (Douglas and
Mishima, 2010; Fededa and Gerlich, 2012). Previous studies
have revealed that a substantial portion of central spindle MTs
is generated de novo at the interchromosomal area during chro-
mosome segregation (Uehara and Goshima, 2010). These MTs,
together with MTs that have distinct origins (e.g., centrosomes),
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and exclusion from the spindle midzone. Overactivation
or inhibition of Kif2A affected interchromosomal MT
length and disorganized the central spindle, resulting in
uncoordinated cell division. Experimental data and model
simulations suggest that the steady-state length of the
central spindle and its symmetric position between segre-
gating chromosomes are predominantly determined by
the Aurora B activity gradient. On the basis of these re-
sults, we propose a robust self-organization mechanism
for central spindle formation.

become bundled through temporally regulated antiparallel MT-
bundling activities (Mishima et al., 2004; Hu et al., 2012). How-
ever, the mechanism by which the elaborate central spindle
structure is assembled and maintained in between segregating
chromosomes is largely unknown.

Phosphoregulation of MT-associated proteins plays an
important role in the spatiotemporal organization of the interchro-
mosomal MTs (icMTs). Cdk1-cyclin or Plkl activity prevents
precocious central spindle formation through the inactivation
of central spindle-associated factors, such as MKLP1/Kif23 or
PRC, respectively, which enables timely assembly of the central
spindle upon anaphase onset (Mishima et al., 2004; Goshima
and Vale, 2005; Hu et al., 2012). Aurora B, another crucial mitotic
kinase, is involved in cytoskeletal reorganization throughout
mitosis as a subunit of the chromosomal passenger complex
(CPC). During anaphase, Aurora B forms a characteristic activity
gradient that peaks at the central spindle midzone and spreads
throughout the interchromosomal area (Fuller et al., 2008;
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Tan and Kapoor, 2011). Several proteins critical for central
spindle formation and/or cytokinesis, such as MKLP1 or Rac-
GAPI1, have been identified as targets of Aurora B-mediated
phosphoregulation (Carmena et al., 2012; van der Waal et al.,
2012). However, these proteins are closely localized to the
Aurora B-enriched region (i.e., the midzone). Therefore, the
physiological relevance of the Aurora B activity gradient, which
spans several micrometers from the midzone, remains unclear.

In this study, we found that MT length control mediated by
Kif2A, an MT-depolymerizing kinesin, is key to icMT organi-
zation during central spindle formation. Up- or down-regulation
of Kif2A affected spindle size and stem body alignment. Our
experimental results as well as mathematical modeling support
a model in which the Aurora B activity gradient determines the
spatial distribution of Kif2A and limits Kif2A-mediated depoly-
merization in an icMT length-dependent fashion. We propose
that MT length control mediated by Aurora B and Kif2A ensures
robust self-organization of the characteristic icMT structure,
which is important for faithful cell division.

Results

Kif2 A-mediated control of MT length

is required for proper organization of

the central spindle

To investigate mechanisms underlying central spindle forma-
tion, we first tested the impact of inhibiting MT dynamics. To
monitor the organization of the central spindle, we visualized stem
bodies using RacGAP1-GFP. Colocalization of RacGAP1-GFP
with the stem body was verified using correlative light micros-
copy and EM (Fig. S1, A-C). In untreated cells, stem bodies
aligned at the equatorial plane within a few minutes after ana-
phase onset (Fig. S1 D). During cleavage furrow ingression, stem
bodies remained aligned at the equator and gradually assembled
into a single cluster at the intercellular bridge. However, when
cells were acutely treated with 4 pM taxol at anaphase onset,
RacGAP1-GFP signals were scattered along the spindle axis,
particularly during furrow ingression (Fig. 1, A and B). Thus,
dynamic MTs are required for stem body alignment and proper
central spindle organization.

To test whether specific MT-depolymerizing proteins are
involved in central spindle organization, we investigated the
distribution of stem bodies after knockdown of various MT-
depolymerizing kinesins in the kinesin-8 family (Kif18A and
Kif18B) and the kinesin-13 family (Kif2A, Kif2B, and Kif2C/
mitotic centromere-associated kinesin), which are known to reg-
ulate MT dynamics during preanaphase (Gardner et al., 2008;
Ems-McClung and Walczak, 2010). Among those candidates,
knockdown of Kif2A caused the most prominent and frequent
stem body misalignment, as assayed by RacGAP1-GFP local-
ization (Fig. 1, C and D; and Fig. S1, E-L). In severe cases,
global misplacement of stem bodies resulted in the formation
of a perpendicularly tilted division plane (Fig. 1 C, bottom). The
defect in stem body alignment was consistently observed with
different siRNA constructs targeting Kif2A (Fig. S1, E and F)
and rescued by ectopic expression of the RNAi-resistant version
of the Kif2A gene, confirming specificity of the Kif2A RNAi

JCB « VOLUME 202 « NUMBER 4 « 2013

phenotype (Fig. S1, G-I). Immunofluorescence microscopy of
Kif2A-depleted cells revealed that MT bundles associated with
misaligned stem bodies often buckled (Fig. 1 E, arrowheads) and
that they were irregularly positioned in the interchromosomal re-
gion. These MT bundles were abnormally long compared with
those connected to the aligned stem bodies, and their length ex-
ceeded the chromosome to chromosome distance (Fig. 1 F). Thus,
Kif2A controls icMT length, which is important for central
spindle organization.

Kif2A mediates MT depolymerization at

the minus ends of central spindle MTs

We next investigated how Kif2A controls central spindle MT
length. Previous studies showed that Kif2A regulates spindle
MT dynamics in preanaphase (Gaetz and Kapoor, 2004; Ganem
and Compton, 2004; Ganem et al., 2005). However, whether
Kif2A plays a role during anaphase is not known. To assay cen-
tral spindle MT dynamics during anaphase, we imaged live
cells expressing EGFP—ai-tubulin until anaphase and then added
200 ng/ml nocodazole to induce net MT depolymerization by
sequestering tubulin dimers (Fig. 2, A and B). In control cells,
the addition of nocodazole resulted in shortening of the central
spindle within few minutes, whereas in Kif2A-depleted cells,
the nocodazole-induced spindle shortening was completely sup-
pressed (Fig. 2, A and B). This indicates that Kif2A is respon-
sible for MT depolymerization of the central spindle.

To determine at which end of MTs Kif2A mediates de-
polymerization in the central spindle, we introduced slit-shaped
photobleaching patterns to each half of the central spindle in
nocodazole-treated EGFP—a-tubulin cells (Fig. 2, C-E). Because
the majority of the plus ends of the antiparallel icMTs are pres-
ent at the center of the central spindle (Mastronarde et al., 1993),
depolymerization of MTs at their plus ends would result in move-
ment of the two slits toward each other during nocodazole-induced
spindle shortening. On the other hand, depolymerization at their
minus ends, which are mostly distributed at both ends of the
central spindle (Mastronarde et al., 1993), would not drive any
movement of the bleach marks. As the bleach marks remained
immobile during nocodazole-induced central spindle shortening
(Fig. 2, D and E), we concluded that Kif2A depolymerizes cen-
tral spindle MTs predominantly at their minus ends. Consistent
with this, immunostaining showed enrichment of endogenous
Kif2A at the distal ends of the central spindle (Fig. 3, A and B).

Aurora B controls central spindle length

by limiting the accumulation of Kif2A to

the distal ends of the structure

How is the Kif2A activity regulated to maintain icMTs at the
appropriate length during anaphase? Because kinesin-13 family
members are phosphorylated and inactivated by Aurora B (Andrews
etal., 2004; Lan et al., 2004; Ohi et al., 2004, 2007; Sampath et al.,
2004; Knowlton et al., 2009), we hypothesized that Aurora B
controls Kif2A at the central spindle.

To test this, we investigated the effect of an Aurora B kinase
inhibitor (ZM447439) on Kif2A localization during anaphase.
High concentrations of ZM447439 (50 uM in Fig. S2 A) led to
a complete disassembly of central spindle MTs, likely because
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Figure 1. Kif2A is required for icMT sizing and organization. (A) Cells expressing RacGAP1-GFP were treated with DMSO (control) or 4 yM taxol for 5-10 min
before image acquisition. (B) Frequency of stem body misalignment in DMSO- or taxoltreated cells. The mean + SE of three independent experiments is shown
(>34 cells were analyzed for each treatment]. *, P < 0.01, ttest. (C) RacGAP1-GFP dynamics in control (luciferase RNAI) or Kif2A-depleted cells. (middle) Kif2A
depletion resulted in stem body misalignment (red arrow) and broadening of the stem body cluster at early telophase (18 min). (bottom) Global misalignment
of stem bodies resulted in formation of the perpendicularly filted division plane. Some of the misaligned stem bodies were separated from the others during telo-
phase (yellow arrowheads). Broken lines indicate cell boundaries. Note that the cell itself did not rotate during division plane rotation. (D) Frequency of stem body
misalignment in control or kinesin-depleted cells. The mean + SE of four (luciferase RNAI) or three (others) independent experiments is shown (=26 cells were
analyzed for each treatment]. *, P < 0.01, ttest; **, P < 1074, (E) Inmunostaining of MTs and RacGAP1 in control or Kif2A-depleted cells. A buckled MT bundle
associated with a misaligned stem body (pink arrow) is highlighted with white arrowheads. (F) Ratio of MT bundle length to chromosome-fochromosome distance
in control or Kif2A-deplefed cells. For Kif2A RNAi samples, the MT bundles associated with aligned or misaligned stem bodies were separately analyzed.
The mean ratio (+SE) of >15 pairs of MT bundles in at least six cells from two independent experiments is shown. *, P < 1077, ttest. Bars, 5 pm.
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treated with 1 pg/ml nocodazole immediately before image acquisition, and then, slitshaped photobleach marks were introduced (red arrowheads).
A time plot of the central spindle length and distance between two bleach marks. The mean + SE of seven samples from three independent experiments is

shown. Bars, 5 pm.

the centralspindlin complex malfunctioned (Douglas et al., 2010).
Lower concentrations of ZM447439 (1.25-5 uM) did not pre-
vent the formation of an antiparallel MT structure in the central
spindle, yet this induced abnormal accumulation of Kif2A on
the central spindle (Fig. 3, A and B). The fluorescence intensity
of Kif2A staining on the central spindle increased around two-
fold within 10 min after the addition of ZM447439 (Fig. 3 C).
The signals were not detected in Kif2A-depleted cells, confirming
the specificity of the antibody used for immunostaining (Fig. 3 A).

As another means to inactivate Aurora B, we used RNAI1
of inner centromere protein (INCENP), another CPC subunit.
Similar to high concentrations of ZM447439, use of high con-
centrations (210 nM) of INCENP siRNA caused disassembly
of the central spindle (Fig. S2 A). A lower concentration of
INCENP siRNA (5 nM), which allowed formation of a cen-
tral spindle, led to substantial increase of Kif2A at the central
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spindle (Fig. S2, B and C), similar to Aurora B inhibition
by ZM447439.

In the CPC-inhibited cells, the central spindle became sig-
nificantly shorter than that in untreated cells, which may have
been caused by overaccumulation of Kif2A (Fig. 3, A and D;
and Fig. S2 D). Consistent with this, the spindle shortening phe-
notype triggered by ZM447439 or INCENP RNAI treatment
was suppressed by codepletion of Kif2A. These data strongly
suggest that the CPC controls central spindle length by limiting
the access of Kif2A to the distal ends of the structure.

Misregulation of Kif2A impairs coupling of
chromosome segregation and cytokinesis
Time-lapse imaging of EGFP—a-tubulin showed that in 31%
(n = 104) of the INCENP-depleted cells the central spindle posi-
tion was unstable during furrow ingression, leading to oscillations
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Figure 3. Aurora B controls the size and stability of the central spindle through regulation of Kif2A. (A) Immunostaining of MTs (green) and Kif2A (red) in
control or Kif2A-depleted cells treated with or without 5 yM ZM447439 for 15 min. (B) Line profiles of the anti-Kif2A immunostaining intensity along the
central spindle in control and ZM447439-treated cells. The mean + SE of 212 cells from three independent experiments is shown. (C) Normalized fluores-
cence infensity of Kif2A immunostaining on the central spindle. Cells were either treated with 2.5 yM ZM447439 (ZM) for 3 or 10 min during anaphase
or cultured without the drug for 30 min (DMSQ) before fixation. The mean + SE of >11 samples from two independent experiments is shown. *, P < 1074,
ttest. (D) Length of the central spindle after treating cells with 5 pM ZM447439 for 15 min. The mean = SE of three independent experiments is shown (=45
cells were analyzed for each treatment). *, P < 0.001, ttest. (E) EGFP—a-tubulin—expressing cells depleted of INCENP or codepleted of INCENP and Kif2A.
In the absence of INCENP alone, the central spindle (red arrows) oscillated, and the cell later regressed. (F-H) Frequency of central spindle destabilization,
furrow regression, or uneven chromosome distribution in control, Kif2A-depleted, INCENP-depleted, or Kif2A/INCENP-codepleted cells. For each sample,
>47 cells from four independent experiments were analyzed. a.u., arbitrary unit. Bars, 5 pm.

along the spindle axis, moving back and forth from one daughter similarly caused central spindle oscillations during cytokinesis,
cell to another during furrow ingression (Fig. 3, E and F). Dur- indicating that Aurora B activity not only controls the morphol-
ing oscillation, each aster stayed in each daughter cell and did ogy but also ensures the stability of the central spindle (Fig. S2,
not move across the furrow (Fig. S2 E). ZM447439 treatment F and G). In 18 out of 33 (54%) INCENP-depleted cells with
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SDS-PAGE followed by immunoblotting using anti-GFP antibody. Note that in the Phos-tag gel, mobility of GFP-Kif2A significantly decreased compared
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central spindle oscillations, some or even all chromatids of one
of the daughter cells moved across the cleavage furrow to the
other daughter cell, resulting in uneven chromosome distribution
(Fig. S2 E and Video 1). In 9 out of 33 cells, displaced chromo-
somes stayed in the furrowing region, which resulted in cytoki-
nesis failure by cleavage furrow regression. Depletion of Kif2A
rescued the phenotypes caused by INCENP RNAi or ZM447439
(Fig. 3, E-H; and Fig. S2, F and G). Thus, Aurora B-mediated
regulation of Kif2A is essential for spatial coordination of chro-
mosome segregation and cytokinesis.

Central spindle oscillations were also observed in ~10%
of control cells (n = 74). These cells had shorter central spindles
than the other cells, suggesting that length control was impaired
in the former (Fig. S2 H). In six out of eight cells that showed
spindle oscillation, the chromosomes were distributed unevenly.
In contrast, spindle oscillation and the accompanying defects
were never detected in Kif2A single-depleted cells (n = 47,
Fig. 3, F-H). These results suggest the binucleation that some-
times occurs in this cell line is caused, at least in part, by unco-
ordinated cell division caused by irregular sizing of the central
spindle through overfunctioning of Kif2A.

Aurora B-dependent phosphorylation
of Kif2A
We next tested whether Kif2A is phosphorylated in an Aurora B—
dependent manner during central spindle formation. To monitor
the phosphorylation state of Kif2A during mitosis, we used a
cell line stably expressing GFP-tagged Kif2A. The subcellular
localization of GFP-Kif2A was similar to that of endogenous
protein, and GFP-Kif2A overaccumulated at the central spindle
upon addition of ZM447439, even in the absence of endogenous
protein, suggesting that GFP-Kif2A is regulated by Aurora B
in a similar manner to endogenous Kif2A (Fig. S3, A and B).
GFP-Kif2A cells were synchronized at interphase, metaphase,
or anaphase/telophase, and the phosphorylation state of immuno-
precipitated GFP-Kif2A was analyzed by Phos-tag SDS-PAGE
followed by immunoblotting (Fig. 4 A; Kinoshita et al., 2006).
GFP-Kif2A was detected as a single band in the interphase ex-
tract, whereas additional bands with lower mobilities appeared
in the samples from metaphase and anaphase/telophase. In the
presence of ZM447439, one of the upper bands disappeared
(Fig. 4, A and B, arrows), suggesting that Kif2A is phosphory-
lated in an Aurora B—dependent fashion during mitosis.

We next searched for physiologically important phosphory-
lation sites within Kif2A. To this end, we constructed a series of
Kif2A mutants in which putative Aurora B phosphorylation sites

were substituted with alanine or cysteine and analyzed their phos-
phorylation states in mitotically arrested cells (Fig. 4 B). Among
the mutants tested, T97A eliminated the Aurora B—dependent
upper band of GFP-Kif2A in the Phos-tag gel, suggesting that
T97 is one of the in vivo Kif2A phosphorylation sites during
cell division. We also investigated the subcellular localizations
of the mutated Kif2A versions and their influence on central
spindle organization (Fig. 4, C-E). The effects of GFP-Kif2A
mutants could vary depending on their expression levels; hence,
only cells expressing mutant proteins at a comparable level
were selected for comparison (Fig. S3, C and D). GFP-Kif2A
(T97A) accumulated abnormally on the center of the central
spindle (Fig. 4, C and D), leading to significantly shortened
central spindles (Fig. 4, C and E), reminiscent of the phenotype
of CPC-inhibited cells. All other mutations that did not alter
the Phos-tag mobility did not affect GFP-Kif2A localization or
central spindle length. These results suggest that phosphoryla-
tion on T97 removes Kif2A from the center of the central spin-
dle during anaphase.

It has been reported that phosphorylation on S157 inhibits
Kif2A’s MT-depolymerizing activity in vitro (Knowlton et al.,
2009). We therefore further tested the possible importance of this
site (see Materials and methods). Mutation of S157 alone did not
change Kif2A localization, and expression of the mutant protein
did not affect central spindle length (Fig. 4, C-E). However,
GFP-Kif2A (T97A/S157C) double mutant further decreased cen-
tral spindle length compared with GFP-Kif2A (T97A) (Fig. 4, C
and E). This suggests that S157 also contributes to the regulation
of Kif2A in MT depolymerization of central spindle MTs.

We next investigated the stability of the central spindle and
the progression of cytokinesis in live cells expressing GFP-Kif2A
mutants (Fig. 4, F-J). Cells expressing GFP-Kif2A (T97A) showed
elevated incidence of oscillating central spindles, cytokinesis
failure, and uneven chromosome distribution. These defects were
even more prominent in GFP-Kif2A (T97A/S157C)—expressing
cells. During oscillation, disconnection of the central spindle
from the cleavage furrow was frequently observed, although anil-
lin and ECT2, which anchor the central spindle to the equatorial
cortex (Frenette et al., 2012), localized normally at the cell
equator (Fig. 4 G and Fig. S3, E-J). We also observed a delay
in the progression of furrowing in these cells (Fig. S3 K). These
results suggest that Aurora B—dependent phosphorylation of
Kif2A on T97, and possibly on S157, limits Kif2A’s activity to
ensure proper sizing of the central spindle and a stable connec-
tion between the equatorial cortex and the central spindle for
faithful cell division.

with that in a gel without Phos-tag, and the relative band position to those of molecular markers varied among experiments (see Materials and methods);
however, the identical band pattern was reproducibly observed for GFPKif2A (n = 2 for each). Arrows indicate upper bands corresponding to phosphory-
lated GFP-Kif2A. (C) Immunostaining of MTs in cells expressing GFP-Kif2A mutants. (D) Normalized fluorescence intensity of GFP at the central spindle
of the cells expressing GFP-Kif2A mutants. (E) Central spindle length in cells expressing GFPKif2A mutants. The mean + SE of at least six cells from two
independent experiments is shown in D and E. Asterisks indicate statistically significant differences from the control cells expressing wild-type GFPKif2A
(P < 1073, ttest), or between the cells expressing GFPKif2A (T97A) and GFPKif2A (T97A/S157C; P < 0.05). (F and G) Destabilization and oscillation of
the central spindle and cytokinesis failure upon GFPKif2A (T97A/S157C) or mKate2Kif2A (T97A/S157C) expression. Arrows and arrowheads indicate
the oscillating central spindle and the furrow edge, respectively. (H-J) Frequency of central spindle destabilization, furrow regression, or uneven chromo-
some distribution in cells expressing GFP-Kif2A mutants. For each mutant, >18 cells from seven independent experiments were analyzed. Cells expressing
GFPKif2A mutants at a comparable level were used for quantification (mean GFP intensity of 100-300 or 100-400 arbitrary units for D and E or H-J,

respectively; see also Fig. S3, C and D). Bars, 5 pm.
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Figure 5.  Mathematical modeling of central spindle organization by Aurora B gradient. (A) A schematic image of the central spindle in the 2D model. Pairs
of MTs form antiparallel MT overlaps, where they slide apart (red arrows). MT growth and shrinkage occur at plus ends (blue and pink arrow, respectively).
The Aurora B gradient (orange) forms around the stem body and inhibits MT depolymerization at minus ends (purple arrows), depending on their distance
from the stem bodies. L, length of the antiparallel overlap. S;and S, lengths of nonoverlapping portions. The interchromosomal area is flanked by rigid
chromosome walls (light blue), and MTs buckle when their length exceeds the interchromosomal distance (the top MTs). (B and C) Time plots of simulated
MT length (sum of L, S, and ) with various MT growth rates (Vown) or Aurora B gradient sizes (o). The mean of 25 MT pairs from five independent simu-
lations is shown for each condition. (D) Stem body distributions after 1,000-s simulations. Shown are 200 stem bodies from 40 independent simulations.
Closed circles indicate outliers that exceeded the length limit (see Materials and methods). (E) Time plots of simulated stem body positions with or without
the Aurora B gradient. A stem body (stem body #3) was misaligned at the beginning of the simulation in both cases. Alignment of stem body #3 was
observed only when the Aurora B gradient was present. The mean of five independent simulations is shown for each condition. The parameter values used
in each simulation are presented in Table S4.

Mathematical model for Aurora B- slide each pair of coupled MTs apart at the rates comparable to
and Kif2A-mediated central spindle those observed in cells (Fig. S4, A and B; Wang et al., 2010b).
length control Distal minus ends are subjected to Kif2A-mediated depoly-
To establish a quantitative framework for Aurora B—dependent merization. Aurora B activity was modeled as a gradient cen-

Kif2A regulation that ensures proper sizing and organization of  tered around the spindle midzone, as previously shown by the
icMTs, we performed mathematical modeling on the basis of a use of Aurora B activity biosensors (Fuller et al., 2008; Tan
previously established theoretical model of the central spindle and Kapoor, 2011). Specifically, Aurora B activity was repre-
(see Materials and methods for details; Fig. 5 A; Brust-Mascher  sented as a Gaussian distribution around the antiparallel overlap,
et al., 2004). The central spindle is represented by five pairs of which inhibited Kif2A-mediated depolymerization in a signal
antiparallel-coupled MTs with dynamic instability at their plus concentration-dependent manner (Fig. 5 A). Segregated chromo-
ends. Sliding motors localized at the MT-overlapping region somes were represented as a pair of length-limiting rigid walls at
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both ends of interchromosomal area, such that icMTs exceed-
ing past this wall are pushed back and buckled as observed in real
cells (Fig. 1 E, arrowheads). We simulated icMT elongation and
positioning with various values of MT dynamics parameters and
compared the outcome with or without the Aurora B activity gra-
dient. In the models without the gradient, icMTs elongated nearly
constantly and rarely reached steady states (Fig. 5 B). The kinet-
ics of MT elongation was highly sensitive to changes in the
parameter values, showing the unstable nature of the length-
controlling system in this model (Fig. 5 B and Fig. S4, C and D).
On the other hand, in the models with the gradient, the length
of each icMT plateaued within several minutes. Interestingly,
the length of icMTs at the steady state was determined predomi-
nantly by the size of the gradient (Fig. 5 C). The central spindle
failed to form when the size of the gradient was too small, sug-
gesting that an appropriately sized Aurora B signal distribution
is necessary for central spindle formation. On the other hand, the
length of icMTs was relatively insensitive to changes in other MT
dynamics parameters (Fig. 5 B and Fig. S4 C). These results sug-
gest that the dimension of the Aurora B gradient scales icMTs by
tuning Kif2A activity and that the gradient provides a robust mech-
anism for the control of central spindle sizing.

In the simulations, the position of each stem body (marked
by an asterisk in Video 2) stochastically fluctuated, and devia-
tion of the stem body positions increased over time (Fig. S4 E)
because of asymmetric dynamics of each half spindle MT. In-
terestingly, however, with comparable sets of MT dynamics pa-
rameters, the distribution of stem bodies became significantly
narrower and more restricted to the center of the central spindle
in the model with the gradient, compared with the distribution in
the model without the gradient (after 1,000-s simulations; Fig. 5 D
and Fig. S4 F). This suggests that the Aurora B activity gradient
promotes stem body alignment. To further analyze this result,
we placed one or more misaligned stem bodies and simulated
their behaviors (Fig. 5 E, green lines; Fig. S4 G; and Video 2).
The simulation indicated that the stem bodies, initially distrib-
uted at various positions, eventually realigned in an Aurora B
gradient-dependent manner, which is reminiscent of the cellular
stem body dynamics (Fig. S4 H). In conclusion, the simulations
support a model in which the Aurora B activity gradient pro-
vides a robust mechanism for the sizing of the central spindle
and for alignment of stem bodies.

MKLP2 inhibition causes Kif2A
accumulation on the central spindile

and icMT disorganization

To experimentally test the effect of the Aurora B localization
on the stem body alignment, we investigated the intracellular
distribution of Kif2A and the stem body alignment in cells
depleted of MKLP2, which is required for the recruitment of
CPC to the center of the central spindle and formation of the
CPC-mediated phosphogradient (Fig. 6; Gruneberg et al., 2004;
Fuller et al., 2008). RNAi of MKLP2 led to the accumulation
of Kif2A throughout the spindle, indicating that the localization
of CPC is important for the characteristic distribution pattern of
Kif2A during cytokinesis (Fig. 6, A and B). MKLP2 depletion
also caused a statistically significant reduction in central spindle

length (Fig. S5) and misalignment of stem bodies (Fig. 6, C and D).
Thus, CPC localization to the center of the central spindle is
required for proper sizing of the central spindle and alignment
of stem bodies.

Role of Kif2A-mediated stem body
alignment in cytokinesis

We have shown that up-regulation of Kif2A caused an abnor-
mally shortened central spindle and severe cell division defects.
On the other hand, down-regulation of Kif2A did not cause
cytokinesis defects despite severe misalignment of the stem
bodies during anaphase (Fig. 3). We suspect that this may be
explained by the merge of misaligned stem bodies into a single
cluster at the intercellular bridge during telophase, which supported
abscission (Fig. 1 C, middle). We tested whether the Kif2A-
dependent mechanism works redundantly with other mechanisms
to regulate cytokinesis by codepletion of Kif2A and other cyto-
kinesis regulatory factors. Among these factors, MKLP1 kine-
sin, a subunit of the centralspindlin complex, plays an essential
role in the formation of the central spindle and midbody (Douglas
and Mishima, 2010). Although severe cytokinesis failure results
when MKLP1 is depleted thoroughly (Matuliene and Kuriyama,
2002), a substantial population of the cells (67%, n = 57) com-
pleted cytokinesis when MKLP1 was only partially depleted by
suboptimal RNAI conditions. Interestingly, however, codeple-
tion of Kif2A with MKLP1 dramatically increased the frequency
of regression during or after furrow ingression (Fig. 7, A and B).
These results suggest that the central spindle MT structure is
less robust in supporting the progression and completion of cyto-
kinesis in the absence of Kif2A and more susceptible to pertur-
bations of other cytokinesis regulators.

Discussion

Mechanism for controlling central

spindle length

Our data support a new regulatory mechanism for central spin-
dle assembly, involving Kif2A depolymerase and Aurora B kinase
(Fig. 7 C). We suggest that Kif2A translates the Aurora B activity
gradient into a spatial pattern of MT depolymerization activity
and thereby into spatial coordination of icMTs. The active
form of Kif2A depolymerizes central spindle MTs, but Aurora B—
dependent phosphorylation at T97 delocalizes Kif2A from the
central spindle and thus inhibits its depolymerization activity.
As a result, minus ends further from Aurora B would be more
favorably depolymerized by Kif2A, whereas those surrounded by
a high concentration of Aurora B would avoid Kif2A-mediated
depolymerization. This system allows icMTSs to find their steady-
state length on the basis of the size of the Aurora B gradient, thus
presenting a mechanism of gradient-dependent MT length con-
trol. Indeed, our mathematical modeling showed that this sim-
ple Kif2A- and Aurora B—mediated mechanism ensures robust
regulation of icMT length, which is consistent with all of our
experimental results. Notably our model for central spindle
assembly does not require additional proposed length-regulating
mechanisms (Goshima and Scholey, 2010), such as preset-
ting the balance between MT polymerases and depolymerases
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(Kinoshita et al., 2001), force-dependent tuning of MT depo-
lymerization activities as proposed for preanaphase spindles
(Goshima et al., 2005), or intrinsic length-dependent tuning
mechanism of MT depolymerization activities as shown for
kinesin-8 (Gupta et al., 2006; Varga et al., 2006).

Our results also indicate that Kif2A is required for alignment
of the stem bodies during anaphase. Based upon the behavior
of the stem body in simulations, we speculate that the symmetric
distribution of the Aurora B activity along a coupled MT might
maintain the flanking MTs at the same length, resulting in cen-
tering of the stem body at the cell equatorial plane (a possible
mechanism is depicted in Fig. S4 I). Because the central spindle
is crowded with MTs, we cannot observe individual MT dynam-
ics and thereby verify this model in cells. Moreover, our results
do not exclude the possibility that other regulatory mechanisms,
such as those working at the plus ends of MTs, are present in cells

(Bieling et al., 2010; Hu et al., 2011). However, it is notewor-
thy that our modeling suggests that the Aurora B— and Kif2A-
dependent modulation of the minus end dynamics could signifi-
cantly contribute to the stem body alignment without assuming
regulation of plus end dynamics or direct connections between
each coupled MT.

Our results clarify the importance of controlling Kif2A activity
for proper progression of cytokinesis. Overactivation of Kif2A
led to central spindle oscillations, uneven chromosome distri-
bution, and cytokinesis failure. One possible cause of spindle
oscillation is a weakened connection between the central spin-
dle and the cleavage furrow caused by Kif2A overactivation
(Fig. 4 G and Fig. S3, I and J). Excessive MT-depolymerizing
activity might make the central spindle structure too small to
maintain a stable connection to the equatorial cortex even in
the presence of the anchoring proteins such as anillin and ECT2
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(Frenette et al., 2012). The observed delay in furrowing may be a
result of a loss of integrity in the connection between the central
spindle and the equatorial cortex (Gregory et al., 2008). Dur-
ing cytokinesis, blebbing of the polar cortex that accompanies
cytoplasmic flow commonly occurs (Charras and Paluch, 2008),
and excessive blebbing drives spindle oscillation (Rankin and
Wordeman, 2010; Sedzinski et al., 2011). Disconnection of the
central spindle from the equatorial cortex and delayed furrow-
ing would make KIF2A-overexpressing cells more susceptible
to the mechanical disturbance caused by polar cortical activity,
which would increase the chance of spindle oscillation. A sub-
population of untreated HeLa cells also showed uncoordinated
cell division accompanied by Kif2A-dependent central spindle
shortening and oscillation, suggesting that abnormality in cen-
tral spindle length control is one of the reasons for genomic
instability in this cell line. Interestingly, it has been reported
that Kif2A is overexpressed in some cancer cell lines, and this
protein is suggested as a target for cancer chemotherapy (Wang
et al., 2010a). Our results support this idea.

On the other hand, loss of function of Kif2A did not nec-
essarily cause cytokinesis failure. Despite severe misalignment
of the stem bodies during anaphase in Kif2A-depleted cells,
cytokinesis completed in these cells, possibly through telophase-
specific reassembly of the misaligned stem bodies into a cluster
at the intercellular bridge. Because codepletion of Kif2A and
MKLP1 had a synergistic effect on the disruption of cytokinesis

completion, unknown processes involving this motor protein may
comprise a telophase-specific backup mechanism. Future study,
combining microscopy and stage-specific gene perturbation tech-
niques, might elucidate such a mechanism. Our mathematical
model would serve as a framework to quantitatively describe
the process.

Materials and methods

Cell culture, RNAI, and DNA transfection

Hela Kyoto line, Hela bacterial artificial chromosome cell lines expressing
RacGAP1-localization and affinity purification (LAP) tag or anillin-LAP (a gift
from T. Hyman, Max Planck Institute-Dresden, Dresden, Germany; Hutchins
et al., 2010), Hela EGFP—c-tubulin/histone H2B-mRFP line (Steigemann
et al., 2009), and Hela photoactivatable GFP-a-tubulin/histone H2B-mRFP
line (a gift from P. Meraldi, University of Geneva, Geneva, Switzerland; Amaro
et al., 2010) were cultured in DMEM supplemented with 10% fetal bovine
serum and antibiotic antimycotic (Sigma-Aldrich). A Hela EGFPKif2A line
was established by transfecting Hela Kyoto cells with the pEGFP-Kif2A vec-
tor and selecting positive cells in the presence of 500 pg/ml G418. siRNA
transfection was performed using Lipofectamine RNAIMAX (Invitrogen). The
siRNA sequences used in this study are shown in Table S1. DNA transfection
was performed using jetPEl (Polyplus Transfection).

Cell culture synchronization

Synchronization of Hela EGFP-Kif2A cell culture was performed as described
previously (Uehara and Goshima, 2010). In brief, interphase cells were
obtained by incubating cells in the presence of 2.5 mM thymidine for 24 h.
To obtain metaphase-arrested cells, the thymidine-blocked cells were
washed three times with DMEM, released for 6 h, treated with 50 ng/ml
nocodazole for 4 h, washed again three times with DMEM, and treated
with 10 pM MG 132 with or without 20 pM ZM447 439 for 2 h. To obtain
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anaphase/telophase cells, metaphase-arrested cells were washed once
with DMEM, released for 20 min, and treated with or without 20 yM
ZMA447439 for 30 min. Prometaphase cells were obtained by ftreating
cells with 50 ng/ml nocodazole for 13 h. These mitotically arrested cells
were collected by shaking them off the culture dishes and spun down, and
the cell pellets were quickly frozen by liquid nitrogen.

Plasmid construction

FulHlength cDNA encoding Kif2A (GenBank accession no. NM_004520.4)
was obtained by PCR using a Hela cell cDNA pool as the template and
subcloned into the EcoRI-Sall sites of pEGFP-C1 (Takara Bio Inc.). GFP-
Kif2A mutants were also subcloned into pEGFP-C1 using PCR and ligation.
Alanine substitution of the S157 residue (corresponding fo S132 in Knowlton
et al., 2009) disrupted the activity of Kif2A (Knowlton et al., 2009); there-
fore, we used cysteine substitution instead (Ghosh et al., 2002; Noy et al.,
2012). The nontagged Kif2A mutant used for the rescue experiment
(Fig. S1, G-I) was made by subcloning a Kif2A gene with RNAi-resistant
mutations. All the primers used for PCR are listed in Table S2.

Reagents

ZM447 439, taxol (paclitaxel), and nocodazole were purchased from Tocris
Bioscience, Molecular Probes, and EMD Millipore, respectively. Rat monoclo-
nal anti—a-tubulin antibody (YOL1/34), mouse monoclonal anti-GFP antibody
(JL-8), rabbit polyclonal antiKif2A antibody (ab37005), and goat polyclonal
antianillin antibody (sc-54859) and rabbit polyclonal anti-ECT2 antibody
(sc-1005) were purchased from AbD Serotec, Takara Bio Inc., Abcam, and
Santa Cruz Biotechnology, Inc., respectively. Monoclonal antibody against
RacGAP1 was obtained by a method described previously (Kimura et al.,
1994). In brief, BALB/c mice were immunized using the keyhole limpet hemo-
cyaninconjugated C+erminal peptide (CTPRFGSKSKSATNLGRQGN) as an
antigen. The splenocytes were fused with the myeloma line P3-X63Ag8.653,
and the culture media were collected.

Cell imaging

For immunostaining, cells were fixed with 3.2% paraformaldehyde in PBS
for 10 min and then permeabilized with 0.5% Triton X-100 in PBS for 10 min
at room temperature. For live-cell imaging, cells were cultured at 37°C in
phenol red—-free DMEM with Hepes (Gibco) for >4 h before and during
image acquisition. Fixed and living cells were observed using a micro-
scope (TE2000; Nikon) equipped with a 100x, 1.4 NA Plan Apochro-
matic, a 60x, 1.4 NA Plan Apochromatic, or a 40x, 1.3 NA Plan Fluor oil
immersion objective lens (Nikon), a confocal unit (CSU-XT; Yokogawa Cor-
poration of America), and an electron multiplying charge-coupled device
camera (ImagEM; Hamamatsu Photonics). For immunostaining, DyLight
488-, Alexa Fluor 488-, Rhodamine TRITC-, Cy3-, or Cy5-conjugated sec-
ondary antibodies against mouse, rat, or rabbit IgG (Jackson ImmunoRe-
search Laboratories, Inc.) were used. Image acquisition was controlled by
pManager software. The photobleaching experiments in Fig. 2 and Fig. S4 A
were performed using a confocal microscope (A1R; Nikon) equipped with
a 60x, 1.4 NA oil immersion objective lens (Nikon).

Image analysis

Quantification of microscopic data and maximum projection of confo-
cal z stacks were performed using Image) software (National Institutes of
Health). For line profiling in Fig. 3 B, Fig. 6 B, and Fig. S1 K, we measured
the signal intensity along the central spindle and subtracted the cytoplas-
mic background. For quantification in Fig. 3 C, Fig. 4 D, Fig. S2 C, and
Fig. S3 (B, F, and H), we measured the fluorescence intensity of the manu-
ally selected regions of interest, subtracted the cytoplasmic background,
and multiplied them by the selected area to obtain the total fluorescence inten-
sity. For quantification in Fig. S1 H and Fig. S3 (C and D), we measured
the mean signal intensity of the whole cell area and subtracted background
outside the cell. For figure preparation, image size and contrast were adjusted
using the Photoshop software (Adobe).

Correlative fluorescence and EM

Sample preparation for EM was performed according to a previously de-
scribed method (Guizetti et al., 201 1) with some modifications. RacGAP1-
LAP cells were cultured on sapphire discs with grid patterns to identify the
position of each cell. Cells were fixed with 2% glutaraldehyde in NaHCa
buffer (0.1 M NaCl,, 30 mM Hepes, and 2 mM CaCl,, pH 7.4) for 1.5 h
at room temperature and then washed with NaHCa buffer. Z-stack sections
of the fixed cells were acquired using the confocal microscope. The fixed
samples were then stained with 0.2% tannic acid in NaHCa buffer for
1 min at room temperature, postfixed with 2% osmium tetroxide in NaHCa
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buffer for 1 h at 4°C, dehydrated, and embedded in Araldite-Epon (Elec-
tron Microscopy Sciences). Serial sections (90 nm in thickness) were cut par-
allel to a substratum using a microtome (UltraCut; Leica) and collected onto
Formvar-coated copper grids (special threesslit grid; Nisshin EM Co.). Sec-
tions were poststained with 5% uranyl acefate in 60% ethanol and 0.4%
lead citrate. Cells identical to those observed with the confocal microscope
were imaged using an electron microscope (H7600; Hitachi High-Tech
Fielding Corporation) operating at 100 kV. Serially sectioned EM images of
anaphase cells were aligned and stacked by Image] to examine the correla-
tion with confocal images.

Mathematical modeling

Computer programs were written with MATLAB (MathWorks). We used the
version 2012b or later with some toolboxes to run the program. We devel-
oped a mathematical model based upon several differential equations. In
the model, several pairs of antiparallel MTs, overlapping at each plus end,
were aligned at interval of 1 pm in 2D space. The model consisted of four
basic elements: asymmetric spindle elongation, catenary function for force
balance, dynamic instability of MT plus ends, and MT-depolymerizing ac-
tivity that can be spatially controlled. As described in the following equa-
tions, each element changes its related numerical values following its own
rules at each step during a simulation. Thus, integration of these four ele-
ments determines polymerization/depolymerization rates at MT ends and
stem body positions and thereby simulates dynamic behavior of the model.
The model was explored through a computer simulation in which several
parameter values were examined (Table S3 and Table S4). We used the
qsub command of Portable Batch System for parameter search. The equa-
tions were solved numerically using the Runge—Kutta method. All simula-
tions in our study were performed with a step size of 1 s, but we reached
identical conclusions with a step size of 0.1 s with several parameters.

Asymmetric model for spindle elongation. We constructed an asym-
metric central spindle model based upon the previously proposed equation
for anaphase spindle elongation (Eq. T in BrustMascher et al., 2004). We
divided central spindle MTs info three parts: antiparallel overlap MTs (L)
and left and right portions of nonoverlapping MTs (S;and S). In the simula-
tions in Fig. 5 (B and C) and Fig. S4 (C and D), the initial values of L, S, or
S, were set to 2, 0, or O pm, respectively, whereas in Fig. 5 D and Fig. S4
(B, E, and F), the values were setto 2, 5, or 5 pm, respectively. The dynamics
of left and right nonoverlapping MTs were described by the following equa-
tions: dS//df = Vs/r'ding(r) - vdepo/y,/ and dsr/df = vs//'z:ling(r) - Vdepo(y,n in which
Viidinglf) denotes the sliding rate of overlapping MTs as a function of time and
Vigepoly,; and Viepol,r denote the mean rate of MT depolymerization at each
minus end during anaphase. We assumed that Vgl is proportional to the
number of sliding motors localized at the overlapped region. Therefore,
Vijiding(f) was determined according to the following equation: Vyging(f = L(f) x Vi,
in which V,, denotes the velocity of antiparallel MT sliding generated at a
unit antiparallel overlap length, which was set at 0.02/s according to the
measured sliding rate (see the following sentence) and a rough estimation
of stem body length (~0.5 pm; Fig. ST A; Mclntosh and Landis, 1971). We
found that antiparallel MT sliding occurred at ~0.01 pm/s in anaphase
Hela cells (Fig. S4 A), which was slower but in the same order as the
rate previously reported in Drosophila melanogaster embryonic cells
(~0.05 pm/s; Wang et al., 2010b). Therefore, we tested our model by
using different sets of parameters, which reproduced antiparallel sliding at
rates covering this physiologically relevant range (0.01-0.05 pm/s). Model
behavior was essentially the same within this range of sliding rates, sug-
gesting the generality of our model assumptions. Following the previous
model (Brust-Mascher et al., 2004), L was modeled as follows: dl/dt =
Voolyl + Voolyr = Vsiidinglf], in which Vyep, 1 and Vyep, . denote the polymeriza-
tion rate of each plus end.

Catenary model. Central spindle MTs are pushed back against segre-
gated chromosomes and buckled during anaphase when excessively elon-
gated (Fig. 1 E). To incorporate this behavior into the model, we placed a
rigid wall at each side of the simulated interchromosomal area and intro-
duced the catenary equation to model the bending of excessively elon-
gated MTs: y = acosh(x/a), in which the constant a represents curvature of
the catenary, and x and y denote each coordinate in 2D space. In our sim-
ulation, when the length of a coupled MT exceeded the distance between
the two walls, the MT was bent according to the catenary model so that the
compression force was balanced. The symbolic math toolbox was used for
determination of the catenary constants. On the other hand, when the
length of a coupled MT was shorter than the distance between the two
walls, it remained straight and parallel to the other MTs. When a coupled
MT shorter than the wall to wall distance bumped against a wall, it was
pushed back without bending.
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Dynamic instability. The Monte Carlo technique was used to simulate
the stochastic nature of MT plus ends undergoing dynamic instability. The
probability of the state switching between shrinkage and growth was calcu-
lated using the following equation as proposed previously (Sprague et al.,
2003): P(switch) = T —exp(—kgitch X Tep), in Which kgyich is the frequency of
catastrophe or rescue event, and 7, denotes the time step of the simulation.
In our simulation, a uniformly distributed random number between O and 1
was generated at each simulation time step, and a switching event (catastro-
phe or rescue) occurred when the random value exceeded P(switch). In the
growth or shrinkage phase, an MT plus end polymerized or depolymerized
at growth velocity Voo = Vgrowth oF Vool = —Venink, respectively, in which
Vgrowh OF Vaink is the velocity of plus end growth or shrinkage, respectively.
Because of asymmetric MT plus end dynamics, the position of each MT over-
lap stochastically fluctuated. During simulation, because of dramatic MT
shrinkage, Sj or S, sometimes became a negative value, generating outlier
stem bodies that localized outside the interchromosomal area (Fig. 5 D,
closed circles; and Fig. S4 F). This happened when the degree of distur-
bance in stem body positioning was beyond the limits of our model.

The Aurora B-mediated signal. We modeled the Aurora B activity gra-
dient as a Normal distribution, peaking at each stem body where Aurora B
is most concentrated in vivo. The concentration of the Aurora B-mediated
signal at each minus end C was determined using the equation

D2
C= z laurora X €xp _?

if C<1,orC=1ifC> 1, in which Ly is the Aurora B signal intensity at
each stem body, D is the distance between an MT minus end and each stem
body, and ¢ is the standard deviation of each Aurora B distribution. Stem
body position was set at the center of antiparallel MT overlap. We incorpo-
rated MT depolymerization activity that was anticorrelated with the Aurora B
concentration. Therefore, the depolymerization rate at each minus end was
determined as Deprge = Viepo + Videpmaxl1 — C), in which Dep,q is the depoly-
merization rate at a minus end, and Vie,0 and Ve, mex are the minimum and
maximum depolymerization rates at the minus end, respectively. Note that we
prepared several coupled MTs in our model so that Aurora B on a stem body
affected not only the flanking MTs but also other MTs. In the model without the
Aurora B gradient, the depolymerization rate was set to constant.

Biochemistry

To analyze the phosphorylation states of the GFPKif2A mutants, protein was
immunoprecipitated from GFPKif2A-expressing cells as described previ-
ously (Uehara et al., 2009). In brief, mitotically arrested cells were extracted
with the HB100 buffer (50 mM HepesKOH, pH 7.6, 100 mM NaCl, 1 mM
MgCly, 1 mM EGTA, 1% Triton X-100, protein inhibitor cocktail [Complete;
Roche], phosphatase inhibitor cocktail [PhosSTOP; Roche], and 1T mM DTT)
for 10 min on ice and incubated with the anti-GFP-conjugated agarose
beads (MBL) for 3 h at 4°C. The immunoprecipitants were washed with
HB10O0 three times and subjected to SDS-PAGE using a 6% acrylamide gel
containing 25 pM Phos-tag. Immunoblotting was performed using anti-GFP
antibody (JL-8), HRP-conjugated anti-mouse antibody (Jackson ImmunoRe-
search Laboratories, Inc.), and an ECL Western blotting detection system
(GE Healthcare). Precision Plus Protein Dual Color Standards (Bio-Rad Labo-
ratories) were used as the molecular marker in the SDS-PAGE experiments.
Note that because of irreproducible mobility of the prestained molecular
marker proteins in Phostag SDS-PAGE gels (Kinoshita et al., 2012), relative
positions of GFP-Kif2A bands to the marker differed among experiments.

Online supplemental material

Fig. S1 shows additional data on stem body misalignment in Kif2A-depleted
cells. Fig. S2 shows disorganization of the central spindle by CPC inhibition.
Fig. S3 shows localization of GFPKif2A upon Aurora B inhibition and de-
fects caused by expression of the Kif2A mutants. Fig. S4 shows mathemati-
cal modeling of CPC-mediated central spindle organization. Fig. S5 shows
central spindle length in MKLP2-depleted cells. Table S1 and Table S2 show
sequences of the siRNAs and primers used in this study, respectively. Table
S3 shows parameters used in the simulations. Table S4 lists the parameter
values used in each simulation. Video 1 shows uneven chromosome distri-
bution in an INCENP RNAi cell. Video 2 shows simulations of misaligned
stem body behavior. A ZIP file is also provided that contains source code
files used in the simulation. Online supplemental material is available at

http://www.icb.org/cgi/content/full /jcb.201302123/DC1.

We are grateful to Drs. Patrick Meraldi and Tony Hyman for the Hela cell
lines, Jiro Usukura (Nagoya University, Nagoya, Japan) for assistance with

EM, Shin Ishii and Masataka Yamao (Kyoto University, Kyoto, Japan) for use
of the cluster computer to run simulation programs, Shuh Narumiya and Sadanori
Watanabe (Kyoto University) for technical support, and Momoko Nishina for
technical assistance.

This work was supported by the Next Generation grant [NEXT Program
Japan Society for the Promotion of Science) and Human Frontier Science Pro-
gram [to G. Goshima), the Naito Foundation (to R. Uehara), and Grants-in-Aid
for Scientific Research (Ministry of Education, Culture, Sports, Science and
Technology; to R. Uehara and G. Goshimal. Research in the Gerlich labora-
tory has received funding from the European Community’s Seventh Framework
Programme FP7/2007-2013 under grant agreements no. 241548 [MitoSys)
and no. 258068 (Systems Microscopy) and from a European Research Coun-
cil Starting Grant (agreement no. 281198).

Submitted: 22 February 2013
Accepted: 1 July 2013

References

Amaro, A.C., C.P. Samora, R. Holtackers, E. Wang, I.J. Kingston, M. Alonso,
M. Lampson, A.D. McAinsh, and P. Meraldi. 2010. Molecular control
of kinetochore-microtubule dynamics and chromosome oscillations.
Nat. Cell Biol. 12:319-329. http://dx.doi.org/10.1038/ncb2033

Andrews, P.D., Y. Ovechkina, N. Morrice, M. Wagenbach, K. Duncan, L.
Wordeman, and J.R. Swedlow. 2004. Aurora B regulates MCAK at the
mitotic centromere. Dev. Cell. 6:253-268. http://dx.doi.org/10.1016/
S1534-5807(04)00025-5

Bieling, P., L.A. Telley, and T. Surrey. 2010. A minimal midzone protein module
controls formation and length of antiparallel microtubule overlaps. Cell.
142:420-432. http://dx.doi.org/10.1016/j.cell.2010.06.033

Brust-Mascher, I., G. Civelekoglu-Scholey, M. Kwon, A. Mogilner, and J.M.
Scholey. 2004. Model for anaphase B: role of three mitotic motors in a
switch from poleward flux to spindle elongation. Proc. Natl. Acad. Sci.
USA. 101:15938-15943. http://dx.doi.org/10.1073/pnas.0407044101

Carmena, M., M. Wheelock, H. Funabiki, and W.C. Earnshaw. 2012. The
chromosomal passenger complex (CPC): from easy rider to the godfa-
ther of mitosis. Nat. Rev. Mol. Cell Biol. 13:789-803. http://dx.doi.org/
10.1038/nrm3474

Charras, G., and E. Paluch. 2008. Blebs lead the way: how to migrate with-
out lamellipodia. Nat. Rev. Mol. Cell Biol. 9:730-736. http://dx.doi.org/
10.1038/nrm2453

Douglas, M.E., and M. Mishima. 2010. Still entangled: assembly of the cen-
tral spindle by multiple microtubule modulators. Semin. Cell Dev. Biol.
21:899-908. http://dx.doi.org/10.1016/j.semcdb.2010.08.005

Douglas, M.E., T. Davies, N. Joseph, and M. Mishima. 2010. Aurora B and 14-
3-3 coordinately regulate clustering of centralspindlin during cytokinesis.
Curr. Biol. 20:927-933. http://dx.doi.org/10.1016/j.cub.2010.03.055

Ems-McClung, S.C., and C.E. Walczak. 2010. Kinesin-13s in mitosis: Key players
in the spatial and temporal organization of spindle microtubules. Semin. Cell
Dev. Biol. 21:276-282. http://dx.doi.org/10.1016/j.semcdb.2010.01.016

Fededa, J.P., and D.W. Gerlich. 2012. Molecular control of animal cell cytokine-
sis. Nat. Cell Biol. 14:440-447. http://dx.doi.org/10.1038/ncb2482

Frenette, P., E. Haines, M. Loloyan, M. Kinal, P. Pakarian, and A. Piekny. 2012.
An anillin-Ect2 complex stabilizes central spindle microtubules at the cor-
tex during cytokinesis. PLoS ONE. 7:e34888. http://dx.doi.org/10.1371/
journal.pone.0034888

Fuller, B.G., M.A. Lampson, E.A. Foley, S. Rosasco-Nitcher, K.V. Le, P.
Tobelmann, D.L. Brautigan, P.T. Stukenberg, and T.M. Kapoor. 2008.
Midzone activation of aurora B in anaphase produces an intracellular
phosphorylation gradient. Nature. 453:1132-1136. http://dx.doi.org/
10.1038/nature06923

Gaetz, J., and T.M. Kapoor. 2004. Dynein/dynactin regulate metaphase spindle
length by targeting depolymerizing activities to spindle poles. J. Cell
Biol. 166:465-471. http://dx.doi.org/10.1083/jcb.200404015

Ganem, N.J., and D.A. Compton. 2004. The Kinl kinesin Kif2a is required for
bipolar spindle assembly through a functional relationship with MCAK.
J. Cell Biol. 166:473-478. http://dx.doi.org/10.1083/jcb.200404012

Ganem, N.J., K. Upton, and D.A. Compton. 2005. Efficient mitosis in human
cells lacking poleward microtubule flux. Curr. Biol. 15:1827-1832.
http://dx.doi.org/10.1016/j.cub.2005.08.065

Gardner, M.K., D.J. Odde, and K. Bloom. 2008. Kinesin-8 molecular motors:
putting the brakes on chromosome oscillations. Trends Cell Biol. 18:307—
310. http://dx.doi.org/10.1016/j.tcb.2008.05.003

Ghosh, M., I. Ichetovkin, X. Song, J.S. Condeelis, and D.S. Lawrence. 2002. A
new strategy for caging proteins regulated by kinases. J. Am. Chem. Soc.
124:2440-2441. http://dx.doi.org/10.1021/ja0175921

Sizing and positioning of the central spindle * Uehara et al.

B35


http://dx.doi.org/10.1038/ncb2033
http://dx.doi.org/10.1016/S1534-5807(04)00025-5
http://dx.doi.org/10.1016/S1534-5807(04)00025-5
http://dx.doi.org/10.1016/j.cell.2010.06.033
http://dx.doi.org/10.1073/pnas.0407044101
http://dx.doi.org/10.1038/nrm3474
http://dx.doi.org/10.1038/nrm3474
http://dx.doi.org/10.1038/nrm2453
http://dx.doi.org/10.1038/nrm2453
http://dx.doi.org/10.1016/j.semcdb.2010.08.005
http://dx.doi.org/10.1016/j.cub.2010.03.055
http://dx.doi.org/10.1016/j.semcdb.2010.01.016
http://dx.doi.org/10.1038/ncb2482
http://dx.doi.org/10.1371/journal.pone.0034888
http://dx.doi.org/10.1371/journal.pone.0034888
http://dx.doi.org/10.1038/nature06923
http://dx.doi.org/10.1038/nature06923
http://dx.doi.org/10.1083/jcb.200404015
http://dx.doi.org/10.1083/jcb.200404012
http://dx.doi.org/10.1016/j.cub.2005.08.065
http://dx.doi.org/10.1016/j.tcb.2008.05.003
http://dx.doi.org/10.1021/ja017592l

836

Goshima, G., and J.M. Scholey. 2010. Control of mitotic spindle length. Annu.
Rev. Cell Dev. Biol. 26:21-57. http://dx.doi.org/10.1146/annurev-cellbio-
100109-104006

Goshima, G., and R.D. Vale. 2005. Cell cycle-dependent dynamics and regula-
tion of mitotic kinesins in Drosophila S2 cells. Mol. Biol. Cell. 16:3896—
3907. http://dx.doi.org/10.1091/mbc.E05-02-0118

Goshima, G., R. Wollman, N. Stuurman, J.M. Scholey, and R.D. Vale. 2005.
Length control of the metaphase spindle. Curr. Biol. 15:1979-1988.
http://dx.doi.org/10.1016/j.cub.2005.09.054

Gregory, S.L., S. Ebrahimi, J. Milverton, W.M. Jones, A. Bejsovec, and R. Saint.
2008. Cell division requires a direct link between microtubule-bound
RacGAP and Anillin in the contractile ring. Curr. Biol. 18:25-29. http://
dx.doi.org/10.1016/j.cub.2007.11.050

Gruneberg, U., R. Neef, R. Honda, E.A. Nigg, and F.A. Barr. 2004. Relocation of
Aurora B from centromeres to the central spindle at the metaphase to ana-
phase transition requires MKIp2. J. Cell Biol. 166:167-172. http://dx.doi
.org/10.1083/jcb.200403084

Guizetti, J., L. Schermelleh, J. Mintler, S. Maar, 1. Poser, H. Leonhardt, T.
Miiller-Reichert, and D.W. Gerlich. 2011. Cortical constriction during
abscission involves helices of ESCRT-III-dependent filaments. Science.
331:1616-1620. http://dx.doi.org/10.1126/science.1201847

Gupta, M.L., Jr., P. Carvalho, D.M. Roof, and D. Pellman. 2006. Plus end-
specific depolymerase activity of Kip3, a kinesin-8 protein, explains its
role in positioning the yeast mitotic spindle. Nat. Cell Biol. 8:913-923.
http://dx.doi.org/10.1038/ncb1457

Hu, C.K., M. Coughlin, C.M. Field, and T.J. Mitchison. 2011. KIF4 regulates
midzone length during cytokinesis. Curr. Biol. 21:815-824. http://dx.doi
.org/10.1016/j.cub.2011.04.019

Hu, C.K., N. Ozlii, M. Coughlin, J.J. Steen, and T.J. Mitchison. 2012. PIk1 nega-
tively regulates PRC1 to prevent premature midzone formation before
cytokinesis. Mol. Biol. Cell. 23:2702-2711. http://dx.doi.org/10.1091/
mbc.E12-01-0058

Hutchins, J.R., Y. Toyoda, B. Hegemann, 1. Poser, J.K. Hériché, M.M. Sykora,
M. Augsburg, O. Hudecz, B.A. Buschhorn, J. Bulkescher, et al. 2010.
Systematic analysis of human protein complexes identifies chromosome
segregation proteins. Science. 328:593-599. http://dx.doi.org/10.1126/
science.1181348

Kimura, K., N. Nozaki, M. Saijo, A. Kikuchi, M. Ui, and T. Enomoto. 1994.
Identification of the nature of modification that causes the shift of DNA
topoisomerase II beta to apparent higher molecular weight forms in the
M phase. J. Biol. Chem. 269:24523-24526.

Kinoshita, K., I. Arnal, A. Desai, D.N. Drechsel, and A.A. Hyman. 2001.
Reconstitution of physiological microtubule dynamics using purified compo-
nents. Science. 294:1340-1343. http://dx.doi.org/10.1126/science.1064629

Kinoshita, E., E. Kinoshita-Kikuta, K. Takiyama, and T. Koike. 2006. Phosphate-
binding tag, a new tool to visualize phosphorylated proteins. Mol. Cell.
Proteomics. 5:749-757.

Kinoshita, E., E. Kinoshita-Kikuta, and T. Koike. 2012. Phos-tag affinity elec-
trophoresis for protein kinase profiling. /n Protein Kinase Technologies.
Neuromethods. Vol. 68. H. Mukai, editor. Humana Press, New York. 13-34.

Knowlton, A.L., V.V. Vorozhko, W. Lan, G.J. Gorbsky, and P.T. Stukenberg.
2009. ICIS and Aurora B coregulate the microtubule depolymerase Kif2a.
Curr. Biol. 19:758-763. http://dx.doi.org/10.1016/j.cub.2009.03.018

Lan, W., X. Zhang, S.L. Kline-Smith, S.E. Rosasco, G.A. Barrett-Wilt, J.
Shabanowitz, D.F. Hunt, C.E. Walczak, and P.T. Stukenberg. 2004.
Aurora B phosphorylates centromeric MCAK and regulates its localiza-
tion and microtubule depolymerization activity. Curr. Biol. 14:273-286.

Mastronarde, D.N., K.L. McDonald, R. Ding, and J.R. McIntosh. 1993. Interpolar
spindle microtubules in PTK cells. J. Cell Biol. 123:1475-1489. http://
dx.doi.org/10.1083/jcb.123.6.1475

Matuliene, J., and R. Kuriyama. 2002. Kinesin-like protein CHO1 is required
for the formation of midbody matrix and the completion of cytokinesis
in mammalian cells. Mol. Biol. Cell. 13:1832—-1845. http://dx.doi.org/10
.1091/mbc.01-10-0504

MclIntosh, J.R., and S.C. Landis. 1971. The distribution of spindle microtubules
during mitosis in cultured human cells. J. Cell Biol. 49:468-497. http://
dx.doi.org/10.1083/jcb.49.2.468

Mishima, M., V. Pavicic, U. Griineberg, E.A. Nigg, and M. Glotzer. 2004.
Cell cycle regulation of central spindle assembly. Nature. 430:908-913.
http://dx.doi.org/10.1038/nature02767

Noy, P., A. Sawasdichai, P.S. Jayaraman, and K. Gaston. 2012. Protein kinase
CK2 inactivates PRH/Hhex using multiple mechanisms to de-repress
VEGF-signalling genes and promote cell survival. Nucleic Acids Res.
40:9008-9020. http://dx.doi.org/10.1093/nar/gks687

Ohi, R., T. Sapra, J. Howard, and T.J. Mitchison. 2004. Differentiation of cyto-
plasmic and meiotic spindle assembly MCAK functions by Aurora B-
dependent phosphorylation. Mol. Biol. Cell. 15:2895-2906. http://dx.doi
.org/10.1091/mbc.E04-02-0082

JCB « VOLUME 202 « NUMBER 4 « 2013

Ohi, R., K. Burbank, Q. Liu, and T.J. Mitchison. 2007. Nonredundant functions
of Kinesin-13s during meiotic spindle assembly. Curr. Biol. 17:953-959.
http://dx.doi.org/10.1016/j.cub.2007.04.057

Rankin, K.E., and L. Wordeman. 2010. Long astral microtubules uncouple mi-
totic spindles from the cytokinetic furrow. J. Cell Biol. 190:35-43. http://
dx.doi.org/10.1083/jcb.201004017

Sampath, S.C., R. Ohi, O. Leismann, A. Salic, A. Pozniakovski, and H. Funabiki.
2004. The chromosomal passenger complex is required for chromatin-
induced microtubule stabilization and spindle assembly. Cell. 118:187—
202. http://dx.doi.org/10.1016/j.cell.2004.06.026

Sedzinski, J., M. Biro, A. Oswald, J.Y. Tinevez, G. Salbreux, and E. Paluch.
2011. Polar actomyosin contractility destabilizes the position of the
cytokinetic furrow. Nature. 476:462-466. http://dx.doi.org/10.1038/
nature10286

Sprague, B.L., C.G. Pearson, P.S. Maddox, K.S. Bloom, E.D. Salmon, and D.J.
Odde. 2003. Mechanisms of microtubule-based kinetochore positioning
in the yeast metaphase spindle. Biophys. J. 84:3529-3546. http://dx.doi
.org/10.1016/S0006-3495(03)75087-5

Steigemann, P., C. Wurzenberger, M.H. Schmitz, M. Held, J. Guizetti, S. Maar,
and D.W. Gerlich. 2009. Aurora B-mediated abscission checkpoint pro-
tects against tetraploidization. Cell. 136:473-484. http://dx.doi.org/10
.1016/j.cell.2008.12.020

Tan, L., and T.M. Kapoor. 2011. Examining the dynamics of chromosomal pas-
senger complex (CPC)-dependent phosphorylation during cell division.
Proc. Natl. Acad. Sci. USA. 108:16675-16680. http://dx.doi.org/10.1073/
pnas.1106748108

Uehara, R., and G. Goshima. 2010. Functional central spindle assembly re-
quires de novo microtubule generation in the interchromosomal re-
gion during anaphase. J. Cell Biol. 191:259-267. http://dx.doi.org/10
.1083/jcb.201004150

Uehara, R., R.S. Nozawa, A. Tomioka, S. Petry, R.D. Vale, C. Obuse, and
G. Goshima. 2009. The augmin complex plays a critical role in spin-
dle microtubule generation for mitotic progression and cytokinesis in
human cells. Proc. Natl. Acad. Sci. USA. 106:6998-7003. http://dx.doi
.org/10.1073/pnas.0901587106

van der Waal, M.S., R.C. Hengeveld, A. van der Horst, and S.M. Lens. 2012.
Cell division control by the Chromosomal Passenger Complex. Exp. Cell
Res. 318:1407-1420. http://dx.doi.org/10.1016/j.yexcr.2012.03.015

Varga, V., J. Helenius, K. Tanaka, A.A. Hyman, T.U. Tanaka, and J. Howard.
2006. Yeast kinesin-8 depolymerizes microtubules in a length-dependent
manner. Nat. Cell Biol. 8:957-962. http://dx.doi.org/10.1038/ncb1462

Wang, C.Q., X. Qu, X.Y. Zhang, C.J. Zhou, G.X. Liu, Z.Q. Dong, F.C. Wei, and
S.Z. Sun. 2010a. Overexpression of Kif2a promotes the progression and
metastasis of squamous cell carcinoma of the oral tongue. Oral Oncol.
46:65-69. http://dx.doi.org/10.1016/j.oraloncology.2009.11.003

Wang, H., I. Brust-Mascher, D. Cheerambathur, and J.M. Scholey. 2010b.
Coupling between microtubule sliding, plus-end growth and spindle
length revealed by kinesin-8 depletion. Cytoskeleton (Hoboken). 67:715—
728. http://dx.doi.org/10.1002/cm.20482


http://dx.doi.org/10.1016/j.cub.2007.04.057
http://dx.doi.org/10.1083/jcb.201004017
http://dx.doi.org/10.1083/jcb.201004017
http://dx.doi.org/10.1016/j.cell.2004.06.026
http://dx.doi.org/10.1038/nature10286
http://dx.doi.org/10.1038/nature10286
http://dx.doi.org/10.1016/S0006-3495(03)75087-5
http://dx.doi.org/10.1016/S0006-3495(03)75087-5
http://dx.doi.org/10.1016/j.cell.2008.12.020
http://dx.doi.org/10.1016/j.cell.2008.12.020
http://dx.doi.org/10.1073/pnas.1106748108
http://dx.doi.org/10.1073/pnas.1106748108
http://dx.doi.org/10.1083/jcb.201004150
http://dx.doi.org/10.1083/jcb.201004150
http://dx.doi.org/10.1073/pnas.0901587106
http://dx.doi.org/10.1073/pnas.0901587106
http://dx.doi.org/10.1016/j.yexcr.2012.03.015
http://dx.doi.org/10.1038/ncb1462
http://dx.doi.org/10.1016/j.oraloncology.2009.11.003
http://dx.doi.org/10.1002/cm.20482
http://dx.doi.org/10.1146/annurev-cellbio-100109-104006
http://dx.doi.org/10.1146/annurev-cellbio-100109-104006
http://dx.doi.org/10.1091/mbc.E05-02-0118
http://dx.doi.org/10.1016/j.cub.2005.09.054
http://dx.doi.org/10.1016/j.cub.2007.11.050
http://dx.doi.org/10.1016/j.cub.2007.11.050
http://dx.doi.org/10.1083/jcb.200403084
http://dx.doi.org/10.1083/jcb.200403084
http://dx.doi.org/10.1126/science.1201847
http://dx.doi.org/10.1038/ncb1457
http://dx.doi.org/10.1016/j.cub.2011.04.019
http://dx.doi.org/10.1016/j.cub.2011.04.019
http://dx.doi.org/10.1091/mbc.E12-01-0058
http://dx.doi.org/10.1091/mbc.E12-01-0058
http://dx.doi.org/10.1126/science.1181348
http://dx.doi.org/10.1126/science.1181348
http://dx.doi.org/10.1126/science.1064629
http://dx.doi.org/10.1016/j.cub.2009.03.018
http://dx.doi.org/10.1083/jcb.123.6.1475
http://dx.doi.org/10.1083/jcb.123.6.1475
http://dx.doi.org/10.1091/mbc.01-10-0504
http://dx.doi.org/10.1091/mbc.01-10-0504
http://dx.doi.org/10.1083/jcb.49.2.468
http://dx.doi.org/10.1083/jcb.49.2.468
http://dx.doi.org/10.1038/nature02767
http://dx.doi.org/10.1093/nar/gks687
http://dx.doi.org/10.1091/mbc.E04-02-0082
http://dx.doi.org/10.1091/mbc.E04-02-0082

