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Summary

Background: The pole-to-pole distance of the meta-
phase spindle is reasonably constant in a given cell type;
in the case of vertebrate female oocytes, this steady-
state length can be maintained for substantial lengths
of time, during which time microtubules remain highly
dynamic. Although a number of molecular perturbations
have been shown to influence spindle length, a global
understanding of the factors that determine metaphase
spindle length has not been achieved.
Results: Using the Drosophila S2 cell line, we depleted
or overexpressed proteins that either generate sliding
forces between spindle microtubules (Kinesin-5,
Kinesin-14, dynein), promote microtubule polymeriza-
tion (EB1, Mast/Orbit [CLASP], Minispindles [Dis1/
XMAP215/TOG]) or depolymerization (Kinesin-8, Kine-
sin-13), or mediate sister-chromatid cohesion (Rad21)
in order to explore how these forces influence spindle
length. Using high-throughput automated microscopy
and semiautomated image analyses of >4000 spindles,
we found a reduction in spindle size after RNAi of micro-
tubule-polymerizing factors or overexpression of Kine-
sin-8, whereas longer spindles resulted from the knock-
down of Rad21, Kinesin-8, or Kinesin-13. In contrast, and
differing from previous reports, bipolar spindle length
is relatively insensitive to increases in motor-generated
sliding forces. However, an ultrasensitive monopolar-to-
bipolar transition in spindle architecture was observed
at a critical concentration of the Kinesin-5 sliding motor.
These observations could be explained by a quantitative
model that proposes a coupling between microtubule
depolymerization rates and microtubule sliding forces.
Conclusions: By integrating extensive RNAi with high-
throughput image-processing methodology and math-
ematical modeling, we reach to a conclusion that
metaphase spindle length is sensitive to alterations in
microtubule dynamics and sister-chromatid cohesion,
but robust against alterations of microtubule sliding
force.
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4 These authors contributed equally to this work.
Introduction

Microtubules (MTs) are highly dynamic polymers that
continually change their length by growth or shrinkage
[1]. Remarkably, whereas individual MTs fluctuate in
length, the ensemble of microtubules in the mitotic spin-
dle maintains a constant spindle length throughout
metaphase [2]. Several studies using various experi-
mental systems from yeast to humans have shown
that spindle length can be influenced by changes in
MT polymer dynamics, mitotic motor activity, or sister-
chromatid cohesion [3–11]. However, a systematic and
quantitative analysis of the factors that establish and
maintain the steady-state spindle length at metaphase
has not been performed. Moreover, studies on the con-
sequences of perturbations of individual proteins on
metaphase spindle length are often not consistent
among different experimental systems. For example, al-
terations in MT length by inhibition of MT-dynamics reg-
ulators directly affect spindle length in some systems
(e.g., [3, 11]) but not in others [9]. A quantitative assess-
ment of the contributions of different force generators
to spindle length in a single cell type would greatly aid
efforts to understand and potentially computationally
model the balance of forces acting to maintain the length
of the metaphase spindle [12–14].

The Drosophila S2 cell line is a good animal cell for
investigating spindle-length control, because it has a
diamond-shaped spindle that has similar morphologi-
cal features to somatic vertebrate cells and because
a number of conserved proteins that affect spindle mor-
phology have been identified by RNAi-based functional
analyses [3, 4, 15–17]. In this study, we determined
metaphase spindle length after RNAi knockdown and/
or overexpression of factors that mediate MT sliding, MT
dynamics, or sister-chromatid cohesion. We examined
the following proteins whose mitotic phenotypes after
RNAi depletion and, in most cases, in vitro molecular ac-
tivities have been characterized. To modulate MT slid-
ing, we focused on Klp61F (Kinesin-5), a conserved,
bipolar, plus-end-directed kinesin that is thought to gen-
erate outward sliding forces between antiparallel MTs
and would be expected to elongate the spindle. Indeed,
previous studies in yeast have shown that overproduc-
tion or reduction of Kinesin-5 causes metaphase spindle
lengthening or shortening, respectively [5, 7]. We also
examined two minus-end-directed motors, Kinesin-14
(Ncd in Drosophila) and cytoplasmic DHC (Dhc64C), be-
cause these motors could influence metaphase spindle
length by generating an inward sliding force that oppo-
ses the actions of Kinesin-5 [5, 6, 8, 9, 18] (in some cells,
dynein could also augment Kinesin-5 by pulling astral
MTs toward the cell cortex [19]). To explore factors that
influence MT dynamics, we examined three proteins that
promote MT assembly at the MT plus end: the plus-end-
tracking protein EB1 [16], Msps [Dis1/XMAP215/TOG]
[20], and Mast/Orbit [CLASP] [17, 21], as well as the MT-
depolymerizing factor, Klp10A (Kinesin-13) [3, 4], and
the putative depolymerizer Klp67A (Kinesin-8) [3, 22–24].
The actions of Mast/Orbit and Klp67A are thought to be

mailto:vale@cmp.ucsf.edu


Current Biology
1980
Figure 1. High-Throughput, Semiautomated Measurement of Metaphase Spindle Length of Drosophila S2 Cells

(A) A raw image taken by the automated ImageXpress microscope with a 403 objective. Control GFP-tubulin cells were stained with g-tubulin

(red) and chromosomes (blue). GFP is shown in green.

(B) Enhanced signals of g-tubulin and chromosomes (see Supplemental Experimental Procedures). Two metaphase cells and one anaphase cell

were detected by the existence of two g-tubulin signals and chromosome masses in between. Most of the interphase cells were not stained by

g-tubulin antibody.

(C) A gallery of metaphase cells. After automated detection of g-tubulin-stained cells, all the nonmetaphase cells were eliminated by manual

selection. Cell shape was estimated by the boundary of the diffuse GFP signals in the cytoplasm (white circle), and GFP expression level was

quantified as the signal intensity within the area. The bar represents 10 mm.

(D) Distribution of metaphase spindle length of control GFP-tubulin cells. Data from 703mitoticcells were combined. Average length (11.5 6 2.0 mm)

was well reproduced in each experiment (see Table S1).

(E) Spindle length was plotted against GFP intensity. No statistically significant correlation was found between GFP level and spindle length, in-

dicating that GFP-tubulin expression itself did not perturb the spindle.
exerted primarily at kinetochores [17, 21–24]. Klp10A
and EB1, on the other hand, are concentrated at the cen-
trosome, although both are likely to modulate MT assem-
bly throughout the mitotic cytoplasm as well [3, 4, 16].
To interfere with sister-chromosome tension, we de-
pleted the critical sister-chromatid-cohesion protein,
Rad21 (cohesin) [15]. Our results show that modulators
of MT dynamics and chromatid cohesion are the major
governors of spindle length. In contrast, bipolar spindle
length is robust to changes in MT sliding forces pro-
duced by the Kinesin-5. We produce a mathematical
model that provides a framework for understanding
these observations.

Results and Discussion

Mitotic cells are relatively rare in the S2-cell population
(1%–3%). Therefore, we required a method to obtain
images of sufficient numbers of mitotic spindles for
quantitation and statistical comparison among different
RNAi treatments. In most cases, we employed a high-
throughput procedure of image collection and analysis,
as summarized below and in Figure 1 (and Figure S1 in
the Supplemental Data available with this article online)
for control GFP-tubulin-expressing cells [3]. Cells were
plated onto concanavalin-A-coated, 96-well glass-bot-
tom dishes and then fixed and stained for g-tubulin (as
a marker of centrosome locations) and chromosomes
(Figure 1A). For the majority of our experiments, images
were collected with a high-throughput automated mi-
croscope, and a semiautomated image-analysis proce-
dure was used to identify the rare mitotic cells in the im-
ages. This algorithm, which took advantage of the fact
that most interphase S2 cells do not exhibit punctuate
signals of g-tubulin [3], recognizes g-tubulin spots and
identifies a cell as mitotic if it contains a pair of g-tubulin
spots with a DAPI-staining chromosomal mass in be-
tween (Figure 1B). During this process, g-tubulin spot–
spot distances were measured automatically. Potential
metaphase cells were then displayed into visual galler-
ies, and a manual selection was performed to eliminate
prophase, anaphase, and aberrant interphase cells as
well as metaphase cells with multipolar spindles, which
had been also selected by the automated selection pro-
cess (see Figure S1 for an example of manual selection).
The average distribution of the spindle length (herein de-
finedascentrosome-to-centrosomedistance) in703con-
trol cells from several experiments was 11.5 6 2.0 mm
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Figure 2. Metaphase Spindle Length after

RNAi

(A) Average length of metaphase spindle after

single or double RNAi-knockdown of eight

proteins. RNAi treatment of each gene was

repeated at least once, and in each experi-

ment, relative average length to the accom-

panying control was obtained. Combined da-

taset of all the treatments is described in this

graph. Error bars represent the 95% con-

fident interval. See Table S1 for individual

datasets.

(B) Representative spindle images after RNAi

of indicated genes. These images were taken

manually with a 633 oil immersion objective.

The bar represents 10 mm.
(Figure 1D). This length distribution was broader than
those observed in yeast or fly embryos [6, 10]. However,
using a sufficient sample, we obtained consistent aver-
age metaphase spindle length among experiments
(10.95–11.84 mm; Table S1). By plotting spindle length
versus GFP intensity for individual cells, we also estab-
lished that the spindle length was independent of GFP-
tubulin expression levels (Figure 1E).

Next, we applied the same procedure to examine
metaphase spindle length in cells depleted of various
proteins by RNAi (Figure 2; see also Table S1 for statis-
tical summary). One general caveat of RNAi approach is
that the targeted proteins are not completely depleted
and that the observed phenotypes (especially ‘‘no phe-
notype’’) could be still ‘‘hypomorphic’’ as a result of
the residual proteins. Although this is also the case of
our study, we confirmed significant protein-level reduc-
tion for most of the genes (Figure S2A) and could ob-
serve specific spindle/chromosome phenotypes (Figure
2B). First, we found that reduction of Rad21, a protein
essential for sister-chromatid cohesion, led to longer
spindles, as documented in yeast [10]. After Rad21
RNAi, anti-Cid staining (an inner-kinetochore marker) re-
vealed no paired sister-kinetochore dots, and thin chro-
mosomal masses were scattered, strongly suggesting
the precocious separation of sister chromatids (Figure
S4A) [15]. Statistically significant effects also were ob-
served for regulators of MT dynamics. In agreement with
previous qualitative descriptions [3, 4, 16, 17, 25], RNAi
of the MT stabilizers EB1, Msps, and Mast caused short-
ening of metaphase spindle (61%–83%; all p values <
0.0007), whereas knockdowns of MT depolymerases
(Klp10A and Klp67A) caused expansion (125%–147%,
all p values < 0.004). Notably, the outer-kinetochore-
enriched regulators of MT plus ends (Klp67A, Mast)
affected the length more severely than the global or
centrosome-localized MT regulators EB1, Msps, and
Klp10A. Klp67A [3] and EB1 [16] RNAi sometimes causes
centrosome detachment from the kinetochore microtu-
bules (kMTs), and this detachment could skew our mea-
sured centrosome-to-centrosome distance from the ac-
tual spindle length. However, the degree of centrosome
separation from the kMT for EB1 RNAi is small, only ac-
counting for a 0.2 mm increase to the measurement of
spindle length [26]. In the case of Klp67A, the centro-
some is detached, but is not always localized along
the axis. Indeed, by comparing measurements of cen-
trosome-to-centrosome distance to the distances of
the minus ends of the kMT in 32 bipolar spindles, we find
that the centrosome-to-centrosome distance in Klp67A
RNAi cells underestimates spindle length by 0.3 mm
compared with control cells. Nevertheless, these effects
are small and do not affect our conclusions that EB1 and
Klp67A RNAi treatments shorten and lengthen spindle
length, respectively.

If spindle length is controlled by a balance of MT poly-
merization and depolymerization, we reasoned that a
phenotype generated by depletion of the MT-depolymer-
izing protein Klp67A might be rescued by depletion of
MT-polymerizing proteins (e.g., Msps or Mast). In accor-
dance with this idea, the simultaneous knockdown of
Klp67A and Msps or Mast produced an average length
that was intermediate between single Klp67A and single
Msps or Mast knockdowns (Figure 2A).

The important role played by MT-polymerization dy-
namics in determining spindle length was also discov-
ered recently in Xenopus egg extracts by Mitchison and
colleagues, who also argued that an unidentified non-
MT tensile element, possibly a ‘‘spindle matrix’’ [27],
may constrain spindle length [28]. Although we cannot
exclude the existence of such an element, our results
have not uncovered evidence for its existence. For ex-
ample, shortening of MT length by EB1 or Msps RNAi
produced short metaphase spindles without signifi-
cantly perturbing its shape (Figure 2B).

Previous studies have shown that the inhibition of a
minus-end-directed kinesin (Kinesin-14) causes spindle
elongation in yeast [5, 8]. Dynein inhibition causes dras-
tic spindle elongation or shortening depending upon the
cell type [6, 9]. However, RNAi of Ncd (Kinesin 14) or
Dhc64C (cytoplasmic DHC) only slightly changed the
spindle size in S2 cells (3%–17% increase; Figure 2A
and Table S1). The slight increase after dynein knock-
down can be explained by the effect of detachment of
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centrosomes from spindle poles [29, 30] because we
recently found in another study that detachment of the
centrosomes from the minus end of kMT alone accounts
for an average 14% increase in the centrosome-to-
centrosomedistance[26].Thespindle-length increaseaf-
ter dynein RNAi is less than that observed by Morales-
Mulia and Scholey [31], for reasons that are not clear.
However, these authors also noted a partial misrecruit-
ment of the Klp10A depolymerase to the poles, a misre-
cruitment that may have contributed to this effect. The
lack of dramatic effect upon Ncd RNAi is unlikely to be
due to residual proteins because we noted splaying of
kinetochore fibers (a characteristic of Ncd RNAi knock-
down [3, 26]) in the majority of the mitotic spindles exam-
ined (80%), found significant depletion (>90%) of Ncd at
the population level by immunoblot analysis, and found
that 33 of 36 mitotic spindles scored had no detectable
immunofluorescence signal for Ncd after Ncd RNAi.
However, the slight increase of the spindle length might
be explained by the reduced spindle elasticity upon un-
focusing of kinetochore fibers (discussed in Box 1). De-
pletion of Klp61F (Kinesin-5) by RNAi produced monop-
olar spindles [3], so the length of bipolar spindles was not
a measurable parameter. Collectively, these quantitative
comparisons of spindle length following RNAi-mediated
protein depletion indicate that MT polymer dynamics
and sister-chromatid cohesion more dramatically affect
metaphase spindle length than depletion of minus-end-
directed motor proteins.

We next examined whether increasing the levels of MT
sliding motors (Klp61F, Ncd) or of MT depolymerases
(Klp10A, Klp67A) influences spindle length (Figure 3).
To correlate expression level and spindle length on a
cell-to-cell basis, we expressed GFP-tagged kinesins
from an inducible promoter (Figure 3B) and measured
GFP levels and spindle lengths for individual cells. In
support of our assumption that the exogenous fusion
proteins are physiologically functional, we observed
that moderate expression of these kinesin-GFP fusions
rescued the loss-of-function spindle phenotypes pro-
duced by depletion of the corresponding endogenous
kinesin by RNAi, and this rescue suggests that GFP tag-
ging did not destroy the kinesin’s function [22]. More-
over, overexpressed Klp67A-GFP localized primarily to
kinetochores and kinetochore MTs (kMTs), and over-
expressed Ncd-GFP and Klp61F-GFP localized primarily
Box 1. Mathematical Force-Balance Model of Metaphase Spindle-Length Control

Here, we outline a simple dynamical force-balance
model of the determinants of S2-cell metaphase
spindle length, a model that is a modification of an
earlier quantitative model that explains spindle-pole
dynamics during anaphase B [B1]. As described be-
low, an important aspect of this model is that Kinesin-
5-driven MT sliding activity is coupled to MT depoly-
merization, and this coupling guarantees stability of
the steady-state solution and allows robustness of
spindle stability to changes in MT dynamics.

We first define three state variables that are impor-
tant for tracking spindle dynamics: spindle lengths
(S), length of overlapping region of antiparallel MTs
(L), and MT sliding velocity (Vsliding) (Figure A, left).
In Figure A (right), we describe the total force acting
directly on the centrosome. Outward force, Fsliding, is
opposed by Ftension and Fkt.

In addition, we define the following forces (1–3 be-
low) and parameters of microtubule polymerization
(4–5) relevant to the metaphase spindle (Figure A):

1. Fsliding (green): The Kinesin-5-dependent force
that slides apart antiparallel MTs (e.g., be-
tween antiparallel interpolar (ip) MTs or be-
tween ipMT and kMT [B2]) and acts to separate
centrosomes and also on chromosomes
through kMTs.

2. Ftension (purple): Spindle elasticity, an assumed
restoring force that behaves as a Hookean
spring and opposes spindle extension (possi-
bly MT elasticity, MT crosslinking, or a ‘‘spindle
matrix’’).

3. Fkt (yellow): A force (in addition to Fsliding) that
pulls the kinetochore toward the pole and pulls
centrosomes inward (Figure B) and that could
be due to Hill sleeve mechanism [B3], minus-
end-directed motors at the kinetochore,
or MT depolymerization at the pole.

4. Vpoly: The rate of MT polymerization at the plus
ends of antiparallel ipMTs as determined by
dynamic instability of MTs and as a function

Figure A. Schematic Representation

of the Forces Acting on the Meta-

phase Spindle

Continued on following page
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of ‘‘general’’ MT regulators (e.g., EB1 or mini-
spindles).

5. Vdepol: The rate of depolymerization of all MTs
at their minus ends, this may be mainly regu-
lated by Kinesin-13 (Klp10A) that acts as a MT
depolymerase.

Forces exerted by astral MTs [B4–B6] or chromo-
kinesins [B7] may also play a role in spindle-length
determination, but they were not considered in this
study for simplicity. We do not take into account an
eventual limitation of the size of the spindle (i.e., lim-
ited amount of tubulin or other spindle components
or size of the cell), although these factors may also
come into play in living cells.

The microtubule polymerization/depolymerization
rates can be combined with the rate of MT sliding,
Vsliding, to form two simple kinematic equations:

dS

dt
= 2
�
Vsliding 2 Vdepol

�
(1)

dL

dt
= 2
�
Vpoly 2 Vsliding

�
(2)

This set of kinematic equations should be coupled to
a third force-balance equation, which is based on the
low Reynold’s number approximation that applies at
subcellular scales (force for movement, F = velocity
of movement, dS/dt 3 the drag coefficient of sepa-
rating the poles, m).

dS

dt
= m 2 12

�
Fsliding 2 Fkt 2 Ftension

�
(3)

The above forces can be defined as follows:

Fsliding = aL

�
1 2

Vsliding

Vsliding, max

�
(4)

Ftension = bðS 2 S0Þ (5)

Fkt = Fkt,0 (6)

The sliding force parameter a represents Kinesin-5
force per unit length of overlap (L) (pN/mm), and
Vsliding, max is the maximal unloaded MT sliding

velocity of Kinesin-5. b is the Hookean-spring con-
stant of spindle elasticity, and S0 is the spring’s rest
length. For simplicity, we assume a constant force
on the kinetochore (Fkt,0). The assumption of linear
force-extension forces for the spindle spring ele-
ments and of linear force-velocity curves for Kine-
sin-5 activity serve to simplify the system and ensure
the existence of analytical solutions.

From these equations, it is clear that in order to
reach a stable steady state in which spindle length
and overlap length remain constant with time (ds/dt =
0, dL/dt = 0), net polymerization and depolymeriza-
tion must be equal (Vpoly = Vdepol). The set of assump-
tions presented above state that polymerization and
depolymerization are constant parameters that natu-
rally produce an unstable steady state in which every
perturbation to MT polymerization or depolymeriza-
tion will result in deviations from the steady state.
However, our experiments showed that we can per-
turbonlypolymerizationordepolymerizationbyRNAi,
yet the spindle still reaches a new steady state with
a different constant length (e.g., EB1 RNAi decreases
Vpoly but probably not Vdepol).

To generate a stable steady state, we propose an
additional assumption that the depolymerization rate
(Vdepol) is dependent on the extent of the sliding force
(Fsliding). Here, we proposed one plausible mechanism
to explain this dependency on the basis of the as-
sumption of a higher concentration of Klp10A at the
centrosomes than elsewhere, combined with a poly-
mer ratchet theory [B8]. If a force of magnitude
Fsliding pushes MT toward the centrosome, then, as
a result of Brownian motion, the probability density
for the minus end to be at distance x away from the

centrosome is e
2

Fslidingx

NkbT , where kbT is the thermal en-
ergy [B9] and N is the number of antiparallel overlap-
ping MTs. The implicit assumption here is that the
sliding force per single MT is the arithmetic mean,
Fsliding

N , and we are not taking into account differences

between different MT populations. Integrating this
probability density from 0 to d, we get the probability
that this MT end is not farther than distance d from the

depolymerizing motor: Pðx<dÞ= 1 2 e
2

Fslidingd

NkbT . Denot-
ing Vdep, max as the maximal depolymerization rate,

we arrive at the equation:

Vdepol = Vd, 0 + Vdep, max

�
1 2 e

2
Fslidingd

NkbT

�
= Vd,0

+ Vdep, max

�
1 2 e

2 daL

h
1 2

Vsliding

Vsliding, max

i.
NkbT

�
(7)

Here we define Vd, 0 as sliding-force-independent
basal depolymerization at the pole. Our FSM/kymo-
graph analysis of GFP-tubulin suggests that this isFigure B. Parameter Sensitivity Analysis in Steady State

Continued on following page
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above zero but also is much smaller than Vdep, max

(Figure S5). It is clear from equation 7 that on the ba-
sis of the analysis above, the depolymerization rate is
dependent on the overlap region, and its inclusion is
sufficient to allow a stable steady-state solution for
the basic kinematic force-balance equations (1–3).
Substituting all forces (equations 4–6) and the depo-
lymerization term (equation 7) into the basic model
(equation 1–3), we get:

dL

dt
= 2

�
Vpoly 2 Vsliding

�
(8)

dS

dt
= m 2 12

�
aL

�
1 2

Vsliding

Vsliding, max

�
2 Fkt, 0 2 bðS 2 S0Þ

�

(9)

Vsliding =
1

2

dS

dt
+ Vd, 0

+ Vdep, max

�
1 2 e

2 daL

�
1 2

Vsliding

Vsliding, max

�.
NkbT

�

(10)

Solving for S and L at steady state (dS/dt = 0, dL/
dt = 0), we get:

S =

dðbS0 2 Fkt, 0Þ2 log

�
1 2

Vpoly 2 Vd, 0

Vdep, max

�
N$kbT

db
(11)

L =

log

�
1 2

Vpoly 2 Vd, 0

Vdep, max

�
KbT$N

da

�
Vpoly

Vsliding, max

2 1

� (12)

Figure B shows the steady-state values of spindle
length (S) and overlap zone (L) for changes in the
concentration of Kinesin-5 presented as a defined
as force per unit overlap (left panel), tension forces
presented as b defined as the Hookean-spring con-
stant (middle panel), and kinetochore forces (right
panel). This analysis is based on estimates of nu-
merical values of unknown parameters (Table S4).
However, the sensitivity analysis shows that al-
though the exact length can change as a result of
changes in the parameter values used, the existence
of a solution, and therefore the existence of a stable
metaphase steady-state length, is guaranteed (see
below, Figure B).

One prediction of this model is that the overlap
length (L) is sensitive to the level of Kinesin-5 activity
(a). Sensitivity analysis (Figure B) shows that L
changes with alteration of Kinesin-5 concentration
(fluctuation in sliding force is buffered by changing
L), whereas spindle length (S) is independent of Kine-
sin-5 concentration, as we have documented exper-
imentally in this paper. However, at very low values of
a (low concentration of Kinesin-5), the overlap length

of antiparallel MTs needs to be greater than the total
spindle length in order to maintain outward sliding
force, and this is unrealistic in vivo. In the sensitivity
graph for a, this ultrasensitive transition can be seen
as the intersection between L and S lines (Figure B,
left panel). Our model predicts that there is no realistic
solution to maintain bipolarity below a certain value
of a (or above a certain value of Fkt). We interpret
that this situation would lead spindles to another
stable state—a monopolar spindle. This prediction
agrees with our experimental result shown in Figure 4,
in which monopolar spindles are exclusively seen
at low concentrations of Kinesin-5, but bipolar spin-
dle length is insensitive to high levels of Kinesin-5.
The numerical value of this critical threshold of a is
15 pN/mm, based on our selected parameters (Table
S4), and represents 15% of the assumed force den-
sity of the sliding force in the spindle (w100 [pN/mm]).

Finally, in metaphase steady state, MT polymeriza-
tion rate at the kinetochore must also be equal to
MT depolymerization rate at the pole. However, the
mechanism of this regulation in vivo is unknown, and
we did not consider in our modeling. One possibility
might be that a similar coupling assumption, in which
sliding force of kMTs is coupled with the rates of kMT
plus-end polymerization and minus-end depolymer-
ization, allows a steady-state solution.
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Figure 3. Metaphase Spindle Length after

Overexpression of Motor Proteins

(A) Samples scatter plots of overexpression

of four GFP-tagged kinesins. Scatter plots

show the relationship between protein level

(quantified as GFP intensity) and spindle

length. Treatments were repeated two, four,

four, and six times for Klp67A, Klp10A, Ncd,

and Klp61F, respectively. Representative ex-

periments are shown in this panel (see Figure

S3 and Table S2 for additional data). No sig-

nificant correlation was observed between

Klp61F and Klp10A levels and spindle length.

The correlation between Ncd and Klp67A

overexpression and spindle length is signifi-

cant within the 95% confidence level after

Bonferronicorrection formultiplicity (seeSup-

plemental Experimental Procedures). In the

cases where the correlation was significant,

the regression line (continuous) and the 95%

confidence interval for the regression line

(dashed) are plotted.

(B) Three different levels of overexpression

for Klp67A-GFP, Klp10A-GFP, Klp61F-GFP,

and Ncd-GFP. Overexpressed Klp67A-GFP,

Klp61F-GFP, and Ncd-GFP primarily targeted

to the kinetochore or MTs, where endogenous

proteins are localized (see higher contrast/

brightness panels), whereas cytoplasmic ac-

cumulation was detected after Klp10A-GFP

overexpression. The bar represents 10 mm.

Red shows g-tubulin, and green shows GFP.
to the main body of the mitotic spindle, as is true of the
endogenous motors (Figure 3B). Klp10A-GFP localized
primarily to centrosomes/centromeres when expressed
at low levels, although cytoplamic accumulation was
also detected after overexpression (Figure 3B). There-
fore, overexpression of Klp10A-GFP might not result
in increased motor concentrations at spindle poles. Fig-
ure 3A reveals that expression of the MT depolymerase,
Klp67A, caused a dose-dependent shortening of the
metaphase spindle (more data sets are available in Fig-
ure S3 and Table S2). In contrast, overexpression of
Klp10A-GFP did not result in a statistically significant
change in metaphase spindle length in our overexpres-
sion range (Figure 3A). Surprisingly, overexpression of
Ncd caused a statistically significant dose-dependent
elongation of the metaphase spindle in two out of four
experiments (Figure 3A). This result is opposite to that
expected from prior results and models implicating
Ncd as a motor that generates an inward force on anti-
parallel MTs [5, 6, 8]. However, an in vitro study shows
that the MT binding domain within the nonmotor region
of Ncd can induce MT nucleation, stabilization, and bun-
dling [32], so the length increase may be attributed to
MT-stabilizing effects of motor overxpression (Figure
3B). Perhaps the biggest surprise was the lack of corre-
lation between Klp61F-GFP expression level and spindle
length in six independent experiments (Figure 3A,
Figure S3, and Table S2). Thus, in contrast to previous re-
sults obtained in yeast [5], we conclude that the overex-
pression of the sliding motor Klp61F has no effect on
spindle length in S2 cells.

To better understand how balances of forces might
govern spindle length, we developed a preliminary
quantitative model (described in detail in Box 1). This
quantitative analysis is based on several plausible but
unproven assumptions. First, on the basis of a linear
force-balance curve, we assumed that MT sliding forces
are proportional to forces applied by Kinesin-5. Second,
we assumed that the spindle elastic properties can be
approximated by a Hookean spring. Third, sister chro-
matids are under tension at the kinetochores, in which
pulling force generated by antiparallel MT sliding and/
or MT depolymerization at the poles is opposed by
sister-chromatid cohesion. To test whether the third
assumption is relevant in S2 cells, we measured sister-
kinetochore distance as a maker of sister-chromatid ten-
sion, where longer distance (‘‘stretched’’ centromeres)
represents a stronger pulling force at the kinetochore
by kMTs [33]. By immunofluorescence of Cid (Drosoph-
ila CENP-A, histone H3 variant that localizes to inner
kinetochores), we found, consistent with previous re-
ports [30, 34], that sister-kinetochore distance during
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Figure 4. Bistability of the Spindle Morphol-

ogy but Robustness of Metaphase Spindle

Length to Alteration of Kinesin-5 Concentra-

tion

(A) RNAi knockdown of endogenous Klp61F

with dsRNA targeting 50 UTR region was

combined with ectopic expression of Klp61F-

GFP. Immunoblot was performed by anti-

Klp61F antibody.

(B) Spindle ‘‘bistability.’’ At top, representa-

tive images of monopolar, monastral bipolar,

and bipolar spindles are shown. Red shows

g-tubulin, and green shows Klp61F-GFP. The

bar represents 10 mm. At bottom, frequency of

monopolar spindles over total monopolar and

normal bipolar spindles is shown by blue line;

frequency was calculated on the basis of the

distribution of 238 spindles into 15 bins.

Length distributions of the normal bipolar

spindle (green dots) and monastral bipolar

spindle (green open circles; g-tubulin staining

at only one pole of the bipolar spindle) after

various levels of Klp61F-GFP expression are

also plotted. Abrupt decrease in monopolar

spindle frequency is observed at a critical

expression level of Klp61F. The length of

monastral bipolar spindles was measured by

doubling the distance between g-tubulin and

center of the chromosome mass.
metaphase is 25% longer (1.0 6 0.13 mm [n = 23], p <
0.0001) than in colchicine-treated cells, which lack
kMT tension (0.8 6 0.13 mm [n = 47]) (Figure S4A).
Time-lapse imaging of Klp67A-GFP (as an outer-kineto-
chore marker) also showed that metaphase sister-kinet-
ochore distance rapidly decreased upon colchicine
treatment (n = 6, Figure S4B, Movie S1). These data sup-
port the idea that sister kinetochores are under tension
during metaphase in S2 cells.

Combining these forces via a simple force-balance
model [13], we show that these assumptions by them-
selves are not sufficient to allow a stable metaphase
steady-state (Box 1). We further tested what other as-
sumptions allow the steady state to be achieved. We
found that the addition of an assumption that the rate
of MT depolymerization at spindle poles (which contrib-
utes to poleward flux [1, 4, 35]) is proportional to the
motor-generated sliding forces is sufficient to allow sta-
bility of the metaphase steady state [Box 1, equation (7)].
This feature also enables the spindle length to remain
constant despite the overexpression of the Kinesin-5
motor. Although this assumption remains speculative in
Drosophila cells, it is supported by recent experiments
showing that the rate of poleward flux in meiotic spin-
dles assembled in Xenopus extracts correlates with
Kinesin-5 activity in a dose-dependent manner [18].
Kinesin-5 activity also appears to be an important factor
in maintaining spindle bipolarity and generating pole-
ward flux in S2 cells because RNAi of Klp61F (Kinesin-
5) causes a bipolar-to-monopolar spindle collapse and
a concomitant significant reduction in the rate of pole-
ward flux (Figure S5, Movies S2 and S3). Given these as-
sumptions, the quantitative model explains how chang-
ing the rate of MT polymerization/depolymerization can
produce changes in the metaphase spindle length with-
out changing its stability while the length can remain in-
sensitive to a wide range of Kinesin-5 concentration.

A novel outcome of our model is that it predicts ‘‘bi-
stability’’ in spindle architecture. Specifically, at low
concentrations of Klp61F (Kinesin-5), monopolar spin-
dles are created, but as the concentration of this motor
increases, an abrupt transition to bipolar spindle forma-
tion takes place [Box 1, equation (11) and Figure B]. To
test this prediction of spindle bistability, we examined
the relationship between Klp61F expression and spindle
length over a wide range of motor concentrations by
RNAi-depleting endogenous Klp61F by using dsRNA di-
rected against its 50 UTR and then expressing varying
levels of Klp61F-GFP from a plasmid with an inducible
promoter (Figure 4A and [22]). We assume that the ex-
pressed fusion protein is active, an assumption that is
supported by its ability to rescue bipolar spindle assem-
bly in RNAi-treated cells at appropriate concentrations
(Figure 4B). Significantly, we found that there was an
abrupt increase in the percentage of cells that exhibited
bipolar spindles at a critical level of Klp61F-GFP protein
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expression (Figure 4B, blue line) and that the length of
the bipolar spindle was uniform above this critical level
(Figure 4B, solid green dots). In addition, we frequently
observed bipolar spindles with a single g-tubulin signal
at only one pole (‘‘monastral bipolar spindle’’) near the
critical expression level of Klp61F. Our previous work
demonstrated that monastral bipolar spindles are gen-
erated by a pathway in which monopolar spindles ini-
tially form and then a second pole forms by MT genera-
tion from the chromosomes followed by their focusing to
form an acentrosomal pole [3]. The length of the monas-
tral bipolar spindles at low Klp61F-GFP levels (mea-
sured by doubling the distance between g-tubulin and
the metaphase plate) was also similar to normal bipolar
spindles (Figure 4B, green circles). This experiment dem-
onstrates both the sharp monopolar-to-bipolar spindle
transition that occurs with increasing Kinesin-5 concen-
tration and the robust maintenance of bipolar spindle
length above this critical Kinesin-5 concentration. The
latter result also supports our conclusion from the over-
expresssion data that bipolar spindle length is relatively
insensitive to changes in Klp61F concentration in S2
cells.

Conclusions

In summary, our quantitative analyses indicate that
MT dynamics are the major determinants of metaphase
spindle length, with MT sliding playing a relatively minor
role in determining length. Sister-chromatid cohesion
is also critical to restrain the length. Our model also pro-
vides a possible explanation for the surprising insensi-
tivity of spindle length to sliding forces. This model
uses a simple set of force-balance equations [13] com-
bined with a ‘‘coupling assumption’’ in which increasing
motor-driven forces leads to faster rates of depolymer-
ization of MTs. The sliding-depolymerization-coupling
model also might explain the difference between our re-
sults, showing no change in spindle length with varying
Kinesin-5 levels, and those in yeast, where varying the
concentration of this motor affects spindle length [5, 7].
Unlike metazoan cells, budding yeast displays no de-
tectable MT depolymerization at spindle poles [36] and
thus may lack a means of buffering spindle length in re-
sponse to pushing effects of microtubule motors. Un-
doubtedly, aspects of the model will need to be revised,
and additional parameters will need to be incorporated
(e.g., astral microtubule forces are not considered here).
Nevertheless, the model in its present state has already
served to predict a ‘‘bistabilty’’ in spindle morphology
in which a threshold amount of Kinesin-5-generated
force is needed to prevent spindle collapse. With a com-
bination of RNAi and protein overexpression, this pre-
diction was experimentally verified. The model may
make other predictions that could be explored in the
future. For example, the model predicts that the degree
of central-spindle MT overlap (L) varies in response to
Kinesin-5 levels (Box 1, Figure B), which could be exam-
ined in the future by 3D reconstructions of the spindle
byelectronordeconvolusionmicroscopy. Asanother ex-
ample, a polymer ratchet mechanism was incorporated
to explain sliding-depolymerization coupling (Box 1
equation (7)).Such acoupling could beachievedbyagra-
dient of the Klp10A MT depolymerase activity at the spin-
dle poles [4], which would allow stronger sliding forces
generated by Klp61F to push MT minus ends farther
into the interior region of the pole, where the depolymer-
ase activity might be correspondingly higher. Thus, our
current model, although not providing a final answer to
how mitotic spindle length is controlled and buffered in
response to changing forces, provides a useful frame-
work for additional experimentation and more detailed
modeling of this important problem in the future.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures,

five Supplemental Figures, four Supplemental Tables, and three
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