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The constitutively active mutant of the
Wiskott-Aldrich Syndrome protein (CAWASp) is the cause of X-linked neutropenia and is linked with genomic instability
and myelodysplasia. CA-WASp generates
abnormally high levels of cytoplasmic
F-actin through dysregulated activation
of the Arp2/3 complex leading to defects
in cell division. As WASp has no reported
role in cell division, we hypothesized that
alteration of cell mechanics because of
increased F-actin may indirectly disrupt

dynamic events during mitosis. Inhibition
of the Arp2/3 complex revealed that excess cytoplasmic F-actin caused increased cellular viscosity, slowed all
phases of mitosis, and perturbed mitotic
mechanics. Comparison of chromosome
velocity to the cytoplasmic viscosity revealed that cells compensated for increased viscosity by up-regulating force
applied to chromosomes and increased
the density of microtubules at kinetochores. Mitotic abnormalities were be-

cause of overload of the aurora signaling
pathway as subcritical inhibition of Aurora in CA-WASp cells caused increased
cytokinesis failure, while overexpression
reduced defects. These findings demonstrate that changes in cell mechanics can
cause significant mitotic abnormalities
leading to genomic instability, and highlight the importance of mechanical sensors such as Aurora B in maintaining the
fidelity of hematopoietic cell division.
(Blood. 2012;120(18):3803-3811)

Introduction
The Wiskott-Aldrich Syndrome protein (WASp) is expressed in
hematopoietic cells and regulates the ARP2/3 complex to spatially
and temporally control actin polymerization during cytoskeletal
rearrangements.1 Some specific mutations in the Wiskott-Aldrich
syndrome gene disrupt the physiologic autoinhibition of WASp and
result in a constitutively active protein. These are known to cause
human X-linked neutropenia (XLN) rather than the more typical
WAS.1-5 XLN patients suffer from recurrent bacterial infections
because of severe neutropenia and monocytopenia.3,4 In addition to
the immune system defects, XLN patients may develop cytogenetic changes indicative of chromosomal instability, myelodysplasia, or acute myeloid leukemia.2,4,6 The link between the
constitutively active mutant of the WASp (CA-WASp) expression and chromosomal instability is supported by the recent
demonstration of chromosomal changes in a murine model of
the disease.7
In cells, CA-WASp leads to a dramatic increase in F-actin that
permeates the entire cytoplasm and surrounds chromosomes during
mitosis resulting in an increase in the time necessary to complete
mitosis and subsequent generation of micronucleated and binucleated cells.2 As a dynamic mechanical process, cell division is
sensitive to the mechanical properties of the cell, with alterations
beyond normal tolerances leading to errors in spindle positioning
and assembly, chromosome segregation, and cytokinesis.8-10 In
particular, the actin cytoskeleton plays a fundamental role in setting
cell elasticity and viscosity.11,12 As WASp has no reported role in
cell division,13 we hypothesised that an indirect mechanical effect

because of changes in the actin cytoskeleton downstream of
CA-WASp might compromise critical dynamic events during cell
division, such as the spindle assembly checkpoint, the poleward
movement of chromosomes, or the closure of the cleavage furrow
before cytokinesis.
Cell division is tightly regulated to ensure the correct duplication and distribution of genetic material. One important regulator is
the chromosomal passenger protein Aurora B, a promising target
for treatment of hematopoietic malignancies,14 which regulates
chromosome alignment at metaphase and delays abscission in cells
with structural defects or chromatin bridges.15-17 In particular,
Aurora B activity is crucial in sensing mechanical changes to the
centromere during chromosome alignment18-21 although the precise
role of intrakinetochore and interkinetochore tension, Aurora B
activity, and dynamic attachment of microtubules to kinetochores
in controlling the spindle assembly checkpoint remains to be
determined.22-27 The mitosis defects induced by CA-WASp occur
during both stages of mitosis that fall under the regulation of
Aurora B (attachment of microtubules to kinetochores and cytokinesis) making it an obvious candidate for tolerance overload.
In this study, we show that the increase in cytoplasmic F-actin in
cells expressing CA-WASp leads to a slowing of all phases of
mitosis because of a dramatic increase in cytoplasmic viscosity,
that in turn causes kinetic defects in mitosis that are subject to
modulation by the Aurora B pathway. This reveals a novel pathway
toward genomic instability and highlights the importance of
mechanical sensors to regulate cell division.
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Figure 1. All stages of mitosis are impeded by
CA-WASp expression. (A) Time-lapse images of HT1080
cells expressing fluorescent Histone 2B showing nuclear
envelope breakdown (NEB), anaphase onset (Ana), and
the start (Fur) and completion (End) of furrowing.
Bar ⫽ 10 m. (B) Timing of NEB to anaphase, (C) anaphase to furrow initiation, and (D) furrow duration; n ⬎ 200
cells over at least 4 independent experiments. (E) Chromatid speed during anaphase (mean ⫾ SEM, n ⫽ 14
control and n ⫽ 15 CA-WASp). (F) Peak chromatid
speeds. (G) Furrow closure speed (mean ⫾ SEM, n ⫽ 16
for control and CA-WASp). (H) Peak furrow closure
speeds. Imaging used a Zeiss Axiovert 135 microscope
fitted with an environmental chamber at 37°C with 5%
CO2. Cells were cultured in phenol red–free DMEM with
10% FCS. Fluorochromes were mCherry-H2B and eGFPWASp. A Hamamatsu ORCA-ER CCD camera was used,
and acquisition was controlled with Volocity software.
Image analysis used ImageJ.
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Cell culture, lentiviral production and transduction, generation
of stable cell lines

Progress through mitosis from prophase to telophase is delayed in
cells expressing CA-WASp,2 although it is not known which
precise stage of mitosis is affected. To examine this delay in more
detail, 4 stages of mitosis were timed: nuclear envelope breakdown
(prophase); the metaphase/anaphase transition; furrow initiation;
and furrow closure (telophase; Figure 1A). During the progression
from nuclear envelope breakdown to anaphase, the mitotic spindle
assembles to capture chromosomes and align them at the metaphase plate to satisfy the spindle assembly checkpoint. This process
consistently took close to 30 minutes in control HT1080 cells and
cells expressing wild-type WASp (WT-WASp). CA-WASp expression resulted in a significant delay to anaphase onset (Figure 1B),
indicating a delay in fulfilling the spindle assembly checkpoint.
The separation of chromosomes at anaphase is closely followed by
formation and closure of the cleavage furrow, with tight regulation
in place to ensure no errors are made.28 Furrow initiation in
HT1080 cells was strictly coordinated with anaphase, the furrow
typically formed 2 to 3 minutes after anaphase (Figure 1C). This
coordination was lost in cells expressing CA-WASp, where furrowing started between 2 and 6 minutes after anaphase. CA-WASp
caused a similar delay in the closure of the furrow (Figure 1D). The
tight temporal and spatial regulation of cell division was evident in
the minimal variation of the duration of each stage of mitosis in
control cells (Figure 1). In contrast, there was much greater
variability in the progress through each stage of mitosis in
CA-WASp cells compared with control cells (supplemental Figure
1). In control cells, 17 of 100 cells exhibited delayed mitosis
(⬎ 45 minutes from nuclear envelope breakdown [NEB] to furrow
closure), with all 17 delayed mitoses resulting from delayed
anaphase (⬎ 40 minutes after NEB). Congression was only delayed in 2 of the 17 delayed divisions (⬎ 15 minutes after NEB),

HT1080 human fibrosarcoma cells were cultured in DMEM supplemented
with 10% FCS, 100 IU/mL penicillin, and 100 g/mL streptomycin. U937
human monocytic lymphoma cells were cultured in RPMI 1640 supplemented with 10% FCS, 100 IU/mL penicillin, and 100 g/mL streptomycin. Lentiviral vectors expressing eGFP fused to human WASp, eGFP fused
to human WASp with the I294T mutation or mCherry fused to Histone2B
were prepared in the pHR’SIN-cPPT-CE and pHR’SIN-cPPT-SE lentiviral
backbones as described previously.2 Lentivirus was added to cells at a MOI
of 10 to achieve approximately 90% transduction. Expression levels of
eGFP-CA-WASp were normalized by flow cytometry exciting at 488 nm to
ensure equivalent expression in control and Aurora B–overexpressing cells.
Fluorescence-activated cell sorting using a MoFlo XDP (Beckman Coulter)
was used to purify H2B-mCherry–expressing cells from a mixed population
of lentiviral-transduced cells. HT1080 cells expressing mCherry-LifeAct
were generated by transduction with a retrovirus expressing mCherryLifeAct and puromycin selection.
Graphs and statistics
Box and whiskers plots show median, 10th, 25th, 75th, and 90th percentiles; statistical significance was calculated using one-way Anova with
Bonferroni postcorrection. Differences between datasets on cumulative
histograms were assessed with log-rank (Mantel Cox) test. Bar graphs show
mean ⫾ SD.
Supplemental methods
Details of flow cytometry, cell morphology analysis by cytospins, Western
blotting, wide-field fluorescence time-lapse microscopy, spinning disk
confocal live microscopy, confocal microscopy, and atomic force microscopy are included in supplemental Methods (available on the Blood Web
site; see the Supplemental Materials link at the top of the online article).
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while furrow initiation was delayed once (⬎ 3 minutes after
anaphase) and furrow closure twice (⬎ 4 minutes after furrow
initiation). In CA-WASp cells, delayed mitoses were also associated with delayed anaphase, but in addition a larger portion of cells
also presented delays in congression, furrow initiation, and furrow
closure (45 of 100 had delayed mitosis, 34 of these 45 also showed
delayed anaphase entry, 29 of 45 presented delayed congression, 16
of 45 a delay in furrow initiation, and 29 of 45 a delay in furrow
closure). The delay in every single stage of mitosis observed
suggested that CA-WASp led to alterations to phenomena that
played a very general role in cell division, rather than acting to
perturb a specific stage of this complex process.
Mitotic kinetics are slowed in CA-WASp cells

Mitosis is a succession of highly dynamics events: NEB, spindle
assembly, metaphase alignment, anaphase, and cleavage. The most
dynamic of these are arguably the separation of chromosomes, and
closure of the cleavage furrow. The dynamics of these processes
were measured to establish whether CA-WASp expression perturbed them. In control cells, chromosome speed peaked 2 minutes
after anaphase onset (Figure 1E) and reached an average maximum
speed of 38.5 nm/s (range, 28.7-52.1 nm/s; Figure 1F). Peak
chromosome speed was an average of 25% slower in cells
expressing CA-WASp (average maximum speed of 30.0 nm/s;
range, 19.0-40.6 nm/s; Figure 1F). Only the early fastest stages of
chromosome separation were slowed by CA-WASp, and the total
distance moved by the chromosomes (the length of the spindle)
was not altered. The spindle length at the onset of furrow closure
was 12.1 ⫾ 1.3 m for control and 11.2 ⫾ 1.5 m for CA-WASp
cells. Furrow closure speed was also slower in cells expressing
CA-WASp (average maximum speed of 38.7 nm/s, range 28.9-55.4
and 32.0 nm/s range, 26.5-38.5 for control and CA-WASp, respectively; Figure 1G-H). These measurements show that 2 distinct
processes, the microtubule-driven movement of chromosomes and
the actomyosin-driven closure of the furrow, show slower kinetics
in cells expressing CA-WASp. This generalized slowing of 2 dynamic
processes with completely different assembly and regulatory mechanisms suggests that rather than being a result of the activation the
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Figure 2. CA-WASp requires Arp2/3 activity to increase F-actin production. (A) Percentage increase in
total cellular F-actin because of CA-WASp, measured by
flow cytometry in HT1080 cells (blue) and U937 cells
(red) cultured with DMSO, 20M or 40M CK666; n ⫽ 3,
mean ⫾ SD. (B-C) Confocal images of (B) interphase
HT1080 and (C) prometaphase U937 cells showing DNA
(DAPI, blue), GFP-CA-WASp (green), and F-actin (red).
Dashed white circles show individual ⬃ 10 m2 areas
used to measure F-actin density. Bar ⫽ 10 m. (DE) Nuclear F-actin density in prometaphase (D) HT1080
and (E) U937 cells with and without CA-WASp expression cultured in the conditions shown; n ⬎ 10 for each
condition. Confocal microscopy was performed with a
Zeiss LSM 710 inverted confocal microscope with a 40⫻
C-Apochromat NA 1.2 WD 280-mm objective. Image
analysis used ImageJ software. Fluorochromes were
DAPI, eGFP-WASp, and Alexa Fluor 647–phalloidin.
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CA-WASp
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mitotic checkpoint, the delay may be because of slower movement
of cellular components and retarded morphogenesis.
Arp2/3 inhibition depletes cytoplasmic F-actin and rescues
proliferative and nuclear defects

One consequence of expression of CA-WASp is that it is active
throughout the cell, resulting in activation of the Arp2/3 complex in
the cytoplasm and an accumulation of F-actin throughout the
cytoplasm2 rather than being restricted to the cell periphery where
WASp is normally activated.29,30 We asked whether ectopic accumulation of F-actin was sufficient to explain slowing of all phases of
mitosis. At the subcellular level, inhibiting the Arp2/3 complex
with the small molecule CK66631 lowered the amount of excess
F-actin in CA-WASp cells, without overtly affecting cortical actin
(Figure 2A-C). CA-WASp expression caused F-actin to accumulate
around mitotic chromosomes.2 This occurred within minutes of
NEB (supplemental Figure 2) and the abnormal presence of F-actin
may impede chromosome capture, alignment and separation, and
obstruct furrow closure and abscission. In addition to lowering
cytoplasmic F-actin, CK666 also prevented F-actin accumulation
around mitotic chromosomes (Figure 2C-E).
At the population level, CA-WASp expression leads to loss of
proliferation, increased apoptosis, cytokinesis failure, and micronucleated cells.2 If these abnormalities were downstream of an
increase in F-actin, then Arp2/3 inhibition should prevent them.
CK666 treatment resulted in an almost complete reversal of all
defects (Figure 3, supplemental Figure 3). The recovery of normal
cellular physiology was more comprehensive in U937 cells than in
HT1080 cells (compare Figure 3A,D,F vs B,E,G) as expected from
the more complete inhibition of F-actin accumulation by CK666 in
the U937 cell line (Figure 2A,D,E). Micronucleated cells often
result from chromosomes that have not been correctly attached to
the mitotic spindle (merotelic or syntelic attachments) and lag
behind during anaphase.32 The increase of micronucleated cells
because of CA-WASp was accompanied by a similar rise in the
frequency of lagging chromosomes (Figure 3H-I, supplemental
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Figure 3. Arp2/3 complex inhibition rescues the proliferative and nuclear defects caused by CA-WASp. (A-B) Percentage of (A) U937 and (B) HT1080 cells expressing
GFP-CA-WASp 3, 6, 8, 10, 13, and 15 days after transduction cultured with DMSO, 20M or 40M CK666; n ⫽ 3, mean ⫾ SD. (C) Apoptosis measured by flow cytometry of
annexin V–stained U937 cells after culture for 3-8 days in the conditions shown, with (f) and without (u) CA-WASp expression, n ⫽ 8. Percentage of binucleated (D) U937 and
(E) HT1080 cells after culture for 3-10 days in the conditions shown, n ⫽ 8. Control (u); CA-WASp (f). (F-G) Percentage of micronucleated (F) U937 and (G) HT1080 cells
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anaphase in HT1080 cells. Bar ⫽ 10 m. (I) Percentage of HT1080 cells with lagging anaphase chromosomes; n ⫽ 3 with at least 300 cells analyzed per condition. Confocal
microscopy was performed as in Figure 2.

Figure 3), suggesting that these chromosomes where either incorrectly attached to the spindle, or became enmeshed in the overabundant cytoplasmic F-actin.
The rescue of the proliferative and nuclear defects through
prevention of excess F-actin production suggested that mitotic
kinetics might also be restored. Mitotic progression in the presence
of CK666 was measured in U937 cells as these were the most
responsive to CK666 rescue of the CA-WASp phenotype. Four
stages of mitosis were timed as in Figure 1. In U937 cells, the
CA-WASp–induced delay from prophase to anaphase was completely reversed by CK666 (Figure 4A). The next stage of mitosis
measured, from anaphase to furrowing, was partially rescued by
CK666 (Figure 4B). CK666 treatment slowed the final stage of
mitosis measured, the duration of furrow closure (supplemental
Figure 4), and so prevented assessment of a potential rescue of
furrowing. Together, these results show that removal of ectopic
F-actin in cells expressing CA-WASp reverses all the proliferative and nuclear defects, and also partially restores normal
mitotic timing.
Increases in cytoplasmic viscosity because of overabundant
cytoplasmic F-actin correlate with altered mitotic kinetics

F-actin plays a fundamental role in cell rheology,11 hence the
presence of excessive cytoplasmic F-actin suggested that the

observed general slowing of all phases of mitosis may be because
of an F-actin–dependent increase in cytoplasmic viscosity. Atomic
force microscopy AFM measurements on HT1080 cells revealed a
2-fold increase in both cellular elasticity and apparent cellular
viscosity because of CA-WASp expression. Both these changes
were dose-dependent, although only partially reversed by the
reduction in cytoplasmic F-actin by CK666 (Figure 4C). If
increased cytoplasmic viscosity was the cause of the general
slowing of all stages of mitosis, then the measured changes in
dynamics should correlate with measured changes in viscosity.
Indeed, at time scales that are long compared with actin turn over
(t1/2⬃15 seconds) the cytoplasm can be considered as a viscous
fluid33 and therefore the movement of organelles in the cytoplasm
is resisted by viscous forces that scale as F ⬃ V (where F is the
force,  the viscosity and V the velocity). To ask whether the
dependence of viscosity on cytoplasmic Arp2/3 activity was also
mirrored by a similar effect on organelle movement velocity, we
measured anaphase chromosome movement in wild-type,
CA-WASp cells, and CA-WASp cells treated with CK666. On
CK666 treatment, the delay from anaphase to the start of furrowing
was reduced dose dependently by CK666 in HT1080 cells (Figure
4D) and peak chromosome velocities returned toward normal
levels with increasing doses of CK666 (Figure 4E). Plotting the
normalized chromosome movement velocity as a function of the
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creased 1.65-fold over controls. As expected from the nonspecific
nature of the perturbation induced by CA-WASp overexpression,
kinetochore oscillations were also altered by CA-WASp and
restored by CK666 (Figure 4G, supplemental Figure 4F). Calculating the speed of kinetochore oscillations from the amplitude
(3.13 ⫾ 0.6 m) and period revealed that consistent to what was
observed for anaphase movement, the decrease in speed of
oscillating kinetochores (34.3 ⫾ 8.2 nm/s in controls and
27.1 ⫾ 4.3 nm/s in CA-WASP cells) was less than would be
expected from the increase in viscosity. This again suggested that
force applied to kinetochores was increased in CA-WASp cells, by
approximately 1.55-fold on metaphase kinetochores, similar to the
1.65-fold increase on chromosomes in anaphase.
Aurora B activity contributes to CA-WASp–induced mitotic
abnormalities
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Figure 4. Changes in cytoplasmic viscosity correlate with altered mitotic
kinetics. (A) Time for control and CA-WASp U937 cells to progress from NEB to
anaphase when cultured with DMSO or 20M CK666; n ⬎ 35 cells per condition over
4 independent experiments. (B) Time for U937 cells from panel A to progress from
anaphase to the start of furrowing. (C) Apparent cytoplasmic viscosity and cellular
elasticity in HT1080 cells. (D) Time for HT1080 cells to progress from anaphase to the
start of furrowing when cultured with DMSO, 20M or 40M CK666; n ⬎ 33 cells per
condition over 4 independent experiments. (E) Peak anaphase chromatid velocity of
HT1080 cells shown in panel D. (F) Normalized anaphase chromatid velocity as a
function of the inverse normalized apparent cytoplasmic viscosity in HT1080 cells.
(G) Period of oscillation of prometaphase kinetochore pairs. *Significant difference
(P ⬍ .01) from control; #significant difference (P ⬍ .01) from CA-WASp.

inverse of the normalized viscosity revealed that they were highly
correlated (r2 ⫽ 0.95; Figure 4F), suggesting that changes in
viscosity associated with excessive cytoplasmic F-actin gave rise to
the observed changes in chromosome velocity. However, the
nonunity slope (Figure 4F) suggested that an up-regulation of
motive force applied onto the chromosomes also took place.
Indeed, if applied force stayed constant, the measured doubling of
viscosity should halve velocity. Experimentally, velocity only
decreased by 20%-30%, suggesting that the force applied to
chromosomes by spindle microtubules in CA-WASp cells in-

The increase in cytoplasmic viscosity and concomitant increase in
force applied to chromosomes to drive their movement suggests
that mechanically sensitive events during mitosis will be perturbed
by CA-WASp expression. The detection of merotelic kinetochore
attachments (where a single kinetochore is attached to microtubules from both spindle poles) to promote amphitelic attachment
(where each sister kinetochore is attached to microtubules from
opposite spindle poles) is an exquisitely mechanically sensitive
process. Amphitelic attachment is controlled, at least in part, by a
phosphorylation gradient spreading from Aurora B at the inner
centromere to substrates located at the periphery of the kinetochores whose phosphorylation destabilizes microtubule
attachment.18-21,25,34 If the force applied by microtubules is increased in CA-WASp cells, then as tension scales with force, the
tension across the centromere would also be increased, potentially
moving the phosphorylation targets further from Aurora B, thus
changing the sensitivity in detecting amphitelic attachment. Hence,
we decided to test the role of Aurora B in CA-WASp–induced
mitotic defects.
Overexpression of Aurora B can prevent polyploidy in cells that
have chemically and genetically induced mitosis defects,35 therefore we assessed the effect of Aurora B overexpression on
CA-WASp induction of micronucleated cells and cytokinesis
failure. Aurora B was fused to BFP (blue fluorescent protein) and
stably overexpressed in HT1080 and U937 cells (Figure 5A,
supplemental Figure 5D). Live cell imaging in HT1080 cells
confirmed that Aurora B-BFP was localized to chromosomes at
metaphase and then to the cleavage furrow at telophase, identical to
the expected localization.36 Overexpression of Aurora B protected
U937 and HT1080 cells from the generation of micronuclei and
cytokinesis failure induced by CA-WASp (Figure 5B). This
protection by Aurora B overexpression suggests that CA-WASp
expression leads to division defects that exceed the error correction
capacity of endogenous Aurora B. Therefore, CA-WASp may
render cells more sensitive to inhibition of Aurora B. AZD1152, a
specific inhibitor of Aurora B activity,37 increased division defects
dose-dependently (supplemental Figure 5A-C). We titrated
AZD1152 in U937 and HT1080 cell cultures to establish the
maximum concentration of Aurora B inhibitor that could be
tolerated without inducing division defects. Concentrations above
20nM resulted in high levels of mitotic slippage, as evidenced by
the presence of cells with giant nuclei while 10nM AZD1152
generated binucleated cells indicative of cytokinesis failure (supplemental Figure 5A-C). AZD1152 at 5nM had little effect on control
cell cultures (supplemental Figure 5B-F, Figure 5B) and was used
as a subcritical dose in all subsequent experiments. Treatment of
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Figure 5. CA-WASp mitotic abnormalities are sensitive to the Aurora B pathway and involve increased kinetochore microtubule intensity. (A) Western blot showing
Aurora B-BFP overexpression in HT1080 and U937 cells. (B) Percentage binucleated and micronucleated U937 and HT1080 cells after 4-day expression of GFP-CA-WASp in
cells overexpressing Aurora B or inhibition of Aurora B with 5nM AZD1152 for 48 hours. Images show examples of binucleated and micronucleated HT1080 cells. (C) Confocal
images of HT1080 cells blocked in metaphase by proteasome inhibition followed by 10 minutes in ice-cold media stained for ␣-tubulin (red) and Hec1 (green, a kinetochore
protein) to show kinetochore microtubule fibers. Bar ⫽ 5 m (top panels) and 1 m (bottom panels). (D) Quantification of kMT intensity from cells prepared as in panel C.
Values are relative to the mean control value from each experimental repeat (n ⱖ 3). kMT intensity was measured from the fluorescence intensity of the entire spindle (top
panels, white dashed areas) and also as an average value of 0.25-m2 sections of kMT fibers at 10 individual kinetochores per cell (bottom panels, white dashed areas). Each
point on the chart represents the kMT intensity of an individual cell, with the values from the cells shown in panel C highlighted as red points. Confocal microscopy performed
with a Zeiss LSM 710 inverted confocal microscope with a 63⫻ P-Apochromat NA 1.4 oil-immersion objective, with fluorochromes eGFP-WASp, Alexa Fluor 568, and Alexa
Fluor 647.

CA-WASp cells with the subcritical dose of 5nM AZD1152
approximately doubled the number of micronucleated and binucleated cells compared with CA-WASp cells without Aurora B
inhibition (Figure 5B, supplemental Figure 5E-F). The increased
generation of micronuclei (from anaphase defects) and binucleated
cells (from cytokinesis defects) in CA-WASp cells treated with this
subcritical dose of AZD1152 was significantly greater than the
predicted additive effect from AZD1152 and CA-WASp (Figure

5B), indicating an increased sensitivity to Aurora B inhibition in
CA-WASp cells. To confirm that the rise in sensitivity to Aurora B
inhibition was because of the increase in F-actin, U937 cells were
treated with CK666. This treatment completely prevented the
increased sensitivity to Aurora B inhibition that would otherwise be
induced by CA-WASp (supplemental Figure 5F). Indeed, longterm culture of U937 cells expressing CA-WASp showed that even
lower doses of AZD1152 (2.5nM) massively increased cytokinesis
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failure, but had no effect when CK666 was used to prevent excess
F-actin production (supplemental Figure 5F inset). Hence, CAWASp expression increases the sensitivity of the cell to Aurora B
inhibition, while overexpression of Aurora B can negate the cell
division defects that CA-WASp induces. These data together
suggest that in CA-WASp cells, Aurora B operates close to its
maximum capacity.

Kinetochore microtubule density is increased in cells
expressing CA-WASp

Our measurements of kinetochore oscillation movement and chromosome separation movement revealed that the measured decrease
in velocity (⬃ 30%) was smaller than expected from the 2-fold
increase in cytoplasmic viscosity, that should lead to a 50%
decrease in velocity (Figures 4C,F-G). We hypothesized that this
might be because of an increase in the force applied on kinetochores. As force exerted on a kinetochore scales with the number of
attached microtubules,38 any up-regulation in force should result
from an increase in the number of kinetochore-attached microtubules (kMTs). Each kinetochore can accommodate attachment of
up to approximately 52 microtubules39 and the number of kMTs
attached at each kinetochore increases during mitosis from 20 ⫾ 6.7
in late prometaphase to 28 ⫾ 6.3 at early anaphase.39 Together,
these data suggest that during mitosis, the number of microtubules
attached at each kinetochore is not saturated and that up-regulation
in the number of kMTs is a realistic mechanism for up-regulating
the force exerted on kinetochores.
To test this hypothesis, we compared the intensity of kMT fibers
in control cells to CA-WASp cells. Measurement of kMT fiber
intensity was achieved by immunofluorescent staining of cells
arrested in metaphase by proteasome inhibition followed by
10 minutes cold treatment to remove all microtubules other than
the cold-resistant kMTs.27,40 To allow comparison between experiments, all values were normalized to the mean control value from
each experiment. We first measured the total fluorescence intensity
of all the kMTs composing the spindle (Figure 5C-D). The total
intensity of cold stable kMTs was increased from 1.0 ⫾ 0.22 in
controls to 1.49 ⫾ 0.47 in CA-WASp cells (mean ⫾ SD, P ⬍ .001,
Figure 5D). To exclude the possibility that this increase in the total
intensity of kMTs in the spindle may simply reflect an increase in
the number of kinetochores per cell, the intensity of kMT fibers at
individual kinetochores was measured to give the mean kMT fiber
intensity for each cell. Control cell kMT fibers had a normalized
intensity of 1.0 ⫾ 0.19 while in CA-WASp cells this was significantly increased to 1.33 ⫾ 0.22 (Figure 5C-D). This demonstrates
that in cells expressing CA-WASp, the intensity of kMT fibers at
individual kinetochores is greater than in control cells and is closer
to saturating the microtubule binding capacity of each kinetochore.
The 33% to 49% increase in kMT intensity suggests that in
CA-WASp cells the force applied to kinetochores is similarly
increased. Normalizing all values to control conditions we are able
to test the predicted changes in velocity, viscosity, and force against
those measured experimentally.
The velocity V of kinetochores pulled with a force F scales as
V⫽

F


with the viscosity . Therefore, by normalizing to controls, we find
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⫽
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(
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)
)
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F control
.
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Experimentally, the measured increase in kMT intensity was
F CA-WASp
⫽ 1.33 to 1.49
F control
and the change in apparent viscosity measured by AFM was
 CA-WASp
⫽2
 control
Therefore, these numerical values predict
V CA-WASp 1.33 to 1.49
⫽
⫽ 0.66 to 0.75
V control
2
which is within the range of the ⬃ 30% velocity change measured
experimentally (Figures 1E-F, 4E). Together, these results suggest
that the cell closely monitors the timing of cell division events and
up-regulates the mechanical forces exerted on chromosomes to
reach a target rate.

Discussion
We have previously shown that CA-WASp expression causes
proliferative defects with chromosomal instability and that this can
be mimicked by pharmacologically increasing F-actin content.2 We
now show that CA-WASp expression affects all stages of cell
division suggesting a generalized nonspecific effect rather than
disruption of a particular event or pathway in mitosis. The
CA-WASp phenotype can be largely reversed by inhibiting the
WASp effector Arp2/3 using a targeted small molecule. This
suggests that excessive and delocalized F-actin polymerization is
the primary cause of the cellular abnormalities associated with
CA-WASp, rather than an alternative biologic activity of CA-WASp.
As a mechanical process, cell division is dependent on the
physical properties of the cell and any alteration beyond normal
tolerances results in defects. For example, the rounding of the cell
during mitosis increases cortical rigidity to provide a stable
framework to support the mitotic spindle. Loss of this mechanical
rigidity by down-regulation of contractility by depletion of the
ERM protein moesin leads to spindle defects, chromosome missegregation, and anaphase delay.8 Cytokinesis requires precise regulation of cell periphery mechanics, with perturbation of these
mechanics resulting in furrow displacement and aneuploidy.9
Increasing F-actin content through reduced activity of the actin
regulator cofilin results in delayed progress through all stages of
mitosis,41 supporting our view that CA-WASp has a nonspecific
blanket effect on mitosis through an increase in cytoplasmic F-actin
that alters cell mechanics. In addition to a general slowing of
mitosis, there is an increase in the frequency of lagging chromosomes and cytokinesis failure. Missegregation of chromosomes at
anaphase can lead to formation of micronuclei32,42 while this
missegregation combined with cytoskeletal changes will contribute
to cytokinesis failure.15 The resulting micronucleated and binucleated cells are prone to cell-cycle arrest,43,44 apoptosis,45,46 and
chromosomal instability.32,42,47-49 Therefore, the key features of
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XLN (slow proliferation, increased apoptosis and chromosomal instability) can all be explained by a nonspecific mechanical disruption of cell
division because of excess cytoplasmic F-actin polymerization.
These cytoskeletal changes resulted in significant alteration to
the apparent cytoplasmic viscosity, which slowed the movement of
chromosomes and retarded morphogenetic changes such as cytokinesis. Increased viscosity showed a linear correlation with decreased chromosome separation speed and kinetochore oscillation
speed. Interestingly, neither movement velocities slowed as much
as expected from the change in apparent cellular viscosities,
suggesting a compensatory increase in the motive force on
chromosomes to reach a given velocity. This increase in force was
achieved by elevating the number of kMTs attached to kinetochores.
The increased sensitivity of cells to Aurora B inhibition when
CA-WASp was expressed suggests that a rise in cytoplasmic
viscosity leads to mechanical changes that perturb the Aurora B
pathway. At prometaphase Aurora B is located in the inner
centromere, and generates a gradient of phosphorylation that
extends toward spatially distinct targets on the periphery of the
sister kinetochores.34 The phosphorylation by Aurora B of these
distinct targets on kinetochores provides a mechanism for sensing
kinetochore tension to regulate microtubule attachment and encourage amphitelic attachment to the spindle.18,19,23 At low tension
(nonamphitelic attachment), the targets remain close to Aurora B,
and their phosphorylation encourages microtubule detachment
from the kinetochore.21 With increasing amphitelic attachment of
microtubules the tension between sister kinetochores increases,
moving the phosphorylation targets further away from Aurora B,
stabilizing microtubule attachment. Whether the spindle assembly
checkpoint responds directly to tension across the centromere
(indicating amphitelic attachment) or is solely governed by the
dynamic attachment of microtubules to kinetochores regardless of
amphitelic or syntelic attachment remains an area of active
research.24-27,50 In cells expressing CA-WASp, the intensity of
kMTs per kinetochore is increased, suggesting an increase in the
number of kMTs at each kinetochore. How this occurs is not
known. One possibility is that initially, the increased elasticity and
viscosity of the cytoplasm because of excess F-actin create extra
forces that resist kinetochore stretching and movement. Hence,
more kMT attachment to kinetochores would be required to exert
sufficient force to stretch the sister kinetochores far enough from
the centrally located Aurora B to allow stable kMT attachment.
This mechanical component would help explain the anaphase
delay, as more time would be required to allow attachment of the
greater number of kMTs. If the spindle assembly checkpoint was
satisfied solely on the basis of the number of MTs attached, we
should not observe any delay. Therefore, our data suggest further
regulation of the SAC downstream of MT attachment, possibly by
Aurora B kinase, as recent reports suggest.26,27
Overexpression of Aurora B in CA-WASp cells reduced the
number of mitotic defects, while treatment of CA-WASp cells with
subcritical doses of aurora inhibitor led to a dramatic increase in
defects. The increase in the intensity of kMT fibers attached to each
kinetochore in CA-WASp cells may explain the extra sensitivity to
Aurora B inhibition. If the number of incorrectly attached kMTs
augments proportionally, the aurora pathway may reach its critical
capacity and inhibiting even a small fraction of total aurora kinase
may result in an accumulation of errors far greater than in control
cells. Conversely, increasing the total amount of cellular Aurora B
by overexpression may ease overload.
Aurora B also plays an active role in encouraging successful
cytokinesis by delaying abscission if a chromosome bridge is
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present through the midbody between daughter cells.15 Cells
expressing CA-WASp frequently fail cytokinesis, and are more
sensitive to Aurora B inhibition than controls. This again suggests
that Aurora B is operating at near maximal capacity to delay
abscission in CA-WASP cells, such that a slight inhibition in this
setting has a much greater effect than in control cells. Thus, by
overexpressing Aurora B, we increase its capacity to delay
abscission and rescue CA-WASp cells from cytokinesis failure. In
cells expressing CA-WASp, we did not observe an increase in
chromosome bridges, but did see a dramatic increase in anaphase
lagging chromosomes. This raises the possibility that slowing
because of viscosity may be interpreted as a mechanical blockage,
or that excessive F-actin, trapped organelles, or lagging chromosomes within the furrow may activate Aurora B.
Taken together, these results demonstrate the importance of
maintaining the mechanical state of the cell within defined
tolerances and give another illustration of the interplay between
mechanics and signaling. Further investigation of how the mechanical changes induced by CA-WASp impact on mitosis and cytokinesis will yield novel insights into how the Aurora B signaling
pathway senses incorrect attachment and mechanical blockage, as
well as reveal an experimental system to investigate other pathways required to ensure successful cell division.

Acknowledgments
The authors thank the confocal microscopy core facility and the
flow cytometry core facility at the UCL Institute of Child Health
(ICH) and Great Ormond Street Hospital for Children (GOSH), as
well as Helen Matthews (Laboratory for Molecular Cell Biology,
University College London, London, United Kingdom) for help
with spinning disk confocal microscopy. CK666 was a gift
from Thomas D. Pollard (Yale University, New Haven, CT).
H2B-mCherry was a gift from Jason Swedlow (University of
Dundee, Dundee, United Kingdom). mCherry-LifeAct was a gift
from Roland Wedlich-Soldner (Max-Planck Institute for Biochemistry, Martinsried, Germany). CenpA-GFP was a gift from Aaron
Straight (Stanford University, Stanford, CA).
G.T.C., D.A.M., and A.J.T. are funded by the Wellcome Trust.
G.T.C. is in receipt of a Royal Society University Research
Fellowship. E.M. is funded by a Dorothy Hodgkin fellowship from
the Royal Society. A.J.T. is funded by The Great Ormond Street
Children’s Charity.

Authorship
Contribution: D.A.M. designed and executed experiments, analyzed data, and wrote the manuscript; E.M., L.V., and J.R.
performed experiments and analyzed data; G.T.C. designed experiments and wrote the manuscript; and A.J.T. wrote the manuscript.
Conflict-of-interest disclosure: The authors declare no competing financial interests.
Correspondence: Dale A. Moulding, Molecular Immunology
Unit and Centre for Immunodeficiency, UCL Institute of Child
Health, 30 Guilford St, London, WC1 1EH, United Kingdom;
e-mail: D.Moulding@ucl.ac.uk; or Adrian J. Thrasher, Molecular
Immunology Unit and Centre for Immunodeficiency, UCL Institute
of Child Health, 30 Guilford St, London, WC1 1EH, United
Kingdom; e-mail: A.Thrasher@ucl.ac.uk.

From bloodjournal.hematologylibrary.org at Cambridge University Library on May 30, 2013. For personal use only.
BLOOD, 1 NOVEMBER 2012 䡠 VOLUME 120, NUMBER 18

MECHANICAL DISRUPTION OF MITOSIS OVERWHELMS AURKB

3811

References
1. Thrasher AJ, Burns SO. WASP: a key immunological multitasker. Nat Rev Immunol. 2010;10(3):
182-192.
2. Moulding DA, Blundell MP, Spiller DG, et al. Unregulated actin polymerization by WASp causes
defects of mitosis and cytokinesis in X-linked
neutropenia. J Exp Med. 2007;204(9):2213-2224.
3. Devriendt K, Kim AS, Mathijs G, et al. Constitutively activating mutation in WASP causes
X-linked severe congenital neutropenia. Nat
Genet. 2001;27(3):313-317.
4. Ancliff PJ, Blundell MP, Cory GO, et al. Two novel
activating mutations in the Wiskott-Aldrich syndrome protein result in congenital neutropenia.
Blood. 2006;108(7):2182-2189.
5. Beel K, Cotter MM, Blatny J, et al. A large kindred
with X-linked neutropenia with an I294T mutation
of the Wiskott-Aldrich syndrome gene. Br J
Haematol. 2009;144(1):120-126.
6. Beel K, Schollen E, Uyttebroeck A, et al. Gain-offunction WASP mutations in pediatric and adult
patients with myelodysplasia or AML [abstract].
Blood (ASH Annual Meeting Abstracts). 2006;
108:Abstract 4516.
7. Westerberg LS, Meelu P, Baptista M, et al. Activating
WASP mutations associated with X-linked neutropenia result in enhanced actin polymerization, altered
cytoskeletal responses, and genomic instability in
lymphocytes. J Exp Med. 2010;207(6):1145-1152.
8. Kunda P, Pelling AE, Liu T, Baum B. Moesin controls cortical rigidity, cell rounding, and spindle
morphogenesis during mitosis. Curr Biol. 2008;
18(2):91-101.
9. Sedzinski J, Biro M, Oswald A, Tinevez JY,
Salbreux G, Paluch E. Polar actomyosin contractility destabilizes the position of the cytokinetic
furrow. Nature. 2011;476(7361):462-466.

18. Welburn JP, Vleugel M, Liu D, et al. Aurora B
phosphorylates spatially distinct targets to differentially regulate the kinetochore-microtubule interface. Mol Cell. 2010;38(3):383-392.
19. Liu D, Vader G, Vromans MJ, Lampson MA,
Lens SM. Sensing chromosome bi-orientation by
spatial separation of aurora B kinase from kinetochore substrates. Science. 2009;323(5919):
1350-1353.
20. Keating P, Rachidi N, Tanaka TU, Stark MJ. Ipl1dependent phosphorylation of Dam1 is reduced
by tension applied on kinetochores. J Cell Sci.
2009;122(Pt 23):4375-4382.
21. Cimini D, Wan X, Hirel CB, Salmon ED. Aurora
kinase promotes turnover of kinetochore microtubules to reduce chromosome segregation errors.
Curr Biol. 2006;16(17):1711-1718.

35.

36.

37.

38.

22. Maresca TJ, Salmon ED. Intrakinetochore stretch
is associated with changes in kinetochore phosphorylation and spindle assembly checkpoint activity. J Cell Biol. 2009;184(3):373-381.
23. Uchida KS, Takagaki K, Kumada K, Hirayama Y,
Noda T, Hirota T. Kinetochore stretching inactivates the spindle assembly checkpoint. J Cell
Biol. 2009;184(3):383-390.
24. Khodjakov A, Pines J. Centromere tension: a divisive issue. Nat Cell Biol. 2010;12(10):919-923.
25. Lampson MA, Cheeseman IM. Sensing centromere tension: Aurora B and the regulation of kinetochore function. Trends Cell Biol. 2011;21(3):133140.
26. Santaguida S, Vernieri C, Villa F, Ciliberto A,
Musacchio A. Evidence that Aurora B is implicated in spindle checkpoint signalling independently of error correction. EMBO J. 2011;30(8):
1508-1519.

39.

40.

41.

42.

10. Fink J, Carpi N, Betz T, et al. External forces control mitotic spindle positioning. Nat Cell Biol.
2011;13(7):771-778.

27. Maldonado M, Kapoor TM. Constitutive Mad1
targeting to kinetochores uncouples checkpoint
signalling from chromosome biorientation. Nat
Cell Biol. 2011;13(4):475-482.

11. Van Citters KM, Hoffman BD, Massiera G,
Crocker JC. The role of F-actin and myosin in
epithelial cell rheology. Biophys J. 2006;91(10):
3946-3956.

28. Douglas ME, Mishima M. Still entangled: assembly of the central spindle by multiple microtubule
modulators. Semin Cell Dev Biol. 2010;21(9):
899-908.

12. Bausch AR, Kroy K. A bottom-up approach to cell
mechanics. Nat Phys. 2006;2(4):231-238.

29. Yarar D, To W, Abo A, Welch MD. The WiskottAldrich syndrome protein directs actin-based motility by stimulating actin nucleation with the
Arp2/3 complex. Curr Biol. 1999;9(10):555-558.

45.

30. Machesky LM, Insall RH. Scar1 and the related
Wiskott-Aldrich syndrome protein, WASP, regulate the actin cytoskeleton through the Arp2/3
complex. Curr Biol. 1998;8(25):1347-1356.

46.

13. Takenawa T, Suetsugu S. The WASP-WAVE protein network: connecting the membrane to the
cytoskeleton. Nat Rev Mol Cell Biol. 2007;8(1):
37-48.
14. Farag SS. The potential role of Aurora kinase inhibitors in haematological malignancies. Br J
Haematol. 2011;155(5):561-579.
15. Steigemann P, Wurzenberger C, Schmitz MH,
et al. Aurora B-mediated abscission checkpoint
protects against tetraploidization. Cell. 2009;
136(3):473-484.
16. Hauf S, Cole RW, LaTerra S, et al. The small molecule Hesperadin reveals a role for Aurora B in
correcting kinetochore-microtubule attachment
and in maintaining the spindle assembly checkpoint. J Cell Biol. 2003;161(2):281-294.
17. Mackay DR, Makise M, Ullman KS. Defects in
nuclear pore assembly lead to activation of an
Aurora B-mediated abscission checkpoint. J Cell
Biol. 2010;191(5):923-931.

43.

44.

47.

31. Nolen BJ, Tomasevic N, Russell A, et al. Characterization of two classes of small molecule inhibitors of Arp2/3 complex. Nature. 2009;460(7258):
1031-1034.
32. Rao X, Zhang Y, Yi Q, et al. Multiple origins of
spontaneously arising micronuclei in HeLa cells:
direct evidence from long-term live cell imaging.
Mutat Res. 2008;646(1-2):41-49.
33. Darling EM, Zauscher S, Guilak F. Viscoelastic
properties of zonal articular chondrocytes measured by atomic force microscopy. Osteoarthritis
Cartilage. 2006;14(6):571-579.
34. Wang E, Ballister ER, Lampson MA. Aurora B
dynamics at centromeres create a diffusion-

48.
49.

50.

based phosphorylation gradient. J Cell Biol. 2011;
194(4):539-549.
Nair JS, Ho AL, Tse AN, et al. Aurora B kinase
regulates the postmitotic endoreduplication
checkpoint via phosphorylation of the retinoblastoma protein at serine 780. Mol Biol Cell. 2009;
20(8):2218-2228.
Ruchaud S, Carmena M, Earnshaw WC. Chromosomal passengers: conducting cell division.
Nat Rev Mol Cell Biol. 2007;8(10):798-812.
Yang J, Ikezoe T, Nishioka C, et al. AZD1152, a
novel and selective aurora B kinase inhibitor, induces growth arrest, apoptosis, and sensitization
for tubulin depolymerizing agent or topoisomerase II inhibitor in human acute leukemia cells in
vitro and in vivo. Blood. 2007;110(6):2034-2040.
Oguchi Y, Uchimura S, Ohki T, Mikhailenko SV,
Ishiwata S. The bidirectional depolymerizer
MCAK generates force by disassembling both
microtubule ends. Nat Cell Biol. 2011;13(7):846852.
McEwen BF, Heagle AB, Cassels GO, Buttle KF,
Rieder CL. Kinetochore fiber maturation in PtK1
cells and its implications for the mechanisms of
chromosome congression and anaphase onset.
J Cell Biol. 1997;137(7):1567-1580.
Cheng L, Zhang J, Ahmad S, et al. Aurora B regulates formin mDia3 in achieving metaphase chromosome alignment. Dev Cell. 2011;20(3):342352.
Gohla A, Birkenfeld J, Bokoch GM. Chronophin, a
novel HAD-type serine protein phosphatase,
regulates cofilin-dependent actin dynamics. Nat
Cell Biol. 2005;7(1):21-29.
Crasta K, Ganem NJ, Dagher R, et al. DNA
breaks and chromosome pulverization from errors in mitosis. Nature. 2012;482(7383):53-58.
Sablina AA, Ilyinskaya GV, Rubtsova SN,
Agapova LS, Chumakov PM, Kopnin BP. Activation of p53-mediated cell cycle checkpoint in response to micronuclei formation. J Cell Sci. 1998;
111(Pt 7):977-984.
Yasui M, Koyama N, Koizumi T, et al. Live cell
imaging of micronucleus formation and development. Mutat Res. 692(1-2):12-18, 2010.
Utani K, Kohno Y, Okamoto A, Shimizu N. Emergence of micronuclei and their effects on the fate
of cells under replication stress. PLoS One. 2010;
5(4):e10089.
Castedo M, Coquelle A, Vivet S, et al. Apoptosis
regulation in tetraploid cancer cells. EMBO J.
2006;25(11):2584-2595.
Fujiwara T, Bandi M, Nitta M, Ivanova EV,
Bronson RT, Pellman D. Cytokinesis failure generating tetraploids promotes tumorigenesis in
p53-null cells. Nature. 2005;437(7061):10431047.
Ganem NJ, Pellman D. Limiting the proliferation
of polyploid cells. Cell. 2007;131(3):437-440.
Fenech M. Cytokinesis-block micronucleus assay
evolves into a “cytome” assay of chromosomal
instability, mitotic dysfunction and cell death. Mutat Res. 2006;600(1-2):58-66.
Maresca TJ, Salmon ED. Welcome to a new kind
of tension: translating kinetochore mechanics into
a wait-anaphase signal. J Cell Sci. 2010;123(Pt
6):825-835.

