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Neural Wiskott-Aldrich Syndrome Protein Is
Required for Accurate Chromosome Congression

and Segregation

Sun Joo Park*, and Tadaomi Takenawa'

The accurate distribution and segregation of replicated
chromosomes through mitosis is crucial for cellular viabil-
ity and development of organisms. Kinetochores are re-
sponsible for the proper congression and segregation of
chromosomes. Here, we show that neural Wiskott-Aldrich
syndrome protein (N-WASP) localizes to and forms a com-
plex with kinetochores in mitotic cells. Depletion of N-
WASP by RNA interference causes chromosome mis-
alignment, prolonged mitosis, and abnormal chromosomal
segregation, which is associated with decreased prolifera-
tion of N-WASP-deficient cells. N-WASP-deficient cells
display defects in the kinetochores recruitment of inner
and outer kinetochore components, CENP-A, CENP-E, and
Mad2. Live-cell imaging analysis of GFP-o-tubulin revealed
that depletion of N-WASP impairs microtubule attachment
to chromosomes in mitotic cells. All these results indicate
that N-WASP plays a role in efficient assembly of kineto-
chores and attachment of microtubules to chromosomes,
which is essential for accurate chromosome congression
and segregation.

INTRODUCTION

Cell division is the process by which a parent cell divides into
two daughter cells. The primary aim of cell division is mainte-
nance of the original cell’'s genome. Before division can occur,
the genomic information stored within the chromosomes must
be replicated and the duplicated genome separated precisely
during mitosis. This process is crucial for genetic inheritance,
cellular viability, and development of organisms. Abnormal
chromosome segregation causes alterations in chromosome
number, a defect commonly found in tumor cells and is poten-
tially involved in cancer development (Jallepalli et al., 2001).
Kinetochores are complex cellular structures that specify the
attachments between the chromosomes and the spindle micro-
tubules, and check that the attachment is complete. These
structures are essential for accurate chromosome congression
and segregation (Cleveland et al., 2003; Scholey et al., 2003;
Zhu et al., 2009). Although many proteins constituting the kine-

tochore have been identified, the proteins responsible for accu-
rate chromosome congression and segregation remain unclear.

The proteins of the Wiskott-Aldrich Syndrome protein (WASP)
family, including WASP and N-WASP, are generally implicated
in the process of the Arp2/3 complex-mediated F-actin polym-
erization. This process is responsible for dynamic changes in
cell morphology and various intracellular events in non-dividing
cells (Rohatgi et al., 1999; Takenawa et al., 2007). However,
the role of the WASP proteins has not been clearly assessed
during the process of mitosis when the nuclear envelope breaks
down and central F-actin is disassembled. Loss of WASP activ-
ity induces defects in multiple hematopoietic lineages, including
B and T lymphocytes, natural killer cells, dendritic cells, and
platelets, which is characterized by the immunodeficiency, mi-
crothrombocytopenia, and eczema underlying Wiskott-Aldrich
syndrome (WAS) (Burns et a., 2004; Ochs et al., 2006). In pa-
tients with WAS, platelets are markedly decreased in number
(Cooper et al., 1968; Ochs et al., 1980). WASP-deficient mice
also have decreased peripheral blood lymphocyte and platelet
numbers, despite normal development, and showed markedly
impaired T cell proliferation (Snapper et al., 1998). Therefore, it
has been accepted that the activity of WASP is required for
normal proliferation of certain hematopoietic cells.

N-WASP is closely related to WASP but has different tissue
distributions. WASP is expressed exclusively in hematopoietic
cells, whereas N-WASP is expressed ubiquitously (Derry et al.,
1994; Miki et al., 1996). Accumulating evidence suggests that
WASP and N-WASP have similar intracellular functions through
reorganization of the actin cytoskeleton (Miki et al., 2003; Ro-
hatgi et al., 1999). To date, most studies on N-WASP have
focused on the intracellular and morphological phenomena in
interphase, such as filopodium formation and vesicle transport
(Roth, 2007; Takenawa et al., 2007). Interestingly, studies of an
N-WASP knockout mouse indicate that N-WASP is dispensa-
ble for the general formation of actin-containing structures in-
cluding filopodia (Lommel et al., 2001; Snapper et al., 2001). N-
WASP-deficient mouse embryos have marked developmental
delay and are non-viable before embryonic day 12. Primary
fibroblasts isolated from knockout embryos are unable to grow
without being transformed. This suggests that N-WASP is in-
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volved in cell growth. However, little data is available regarding
the function of N-WASP within cell growth. The precise in vivo
functions of N-WASP have not been determined. Therefore, in
this study, we examined whether N-WASP plays a role in cell
division. We found that N-WASP accumulates in kinetochores
of mitotic cells. Depletion of N-WASP by RNAi in HelLa cells
causes diminished chromosome congression, prometaphase
delay, and chromosome missegregation.

MATERIALS AND METHODS

Reagents and antibodies

The following antibodies and dyes were used: anti-a-tubulin and
anti-B-tubulin - (Sigma); anti-Mad2 (COVANCE); anti-CENPA
(Transduction Laboratories); TOPROS3 (Molecular Probes);
Hoechst 33342 (Sigma). The sequences of the stealth siRNA
(Invitrogen) were as follows: N-WASP #1; 5-UAGCUGAGCAC
CCUCUCUAAUUUGA-3'"; N-WASP #2; 5'-UUCUUGCCGAGG
AAAGUGAAGAGGG-3'. The control siRNA sequences were
designed by scrambling one of the targeted oligonucleotides of N-
WASP. The siRNAs were transfected into the Hela cells using
Lipofectamine 2000 (Invitrogen), according to the manufac-
turer's instructions. Antibody against N-WASP was produced
as described previously (Miki et al., 1998). All other materials
used were of reagent grade.

Cell culture and transfection

Hela cells were maintained at 37°C in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum
and penicillin-streptomycin. The cells were synchronized in S
phase by the double-thymidine block protocol (two cycles of 12
h culture with 10 mM thymidine and 9 h of culture free of
thymidine). Enrichment of mitotic cells was achieved by treat-
ment with 1.0 uM nocodazole after release from the thymidine
block. When transfection was performed during the second
thymidine block, HelLa cells were washed 9 h after initiation of
the second thymidine block, transfected in Opti-MEM with Li-
pofectamine Plus (Invitrogen) for 4 h, and cultured again in the
original culture medium for 4 h in the continued presence of
thymidine. Lipofectamine 2000 was used (Invitrogen) was used
to transfect HelLa cells with siRNA.

Immunofluorescence

Cells collected at various time points during mitosis were fixed
in -20°C methanol for 10 min. PBS containing 1% BSA was
added to the cells for 1 h to block nonspecific binding. Primary
antibodies were then added and the cells incubated for 1 h at
room temperature (RT), followed by washing and addition of
secondary antibodies with incubation for 30 min at RT. Im-
munocomplexes were detected with appropriate secondary
antibodies labeled with Alexa 488, Alexa 594, or Alexa 697
(Molecular Probes). DNA was stained with TOPROS, Hoechest
33342, or DAPI. Cells were examined with an Olympus IX70 or
a Zeiss LSM510 confocal imaging system.

Live-cell imaging

Hela cells transfected with the indicated oligonucleotides or
constructs were grown on glass-base dishes. After the indi-
cated treatment of cells, images were acquired for approxi-
mately 300 min at 15-20 min intervals using the Olympus IX70
confocal imaging system.

Immunoprecipitation
Mitotic HelLa cells were harvested by shake off after nocoda-
zole treatment and release and homogenized in RIPA buffer

(10 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.5% Triton, 1% so-
dium deoxycholate, complete mini protease inhibitor tablets
(Roche Diagnostics, USA), DNAse 20 g/ml, 100 nM Okadaic
Acid). The lysates were centrifuged at 10,000 x g for 15 min
and supernatant was subjected to precipitation with anti-Flag or
anti-CENP-A antibodies. The immunoprecipitates were probed
with antibodies to Flag, N-WASP, and CENP-A.

Cell proliferation assay

Dynamic cell proliferation was assayed using a real-time cell
electronic sensing (RT-CES) system (ACEA Biosciences). HeLa
cells were transfected with control and N-WASP RNAi and then
synchronized to early S phase with a double thymidine block.
After 60 min, the thymidine was released, during which time 6.0
x 10° cells were re-plated into RT-CES devices (16-well E-
Plate; ACEA Biosciences), and dynamic cell proliferation was
monitored as a cell index calculated from the impedance of
each well. Spreading and proliferation of the cells were con-
tinuously monitored at 30 min intervals for a period of 48-72 h.

Mitotic microtubule re-growth

GFP-a-tubulin was expressed in control and N-WASP-deficient
HelLa cells and synchronized to prometaphase with nocodazole.
Nocodazole was washed out and the microtubules were com-
pletely depolymerized for 30 min in an ice-water bath. Re-
growth of the microtubules was then initiated in growth medium
at 37°C and the fluorescence intensity of the GFP-a-tubulin
acquired for approximately 120 min at 10 min intervals using an
Olympus IX70 confocal imaging system.

RESULTS AND DISCUSSION

N-WASP localizes to and forms a complex with
kinetochores in mitotic cells

To determine whether N-WASP is involved in cell division, we
examined the localization of endogenous N-WASP in different
phases of mitotic HelLa cells. The specificity of the antibody
against N-WASP was confirmed by Western blot analysis of the
HelLa cell lysates. The antibody recognized a single band in the
Hela cell lysates (Fig. 1A) and the recognized band decreased
upon depletion of the endogenous protein by treatment with
siRNAs against N-WASP (Fig. 3A). Anti-N-WASP antibody
staining showed that the subcellular distribution of N-WASP
depends upon the phase of the cell cycle (Fig. 1B). The most
prominent feature was the appearance of a dot-like pattern
reminiscent of kinetochores on chromosomes in cells during
prometaphase and metaphase. During metaphase, N-WASP
signals eventually became concentrated on chromosomes
condensed along the spindle equator. When the chromosomes
were de-condensed, the nuclear envelope reformed, and the
cell body started to segregate, it was noted that the dot-like
staining disappeared and N-WASP signals appeared in the
midzone in telophase and nucleus. During interphase, N-WASP
staining was mostly nuclear, consistent with previous findings
(Suetsugu et al., 2003; Wu et al., 2006).

Co-staining with an antibody against CENP-A, an inner kine-
tochore protein, confirmed localization of N-WASP at the kine-
tochores. As shown in Fig. 2A, N-WASP and CENP-A were
clearly colocalized on condensed mitotic chromosomes. To
determine whether N-WASP is a component of the kinetocho-
res, we overexpressed Flag-N-WASP in Hela cells and syn-
chronized the cells to prometaphase with nocodazole. After 30
min nocodazole was released, the tagged N-WASP was im-
munoprecipitated from the cell lysates with an anti-Flag anti-
body. The immunoprecipitated complex was blotted using spe-



A

&, &

) 1O A

& L5 LS

R St
75 kDa -

50 kDa
37 kDa
25 kDa

LB. : anti-NW anti-NW anti-Flag

N-WASP

c-tubulin

TOPRO3

merged

Sun Joo Park & Tadaomi Takenawa

Prophase

Interphase

Prometaphase Metaphase

Anaphase

Telophase

7=

517

Fig. 1. Immunolocalization of N-WASP at different stages of the cell cycle. (A) HelLa cell lysate was immunoblotted with purified anti-N-WASP
antibody. Flag-tagged full-length N-WASP expressing plasmid (Flag-NW) and empty vector (Flag-vector) alone were also transfected into
Hela cells. Whole cell lysates for these cells were immunoblotted with anti-Flag or anti-N-WASP antibody. (B) HelLa cells were fixed with
-20°C methanol at different stages of cell cycle progression and stained for o-tubulin, TOPRO3, and N-WASP. In prometaphase and meta-
phase, N-WASP was seen as a pattern of dots reminiscent of kinetochores. In interphase and prophase, N-WASP is concentrated in the nu-

cleus. In telophase and cytokinesis, intense signals of N-WASP were observed at midbody.
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Fig. 2. N-WASP localizes to kinetochores. (A) Hela cells at prometaphase and metaphase were fixed and immunostained for N-WASP,
CENP-A, o-tubulin, and DNA. The merged image shows colocalization of N-WASP and CENPA at the kinetochores. (B) Flag-N-WASP was
expressed in Hela cells and the cells synchronized to prometaphase with nocodazole. After 30 min nocodazole was released, the lysate of
the mitotic cells was immunoprecipitated with the anti-Flag antibody. Immunoprecipitated complex was blotted for N-WASP and CENPA. Addi-
tionally, immunoprecipitation with an anti-CENP-A antibody was also performed from the mitotic cell lysates. WASP forms a complex with

CENPA in mitosis cell lysates.
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Fig. 3. Depletion of N-WASP causes
misalignment and missegregation of
chromosomes. (A) Treatment with
siRNA against N-WASP resulted in a
marked decrease in N-WASP protein
levels. (B) Control and N-WASP-
deficient cells were synchronized by
nocodazole for 16 h. The cells were
harvested at different time points
from nocodazole release and ana-
lyzed for DNA contents by FACS
analysis. (C) N-WASP depletion
causes misalignment of chromo-
somes at metaphase plate and ab-
normal chromosome congression.
Percentages of cells with chromo-
some misalignment were indicated.
N-WASP knockdown increased the
incidence of misaligned chromo-
somes in metaphase cells. Data are
means from 100 cells in three inde-
pendent experiments. (D) N-WASP-
knockdown induced a delay in mito-
sis from prometaphase to anaphase.
The percentage of cells in each mi-
totic stage was determined by DNA
and microtubule staining. The bar
graphs were generated using data
from three independent experiments.
(E) Prolonged mitosis in N-WASP-
knockdown cells. Video microscopy
revealed that N-WASP-deficient cells
were arrested in prometaphase. Exit
from prometaphase was observed
over a period of 140 min. (F) Deple-
tion of N-WASP reduced the prolif-
eration rate of cells. HeLa cells were
transfected with control or N-WASP
RNAi and then synchronized at early
S phase with double thymidine block.
After 60 min thymidine was released,
during which time the cells were re-
plated into a RT-CES device, and
real-time measurement of well im-
pedance was monitored. Dynamic
cell proliferation was monitored as a
cell index calculated from the imped-
ance of each well measured every 30
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min after re-plating. (G) Multinucleate cells with macro- and micronuclei and nuclear bridges were observed during interphase of N-WASP-
deficient cells. Percentages of cells with aberrant multiple nuclei produced by N-WASP-knockdown were indicated. Data are means from 100

cells in three independent experiments.

cific antibodies for N-WASP and CENP-A. Endogeneous N-
WASP was also found to be present in immunoprecipitates with
an anti-CENP-A antibody (Fig. 2B). These results indicate that
the N-WASP forms a complex with CENP-A in mitosis of the
cell lysates, suggesting that N-WASP may play a role in mitotic
progression.

N-WASP is required for proper chromosome congression
and segregation

To investigate the role of N-WASP in mitosis, HelLa cells were
transfected with RNAi for N-WASP and the cells cultured for 72
h, during which time they were subjected to a double thymidine

block and a nocodazole block to synchronize the cell cycle
progression. Treatment with siRNA against N-WASP resulted
in a marked decrease in the protein level of N-WASP (Fig. 3A).
Analyses for cell cycle stage at different time points after noco-
dazole release showed that depletion of N-WASP induced a
significant increase in cell populations in the G2/M phase. While
control cells more than 74% had completed mitosis within 2 h
after nocodazole release, most of the N-WASP-deficient cells
were arrested in the G2/M phase, indicating that the depletion
of N-WASP leads to a delay in G2/M phase progression (Fig.
3B). Immunofluorescence analysis of mitotic cells reveled that
depletion of N-WASP significantly prevented chromosome



Sun Joo Park & Tadaomi Takenawa 519

Control RNAIi
merged CENP-A
% merged
N
[
=
=]
Q
k=)
.
+
Mad2 merged
| CENP-A merged
-
=
=%
]
Rl
-
=

alignment during metaphase (Fig. 3C). Even 90 min after noco-
dazole removal, when control cells had progressed to ana-
phase/telophase and interphase, the chromosomes of the N-
WASP-depleted cells were widely scattered; in some cells, the
chromosomes remained around either pole or orientated with
an apparent lack of microtubule attachment. In control cells,
misaligned chromosomes were observed in only 4% of the cells.
However, in N-WASP-depleted cells, cells more than 32% had
misaligned chromosomes. Misaligned chromosomes were
observed up to 6 h after mitotic entry. Consistent with this result,
a large percentage of cells treated with siRNA against N-WASP
were delayed from exiting mitosis (Fig. 3D). More than 46% of
the cells remained in prometaphase for over 90 min after noco-
dazole release, when most of the control cells (> 90%) had
progressed through mitosis into telophase and interphase.
Video microscopy allowed monitoring of the mitotic progres-
sion delay of the N-WASP-deficient cells. While most of the
control cells moved from prometaphase into telophase within
60 min after nocodazole release, most N-WASP-depleted cells
were arrested in metaphase during the entire observation pe-
riod of 140 min (Fig. 3E). These results are likely related to the
reduced cellular proliferation observed after N-WASP depletion.
To further confirm the effects of the N-WASP depletion on cell-
ular proliferation, a real-time cell electronic sensing (RT-CES)
system for cell-based assays were used (Fig. 3F). This system
measures the electronic impedance of sensor electrodes inte-
grated on the bottom of the microplates. An increase in the cell
index indicates that cells were spreading, undergoing enlarged
morphological changes, or increasing in number (www.aceabio.
com). Hela cells were transfected with control and N-WASP
RNAi and then synchronized to early S phase with a double
thymidine block. After 60 min thymidine was released, during
which time the cells were re-plated into RT-CES devices, and
dynamic cell proliferation was monitored as a cell index calcu-

N-WASP RNAi

Fig. 4. Depletion of N-WASP affects kine-
tochore localization of CENP-A, CEPN-E,
and Mad2. Control and N-WASP-deficient
cells were stained for CENP-A, CENP-E,
Mad2 (Red), and DNA (TOPRQOS). Immu-
nostaining of CENP-A was performed in
nocodazole-treated prometaphase cells
and 60 min after removal of nocodazole.
Kinetochore localization of CENP-E and
Mad2 were examined in nocodazole-
treated prometaphase cells. CENP-A,
CENP-E, and Mad2 signals were hardly
detectable in N-WASP-deficient cells.
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merged
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lated from the impedance of each well measured at 30 min
intervals. We observed an increase in the kinetic trace corre-
sponding to spreading of re-plated cells during the initial time
period, followed by a subsequent decrease reminiscent of entry
of prometaphase of cells. These results were the same for the
control and N-WASP-deficient cells. However, after the consis-
tent decrease in cell index continued until approximately 10 h,
the control cells began to markedly grow over time, whereas
the N-WASP-deficient cells had a significantly reduced
proliferation rate. During this period, a steady state in the kinetic
trace for approximately 8 h was observed. This is likely associ-
ated with prolonged mitosis in N-WASP-deficient cells. There-
fore, this finding indicates that depletion of N-WASP affects
cellular proliferation through mitotic delay.

Furthermore, some of the N-WASP-depleted cells with mis-
aligned chromosomes without proper congression undergo
slow progression to anaphase, and subsequently telophase.
This produces multinuclear cells with micro- and macronuclei
(Fig. 3G). Aberrant nuclear bridges were also frequently ob-
served in interphase cells. These results suggest that the spin-
dle checkpoint mechanism is also impaired in these N-WASP-
deficient cells and that chromosome misalignment in N-WASP-
deficient cells leads to missegregation of the chromosomes.

N-WASP contributes to kinetochores localization of mitotic
kinetochore components CENP-A, CENP-E, and Mad2

A number of studies have showed that without the accurate
kinetochores assembly, proper chromosome congression and
the checkpoint signal cannot be established or functioned (Mao
et al., 2005; Regnier et al., 2005). An inner kinetochore protein
CENP-A is known to be an upstream component of a hierarchi-
cal kinetochore assembly pathway (Regnier et al., 2005). De-
pletion of CENP-A induces mislocalization of inner components,
including CENP-I, CENP-H, and CENP-C, as well as outer
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Fig. 5. N-WASP is required for microtubule attachment to chromosomes. GFP-a-tubulin was transfected in control and N-WASP-deficient
HelLa cells and then synchronized to prometaphase with nocodazole. Nocodazole was washed out and microtubules completely depolymer-
ized for 30 min in an ice bath. Re-growth of microtubules was then initiated in growth medium at 37°C and the fluorescence intensity of GFP-a-
tubulin acquired at 10 min intervals using an Olympus IX70 confocal imaging system. After 60 min for microtubule re-growth reaction, cells
were fixed and stained for DNA (blue). Data are interpreted by mean + SD of three independent experiments in which > 100 cells were ana-

lyzed.

kinetochores components CENP-E and Mad2, which results in
defects in the kinetochore assembly, microtubule attachment,
chromosome congression, and segregation (Regnier et al.,
2005). CENP-E and Mad?2 are key components of mitotic check-
point signaling in many eukaryotes (Mao et al., 2005; Regnier
et al., 2005). The kinesin-like motor protein CENP-E plays a
role in spindle microtubule capture. A mitotic spindle-checkpoint
protein Mad2 is directly involved in generation of the wait-
anaphase signal. They are recruited at unattached kinetocho-
res in prometaphase cells and subsequent chromosome biori-
entation on the metaphase plate correlates with a significant
decrease in CENP-E signals and loss of Mad2 localization.

We therefore examined whether depletion of N-WASP af-
fects the kinetochores localization of CENP-A, CENP-E and
Mad2. As shown in Fig. 4, typical kinetochore staining of
CENP-A observed for control cells was diffused and decreased
for the N-WASP-deficient cells. Additionally, when N-WASP-
deficient prometaphase cells treated with nocodazole were
stained with CENP-E or Mad2, kinetochore signals of CENP-E
and Mad2 were also significantly decreased compared to those
in the control cells. These findings indicate that depletion of N-
WASP affects kinetochore recruitment of the inner kinetochore
component CENP-A, as well as CENP-E and Mad2 in the outer
kinetochores, resulting in kinetochore assembly defects in the
N-WASP-deficient cells. The recruitment defect of Mad2 in
kinetochores depleted of N-WASP also suggests that these
cells are deficient in generating a Mad2-dependent checkpoint
signal from unattached kinetochores, which may be responsible
for chromosome missegregation in N-WASP-deficient cells. On
the other hand, cell cycle analysis (Figs. 3B and 3D) have
showed that N-WASP-deficient cells were still cycling despite
significant delay in mitotic progression. Taken together, these
results suggest that depletion of N-WASP does not impair the
overall activation of the mitotic checkpoint signals. It is likely that

N-WASP-deficient cells are able to activate some mitotic check-
point but the checkpoint response is subsequently overridden
by the absence Mad2 and CENP-E.

N-WASP regulates attachment between spindle
microtubules and chromosomes

Since N-WASP-deficient cells showed a significant reduction in
kinetochores-localized CENP-E, we examined whether N-WASP
is required for attachment of microtubule spindles to chromo-
somes through microtubule spindle re-growth experiments (Fig.
5). GFP-o-tubulin was overexpressed in control and N-WASP-
deficient cells, and all cells were synchronized in prometaphase
with nocodazole. Nocodazole was washed out and micro-
tubules were completely depolymerized for 30 min in an ice-
water bath. Re-growth of microtubules was then initiated in
growth medium at 37°C. In most control cells (> 80%), GFP-a-
tubulin formed well-aligned mitotic spindles within at least 60
min and chromosomes in cells are well localized within a clearly
define rectangle at the cell equator. In contrast, N-WASP-
depleted cells more than 43% had disorganized microtubule
spindles despite bipolar spindle formation. Most notably, the
microtubule ends emanating from the centrosomes were not
fully aligned along the metaphase plate during the prolonged
mitosis period. Chromosomes in these cells are not condensed
and do not fall within the clearly defined rectangle. Therefore,
this result suggests that N-WASP contributes to the formation
of proper kinetochores microtubule attachments.

In summary, our results indicate that N-WASP plays a central
role in proper chromosome congression and segregation. For
accurate chromosome congression and segregation, sister
kinetochores must attach to the assembly properties of micro-
tubules emanating from opposing spindle poles, which requires
the integrated assembly of multiple kinetochores proteins. N-
WASP localizes to mitotic kinetochores and forms a complex
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with CENP-A essential for kinetochore assembly and function.
CENP-A is a constitutive centromere protein present during the
entire cell division cycle, but it is substantially recruited to the
kinetochore during replication and postreplication stage in order
to supply new synthesized CENP-A-containing nucleosomes to
the duplicated sister centromeres (Shelby et al., 2000). Some
extrinsic proteins including Mis18 and KNL2 have been impli-
cated in the localization of CENP-A to the kinetochores (Fuijita
et al., 2007). When any Mis18 or KNL2 is defective, CENP-A is

lost at the kinetochores (Fujita et al., 2007; Hayashi et al., 2004).

Similarly, in this study, we found that depletion of N-WASP
reduces kinetochores localization of CENP-A. The phenotypes
of N-WASP RNAI cells resemble those of CENP-A RNAI cells.
CENP-A-deficient cells exhibit a significant reduction in localiza-
tion of inner and outer kinetochore proteins, including CENP-H,
CENP-C, CENP-I, CENP-E, and Mad2, which causes defects
in proper chromosomes congression, a transient prometaphase
delay, and abnormal chromosome segregation (Regnier et al.,
2005). Therefore, the defective phenotypes in N-WASP-defi-
cient cells may be caused by the reduction of kinetochore
CENP-A. The critical role of mitotic N-WASP may be involved
in incorporation of CENP-A to kinetochores. The kinetochore is
the chromosomal site that joins to microtubules during mitosis
for proper segregation. N-WASP-depleted kinetochores are
deficient in forming the microtubule-kinetochore interaction
necessary for generating chromosome biorientation. Outer
kinetochore protein CENP-E and Mad2 signals were also de-
creased in N-WASP-deficient cells. Therefore, it is reasonable
to suppose that N-WASP contributes to the formation of kineto-
chore assembly and microtubule spindle attachment through
association with CENP-A, which is required for accurate chro-
mosome congression and segregation.

Our findings will help to gain an understanding of the mecha-
nism of how N-WASP affects cell proliferation in mammalian
cells, and may also provide a clue for determination of the in
vivo functions of N-WASP. N-WASP may be primarily required
for chromosome integrity that affects cell viability, embryonic
development, birth defects, cancer, or human disease including
WAS. Further studies are required to identify protein partners
for N-WASP in mitosis in order to understand how N-WASP is
recruited to kinetochores, and to determine the factors control-
ling the functions of N-WASP in mitosis.
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