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    The Wiskott-Aldrich syndrome (WAS) protein 
(WASp) is a 502 – amino acid member of a con-
served family of proteins that participate in the 
dynamic regulation of actin polymerization pri-
marily through activation of the actin-related 
protein 2/3 complex (Arp2/3) ( 1 – 3 ). WASp ex-
pression is restricted to hematopoietic cells ( 4 ) 
where it functions to integrate signals to control 
the restructuring of the actin cytoskeleton to 
facilitate cell locomotion, cell – cell interactions, 
and cell signaling essential for the regulated 
function of the immune system (for review see 
references  5  and  6 ). Interaction between the C-
terminal verprolin homology domain (VCA) of 
WASp (which consists of a verprolin  homology 
domain, a central basic connecting region, and a 

terminal acidic region) and the Arp2/3 is essen-
tial for WASp-mediated actin nucleation, which 
is itself the rate limiting step in polymerization 
of monomeric G-actin ( 7 – 9 ). The activity of 
WASp is regulated by the adoption of an auto-
inhibited conformation in which the VCA do-
main forms a hydrophobic interaction with the 
central region of WASp (residues 230 – 310), 
spanning the GTPase binding domain (GBD; 
residues 230 – 288) ( 10, 11 ). Binding of GTP-
loaded Cdc42 and phosphatidylinositol 4,5-
bisphosphate appears to disrupt this interaction 
cooperatively, thereby freeing the C terminus 
for binding to the Arp2/3 ( 12 – 14 ). Other factors 
have also been shown to infl uence this process, 
for example phosphorylation of WASp on a sin-
gle tyrosine residue (Y291) immediately ad jacent 
to the GBD and within the VCA binding domain 
also leads to activation of WASp ( 15 ), and many 
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 Specifi c mutations in the human gene encoding the Wiskott-Aldrich syndrome protein 

(WASp) that compromise normal auto-inhibition of WASp result in unregulated activation 

of the actin-related protein 2/3 complex and increased actin polymerizing activity. These 

activating mutations are associated with an X-linked form of neutropenia with an intrinsic 

failure of myelopoiesis and an increase in the incidence of cytogenetic abnormalities. To 

study the underlying mechanisms, active mutant WASp I294T  was expressed by gene transfer. 

This caused enhanced and delocalized actin polymerization throughout the cell, decreased 

proliferation, and increased apoptosis. Cells became binucleated, suggesting a failure of 

cytokinesis, and micronuclei were formed, indicative of genomic instability. Live cell imaging 

demonstrated a delay in mitosis from prometaphase to anaphase and confi rmed that 

multinucleation was a result of aborted cytokinesis. During mitosis, fi lamentous actin was 

abnormally localized around the spindle and chromosomes throughout their alignment and 

separation, and it accumulated within the cleavage furrow around the spindle midzone. 

These fi ndings reveal a novel mechanism for inhibition of myelopoiesis through defective 

mitosis and cytokinesis due to hyperactivation and mislocalization of actin polymerization. 
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We hypothesized that defective cytokinesis induced by de-
regulated actin polymerization may be the mechanism under-
lying XLN. 

 The actomyosin ring is highly dynamic with continuous 
assembly and disassembly of fi lamentous F-actin and in fi ssion 
yeast depends on the Arp2/3, the formin Cdc12, profi lin, 
and the WASp homologue WSP1 ( 27 ). In higher eukaryotes 
WASp and Arp2/3 have little direct role in the assembly and 
constriction of the actomyosin ring ( 21 ). However,  wsp1  KO 
in  Caenorhabditis elegans  results in cytokinesis failure in one or 
more divisions in 5 – 10% of embryos ( 28 ). We postulated that 
constitutively active mutant WASp could impede actomyosin 
ring function due to deregulated actin polymerization during 
the massive cellular restructuring involved in cell division. 
Forced expression of mutant WASp by gene transfer was there-
fore used to investigate causative mechanisms underlying XLN 
and to establish links between enhanced actin polymerization, 
inhibition of proliferation, and cytogenetic aberrations. 

  RESULTS  

 Transgenic expression of WASp I294T  results in enhanced 

actin-polymerizing activity 

 We have previously identifi ed a missense mutation, I294T, 
in a male child with XLN and variable tri-lineage bone mar-
row dysplasia ( 19 ). To study the mechanisms of disease, len-
tiviral vectors were constructed to express enhanced GFP 
(eGFP)-WASp and eGFP-WASp I294T  in cell lines or primary 
cells. By Western blotting, eGFP-WASp and eGFP-WASp I294T  
were detected as  � 90-kD proteins in a representative human 
myeloid cell line, U937 ( Fig. 1 A ), and a nonhematopoietic 
human fi broblast cell line, HT1080 ( Fig. 1 B ).  Endogenous 
WASp is restricted to the hematopoietic lineage and is de-
tected as a 60-kD protein in U937 ( Fig. 1 A ), which is absent 
from HT1080 cells ( Fig. 1 B ). We observed a relative depletion 
of endogenous WASp when expressing increasing amounts of 
eGFP-WASp/eGFP-WASp I294T  in U937 cells, suggesting 
that there is tight regulation of the absolute levels of WASp 
in these cells ( Fig. 1 A ). 

 XLN patient hematopoietic cells contain up to 50% more 
F-actin than normal control cells ( 19 ). Actin polymerization 
assays showed that the mutant WASp expressed in XLN pa-
tients had an enhanced ability to stimulate actin polymeriza-
tion in cell-free assays ( 18, 19 ). To determine whether the 
in vitro activity of WASp I294T  caused increased actin polymer-
ization within cells, U937 cells were transduced with eGFP, 
eGFP-WASp, and eGFP-WASp I294T . A dose-related elevation 
of F-actin was observed in cells transduced with eGFP-
WASp I294T , whereas there was minimal change in control-
transduced cells ( Fig. 1 C ). WASp is not grossly overexpressed 
in these transduced myeloid cells ( Fig. 1 A ), implying that 
the elevated levels of actin polymerization refl ect increased 
specifi c activity. The increase in F-actin content induced by 
eGFP-WASp I294T  caused delocalized accumulation of F-actin 
throughout the cytoplasm. This was particularly clear in the 
adherent HT1080 cell line. F-actin was concentrated around 
the cell periphery in untransduced cells (Fig. 1 D, arrows) 

SH3 domain – containing proteins (e.g., Nck, Grb2, Toca1, 
and WISH) also facilitate activation (for review see reference  6 ). 
Unfolding of the auto-inhibited WASp structure is the key step 
in WASp-mediated activation of the Arp2/3. 

 Defects in the  WAS  gene are most commonly associated 
with WAS and characterized by immunodefi ciency, micro-
thrombocytopenia, and eczema. WAS induces defects in 
multiple hematopoietic lineages, including B and T lympho-
cytes, natural killer cells, DCs, and platelets (for review see 
references  5  and  6 ). WAS patients also have an increased fre-
quency of autoimmune disease and malignancies ( 16 ). There 
are around 300 distinct mutations reported in the  WAS  gene 
(for review see reference  5 ). Classical WAS has the most se-
vere disease phenotype and occurs when WASp is absent or 
truncated, whereas X-linked thrombocytopenia is less severe 
and results from low levels of WASp expression ( 17 ). These 
related syndromes share the common feature that WASp ac-
tivity is diminished or absent, leading to failure of cytoskeletal 
restructuring essential during an immune response (for re-
view see references  5  and  6 ). In contrast to the loss of WASp 
activity underlying WAS and X-linked thrombocytopenia, 
three novel mutations (L270P [ 18 ], S272P, and I294T [ 19 ]) 
clustered within the GBD of WASp have recently been 
shown to result in enhanced actin-polymerizing activity and 
are found in patients with an X-linked form of severe con-
genital neutropenia (SCN; X-linked neutropenia [XLN]). 
The enhanced actin-polymerizing activity in the L270P mu-
tant is due to disruption of the auto-inhibited conformation 
of WASp generating an unfolded protein that is constitu-
tively active ( 18 ). The clustering of all three mutations within 
the GBD of WASp and the similarly enhanced actin-poly-
merizing activity suggest that all three mutations generate an 
auto-active protein. XLN has clinical characteristics, includ-
ing recurrent bacterial infections, severe neutropenia, mono-
cytopenia, low numbers of natural killer cells, and a skewed 
lymphocyte CD4/CD8 ratio ( 18, 19 ). Although there is strong 
genetic evidence linking activating mutations of  WAS  to 
XLN, a pathogenic mechanism has not been established. 

 We have previously shown that there are intrinsic defects 
of myelopoiesis in XLN with high levels of apoptosis in the 
bone marrow and variable acquired cytogenetic abnormalities 
( 19 ). Retrospective fl uorescence in situ hybridization (FISH) 
investigations for locus-specifi c changes revealed the discreet 
presence of tetraploid cells that were confi rmed at the metaphase 
level. Tetraploidy can result from cell fusion, aborted mitosis, 
or failed cytokinesis (for review see reference  20 ). Cytokinesis is 
the fi nal stage of cell division and requires the regulated assembly 
of a contractile ring of actin and myosin to cleave the cell 
in two (for review see reference  21 ). Gross disruption of actin 
dynamics by a variety of pharmacological agents leads to failure 
of cytokinesis resulting in tetraploid binucleate cells ( 22, 23 ). 
Subsequent division of tetraploid cells leads to a high frequency 
of aneuploidy and chromosomal rearrangements that are im-
plicated in the progression of cancer ( 24, 25 ). Proliferation of 
tetraploid cells is thought to be prevented by a tetraploidy 
checkpoint that induces cell cycle arrest or apoptosis ( 24, 26 ). 
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and was not altered by expression of eGFP (not depicted) or 
eGFP-WASp ( Fig. 1 D ). In contrast, F-actin was present 
throughout the cytoplasm in eGFP-WASp I294T  – transduced 
cells ( Fig. 1 E ). 

 Functionality of eGFP-WASp fusion proteins was con-
fi rmed by their ability to rescue podosome formation. Bac1 
macrophages do not normally assemble podosomes ( Fig. 1 F ). 
Expression of eGFP-WASp or eGFP-WASp I294T  restored 
podosome formation in Bac1 cells. Podosomes in eGFP-
WASp I294T  – transduced Bac1 cells were often in multiple 
clusters ( Fig. 1 G ) and sometimes in large, densely packed 
rings ( Fig. 1 H ) reminiscent of primary macrophages derived 
from XLN patients ( 19 ). The nature of podosomes was con-
fi rmed by the colocalization of eGFP-WASp I294T  and vinculin 
to podosome structures (not depicted). Rescue of podosome 
formation was also achieved in mouse  WAS  KO DCs by ex-
pression of eGFP-WASp and eGFP-WASp I294T  ( Fig. 1 J ). As 
noted previously, eGFP-WASp I294T  caused formation of densely 
packed rings of podosomes ( Fig. 1, I and J ). In summary, 
eGFP-WASp I294T  promoted exaggerated actin-polymerizing 
activity in a variety of cell types and mimics the phenotype 
seen in WASp I294T  patient cells. 

 eGFP-WASp I294T  inhibits proliferation 

and increases apoptosis 

 Proliferation of myeloid cells in culture was severely compro-
mised in primary WASp I294T  patient progenitors, suggesting 
that there is an intrinsic restriction ( 19 ). To characterize the 
mechanisms underlying the lack of proliferation, U937 cell 
cultures transduced with eGFP, eGFP-WASp, and eGFP-
WASp I294T  were analyzed over a 17-d period. eGFP-WASp I294T  
expression decreased the proliferation of these cells, as untrans-
duced cells in the same culture outgrew the eGFP-WASp I294T  –
 expressing cells, resulting in a reduction in the percentage of 
eGFP-WASp I294T  cells over time ( Fig. 2 A ).  This diminished 
proliferation was not a spurious result of lentiviral transduc-
tion, as neither eGFP nor eGFP-WASp exhibited this eff ect 
( Fig. 2 A ). In conjunction with the slower growth of the eGFP-
WASp I294T  – expressing cells, there was a signifi cant increase in 
apoptosis ( Fig. 2, B and C ). The inhibition of proliferation and 
induction of apoptosis caused by eGFP-WASp I294T  was con-
fi rmed in HT1080 fi broblasts, a nonhematopoietic cell line that 
does not normally express WASp (Fig. S1, A and B, available at 
http://www.jem.org/cgi/content/full/jem.20062324/DC1). 
These results establish a direct link between expression of auto-
active WASp and the reduced proliferation and increased apop-
tosis seen in XLN. 

 WASp I294T  causes tetraploidy and other 

cytogenetic abnormalities 

 Cytogenetic analysis of bone marrow samples from the index 
patient revealed loss of chromosome 13 in 3/16 metaphase 

 Figure 1.   F-actin content is increased and delocalized by eGFP-

WASp I294T  .  (A) eGFP-WASp and eGFP-WASp I294T  expression in U937 cells. 

U937 cells were transduced with increasing amounts of lentivirus using 

an MOI of 5, 10, and 20. Protein extracts were prepared 6 d after trans-

duction. #, an unidentifi ed band detected at  � 66 kD. (B) eGFP-WASp and 

eGFP-WASp I294T  expression in HT1080 cells. Extracts prepared 6 d after 

transduction at an MOI of 10. (C) F-actin levels (determined by fl ow 

 cytometry) in U937 cells transduced at an MOI of 1 and 5. Inset shows 

F-actin –  (red), eGFP-WASp I294T  – , and DAPI-stained nuclei (blue). *, P  �  0.003 

compared with eGFP-transduced cells. (D and E) F-actin in HT1080 cells 

transduced with eGFP-WASp (D) and eGFP-WASp I294T  (E). Panels show 

F-actin (red, phalloidin), DNA (blue, DAPI), and eGFP-WASp/WASp I294T  

(inset), with arrows indicating untransduced cells. (F) Bac1 macrophages 

do not normally assemble podosomes (phalloidin staining). (G and H) 

Multiple podosomes are formed in eGFP-WASp I294T  – transduced Bac1 

macrophages (G), occasionally in ring structures (H). (I) Podosome ring 

structure in  WAS  KO mouse DCs transduced with eGFP-WASp I294T . 

(J) Percentage of mouse DCs with podosomes or podosome ring structures 

in untransduced WT (�/�),  WAS  KO ( � / � ), and  WAS  KO transduced with 

eGFP-WASp or eGFP-WASp I294T . Bar, 10  � m.   

 



2216 DEFECTIVE MITOSIS AND CYTOKINESIS CAUSE XLN | Moulding et al.

using probes for  RB1  (chromosome 13),  BCR  (chromosome 
22), and the chromosome 7  � -satellite region and locus D7S486 
( Fig. 3, A – D,  and Tables I and II).  The WASp I294T  B-LCL 
population displayed a variety of cytogenetic abnormalities, 
including tetraploidy ( Fig. 3 B ), amplifi cation of  RB1  ( Fig. 3 C ), 
and loss of one copy of  RB1  ( Fig. 3 D ). Analysis of metaphase 
cells showed there was a signifi cant increase in both tetraploidy 
and amplifi cation of  RB1  (Table I).  A signifi cant proportion of 
interphase WASp I294T  B-LCLs also appeared to be tetraploid, 
as they exhibited tetrasomy for both  RB1  and BCR (Table I). 
Interphase WASp I294T  cells also showed a greater frequency of 
cells that had lost or gained copies of  RB1  without changes 
in BCR copy number (Table I). Similar rates of cytogenetic 
abnormalities were seen using the D7S486 probe (Table II). 
The frequency of asynchronous replication (where one allele 
has replicated and the other has not, generating a characteris-
tic singlet/doublet hybridization signal) was similar in both 
WASp I294T  B-LCLs and control B-LCLs (Tables I and II). In 
summary WASp I294T  is associated with a substantial increase in 
cytogenetic abnormalities, with tetraploidy being the most 
common defect observed. 

 eGFP-WASp I294T  induces increased DNA content 

and nuclear abnormalities 

 The DNA content of transduced U937 cells expressing eGFP 
or eGFP-WASp remained similar to that of untransduced 
cells. In contrast, the percentage of cells with a DNA content 
of  � 4n was signifi cantly increased in cells expressing eGFP-
WASp I294T  ( Fig. 3 E ). This assay may underestimate the num-
ber of tetraploid cells in culture, as tetraploid cells have a 
DNA content of 4n when in G 0/1  and only have a DNA 
content   �  4n when they enter the cell cycle. We therefore 
stained cells histochemically and visualized them by light 
micro scopy. In cultures of U937 cells expressing eGFP-
WASp I294T , there was striking nuclear heterogeneity with 
frequent multinucleated cells ( Fig. 3, F and G ). The frequency 
of cells with micronuclei (a marker of genomic instability re-
sulting form abnormal mitosis and cytokinesis) ( 29, 30 ) was 
signifi cantly increased by eGFP-WASP I294T  ( Fig. 3, F and G,  
dashed arrows). Asymmetric division of tetraploid cells was 
also observed in eGFP-WASp I294T  – transduced cells ( Fig. 3 G , 
white arrow). The induction of these nuclear abnormalities 
was confi rmed in the nonhematopoietic HT1080 cell line 
(Fig. S1, C – F). Cytogenetic studies of eGFP-WASp I294T  –
 transduced HT1080 cells using the chromosome 7  � -satellite 
region and locus D7S486 probe also revealed higher frequen-
cies of tetraploid cells both at interphase and metaphase (un-
published data). These results show that auto-active WASp can 
induce multinucleation and cytogenetic abnormalities in 
transformed cell lines. To confi rm that auto-active WASp was 
able to induce multinucleation in the primary cells targeted 
in XLN, human CD34 �  hematopoietic precursor cells (HPCs) 
were transduced with eGFP, eGFP-WASp, and eGFP-WASp I294T . 
Transduced HPCs were analyzed after growth in myeloid 
conditions for 7 and 10 d ( Fig. 3, H and I ). eGFP and eGFP-
WASp control cultures showed  � 1% of cells with two nuclei, 

cells, one of which also had monosomy 14 ( 19 ). Retrospective 
FISH investigations for locus-specifi c changes revealed the 
discreet presence of tetraploid cells that were confi rmed at the 
metaphase level. The generation of cytogenetic abnormalities 
was further investigated in a WASp I294T  B lymphoblastoid cell 
line (LCL; derived from patient peripheral blood). Cyto-
genetic analysis was performed by locus-specifi c identifi er – FISH 

 Figure 2.   eGFP-WASp I294T  expression retards proliferation and 

induces apoptosis. (A) U937 cells transduced with eGFP (MOI of 0.2 and 1), 

eGFP-WASp (MOI of 1 and 5), or eGFP-WASp I294T  (MOI of 1 and 5) were 

analyzed for eGFP expression by fl ow cytometry 3, 6, 8, 10, 13, 15, and 17 d 

after transduction (each bar represents the mean  �  SD value of the 

 percentage of eGFP �  cells in the culture for independent triplicates from 

each day). (B) Apoptosis assessed by fl ow cytometry (annexin V and 7AAD 

staining) 8 d after transduction at the lower MOIs shown in A. (C) Apop-

tosis (annexin V � ) quantifi ed in triplicate samples 6, 8, 10, and 13 d after 

transduction at the lower MOIs shown in A. *, P  �  0.005 compared with 

untransduced U937 cells in the same culture. eGFP was transduced at a 

lower MOI than other constructs, as eGFP expression was 5 – 10-fold 

higher than all other eGFP fusion proteins.   
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 Pharmacologically increased F-actin levels cause 

binucleation and apoptosis 

 The nuclear abnormalities and apoptosis induced by auto-
active WASp were associated with increased and delocalized 
F-actin. Jasplakinolide is a fungal toxin that stabilizes F-actin 
and increases the rate of actin nucleation resulting in the dis-
ordered assembly of branched F-actin networks ( 31, 32 ). U937 
cells were cultured for 48 h with jasplakinolide, and multi-
nucleation, apoptosis, and actin localization were analyzed. 
Jasplakinolide caused the generation of multinucleate cells in 
a dose- and time-dependent manner ( Fig. 4, A and B ).  Micro-
nuclei were also formed in many cells after exposure to jas-
plakinolide ( Fig. 4 B ). The dose-dependent formation of 
multinucleated cells was accompanied by increased levels 
of apoptosis ( Fig. 4 C ). The stabilization and delocalization of 
F-actin by jasplakinolide in U937 cells was confi rmed by confo-
cal microscopy. F-actin was labeled with anti –  	 -actin antibody 
according to a protocol that specifi cally labels fi lamentous 
actin ( 33 ), as phalloidin staining was inhibited by jasplakinolide 
( 31 ). F-actin in untreated U937 cells was concentrated around 
the cell cortex ( Fig. 4 D ). 24-h incubation with jasplakinolide 
caused the formation of dense F-actin aggregates, as reported 
previously ( 32 ), as well as a moderate increase in F-actin 
throughout the cytoplasm ( Fig. 4 D ). Therefore, pharmaco-
logical stabilization and delocalization of F-actin produce very 
similar aberrations to those observed with auto-active WASp, 
suggesting that these events are directly linked. 

 eGFP-WASp I294T  delays completion of mitosis and causes 

cytokinesis failure 

 To investigate the development of nuclear abnormalities, we 
imaged cell division in multiple fi elds in unsynchronized U937 
cell cultures by confocal microscopy. Cultures contained an 
equal proportion of transduced and untransduced cells. Mitosis 
was measured by staining DNA and timing from DNA conden-
sation in prometaphase past furrow ingression to DNA decon-
densation in telophase ( Fig. 5 A ).  In this typical example, the 
nucleus is relatively large before mitosis ( − 4 min), has visibly 
condensed in prometaphase (0 min), followed by chromosomal 
alignment in metaphase (16 min), and separation of chromo-
somes in anaphase (44 min) accompanied by the beginning of 
furrow ingression (Fig. 5 A, top panel). DNA starts to decon-
dense, and furrow ingression appears complete (54 min) with 
DNA decondensation appearing complete at 65 min. Comple-
tion of cytokinesis was confi rmed when the two daughter cells 
had visibly moved away from one another (160 min). The dura-
tion of mitosis was timed in U937 transduced with eGFP-WASp 
or eGFP-WASp I294T  and compared with control untransduced 
cells in the same cultures. The duration of mitosis in U937 cells 
expressing eGFP-WASp I294T  was signifi cantly longer than 
untransduced controls ( Fig. 5 C ). Mitosis lasted 56.5  �  13.3 min 
in untransduced cells, whereas cells expressing eGFP-WASp I294T  
took 87.7  �  44.6 min. Only 3 of 24 untransduced cells took 
longer than  “ normal ”  to complete mitosis, whereas 17 of 34 
cells expressing eGFP-WASp I294T  showed an extended du-
ration of mitosis. The delay in progression through mitosis 

whereas this was increased to  � 4% in cell cultures expressing 
eGFP-WASp I294T . Auto-active WASp therefore causes nuclear 
abnormalities in both cell lines and primary cells. Collectively, 
the fi ndings of cytogenetic abnormalities associated with 
polyploidy are suggestive of a substantial disturbance of mi-
tosis and cytokinesis.  

 Figure 3.   WASp I294T  induces cytogenetic abnormalities in patient-

derived B-LCLs, transduced cell lines, and primary HPCs. (A) Normal 

interphase cell showing two copies of  RB1  (red signals) and two copies of 

the control probe  BCR  (green signals). (B) Metaphase tetraploid cell showing 

four copies of  RB1  (two of which are amplified; arrows indicate the 

two chromosomes with increased signal intensity) and four copies of  BCR . 

(C) Partial metaphase cell and adjoining interphase cell. Amplifi cation 

of  RB1  is seen on one of the two copies of chromosome 13 (arrowed, 

increased signal intensity) and also confi rmed in the interphase cell by 

four copies of the  RB1  (arrowed) compared with two copies of the control 

probe,  BCR . (D) Abnormal interphase cell showing loss of one copy of  RB1 . 

(E) eGFP-WASp I294T  – expressing U937 cells (from Fig. 2 A; MOI of 5) show 

increased DNA content assessed by fl ow cytometry of independent tripli-

cates propidium iodide stained 13 d after transduction. (F) Percentage of 

U937 cells on cytospins with multiple nuclei (gray bars) and micronuclei 

(black bars). Data is the average from days 3, 7, 10, and 14. (G) Images of 

cytospins from U937 (eGFP-WASp I294T ; MOI of 5, day 6). Cells showed 

multiple nuclei (black arrows), micronuclei (dashed arrows), and asym-

metric three-way division (white arrow). (H) Percentage multinucleate 

human primary CD34 �  cells on cytospins (days 7 and 10;  n  
 1). (I) CD34 �  

HPCs show binucleation when expressing eGFP-WASp I294T . *, P  �  0.001; 

�, P  �  0.01 compared with eGFP, eGFP-WASp, or untransduced U937 cells. 

Bars: B, G, and I, 20  � m; A, C, and D, 10  � m.   
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Untransduced U937 cells successfully completed cytokinesis in 
87 of 87 mitoses. eGFP-WASp I294T  – transduced U937 cells failed 
to complete cytokinesis in 11 of 91 mitoses, signifi cantly more 
frequently than controls ( Fig. 5 E;  P = 0.0007, Fisher ’ s exact 
test). A typical example of failed cytokinesis is shown in  Fig. 5 D . 
Furrow ingression was completed in a near to normal time in 
10 of the 11 failed cytokinetic events, whereas furrow ingres-
sion was not initiated in the remaining instance of cytokinesis 
failure. Furrow regression typically occurred 15 – 35 min after 
furrow ingression and almost always within 60 min (with a 
single exception shown in Fig. S3, available at http://www
.jem.org/cgi/content/full/jem.20062324/DC1). Cytokinesis 
generating three daughter cells occurred in 2 of 91 eGFP-
WASp I294T  mitoses, in both cases from a binucleated parent 
cell (Fig. S3 shows an example). 

 The long-term imaging of U937 cultures allowed inves-
tigation of any relationship between delayed mitosis, failed 
cytokinesis, and apoptosis ( Fig. 5 F ). Apoptosis followed 
failed cytokinesis in 4 of the 11 instances, with apoptosis 
initiated 85, 105, 230, and 580 min after the completion of 

in eGFP-WASp I294T  U937 cells always occurred between pro-
metaphase and anaphase, as shown in the typical example in 
 Fig. 5 B . eGFP-WASp transduced cells showed no diff erence 
from untransduced control cells, demonstrating a specifi c 
eff ect of eGFP-WASp I294T  in prolonging mitosis ( Fig. 5 C ). 
The non hematopoietic HT1080 cell line had a similar delay in 
mitosis when expressing eGFP-WASp I294T  (Fig. S2, available at 
http://www.jem.org/cgi/content/full/jem.20062324/DC1). 

 The live cell imaging experiments shown in  Fig. 5 (A – C)  
did not allow long-term tracking of individual cells after divi-
sion, as there was considerable movement of the nonadherent 
U937 cells. A second set of imaging experiments was per-
formed in semisolid (methocult) culture to partially restrict cell 
movement and allow the fate of cells to be tracked over a 27-h 
period. The inclusion of methocult did not completely pre-
vent movement of U937 cells, so some movement in and out 
of the fi eld of view still occurred. 248 untransduced and 240 
eGFP-WASp I294T  – transduced U937 cells were imaged in seven 
fi elds of view, with 87 untransduced and 91 transduced cells 
completing mitosis without moving out of the fi eld of view. 

  Table I.  FISH analysis for the  RB1  and BCR loci 

Metaphase Normal ploidy Tetraploidy Amplifi cation of  RB1 Loss of one  RB1  

signal

 I294T WASp LCL 92.0 (69/75) 5.4* (4/75) 2.6* (2/75) 0.0 (0/75)

Control LCL 1 100.0 0.0 0.0 0.0

Control LCL 2 100.0 0.0 0.0 0.0

Control PBL 100.0 0.0 0.0 0.0

 Interphase Normal Tetrasomy  RB1   &  BCR Tetrasomy  RB1 
Loss of one  RB1  

signal

Asynchronous 

replication  

 of RB1

 I294T WASp LCL 82.7 (286/346) 6.6* (23/346) 3.2* (11/346) 3.5 (12/346) 4.0 (14/346)

Control LCL 1 94.6 0.0 0.0 0.0 5.4

Control LCL 2 93.6 1.3 0.0 1.3 3.8

Control PBL 98.3 0.0 0.0 0.0 1.7

Comparison of the frequency (%) of cells displaying abnormal hybridization patterns for the  RB1  and BCR loci in LCLs and peripheral blood lymphocytes (PBL). *, P  �  0.002 

when compared with the control LCLs.

  Table II.  Fish analysis for the D7S486 and BCR loci 

Metaphase Normal ploidy Tetraploidy Loss of one chr.7 allele

 I294T WASp LCL 91.8 (45/49) 8.2 (4/49) 0.0 (0/49)

Control LCL 1 100.0 0.0 0.0

Control LCL 2 100.0 0.0 0.0

Control PBL 100.0 0.0 0.0

Interphase Normal Tetrasomy D7S486  &  BCR Loss of one chr.7 allele

Asynchronous 

replication of 

chr.7

I294TWASp LCL 92.0 (368/400) 4.25+ (17/400) 1.5 (6/400) 2.25 (9/400)

Control LCL 1 97.9 1.2 0.0 0.9

Control LCL 2 96.3 1.9 0.9 0.9

Control PBL 98.0 0.0 1.0 1.0

Comparison of the frequency (%) of cells displaying abnormal hybridization patterns for chromosome 7 and BCR in LCLs and peripheral blood lymphocytes (PBL). 

�, signifi cance (P  �  0.05) when compared with the control LCLs.
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WASp I294T  in the same culture was 8%. The increase in apop-
tosis was due to death of cells that were binucleated (so had 
failed cytokinesis) or had an extended duration of mitosis 
( Fig. 5 G ). The expression of eGFP-WASp I294T  therefore causes 
a delayed completion of mitosis that is associated with a sub-
sequent failure of cytokinesis, followed by apoptosis of the 
resulting binucleated cells. 

 eGFP-WASp I294T  causes abnormal F-actin accumulation 

around mitotic chromosomes and in the cleavage furrow 

 The increased and delocalized F-actin induced by auto-active 
WASp ( Fig. 1, C – E ) was measured in cell populations that were 
predominately in interphase. eGFP-WASp I294T  was excluded 
from the nucleus, and F-actin was present throughout the cyto-
plasm in cells expressing auto-active WASp ( Fig. 1 E ). Live cell 
imaging revealed that eGFP-WASp (not depicted) and eGFP-
WASp I294T  transiently entered the nuclear area during mitosis 
before being excluded from the nucleus during telophase, pre-
sumably coincident with breakdown and reformation of the 
nuclear membrane ( Fig. 6 A ).  Confocal microscopy of fi xed 
HT1080 cells confi rmed this relocalization of eGFP-WASp 
( Fig. 6 B  and Fig. S4, which is available at http://www.jem.org/
cgi/content/full/jem.20062324/DC1) and eGFP-WASp I294T  
( Fig. 6 C  and Fig. S4) during mitosis. Both wild-type and mu-
tant eGFP-WASp surrounded condensed chromosomes during 
prometaphase, metaphase, and anaphase. However, only the 
movement of auto-active ( Fig. 6 C ), not wild-type ( Fig. 6 B ), 
WASp during mitosis was accompanied by an accumulation of 
F-actin around the mitotic chromosomes. Pseudo-colored im-
ages revealed that F-actin permeates the entire nuclear area in 
cells expressing auto-active WASp, surrounding chromosomes 
in prometaphase and metaphase. The mitotic spindle is not 
grossly perturbed by eGFP-WASp I294T , despite the abnormal 
presence of F-actin around the mitotic spindle and between the 
spindle poles and chromosomes. 

 During anaphase, delocalized F-actin was concentrated in 
the cytoplasm in the center of the cleavage furrow around the 
spindle midzone in cells expressing eGFP-WASp I294T  ( Fig. 
6 C ), but not when expressing eGFP-WASp ( Fig. 6 B ). 
Despite the abundance of delocalized cytoplasmic F-actin, a 
contractile ring was still able to form in the cleavage furrow 
in cells expressing eGFP-WASp I294T , and bundling of micro-
tubules into a condensed spindle midzone also occurred. 
F-actin fi bers remained in the reforming nuclei in telophase 
in the eGFP-WASp I294T  cells, even when the eGFP-WASp I294T  
had returned to its interphase localization in the cytoplasm 
( Fig. 6 C ). In summary, the increased and delocalized F-actin 
induced by auto-active WASp during interphase persists dur-
ing all stages of mitosis surrounding condensed chromosomes 
and the mitotic spindle, and accumulating around the spindle 
midzone during furrow ingression. 

  DISCUSSION  

 SCN is often associated with mutations in the elastase 2 
( ELA2 ) gene, but a considerable proportion are triggered by 
unknown mechanisms ( 34 ). The  ELA2  gene product, the 

nuclear division (Fig. S3 shows an example). The remaining 
seven cells that failed cytokinesis survived until the end of the 
experiment (or they moved out of the fi eld of view) 1, 2, 5, 
8, 11, 12, and 23 h after mitosis. There was a striking correla-
tion between abnormal cytokinesis and delayed mitosis ( Fig. 
5 F ). The duration of mitosis in cells that had a failed or 
abnormal cytokinesis (Fig. 5 F, black, green, and blue circles) 
was signifi cantly longer than the mitosis in cells that had a 
successful cytokinesis ( Fig. 5 F , open circles). The increased 
level of apoptosis induced by eGFP-WASp I294T  ( Fig. 2, B and C ) 
was largely due to death of binucleated cells ( Fig. 5 G ). 
Apoptosis of untransduced U937 cells imaged for 27 h was 
 � 2%. In contrast, apoptosis levels in U937 expressing eGFP-

 Figure 4.   Jasplakinolide causes multinucleation and apoptosis. 

(A) The percentage of multinucleate U937 from cytospins after culture for 

24 and 48 h in media alone or supplemented with 50, 100, and 250 nM 

jasplakinolide (mean  �  SD of triplicates,  �  400 cells per cytospin). (B) Im-

ages from cytospins with micronucleated cells highlighted. (C) Apoptosis 

(annexin V + ) after 24 h of culture (mean  �  SD of triplicates). (D) F-actin 

(antibody stained, see Materials and methods) in U937 after 24 h of 

culture with and without 50 nM jasplakinolide. Bar, 10  � m.   



2220 DEFECTIVE MITOSIS AND CYTOKINESIS CAUSE XLN | Moulding et al.

Although the known toxicity of elastase provides an attractive 
theory for a mechanism of neutropenia, the activation of 
WASp is not so obviously linked to cell death. In this study, 
we have shown that auto-active WASp causes an increase in, 
and delocalization of, F-actin; decreased proliferation; increased 
apoptosis; cytogenetic abnormalities, most notably tetraploidy; 
a delay in mitosis; and failure of cytokinesis. 

 A failure of cytokinesis results in tetraploidy, with tetra-
ploid cells activating a tetraploidy checkpoint that arrests cells 
in G 1  or triggers apoptosis ( 24, 26 ). The relative frequency of 
these two fates of tetraploid cells is unknown ( 21 ). The risks 
of checkpoint escape or mitotic slippage could clearly lead to 

protease elastase, is expressed in neutrophils and monocytes 
and participates in the killing of ingested microbes. Although 
there is strong genetic evidence linking mutations of  ELA2  to 
SCN, the mechanisms underlying neutropenia remain con-
troversial and range from a direct cellular toxicity to induc-
tion of the unfolded protein response ( 34, 35 ). Recently, 
autosomal recessive congenital neutropenia has been linked 
with a defi ciency of HAX1, a protein critical in maintaining 
mitochondrial membrane potential and protecting against 
apoptosis in myeloid cells ( 36 ). Three novel mutations 
(L270P, S272P, and I294T) in the  WAS  gene have been 
linked with an X-linked form of SCN, termed XLN ( 18, 19 ). 

 Figure 5.   eGFP-WASp I294T  expression delays completion of mitosis and causes cytokinesis failure. (A) Mitosis and cytokinesis proceed normally in 

a typical U937 cell expressing eGFP-WASp, with this representative example (red asterisk) showing division into two daughter cells. Top panels show the 

U937 cells, middle panels show DNA (blue), and bottom panels show eGFP. (B) Delayed mitosis in a typical U937 cell expressing eGFP-WASpI294T. (C) U937 

cells expressing eGFP-WASp I294T , but not eGFP-WASp, have a delay in completing mitosis. Black points denote cells whose division took longer than normal 

(with  “ normal ”  being outside the mean  �  SD for control cell division). Gray boxes show 25 – 75th percentile, the horizontal line is the median, and lines 

above and below are the 90th and 10th percentile. (D) An example of delayed mitosis and failed cytokinesis in an eGFP-WASp I294T  U937 cell. (E) Frequency of 

abnormal cytokinesis was quantifi ed by time-lapse live cell confocal microscopy over a 27-h culture period. (F) 91 mitoses of eGFP-WASp I294T  U937 cells 

showing time for completion of mitosis and cell fate (open circles denote successful cytokinesis). Boxes show the duration of mitosis of cells that completed 

(white box) and failed (gray box) cytokinesis. (G) Cells that became apoptotic during time-lapse confocal microscopy during 27 h of culture were separated 

between binucleate cells, cells that had an extended mitosis ( � 70 min), or normal cells that were mononuclear and had no delay in mitosis. Bar, 10  � m.   
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as it causes cytoskeletal disruption, mitotic delay, and tetra-
ploidy. The disturbances of cell division induced by auto-
active WASp therefore provide a mechanism explaining the 
tetraploidy and micronucleation seen in XLN, which then 
lead to growth arrest and apoptosis. This provides a novel 
causative link between a genetic mutation and SCN. 

 WASp is expressed in all hematopoietic cells, yet lym-
phocyte numbers are normal in XLN. Auto-active WASp 
clearly infl uences cell division in these cells, as there is induc-
tion of tetraploidy in immortalized B cell lines from WASp I294T  
peripheral blood. Stimulation of WASp I294T  peripheral blood 
T lymphocytes with PHA also leads to the generation of 
 tetraploid cells (unpublished data). This raises the question 
of why only cells of the myeloid lineage are lacking in XLN. 

polyploidy, aneuploidy, and genomic instability (for review 
see reference  20 ). The trigger for activation of the tetraploidy 
checkpoint is not fully resolved and may be independent of 
the tetraploid state of the cell ( 37 ) and be triggered by actin 
and microtubule disruption during interphase before these cy-
toskeletal defects induce tetraploidy ( 38, 39 ). The tetraploid 
checkpoint has also been shown to require previous activation 
of the spindle assembly checkpoint during mitosis ( 40 ). Cell 
cycle arrest and apoptosis of tetraploid cells can be triggered 
by p53-dependent and -independent pathways, adding fur-
ther complexity to this system ( 26 ). Similar mechanisms exist 
to remove cells containing micronuclei that arise from lagging 
chromosomes in mitosis ( 29 ). The expression of auto-active 
WASp is likely to trigger the tetraploidy checkpoint potently, 

 Figure 6.   Abnormal F-actin localization during mitosis in cells expressing eGFP-WASp I294T . (A) Live cell imaging of eGFP-WASp I294T  during mitosis 

in a HT1080 cell. (B and C) Fixed cell confocal microscopy of representative HT1080 cells expressing eGFP-WASp (B) and eGFP-WASp I294T  (C) during 

interphase, prometaphase, metaphase, anaphase, and telophase. Stages of mitosis were identifi ed by DNA and tubulin localization (top panels, maximal 

projection of entire cell). Remaining panels show a  � 1- � m slice through the center of the cell ’ s DNA. F-actin was pseudo-colored to highlight abundance 

and localization through the cell. Bar, 10  � m.   
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to cause polyploidy and genomic instability ( 44 ). However, 
the same eff ect occurred when cells expressed active Rac, 
strongly supporting the suggestion that unregulated activa-
tion of the actin cytoskeleton per se, even through diff erent 
pathways, is suffi  cient to induce the same mitotic and cytoki-
netic disturbances. Further study of the disturbances of mitosis 
and cytokinesis by auto-active WASp could provide valuable 
insight into these processes. 

 MATERIALS AND METHODS 
 Reagents and plasmids.   All reagents were from Sigma-Aldrich unless other-

wise stated. Antibodies against  	 -tubulin,  	 -actin, and vinculin were from 

Sigma-Aldrich; WASp was from Santa Cruz Biotechnology, Inc. and BD 

Biosciences; and goat anti – mouse IgG-Cy5 was from Jackson ImmunoResearch 

Laboratories. Rhodamine-phalloidin, DAPI, mounting solution (prolong 

gold antifade reagent), and jasplakinolide were from Invitrogen. Annexin V 

and 7AAD were from BD Biosciences. 

 Cell culture.   HT1080 fi brosarcoma cells were cultured in DMEM supple-

mented with 10% FCS, 100 IU/ml penicillin, and 100  � g/ml streptomycin; 

Bac1 macrophages in DMEM supplemented with 10% FCS, 30 ng/ml 

M-CSF, 100 IU/ml penicillin, and 100  � g/ml streptomycin; and U937 and 

B-LCL in RPMI 1640 supplemented with 10% FCS, 100 IU/ml penicillin, and 

100  � g/ml streptomycin. CD34 �  human HPCs were isolated from G-CSF 

mobilized peripheral blood (derived from normal donors according to insti-

tutional protocols and local ethical approvals) using CliniMACS columns 

(Miltenyi Biotec) and cultured in IMDM supplemented with 20% FCS, 100 

ng/ml SCF, 100 ng/ml Flt3 ligand, 20 ng/ml IL-3, and 20 ng/ml IL-6 with 

lentivirus added and left for 24 h. 10 5  – 2  �  10 5  cells were then seeded into 

24-well plates in IMDM supplemented with 20% FCS, 100 ng/ml G-CSF, 

20 ng/ml SCF, and 20 ng/ml IL-3 to generate myeloid cells. Mouse DCs 

were prepared by plating 10 7  bone marrow cells at a density of 10 6 /ml in 

RPMI 1640 containing 10% FCS and 20 ng/ml GM-CSF. Media was re-

placed every 3 d, and nonadherent cells were removed. On day 7, adherent 

DCs were analyzed for CD11c expression and were 80 – 90% CD11c � . 

 Lentiviral production and transduction.   Lentiviral vectors expressing 

eGFP, eGFP fused to human WASp, and eGFP fused to human WASp 

with the I294T mutation were prepared in the pHR � SIN-cPPT-CE and 

pHR � SIN-cPPT-SE lentiviral backbones as described previously ( 45 ). Virus 

was titred by transducing HT1080 cells and measuring transduction effi  -

ciency by the percentage of cells with eGFP fl uorescence. Experiments with 

HT1080 used the CMV promoter to drive expression of eGFP and eGFP-

WASp fusions. All other cell types used the spleen focus forming virus pro-

moter. Cells were transduced at a multiplicity of infection (MOI) ranging 

from 0.2 to 20 (U937, HT1080, and Bac1 cell lines). Human CD34 �  cells 

were transduced at an MOI of 100, resulting in transduction of  � 30% of 

the population. 

 Western blotting.   Protein lysates were separated on 4 – 12% NuPage gels 

(Invitrogen) transferred to PVDF membranes and probed with antibodies using 

standard techniques. WASp was detected with Santa Cruz Biotechnology, Inc. 

anti-WASp clone B9 (concurrently with anti-actin antibody from Sigma-

Aldrich) in HT1080 lysates and with BD Biosciences anti-WASp in U937 

lysates. Horseradish peroxidase – conjugated secondary antibody (GE Healthcare) 

was detected using supersignal west pico substrate (Pierce Chemical Co.) and 

an Uvichemi documentation system (Uvitech). 

 Flow cytometry.   Phalloidin staining of U937s was achieved by fi xing cells 

in 4% paraformaldehyde (Polysciences Inc.) in PBS and permeabilization 

with Perm/Wash (BD Biosciences). Rhodamine-phalloidin was added at 

2.5  μ l per 100  μ l and incubated for 30 min. After washing in Perm/Wash, 

cells were analyzed by fl ow cytometry. The diff erence in phalloidin staining be-

tween GFP �  and GFP  �   cells in the same sample was calculated using Summit 

A clue toward an explanation for this apparent discrepancy 
comes from a study using VX-680, a small molecule inhibitor 
of the aurora kinases involved in mitosis and cytokinesis (for 
review see reference  41 ). VX-680 has been shown to sup-
press tumor growth in vivo through inhibition of cell cycle 
and induction of apoptosis ( 42 ). There are striking parallels 
between auto-active WASp-induced XLN and VX-680 
treatment, including defective cytokinesis, the generation of 
polyploid cells, and the development of reversible neutrope-
nia in an animal model. It therefore appears that the myeloid 
lineage is particularly sensitive to defects of cell division, likely 
as a result of the continual high turnover and production of 
these cells. 

 The exact mechanism(s) by which auto-active WASp 
leads to a delay in mitosis and a failure of cytokinesis is not 
known. In fi ssion yeast it is believed that the actomyosin ring 
plays an important role in spindle orientation. Pharmacologi-
cal inhibition of actin polymerization results in activation of 
a mitotic checkpoint that ensures mitotic spindles are cor-
rectly orientated before anaphase is allowed to take place ( 43 ). 
A similar mechanism may exist in human cells by which 
forced and unregulated actin polymerization compromises 
actomyosin ring formation and delays the completion of 
mitosis. Cytokinesis requires massive cellular restructuring 
and coordinated cytoskeletal rearrangement. It is therefore 
likely that deregulated WASp activity could compromise cy-
tokinesis either directly by disturbing normal actomyosin ring 
formation or indirectly by depletion or sequestration of criti-
cal substrates for actin polymerization in delocalized cytoskel-
etal structures. Similar arguments relating to the formation of 
an actomyosin constricting ring could be made for WASp-
defi cient cells, and although abnormalities of cytokinesis have 
not been described, WAS patients are particularly susceptible to 
lymphoreticular malignancy. 

 The abundance of delocalized F-actin triggered by auto-
active WASp is likely to produce a direct physical inhibition 
of mitosis and cytokinesis. eGFP-WASp I294T  is expressed in 
the cytoplasm and excluded from the nucleus in interphase 
cells, but the breakdown of the nuclear envelope during mi-
tosis allows eGFP-WASp I294T  to localize throughout the cell, 
which in turn triggers F-actin assembly around the mitotic 
chromosomes. This F-actin network may provide a physical 
barrier to inhibit chromosome capture and separation by 
spindle microtubules. The presence of F-actin throughout 
the cytoplasm may similarly physically impede cytokinesis by 
preventing abscission of daughter cells due to F-actin travers-
ing the cytoplasmic bridge left after actomyosin ring closure. 
Alternatively, the excessive F-actin present in the cytoplasm 
surrounding the spindle midzone during late anaphase may 
interfere with the signaling from the spindle midzone to the 
cell cortex that is essential for furrowing and cytokinesis. 

 Excessive polymerization of F-actin may provide a novel 
mechanism for cell death and genomic instability in other 
acquired disease states. Expression of a constitutively active 
form of Cdc42 (which is a direct activator of WASp and N-
WASp) in pulmonary artery endothelial cells has been shown 
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 Online supplemental material.   In Fig. S1, eGFP-WASp I294T  slows pro-

liferation, induces apoptosis, and causes multinucleation in HT1080 fi bro-

blasts. In Fig. S2, eGFP-WASp I294T  delays the completion of mitosis in 

HT1080 fi broblasts. Fig. S3 shows cytokinesis failure and apoptosis inU937 

cells expressing eGFP-WASp I294T . Fig. S4 shows tubulin, F-actin, DNA, and 

eGFP localization during mitosis in HT1080 transduced with eGFP, eGFP-

WASp, and eGFP-WASp I294T . The online supplemental material is available 

at http://www.jem.org/cgi/content/full/jem.20062324/DC1. 
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v4.1 software (DakoCytomation). GFP fl uorescence analysis was performed 

after fi xation in 4% paraformaldehyde for 30 min at room temperature in the 

dark. Apoptosis was assessed by annexin V – PE and 7AAD staining according 

to standard protocols (BD Biosciences). DNA content was assessed by stain-

ing with propidium iodide by hypotonic lysis as described previously ( 46 ). 

 Cytogenetic studies.   Bone marrow cells and EBV-immortalized B-LCLs 

were prepared for FISH analysis by conventional cytogenetic procedures. The 

probes selected for investigation were chosen for confi rmation and further 

characterization of the karyotypic abnormalities observed in the diagnostic 

samples from the patient 45,XY,-7[1/20] in the initial diagnostic sample and 

from 45,XY,-13[2/16]/44,XY,-13,-14[1/16] in a follow-up sample 6 mo 

later ( 19 ). Slides were pretreated in 2 � SSC at 37 ° C for 1 h, dehydrated 

through a series of ethanol washes, and denatured in 70% formamide, 2 � SSC 

for 2 min. Locus-specifi c identifi er probes for the  RB1  and  BCR  genes, and a 

dual-color probe for the chromosome 7  � -satellite region and locus D7S486 

(maps to 7q31), were prepared and hybridized according to the manufacturer ’ s 

instructions (Abbott Laboratories). Cells were viewed using a CCD camera 

(Photometrics) connected to a Macintosh Quadra computer. Image analysis 

was eff ected using SmartCapture software (Digital Scientifi c). 30 – 75 meta-

phase cells were examined for abnormalities of chromosomes 7 and 13, and 

between 100 and 400 interphase cells were analyzed for each probe set used. 

 Fixed cell microscopy.   Cytospins were prepared using a Shandon II cyto-

centrifuge. After air drying, cells were stained with Diff -Quick (Medion 

Diagnostics) and analyzed under a 20 �  objective. 10 random fi elds (totaling 

 � 1,000 cells for U937 and  � 150 cells for CD34) were counted from each 

slide. For confocal microscopy, cells were grown on 13-mm glass coverslips 

and mitotic cells were fi xed and stained as described previously ( 47 ). Staining 

of interphase cells omitted the glycine incubation. Rhodamine-phalloidin 

was used at 1  � l per 100  � l for 20 min, DAPI at 1  � M for 5 min. F-actin de-

tection by anti-actin antibody was as described previously ( 33 ), a protocol 

that gives staining indistinguishable from phalloidin. Coverslips were mounted 

and analyzed on a Leica SPS2 confocal microscope. A single optical section 

or maximal projections from 6 to 10 Z-stacks were exported to Adobe Photo-

shop for fi nal image preparation. 

 Live cell microscopy.   Cells were transduced 7 to 14 d before analysis. 

Transduction at MOIs between 1 and 5 were used to achieve expression of 

eGFP-WASp and eGFP-WASp I294T  at similar levels per cell and in  � 50% of 

the population (MFI of eGFP +  cells measured by fl ow cytometry were near 

identical for eGFP-WASp and eGFP-WASp I294T , ranging from 151 to 260 

and 151 to 235, respectively). Time-lapse live cell imaging was performed 

on a Ziess LSM510 NLO META (equipped with incubator XL running 

at 37 ° C and 5% CO2, an automated stage, and a 40 �  plan-NEOFLUAR 

objective) using the autotimeseries Macro with autofocus ( 48 ). Cell nuclei 

were stained with Hoechst 33258 at a fi nal concentration of 10  � g/ml, and 

fl uorescence was excited with a Coherent titanium sapphire Mira 900 laser 

tuned to 765 nm (which was fi ber-optically coupled to the scan head via a 

Coherent GDC), whereas emitted light was detected from a 545-nm di-

chroic mirror through a 685-nm short-pass fi lter. eGFP fl uorescence (either 

expressed alone or as a fusion protein) was excited with the 488-nm line of 

an argon ion laser, and emitted light was detected through a 490-nm long-

pass and a 500 – 550 band-pass fi lter. Fluorescent and transmission images of 

each fi eld of cells in a glass-bottom 35-mm Petri dish (Iwaki supplied by 

Steralin) were collected every 2 – 5 min for periods up to 2 d. The minimum 

amount of light was used to excite fl uorescence while retaining a clear image. 

U937 cell medium was supplemented with a third of MethoCult H4100 

(StemCell Technologies Inc.) to restrict cell movement due to convection 

currents in the medium. 

 Statistical analysis.   Bar graphs are presented as mean, with error bars indi-

cating standard deviation. Two-sample equal variance (homoscedastic)  t  tests 

were performed using Microsoft Excel, assuming a two-tailed distribution. 

Division time plots used SigmaPlot to show the median, 10 th , 25 th , 75 th , and 

90 th  percentile. 
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