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The pleiotropic receptor tyrosine kinase
Kit can provide cytoskeletal signals that
define cell shape, positioning, and migra-
tion, but the underlying mechanisms are
less well understood. In this study, we
provide evidence that Kit signals through
Wiskott-Aldrich syndrome protein (WASP),
the central hematopoietic actin nucleation-
promoting factor and regulator of the
cytoskeleton. Kit ligand (KL) stimulation
resulted in transient tyrosine phosphory-
lation of WASP, as well as interacting
proteins WASP-interacting protein and
Arp2/3. KL-induced filopodia in bone

marrow–derived mast cells (BMMCs) were
significantly decreased in number and size
in the absence of WASP. KL-dependent regu-
lation of intracellular Ca2� levels was aber-
rant in WASP-deficient BMMCs. When BM-
MCs were derived from WASP-heterozygous
female mice using KL as a growth factor, the
cultures eventually developed from a mix-
ture of WASP-positive and -negative popula-
tions into a homogenous WASP-positive
culture derived from the WASP-positive pro-
genitors. Thus, WASP expression conferred
a selective advantage to the development of
Kit-dependent hematopoiesis consistent

with the selective advantage of WASP-
positive hematopoietic cells observed in
WAS-heterozygous female humans. Finally,
KL-mediated gene expression in wild-type
and WASP-deficient BMMCs was compared
and revealed that approximately 30% of all
Kit-induced changes were WASP depen-
dent. The results indicate that Kit signaling
through WASP is necessary for normal Kit-
mediated filopodia formation, cell survival,
and gene expression, and provide new in-
sight into the mechanism in which WASP
exerts a strong selective pressure in hema-
topoiesis. (Blood. 2009;114:2900-2908)

Introduction

Kit is a member of the type III subclass of receptor tyrosine kinases
(RTKs), which also includes the platelet-derived growth factor
receptors � and �, the FMS-like tyrosine kinase 3, and the
colony-stimulating factor 1 receptor (c-fms, macrophage colony-
stimulating factor receptor). The Kit protein is organized as an
N-terminal extracellular ligand-binding domain, a transmembrane
domain, and a cytoplasmic kinase domain, which is activated by
ligand-mediated receptor dimerization. Murine loss-of-function
mutations of Kit result in the dominant W spotting defect, which is
marked by defective pigmentation, hematopoiesis, and gametogen-
esis, as well as a growing list of neurologic defects.1-5 The severity
of the phenotype of W mice is related to the degree of loss of Kit
expression or function. Kit-null mutants die of severe anemia
shortly after birth. Kit ligand (KL; also known as stem cell factor or
Steel factor) is produced by stromal cells in either membrane-
bound or soluble isoforms.6 Loss-of-function mutations of the
Steel (Sl) locus result in a phenotype closely resembling that of
W mouse strains.7

In addition to its role as a hematopoietic maintenance, growth,
and differentiation factor, Kit regulates cell shape, motility, and
adhesion via cytoskeletal changes,8-12 but the underlying molecular
mechanisms are less well understood. In the present study, we
define a role for the Wiskott-Aldrich syndrome (WAS) protein
(WASP) in Kit-mediated signaling, cytoskeletal changes, and
gene expression.

The hematopoietic-specific WASP and its ubiquitously ex-
pressed homologue neuronal WASP (N-WASP) have emerged as

key proteins connecting signaling cascades to actin polymeriza-
tion.13,14 WASP and N-WASP form a core family of nucleation-
promoting factors that interact with and regulate the actual
nucleators of new actin filaments, above all the Arp2/3 com-
plex.15,16 An additional subfamily of WASP proteins consists of the
suppressor of cyclic adenosine 5�-monophosphate receptor/WASP-
family verprolin-homology proteins.17,18 Loss of functional WASP
in humans results in Wiskott-Aldrich syndrome (WAS),19-22 an
X-linked recessive immunodeficiency disorder marked by eczema,
thrombocytopenia, and increased susceptibility to autoimmune
disorders and cancers.20,23,24 Deformation and deregulation of the
actin cytoskeleton in hematopoietic cells from WAS patients are
most likely the basis for many of the clinical defects.25-27 WASP
interacts directly with the ubiquitously expressed WASP-interacting
protein (WIP), the Rho-GTPase Cdc42, and the Arp2/3 com-
plex.13,28-30 Formation of this multiprotein complex in combina-
tion with conformational changes of WASP regulates actin
nucleation through Arp2/3.31 More recently, a role for WASP in
the formation/aggregation of lipid rafts or the immunologic
synapse has been described.32,33

Whereas most of the knowledge of WASP function originates
from studies comparing normal with WASP-deficient cells, an
important clue for a broader role of WASP in the maintenance of
precursor or hematopoietic stem cells (HSCs) came from the
observation of nonrandom X-inactivation in all peripheral blood
or CD34� progenitor cells from heterozygous female carri-
ers.34,35 Because such progenitor populations are dependent on
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the KL/Kit pathway, we hypothesized that WASP acts down-
stream of Kit in the hematopoietic niche, thereby providing
a selective advantage of progenitor cells with intact Kit-
WASP signaling.

In this study, we show evidence that WASP and WIP are part of
Kit-mediated signal transduction and that WASP is necessary for
Kit-induced filopodia formation, cellular Ca2� signaling, survival,
and gene expression.

Methods

Reagents and antibodies

Recombinant mouse KL, mouse interleukin-3 (IL-3), human KL, and
human IL-3 were purchased from BioSource International. Polyclonal
antibodies against WASP (H-250), WIP (H-224), and Arp2 (H-84) were
obtained from Santa Cruz Biotechnology. The antibody against N-WASP
was obtained from Cell Signaling Technology. The antiphosphotyrosine
antibodies, clones 4G10 and PY20, were purchased from Upstate Biotech-
nology and BD Biosciences, respectively. Phosphospecific antibodies
against signal transducer and activator of transcription 3 (Stat3) and Stat5
were obtained from BD Biosciences, and against c-Jun N-terminal kinase
and p38 from Cell Signaling Technology. Anti-Stat3 and anti-Stat5
antibodies were from Santa Cruz Biotechnology.

Mice, cell lines, cell and bone marrow–derived mast cell
culture, and KL stimulation

The 129S6/SvEvTac-Wastm1Sbs/J mice were originally obtained from Freder-
ick Alt, Children’s Hospital (Boston, MA). Congenic C57BL/6 strains were
obtained by backcrossing for more than 10 generations. All procedures
involving animals were performed under the Institutional Animal Care and
Use Committee approved by the Administrative Panel on Laboratory
Animal Care at Stanford University. M-07e cells36 were obtained from the
German Collection of Microorganisms and Animal Cell Cultures (DSMZ)
and cultured in RPMI-1640 (Invitrogen/Gibco) with 10% fetal calf serum
(FCS; Omega Scientific) in the presence of human IL-3 (20 ng/mL). Bone
marrow (BM)–derived mast cell (BMMC) cultures were established, as
previously reported,9 with some minor modifications. BM cells obtained
from femur and tibia of 4- to 8-week-old mice (WASP-deficient or
wild-type [wt] littermate controls) were depleted of red cells (red cell lysis
buffer; eBioscience), washed, and then cultured in BMMC medium in the
presence of murine IL-3 and KL (20 ng/mL each) for 4 to 6 weeks. BMMC
medium consisted of RPMI-1640, 20% FCS, 1 mM sodium pyruvate
(Gibco), 0.1 mM nonessential amino acids supplement (Gibco), and 50 �M
2-mercaptoethanol (Thermo Fisher Scientific). Cultures were depleted of
adherent cells by transferring the nonadherent cells into new flasks
approximately once per week during the first 3 weeks of culture, and dead
cells were removed from the cultures by density centrifugation (Histopaque-
1083; Sigma-Aldrich) when necessary. For KL stimulation, M-07e cells
were growth factor as well as serum deprived for 12 hours before
stimulation. BMMCs were growth factor deprived for 12 hours, and then
incubated in BMMC medium containing no or 2% FCS for additional
4 hours. Stimulation of cells was performed with concentrations of KL,
as indicated.

Flow cytometric analysis

To analyze surface expression of Kit and Fc� receptor I (Fc�RI), growth
factor–deprived BMMCs were labeled with allophycocyanin-conjugated
rat anti-Kit antibody (clone 2B8; BD Biosciences) and with murine
anti-dinitrophenyl immunoglobulin (Ig)E (clone SPE-7; Sigma-Aldrich),
followed by fluorescein isothiocyanate–conjugated rat anti–mouse IgE
antibody (clone R35-72; BD Biosciences), respectively. Detection of
intracellular WASP was performed after permeabilization (Cytofix/
Cytoperm; BD Biosciences) and staining of the cells with phycoerythrin-
conjugated mouse anti-WASP antibody (clone B-9; Santa Cruz Biotechnol-

ogy). All labeling procedures included a step for blocking of murine
Fc�RIII/II (mouse BD Fc Block; BD Biosciences) and were controlled by
staining of the cells with nonspecific antibodies of the same isotype.
Antibody-labeled cells were analyzed by flow cytometry using a FACS-
Vantage flow cytometer (BD Biosciences).

Immunoprecipitations and immunoblotting

After stimulation with KL, cells were collected in ice-cold phosphate-
buffered saline containing 1 mM sodium orthovanadate (Sigma-Aldrich)
and lysed in lysis buffer (1-2 � 107 cells/mL) containing 10 mM Tris-HCl
(pH 7.4), 150 mM NaCl, 20 mM sodium phosphate (pH 7.4), 10 mM
sodium pyrophosphate (pH 7.4), 5 mM EDTA (ethylenediaminetetraacetic
acid), 1 mM sodium orthovanadate, 1 mM glycerophosphate (Sigma-
Aldrich), and 1% Triton X-100. Proteinase inhibitors (Complete; Roche)
were added, according to the manufacturer’s recommendations. Postnuclear
supernatants were subjected to 1 round of preclearing with protein
A-Sepharose (Amersham/Pharmacia). A total of 3 to 6 �g of antibody was
used per immunoprecipitation (IP), and antibody-protein complexes were
collected with 50 to 70 �L protein A-Sepharose. Western blotting was
performed, as previously described.37

Measurement of Kit-induced changes in the intracellular Ca2�

concentration

For analysis of Kit-induced Ca2� signals, indo-1 was used, an ultraviolet
light–excitable Ca2�-binding protein.38 Growth factor-deprived BMMCs
were incubated with a cell-permeable ester of Indo-1 (Indo-1 AM;
Invitrogen/Molecular Probes) in loading buffer (1 mM calcium, 1 mM
magnesium, 1% FCS in HBSS) at 37°C for 30 minutes. Cells were washed
with loading buffer containing 2.5 mM probenecid (Invitrogen/Molecular
Probes) and resuspended in loading buffer containing 2.5 mM probenecid
and propidium iodide at room temperature. Before stimulation, BMMCs
loaded with indo-1 were incubated at 37°C for 5 minutes, and baseline
emissions were measured for 1 minute on a FACSVantageSE cytometer
(BD Biosciences) using a 350 nm ultraviolet laser. For stimulation, KL was
added to a final concentration of 100 ng/mL, and the response was recorded
for additional 4 minutes at a flow rate of 106 cells/minute. Immobilization
of extracellular Ca2� was achieved by adding EDTA (ethylenediaminetet-
raacetic acid) and EGTA (ethyleneglycoltetraacetic acid) into the assay
buffer (2 mM) before stimulation. Changes of Ca2� concentration ([Ca2�]i)
were calculated after exclusion of nonviable cells and via the 405 nm/
485 nm emission ratio using the FlowJo analysis software (TreeStar). Data
were displayed as relative changes in [Ca2�]i after baseline adjustment.

Analysis of filopodia formation

Growth factor–deprived BMMCs were resuspended in BMMC medium
without growth factors or serum, seeded onto glass slides coated with
bovine fibronectin (20 �g/mL; Sigma-Aldrich), and allowed to adhere for
1 hour at 37°C. Adherent cells were either stimulated with KL (20 ng/mL),
or left unstimulated for 30 minutes at 37°C. After fixation and permeabiliza-
tion of the cells in the presence of 3.7% paraformaldehyde/phosphate-
buffered saline, pH 7.4, containing 1-palmitoyl-sn-glycero-3-phosphocho-
line (100 �g/mL; Sigma-Aldrich), actin filaments were labeled using alexa
fluor 488–conjugated phalloidin (Invitrogen/Molecular Probes). Cells were
analyzed using a fluorescent microscope at a magnification of �63, oil
immersion (Zeiss), and images were acquired using an Axiocam digital
camera and Axiovision software (Zeiss). A total of 1237 wt and
1509 wasp	/	 cells from 4 BMMC cultures of each genotype was analyzed
in blinded studies.

Gene expression profiling

After KL stimulation of BMMCs in replicates (n 
 4 for wt, n 
 3 for
wasp	/	), total RNA was extracted from stimulated or untreated control
cells (RNeasy Mini Kit; Qiagen), and quality was assessed by agarose gel
electrophoresis and spectrometrically quantified (NanoDrop; Thermo Fisher
Scientific). From each sample, 100 ng of total RNA was subjected to
2 rounds of cDNA amplification, followed by in vitro transcription into
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biotinylated complementary RNA (Affymetrix), according to the manufac-
turer’s protocol (GeneChip Expression Analysis Technical Manual; Af-
fymetrix). The labeled complementary RNAs were hybridized to a mouse
gene array (GeneChip Mouse Genome 430 2.0 Array; Affymetrix) and
analyzed by laser scanning (GeneChip Scanner; Affymetrix). Data were
analyzed using “R” (http://cran.r-project.org/) and Bioconductor (www.
bioconductor.org) software. Background correction, normalization, and
calculation of gene expression values by model fitting were performed
using the Robust Multiarray Average procedure.39 Genes that were differen-
tially expressed in response to KL were identified using Significance
Analysis of Microarrays40 with a fold-change cutoff of 2 for up-regulated
and 0.5 for down-regulated genes. The false-discovery rate was less than
0.1%. Gene lists were generated by analysis of up- or down-regulated genes
for the enrichment of functional categories using DAVID (http://david.
abcc.ncifcrf.gov/home.jsp). Heat maps were generated using “R.” All
microarray data have been deposited into the ArrayExpress public database
under accession number E-MEXP-2282.

Results

KL stimulation results in tyrosine phosphorylation of WASP,
WIP, and Arp2

To exert its function as a nucleation-promoting factor, WASP
undergoes secondary modifications in form of tyrosine phosphory-
lation and interacts with WIP and the Arp2/3 complex.29,30,41 To test
for a role for WASP in Kit signaling, we analyzed tyrosine
phosphorylation of immunoprecipitated WASP and WIP during a
time course of Kit stimulation, and probed the presence of
interaction partners (Figure 1). Kit-induced tyrosine phosphoryla-
tion of WASP was detected after 1 minute of KL stimulation, was
maximal at 5 minutes, and gradually decreased after 10 and
15 minutes (Figure 1A). Kit stimulation also resulted in tyrosine
phosphorylation of WIP with similar kinetics (Figure 1B), and the

same was true for Arp2 (Figure 1C). Coimmunoprecipitation
analysis revealed that WASP was constitutively associated with
WIP and that both proteins formed a complex in their tyrosine-
phosphorylated state (Figure 1B). The corresponding result was
obtained when the immunoprecipitated WASP was analyzed for
complex formation with WIP (data not shown). Arp2 was found in
a complex with WASP or WIP (Figure 1C). KL-induced tyrosine
phosphorylation of WASP and interaction partners WIP and Arp2
as well as reciprocal association of these molecules suggest that
WASP is functionally involved in Kit signaling. To our knowledge,
this is the first report of transient tyrosine phosphorylation of WIP.

WASP is required for normal Kit-induced formation of filopodia

To identify and study the biologic functions of Kit that are
dependent on WASP, we generated BMMCs from normal (wt) and
WASP-deficient mice (wasp	/	). Consistent with the findings of
others, wasp	/	 BMMC cultures matured normally and with
similar kinetics (data not shown).42 BMMCs from either genomic
background showed comparable amounts of Kit and Fc�RI surface
expression after 6 weeks of culture as signs of maturity of the mast
cells (Figure 2A). Both Kit and WASP have independently been
implicated in the regulation of cell shape and the formation of
membrane protrusions in BMMCs.12,42 We compared KL-induced
cell spreading and filopodia formation in normal and WASP-
deficient BMMCs (Figure 2B). Whereas the nonstimulated cells of
either genotype appeared similar in size and shape and the extent of
KL-mediated cell spreading was comparable in wt and WASP-
deficient BMMCs, KL-induced filopodia formation was signifi-
cantly reduced in the absence of WASP (Figure 2B-C). This
suggests that WASP is critically involved in the transduction of Kit
signals that regulate the actin cytoskeleton and promote filopodia
formation.
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Figure 1. KL stimulation results in tyrosine phosphorylation of WASP, WIP, and Arp2. M-07e cells were stimulated with KL (250 ng/mL) for the times indicated, and WASP
and WIP were immunoprecipitated. Bound fractions of the immunoprecipitations (IPs) were analyzed for tyrosine phosphorylation (PY) and protein amounts of the primary and
associated proteins by immunoblot (IB). WASP IPs (A) were analyzed for PY (top panel) and protein amounts of WASP (bottom panel). WIP IPs (B) were analyzed for PY (top
panel; short exposure showing phospho [p] WIP), protein amounts of WIP (second panel), PY (third panel; long exposure showing pWASP), and protein amounts of WASP
(fourth panel). Please note that both WASP and WIP are tyrosine phosphorylated and form a complex as phosphoproteins. In the longer exposure showing pWASP in complex
with pWIP, the chemoluminescence signals from pWIP and Ig are not separated due to close migration on sodium dodecyl sulfate–polyacrylamide gel electrophoresis. Both
WASP and WIP IPs (C) were analyzed for PY of Arp2 (top panel) and protein amounts of Arp2 (bottom panel). Experiments were performed twice, and comparable results were
obtained.
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KL-induced Ca2� influx is impaired in the absence of WASP

BMMCs have successfully been used to investigate Kit-dependent
regulation of Ca2� signaling,43,44 and T and B cells from WAS
patients display defective regulation of [Ca2�]i through their
respective antigen receptors.45,46 We investigated WASP function in
KL-induced Ca2� signaling using wt and WASP-deficient BMMCs
(Figure 3). Elevation of [Ca2�]i is thought to result from
2 subsequent and connected events, as follows: the initial emptying

of intracellular stores, most notably the endoplasmic reticulum, and
the subsequent voltage-operated channel (VOC)–mediated Ca
influx from the extracellular space into the cell.47 KL-induced
increase of [Ca2�]i in WASP-deficient BMMCs was significantly
reduced compared with that of wt BMMCs (Figure 3A). Addition
of extracellular EDTA/EGTA immobilizes exterior Ca2�, inhibits
the VOC-mediated response, and thus allowed us to separately
analyze KL-mediated Ca2� signaling through emptying of intracel-
lular stores alone. This approach revealed that the initial Ca2�

response was also reduced in the absence of WASP (Figure 3B).

KL-driven generation of wasp�/� BMMCs reveals a selective
advantage for WASP-expressing cells

The observation of nonrandom inactivation of the X-chromo-
some in obligate human female carriers of WAS suggests that
WASP confers a selective advantage to early hematopoietic
progenitors.35 Such progenitors also express Kit, and the
selection process could at least in part be dependent on
Kit-WASP signals. Because KL alone can promote the matura-
tion of BMMCs from hematopoietic stem or progenitor cells,
although at a slower rate and with lower yield, we tested
whether or not a selective advantage through WASP could be
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Figure 2. WASP is required for normal Kit-induced formation of filopodia.
BMMC cultures from wt or WASP-deficient mice were obtained, as described in
“Mice, cell lines, cell and bone marrow–derived mast cell culture, and KL stimulation.”
Mature BMMCs were analyzed for Fc�RI and Kit surface expression as well as for
intracellular expression of WASP by flow cytometry. (A) BMMCs were seeded onto
fibronectin-coated slides, and cell morphology in absence or presence of KL
(45 minutes, 20 ng/mL) was examined by fluorescence microscopy after phalloidin
staining of intracellular actin. The images show representative examples of
4 independent experiments. (B) Filopodia formation in wt BMMCs is indicated by
white arrows. A summary of the results is shown in a vertical scatter plot indicating the
individual data points of the percentage of cells displaying filopodia formation. Bars
indicate the mean values. (C) A total of 1237 wt and 1509 wasp	/	 cells in
4 independent experiments was analyzed. P was calculated using an unpaired
Student t test.
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Figure 3. KL-induced Ca2� influx is impaired in the absence of WASP. Three
independent BMMC cultures from wt or WASP-deficient mice were obtained, and
cells were prepared and labeled for measurement of [Ca2�]i, as described in
“Measurement of Kit-induced changes in the intracellular Ca2� concentration.” The
real-time KL-induced changes of [Ca2�]i in 3 wt (f) or 3 WASP-deficient BMMC
cultures (u) were analyzed by flow cytometry over 5 minutes (A). In a variant
experiment, KL-induced changes of [Ca2�]i were analyzed in wt or WASP-deficient
BMMCs either in the presence (bold lines) or absence of EDTA/EGTA (dotted thin
lines; B). Immobilization of extracellular Ca2� by EDTA/EGTA allows the separate
analysis of changes in [Ca2�]i through the emptying of intracellular stores alone.
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observed in the generation of BMMCs from heterozygous
murine BM when cultured solely in the presence of KL.

In 2 independent experiments with corresponding results (Fig-
ure 4; supplemental Figure 1C, available on the Blood website; see
the Supplemental Materials link at the top of the online article), BM
from heterozygous female mice was used to establish 3 indepen-
dent BMMC cultures, and cultures were grown in the presence of
KL for 90 days. Kit-positive cells were analyzed on days 0, 10, and
90 for intracellular expression of WASP and compared with
simultaneously grown BMMC control cultures derived from wt or
wasp	/	 female mice. We tested the validity of the antibody used
for the flow cytometry analysis by intracellular staining and
immunfluorescence analysis of Kit-positive BM cells from wt,
wasp	/	, or wasp�/	 mice. Overall, the data indicated that approxi-
mately 30% to 35% of Kit-positive BMMCs from heterozygous
mice expressed WASP (supplemental Figure 1A-B). The WASP-
positive fraction of Kit� cells in BM from heterozygous animals as
determined by flow cytometry at day 0 was estimated to be less
than 25% (Figure 4) or approximately 30% (supplemental Figure
1C). At day 10, heterozygous cultures showed an increase of the
WASP� fraction up to 30% to 50% of the Kit� cells, and at day 90
(at the stage of mature mast cells), the cells derived from
heterozygous animals were entirely positive for WASP expression.
These results indicate that Kit-WASP signaling confers a selective
advantage in this BMMC model of hematopoietic lineage
maturation.

Comparison of KL-mediated gene expression profiles in wt and
wasp�/� BMMCs establishes a profound genetic effect of
Kit-WASP signaling

The importance of WASP in Kit-mediated survival was suggestive
of genetic effects of WASP in Kit biology; hence, we compared

Kit-induced gene expression in wt BMMCs and WASP-deficient
BMMCs (Figure 5; supplemental Tables 1-4). To reduce overlay of
possible secondary indirect genetic changes, we chose to perform
the array analysis after a relatively short exposure to KL for
12 hours.

Of approximately 1500 genes that were up- or down-regulated
in response to Kit stimulation, approximately two-thirds were
WASP independent and one-third was WASP dependent (Figure
5A). WASP-independent effects are Kit-mediated changes in
expression of genes that are common to both wt and WASP-
deficient cells. Many of the WASP-independent effects were
attenuated or accentuated in WASP-negative cells (supplemental
Tables 1-4). The WASP-dependent changes in Kit-regulated gene
expression can be divided into permissive and blocking effects
(Figure 5A-B). Permissive effects were those requiring WASP, that
is they only occurred in wt, but not in wasp	/	 cells. Blocking
effects were those in which WASP prevented Kit-mediated regula-
tion of genes; changes were present in wasp	/	, but not in wt cells.

Consistent with a major role for Kit as a hematopoietic growth
factor, genes highly enriched in the KL up-regulated gene pools of
wt or WASP-deficient cells are involved in cell cycle regulation,
DNA/RNA replication/production, or cellular metabolic processes,
whereas down-regulated genes were, for example, enriched for
genes with function in apoptosis (supplemental Lists 1-2 and 5-6).
Differentially regulated genes showed some interesting additional
functional clustering, as follows: for instance, genes that were
up-regulated through Kit only in the presence of WASP showed
some enrichment in the lectins, annexins, and genes with phospho-
lipid-binding function, whereas the gene pool that was down-
regulated only in absence of WASP was enriched for genes with
function in chemotaxis or locomotion (supplemental Lists 3,8).
Interestingly, several genes that are involved in actin or Ca2�

regulation were significantly up-regulated only in the presence of
WASP (Figure 5C). In addition, selected genes involved in the
regulation of survival and apoptosis were differentially expressed
when cells were exposed to KL (Figure 5D). Taken together, these
findings indicate that WASP has profound effects on Kit-mediated
gene regulation.

Discussion

The observation of positive selection of hematopoietic progenitors
through WASP in the hematopoietic compartment led us to
hypothesize that a functional Kit-WASP pathway may be involved.
Using hematopoietic cell lines and BMMCs, a primary cellular
background relevant for the analysis of Kit biology, we show that
WASP plays important roles in Kit function and biology.

KL stimulation led to tyrosine phosphorylation of WASP, WIP,
and associated Arp2. As shown in other systems, tyrosine phosphor-
ylation of WASP regulates activity and affinity for downstream
molecules such as WIP and Arp2/3.48,49 Tyrosine phosphorylation
of WASP has been observed in response to RTK signaling50 or
through receptors with associated tyrosine kinase activity,51-53 and
Src family kinases (SFKs) have been suggested to directly phosphor-
ylate WASP.51,54 Kit-dependent activation of SFKs is well estab-
lished,55-57 and in the current study tyrosine phosphorylation of
WASP could be a result of Kit-induced activation of SFKs.
Alternatively, WASP could be a direct substrate of Kit. Complex
formation between WASP/WIP and Arp2 was constitutive, confirm-
ing previous observations of a functional multiprotein complex of
WASP/WIP/Arp2/3.29,30,58,59 Like WASP, WIP and Arp2 were also
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Figure 4. KL-driven generation of wasp�/� BMMCs reveals a selective advan-
tage for WASP-expressing cells. In 2 separate experiments that delivered corre-
sponding results (1 shown), 3 cultures from wasp�/	 BM were established at day 0
and maintained in the presence of KL as growth factor (40 ng/mL) for 90 days.
Intracellular WASP expression was evaluated in the Kit-positive populations of the
wasp�/	 cultures (blue) and compared with that of the control wt (green) or wasp	/	

(red) cultures by flow cytometry at the culture days indicated.
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tyrosine phosphorylated in response to KL. Tyrosine phosphoryla-
tion of Arp2 has recently been shown to be required for its
activity.60 This implies that additional control mechanisms for the
activity of the Arp2/3 complex exist, other than the regulation
through nucleation-promoting factors such as WASP.

Our finding that KL-induced generation of membrane protru-
sions in the form of filopodia was defective in WASP-deficient
BMMCs indicates that WASP is necessary for the correct transduc-
tion of Kit signals to the cytoskeleton. Actin reorganization in
response to KL was described in the early literature on Kit
function.8 Since then, several proteins have been demonstrated to
be effectors of Kit-mediated actin reorganization. Studies per-
formed in BMMCs showed that the pleckstrin domain-containing
Rac effector SWAP-70 plays a role in Kit-dependent actin reorgani-
zation and filopodia formation through Kit, whereas the SFK fyn is
required for normal Kit-induced spreading and lamellipodia forma-
tion.12,44 WASP has been previously demonstrated to be necessary
for normal Fc�RI-mediated cell spreading in BMMCs.42 Although
our data demonstrate loss of filopodia formation, Kit-mediated cell
spreading seemed normal in WASP-deficient cells. In addition,
real-time actin reorganization as analyzed by flow cytometry after
phalloidin staining of Kit-stimulated BMMCs was comparable
between wt and WASP-deficient cells (data not shown). This
suggests that WASP mediates localized effects of Kit stimulation

that are independent of overall actin reorganization. One explana-
tion for this dichotomy may be that in hematopoietic cells, where
WASP, N-WASP, and other WASP-subfamily members are coex-
pressed,42,61 the WASP defect may be partially complemented. It is
noteworthy, however, that we were unable to detect KL-induced
tyrosine phosphorylation of N-WASP in BMMCs. In addition,
N-WASP protein levels in wt and WASP-deficient BMMCs were
similar, which argues against a compensatory up-regulation of
N-WASP in the absence of WASP (supplemental Figure 1).

Our current findings introduce WASP as a positive regulator of
RTK-mediated Ca2� signaling. Ca2� signals through Kit are a
known phenomenon and have recently become of particular
interest for investigations of Kit function in nociception or in
pacemaker activity of Cajal cells.5,62,63 Few molecular regulators of
Kit-Ca2� signals have been investigated in detail. The phosphatase
Src homology 2-containing inositol 5� phosphatase, for example,
was shown to have a negative regulatory effect on Kit-mediated
Ca2� signals, most likely through a general negative feedback
regulation of Kit signaling, whereas SWAP-70 seems to play a
positive regulatory role.43,44 WASP-dependent regulation of Ca2�

levels has been shown in a variety of receptor systems with
associated tyrosine kinase activity, such as the T-cell receptor,
B-cell receptor, and Fc�RI.42,45,46 Those results are in agreement
with our current finding of WASP as a positive regulator of Ca2�
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Figure 5. Comparison of KL-mediated gene expression profiles in wt and wasp�/� BMMCs indicates a profound genetic effect through Kit-WASP signaling. Wt or
WASP-deficient BMMCs were mock treated or stimulated with KL (500 ng/mL) for 12 hours in replicates (n 
 4, wt; n 
 3, wasp	/	). Gene expression analysis was performed
and analyzed, as described in “Gene expression profiling.” The effects of WASP on the Kit gene expression profile were either independent, permissive (up- or down-regulation
requiring the presence of WASP), or blocking (up- or down-regulation only in the absence of WASP; A, Venn diagram and B, heat map). The Venn diagram was generated
comparing genes with a fold-change cutoff of 2 for up-regulated and 0.5 for down-regulated genes. Two heat maps with selected genes that encode for proteins with either
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signaling. According to our observations, WASP could be involved
in both phases of KL-induced Ca2� signaling, the initial emptying
of the intracellular stores, and the subsequent influx of extracellular
Ca2� through VOCs. Alternatively, the reduction of the first phase
Ca2� response through KL could result in a reduced trigger for the
subsequent influx of Ca2�. Because Ca2� is involved in nearly
every aspect of cellular control, including gene expression, intact
Kit–WASP-Ca2� signals are expected to be crucial for Kit-
mediated maintenance of the hematopoietic compartment.

The KL-dependent generation of BMMCs from WASP-
heterozygous BM revealed a selective advantage of WASP-
expressing over WASP-deficient cells reminiscent of the selective
advantage of WASP-positive hematopoietic cells observed in
WAS-heterozygous female humans. In mice, a defect in chemo-
taxis was suggested to be responsible for a disadvantage of
WASP-deficient HSCs,64 and in the natural competitive setting of
wasp�/	 mice, regulatory T cells, natural killer T cells, CD4 and
CD8 T lymphocytes, marginal zone B cells, and macrophages
demonstrate a selective advantage through WASP.65 In humans, the
selective advantage that corrects for the presence of the dysfunc-
tional allele is already present at the stage of CD34� progenitors.35

As such progenitors are also dependent on Kit, we postulate a
selective advantage through intact Kit-WASP signaling. It is
unlikely that the observed skewing of the BMMC cultures toward
WASP-positive populations was due to a basic cell cycle differ-
ence, because the control cultures of wt or wasp	/	 BM matured at
similar rates and efficiencies. In addition, thymidine incorporation
in wt and WASP-deficient BMMCs was not significantly different
(data not shown), and total tyrosine phosphorylation, activation of
p38 mitogen-activated protein kinase, c-Jun N-terminal kinase/
stress-activated protein kinase, as well as Stat3 and Stat5, as
analyzed by Western blotting of total lysates, were comparable
(supplemental Figure 2). As discussed below, a difference in the
relative expression levels of survival and apoptotic-related genes
might explain the selective advantage of WASP-expressing cells.
Because gene therapy approaches greatly depend on a selective
advantage conferred by the gene of interest, better understanding of
a Kit-WASP–dependent selective advantage may be relevant for
WAS gene therapy.66,67

Comparison of the genetic profiles induced by KL in the
presence or absence of WASP revealed a strong influence of WASP
on KL up- or down-regulated genes. There are changes in gene
expression downstream of Kit that were independent of WASP,
suggesting either Kit-signaling pathways that do not require WASP
or pathways that are complemented by the presence of another
WASP family member, for example, N-WASP. The observation of
both permissive and blocking effects suggests that WASP can either
promote or suppress some Kit-mediated changes in gene expres-
sion. Although Kit is expressed in both hematopoietic and nonhe-
matopoietic progenitors, WASP is exclusively expressed in the
hematopoietic lineage. The presence of both permissive and
blocking effects of WASP downstream of Kit suggests the interest-
ing possibility that the permissive effects might be Kit genetic
effects specific to hematopoietic cells, whereas the changes in gene
expression blocked in the presence of WASP might occur in other
Kit-positive progenitors that lack WASP, for example, embryonic
or neural stem cells.

The other interesting observation was the WASP-dependent
regulation of genes with potential function in actin reorganization
or Ca2� signaling. WASP appeared to regulate the expression of
proteins that are directly downstream of Kit-WASP signaling.
Thus, the immediate defect in Kit-mediated actin reorganization or

Ca2� signaling might be amplified by secondary changes in gene
expression.

When BMMCs were exposed to KL, some selected survival-
related genes such as Bcl2 or phosphatidylinositol 3-kinase–related
genes were relatively higher expressed in wt BMMCs, whereas
proapoptotic factors such as caspases showed a lower expression in
wt BMMCs compared with WASP-deficient BMMCs. In addition,
we observed that some genes of the tumor necrosis factor–receptor
subfamilies are relatively higher expressed in the absence of
WASP. Ligands for these receptors might be secreted by other cells
during BMMC generation, or receptors may be activated via
autocrine mechanisms. Such differences in survival and apoptosis-
regulating genes may contribute to the selective advantage of
WASP-expressing cells during the generation of BMMCs in vitro
or hematopoiesis in vivo.27

The KL concentrations used to test the role of WASP in
Kit-mediated biologic responses were in some cases the result of
optimal dose-response analysis (ie, in the KL-induced filopodia
formation) or deliberately determined (ie, in the analysis of the
Kit-mediated genetic profile). We cannot exclude that especially
the high KL dose used for the gene array analysis may create some
artifacts, and therefore, may be considered with some caution.
However, Kit-expressing cells in the hematopoietic niche could be
exposed to very similar KL concentrations, depending on their
distance from KL-producing stromal cells. In addition, KL is active
not only in its soluble, but also in its membrane-bound form. The
direct contact between a stromal cell and an effector cell such as
HSC could provide a local KL stimulation effect that is comparable
with the high KL concentration used in the analysis of the Kit
genetic profile.

Taken together, our data show that WASP plays important roles
in Kit function and biology: cytoskeletal changes, regulation of
intracellular calcium levels, cell survival, and gene expression
through Kit are either entirely or to a significant extent dependent
on WASP. The profound effect of WASP on Kit-mediated gene
expression is most likely the basis for the selective advantage seen
in the BMMC culture system and could further explain the strong
selective pressure WASP exerts in early hematopoiesis. Besides
hematopoietic stem cells, mast cells, and lymphoid and erythroid
progenitors, Kit is also expressed by multiple other types of stem
cells and progenitors, including germ cells, embryonic stem cells,
and neural stem cells. Further work is required to determine how
the pleiotropic RTK Kit regulates actin reorganization, Ca2�

signaling, and survival in nonhematopoietic precursors, and how
N-WASP might mediate signaling in the absence of WASP.
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Genes that were up- or downregulated by Kit in BMMCs were
analyzed for the enrichment of functional categories using
DAVID (http://david.abcc.ncifcrf.gov/home.jsp) after a fold-change cutoff (2 for up- and 0.5 for
downregulated genes). Eight lists contain the functional annotation clustering analyses for the entire

sets of genes that were up- or downregulated in wt or wasp−⁄− BMMCs (Lists 1–2 and 5–6), and for

the subsets of genes that were up- or downregulated in either wt or wasp−⁄− cells only (Lists 2–3
and 7–8).

Table S1. KL-induced changes in gene regulation in wt and wasp−⁄− BMMCs (XLS, 2.59 MB) -
Data are listed by Affymetrix ID, gene name, gene description, fold change, and corresponding
q-value of the genes identified. The four spreadsheets contain the data for the genes that were
upregulated (Spreadsheets 1 and 2) or downregulated (Spreadsheets 3 and 4) through Kit in wt and

wasp−⁄− BMMCs. Genes are listed without fold-change cutoff.

Figure S1. KL-driven generation of wasp+⁄−-BMMC reveals a selective advantage for
WASP-expressing cells (JPG, 541 KB) -
Intracellular WASP staining of Kit-positive bone marrow cells (A). Kit-positive bone marrow cells

from wt, wasp−⁄−, and wasp+⁄− mice (one animal each) were isolated using FACS, seeded onto
fibronectin-coated slides, permeabilized, stained with AF488-conjugated mouse anti-WASP antibody
(clone-B9) and imaged using fluorescence microscopy (upper panel) and bright field imaging (BF,

lower panel) . (B) Summary of the results analyzing 8 vision fields of wasp+⁄− Kit-positive BM cells.

2nd experiment to Fig. 4 (C). In two separate experiments, 3 cultures from wasp+⁄− bone marrow
were established at day 0 and maintained in the presence of KL as growth factor (40ng/ml) for 90

days. Intracellular WASP expression was evaluated in the Kit-positive populations of the wasp+⁄−

cultures and compared to that of the control wt or wasp−⁄− cultures by flow cytometry at the culture

days indicated. Histograms for wt or wasp−⁄− at day 10 were omitted for clarity reasons. The third

wasp+⁄− culture was lost due to bacterial infection between day 10 and day 90 and therefore
couldn’t be analyzed anymore at day 90.



Figure S2. Analysis of KL-induced phosphorylation of N-WASP and comparison of N-WASP protein
levels (JPG, 235 KB) -
M-07e (A) or wt and WASP-deficient BMMCs (B) cells were stimulated with KL for the times
indicated, and N-WASP was immunoprecipitated. Bound fractions of the immunoprecipitates (IPs)
were analyzed for tyrosine-phosphorylation (PY, A,B, upper panels) and protein amounts N-WASP
(lower panels). Lysates from wt and WASP-deficient BMMCs were compared regarding their
expression levels of WASP (C, upper panel) or N-WASP (lower panel).



Figure S3. KL-induced total tyrosine phosphorylation, activation of p38 JNK/SAPK, Stat3 and Stat5 is

comparable in wt and wasp−⁄− BMMCs (JPG, 406 KB) -
Wt (left panels) or WASP-deficient BMMCs (right panels) were stimulated with KL (250ng/ml) for the
times indicated. Cells were lysed, and lysates were analyzed for total tyrosine phosphorylation (PY,
A, upper panel), phosphorylation of p38 (p-p38, A, middle panel) and phospho-JNK (pJNK, A, lower
panel). In a separate experiment, wt or WASP-deficient BMMCs were analyzed for KL-induced
activation of Stat3 (pStat3, B, upper panel) and Stat5 (pStat5, B, third panel).
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