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A role for Wiskott-Aldrich syndrome protein (WASP) in che-
motaxis to various agents has been demonstrated in monocyte-
derived cell types. Although WASP has been shown to be acti-
vated by multiple mechanisms in vitro, it is unclear how WASP
is regulated in vivo. A WASP biosensor (WASPbs), which uses
intramolecular fluorescence resonance energy transfer to report
WASP activation in vivo, was constructed, and following trans-
fection of macrophages, activation of WASPbs upon treatment
with colony-stimulating factor-1 (CSF-1) was detected globally
as early as 30 s and remained localized to protrusive regions at
later time points. Similar results were obtained when endoge-
nous WASP activation was determined using conformation-
sensitive antibodies. In vivo CSF-1-induced WASP activation
was fully Cdc42-dependent. Activation of WASP in response to
treatment with CSF-1 was also shown to be phosphatidylinositol
3-kinase-dependent. However, treatment with the Src family
kinase inhibitors PP2 or SU6656 or disruption of the major tyro-
sine phosphorylation site of WASPbs (Y291F mutation) did not
reduce the level of CSF-1-induced WASP activation. Our results
indicate that WASP activation downstream of CSF-1R is phos-
phatidylinositol 3-kinase- and Cdc42-dependent consistent
with an involvement of these molecules in macrophage migra-
tion. However, although tyrosine phosphorylation of WASP has
been proposed to stimulate WASP activity, we found no evi-
dence to indicate that this occurs in vivo.

Macrophages, terminally differentiated cells of the mononu-
clear phagocytic lineage, are found throughout the body and
play important roles in normal tissue development and
immune defense. However, in certain circumstances, excessive
recruitment of macrophages has been shown to participate in
the progression of several diseases, inflammatory (rheumatoid
arthritis) or metabolic (atherosclerosis), as well as in tumor pro-
gression (1-3). Importantly expression of colony-stimulating
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factor-1 (CSF-1),* the most pleiotropic macrophage growth
factor, has been correlated with the progression of these disease
states (for a review, see Ref. 4). Inhibition of undesirable mac-
rophage recruitment to specific sites in response to CSF-1 is
therefore an attractive goal for therapies (5).

In addition to stimulating survival, proliferation, and differ-
entiation of monocytes and macrophages, CSF-1 is also a
potent chemotactic factor inducing the migration of these cell
types (for a review, see Ref. 4). CSF-1 stimulation leads to the
rapid production of F-actin-rich protrusions and the spreading
and migration of macrophages (4). All CSE-1 effects are medi-
ated through its tyrosine kinase receptor (CSF-1R), which upon
activation leads to phosphorylation of tyrosine residues in a
number of signaling molecules. Downstream molecules essen-
tial for macrophage migration in response to CSF-1 include
phosphatidylinositol 3-kinase (PI3K) isoforms 8 and 6 (6, 7).
PI3K may potentially regulate migration through the activation
of guanine nucleotide exchange factor activity to Racl and
Cdc42, which are required for CSF-1-elicited protrusions (8, 9)
and chemotaxis (10). The major means by which Rac and Cdc42
regulate the Arp2/3 complex is through the Wiskott-Aldrich
syndrome protein/Wiskott-Aldrich syndrome verprolin-ho-
mologous (WASP/WAVE) family of proteins (11). A Racl-
IRSp53-Abil-WAVE2 complex has been shown to mediate
CSF-1-induced macrophage motility (12, 13), and a unique role
for WASP in macrophage chemotaxis to CSF-1, formylmethio-
nylleucylphenylalanine, MCP-1, and MIP-1« has been demon-
strated (14, 15). WASP is a hematopoietic cell-specific regula-
tor of Arp2/3-dependent actin remodeling. The catalytically
active domain of WASP lies in its C terminus, which is con-
served among all WASP/WAVE proteins and contains a VCA
(verprolin homology, cofilin-like, and acidic region) domain
capable of activating the Arp2/3 complex. The other domains
found in WASP can regulate, directly or indirectly, the activity
of its VCA domain (for a review, see Ref. 16). Both WASP and
N-WASP bind activated Cdc42 through their GTPase-binding
domain, which is believed to cause a structural transition that
results in dissociation of the intramolecular contacts leaving
the VCA domain accessible for Arp2/3 binding (17, 18). In addi-

“The abbreviations used are: CSF-1, colony-stimulating factor-1; CFP, cyan
fluorescent protein; FRET, fluorescence resonance energy transfer; PI3K,
phosphatidylinositol 3-kinase; WASP, Wiskott-Aldrich syndrome protein;
WASPbs, WASP biosensor; CSA, WASP/N-WASP conformation-sensitive
antibody; YFP, yellow fluorescent protein; WAVE, Wiskott-Aldrich syn-
drome verprolin-homologous; VCA, verprolin homology, cofilin-like, and
acidic region; N-WASP, neuronal WASP; SH3, Src homology 3.
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tion, biochemical studies have revealed that several signaling
molecules, including WASP-interacting SH3 protein, WASP-
interacting protein, Grb2, phosphoinositides, and Src family
kinases, activate N-WASP (for reviews, see Refs. 16 and 19).
Phosphorylation of WASP has also been proposed to activate
Arp2/3-mediated actin polymerization in vitro (20 -22).

Recently different probes have been developed that detect a
conformational change in N-WASP and therefore reflect its acti-
vation (23-25). Using either a fluorescence resonance energy
transfer (FRET)-based biosensor that detects a conformational
change in N-WASP (23, 24) or antibodies that can only bind to the
open conformation of N-WASP (25), N-WASP has been shown to
be activated in response to epidermal growth factor in HEK293
cellsand in MTLn3 carcinoma cells. This activity has been tempo-
rally localized to subcellular compartments important for carci-
noma cell chemotaxis and invasion (24). We have adapted these
approaches to explore the signal transduction pathways responsi-
ble for the activation of WASP in vivo.

EXPERIMENTAL PROCEDURES

Constructs—The WASP biosensor (WASPbs) construct was
generated according to a previously described procedure (24).
Briefly human WASP was used as a template for PCR amplifica-
tion and insertion into the ECFP-EYFP-biosensor vector (24).
Point mutations were introduced using the QuikChange kit from
Stratagene (La Jolla, CA) according to the manufacturer’s instruc-
tions.

Cells and Transfections—COS cells and HEK293 cells
(ATCC, Manassas, VA) were cultured according to their spec-
ifications. RAW/LRS5 cells were derived from the murine mono-
cyte/macrophage RAW 264.7 cell line (8) and were grown in
RPMI 1640 medium (Mediatech, Inc.) containing 10% fetal
bovine serum, 100 units/ml penicillin, and 100 ug/ml strepto-
mycin (all from Sigma). All cells were maintained at 37 °C in a
5% CO, incubator. Transient transfections were performed
using the SuperFect reagent from Qiagen according to the
manufacturer’s instructions. Reduction of Cdc42 expression
was achieved through the retroviral infection of RAW/LR5 cells
with short hairpin RNAs directed against the Cdc42 mRNA
using pSUPER.reto.puro plasmids (Oligoengine, Seattle, WA).?

Cell Stimulation and Immunofluorescence Staining—For all
experiments involving a CSF-1 stimulation cells were treated
according to Cox et al. (8). 20 ng/ml murine recombinant
CSF-1 (R&D Systems, Minneapolis, MN) was added or not to
the cells for the indicated times at 37 °C. Following fixation in
3.7% formaldehyde and permeabilization in 0.2% Triton X-100
cells were stained using either WASP/N-WASP conformation-
sensitive antibody (CSA) (25) or anti-Myc antibodies (Roche
Applied Science) followed by incubation with labeled sec-
ondary antibodies and Alexa Fluor 568 phalloidin (Molecu-
lar Probes, Invitrogen). Mean fluorescence intensity of
entire cells was measured at 20X and plotted versus time
after CSF-1 addition.

Microscopy and FRET Analysis—Spectral analysis of
WASPbs expressing HEK293 cells (see Fig. 1B) was done using

® A. Dovas, |.-C. Gevrey, A. Grossi, W. G. Abou-Kheir, and D. Cox, manuscript
submitted.
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a Leica TCS SP2 AOBS confocal microscope with a 63X,
numerical aperture 1.4 objective (Leica Microsystems, Exton,
PA). Cells were illuminated with a 405 nm laser, and fluores-
cence was detected from 445 (440 —450) to 595 nm (590 — 600)
with a 10-nm-wide slit stepping up the spectrum. The intensity
of the whole image was plotted versus the wavelength to get the
fluorescence spectra and normalized to the signal at 495 nm.

FRET image sequences of WASPbs-expressing cells were
obtained essentially as described in Lorenz et al. (24). Acquisi-
tion was performed with IP Lab v3.51 (Scanalytics Inc.), and
FRET analyses were performed with IP Lab v3.51 and with
Image] (W. S. Rasband, Image], National Institutes of Health,
Bethesda, MD, 1997-2006). For ratiometric FRET analysis,
after background subtraction the total cellular donor fluores-
cence intensity was divided by the total FRET fluorescence
intensity. Only cells expressing low levels of the WASPbs, as
measured by the acceptor fluorescence intensity, were analyzed
because overexpression of WASP induced artifacts similar to
those reported for cells overexpressing N-WASP (24). Absolute
FRET values were variable between experiments due to varying
illumination intensity and exposure conditions. Therefore we
only compared paired conditions within the same experiment
to avoid instrument or other variability that was not related to
specific regulation of WASP activity. To compensate for this,
for each experiment, each condition was compared with the
unstimulated condition of the same experiment and expressed
as a percentage. The percentage of control values from at least
three independent experiments were subsequently averaged
together. Results were then reported as donor/FRET values for
individual experiments or as percent change compared with the
basal (or unstimulated) controls when multiple experiments
were compared.

Immunoprecipitation and Western Blotting—RAW/LR5
cells (see Fig. 5A) were pretreated with 10 um PP2 (Calbiochem,
EMD Bioscience) or with DMSO (vehicle) for 1 h at 37 °C
before being subjected to CSE-1 stimulation as described above.
COS cells transfected with the indicated WASPbs constructs
with or without Myc-Cdc42Q61L (see Fig. 6B8) or RAW/LR5
cells transfected with Myc-WASP (see Fig. 5A) were incubated
in the presence or absence of 12 um pervanadate for 30 min at
37 °C according to Cory et al. (21). Cells were lysed in ice-cold
lysis buffer (1% Triton X-100, 25 mm Tris, 137 mm NaCl, 2 mm
EDTA, 1 mM orthovanadate, 1 mm benzamidine, 10 ug/ml
aprotinin, and 10 pg/ml leupeptin, pH 7.4). Immunoprecipita-
tions were carried out by incubating the cleared cell lysates at
4 °C with the appropriate antibody prebound to protein A/G-
agarose beads (Santa Cruz Biotechnology). Samples were
resolved by SDS-PAGE, transferred onto polyvinylidene diflu-
oride membranes (Immobilon-P, Millipore) followed by incu-
bation with the indicated primary antibodies and secondary
antibodies conjugated to horseradish peroxidase (Jackson
ImmunoResearch Laboratories, West Grove, PA). Signals were
detected using the Super Signal West Pico chemiluminescent
substrate from Pierce, and images were acquired and analyzed
using a Kodak Image Station 440. Antibodies used for these
applications were as follows: anti-phosphotyrosine (Tyr(P)-99,
Santa Cruz Biotechnology), anti-phospho-Hck (Tyr-411, Santa
Cruz Biotechnology), anti-green fluorescent protein or anti-
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FIGURE 1. Characterization of the WASPbs. A, schematic of the WASPbs
where, upon illumination of CFP, FRET can occur from CFP to YFP in the closed
conformation of the construct. GBD, GTPase-binding domain. B, after cotrans-
fection of HEK293 cells with the WASPbs and either constitutively active
(Q61L; black squares) or dominant-negative (N17; white dots) Cdc42, fluores-
cence spectra of transfected cells following excitation of CFP were measured
by confocal microscopy. Quantification of fluorescence spectra was per-
formed by plotting the intensity of the whole image versus the wavelength. In
the presence of constitutively active Cdc42 a decrease in the YFP peak (515-
525 nm) was observed indicating a loss of FRET upon WASPbs activation.
C, COS cells were cotransfected with the WASPbs and constitutively active
(Q61L) Cdc42 and then incubated in either DMSO (black bar) or 5 um wisko-
statin (WISK; white bar) for 1 h. Following fixation, WASP activity was deter-
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Myc (Roche Applied Science), anti-B-actin (AC-15, Sigma),
and anti-WASP (B19, Santa Cruz Biotechnology).

Data Analysis—All data are represented as the mean, and
error bars represent the S.E. Significance was analyzed using
paired Student’s ¢ test, and differences between two means with
a p value <0.05 were considered significant.

RESULTS

Characterization of the WASP Biosensor—To specifically
address how WASP activity is regulated in vivo we have con-
structed a FRET-based WASPbs. Based on the known autoin-
hibitory conformation of both WASP and N-WASP, the
WASPbs was designed to exhibit intramolecular FRET between
cyan fluorescent protein (CFP; donor) and yellow fluorescent
protein (YFP; acceptor) fused to the N or C termini of full-
length WASP, respectively (see Fig. 14); it is similar to the pre-
viously described N-WASP biosensor (24). Activation of WASP
induces a conformational change that would result in increas-
ing the CFP-YFP distance leading to a decreased FRET signal
(Fig. 1A). Validating the functionality of the biosensor, HEK293
cells expressing the WASPbs alone (data not shown) or in the
presence of dominant-negative Cdc42 (Cdc42N17) exhibited
two emission peaks at 475 (CFP) and 525 nm (YFP) after exci-
tation of CFP (Fig. 1B). This observation is consistent with
WASP being present in a closed conformation and permitting
FRET. Moreover in the presence of constitutively active Cdc42
(Cdc42Q61L) a reduction in the YFP peak at 525 nm was
observed suggesting that a structural change had occurred
upon Cdc42Q61L binding (Fig. 1B). To confirm that a decrease
in FRET was indicative of a conformational change in the
WASPbs, experiments were performed using the WASP inhib-
itor wiskostatin that binds to and stabilizes the closed, autoin-
hibited conformation of WASP (26). Following fixation of
COS-7 cells cotransfected with WASPbs and Cdc42Q61L,
WASP activity was determined as the loss of FRET and quanti-
fied as a ratio of the donor emission divided by the FRET emis-
sion (see “Experimental Procedures” for more details). Pre-
treatment of the cells with 5 um wiskostatin inhibited the
activation of the WASPbs induced by Cdc42Q61L (Fig. 1C)
indicating that changes in FRET observed in the presence of
Cdc42Q61L reflect changes in WASPbs conformation.

Murine monocyte/macrophage cells, RAW/LR5 (8), were
transfected with the WASPbs and then stimulated with CSE-1
for various times before fixation. As shown in Fig. 24, WASP
activation was detected globally as early as 30 s following CSF-1
addition and appeared to be localized to protrusive regions at
later times. Quantification of whole cell donor/FRET signals
indicated a significant peak in WASP activity at 30 s after CSF-1
addition (Fig. 2, B and C). These results were confirmed using
fluorescent lifetime imaging microscopy as an alternative
method (not shown). The biosensor had a FRET efficiency in
the inactive conformation of ~19%, similar to the FRET effi-
ciency observed for the highly structural homologue N-

mined as the ratio of the donor fluorescence over FRET (see “Experimental
Procedures” for a detailed description). Data from one representative exper-
iment, reported as donor/FRET, are expressed as mean = S.E. (error bars) (n =
17 and 19 cells, respectively; *, p = 0.007). AU, arbitrary units.
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FIGURE 2. WASP is activated rapidly following CSF-1 addition. A, RAW/LRS5 cells transfected with the WASPbs were fixed, and WASP activity was determined
as the ratio of donor/FRET emission. Global transition of the WASPbs from an inactive (blue color) to active (green and red colors) state was visualized by
microscopy, whereas hot spots of WASP activity were found in discreet subcellular regions only (red signals). Both phase (upper panels) and ratio images (lower
panels) are shown for the indicated times. The inset is a higher magnification of the boxed region showing that WASP activation is enriched in CSF-1-induced
protrusions. Bar, 10 wm. B, WASP activity of cells treated with or without CSF-1 for 30 s was quantified and reported as the donor/FRET ratio and expressed as
mean =+ S.E. (error bars) (n = 39 and 35 cells, respectively, from one representative experiment). ¥, p < 1 X 10~7. C, quantification of WASP activity was
determined by measuring donor/FRET signals (n = 3 independent experiments; n = 30 cells per experiment). Data (mean = S.E.) are represented as percent

change compared with unstimulated WASPbs-expressing cells. ch., channel.

WASPbs (24), and 5% after activation, corresponding to an esti-
mated dye-to-dye distance of 6.4 and 8.2 nm, respectively (data
not shown).

To ensure that the WASPbs was reflecting the activation of
endogenous WASP in RAW/LR5 cells, a CSA was used as an
alternative approach to determine the activation state of endog-
enous WASP. This antibody was generated against a region
only accessible when the protein is in an opened, active confor-
mation (25). Consistent with a highly conserved GTPase-bind-
ing domain between N-WASP and WASP, CSA was able to
detect WASP by Western blot in RAW/LR5 (data not shown).

AUGUST 28, 2009+VOLUME 284 -NUMBER 35

However, because it has been reported that a small amount of
N-WASP is also expressed in macrophages (27) the affinity of
the CSA for WASP and N-WASP was determined by examin-
ing lysates of COS cells transfected with either the WASPbs
used in this study or the previously reported N-WASP biosen-
sor (24). The affinity of CSA for either WASP or N-WASP was
determined as a ratio of CSA staining intensity of WASP/N-
WASP following normalization for the expression of the con-
structs using anti-green fluorescent protein (supplemental Fig.
1). The 5-fold higher affinity of the CSA for WASP and the fact
that WASP is expressed at 15 times the level of N-WASP in
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RAW/LR5 cells® suggest that this reagent can be used to deter-
mine the activation state of endogenous WASP. When used in
immunofluorescence experiments on fixed cells, CSA detected
an increase of WASP activity 30 s after CSF-1 addition with hot
spots of active WASP observed in CSF-1-elicited protrusions
(Fig. 34). Quantification of stained cells indicated a significant
increase in fluorescence intensity 30 s following CSF-1 addition
that decreased to base-line levels by 5 min (Fig. 3B), thus paral-
leling the rapid and transient CSF-1-induced activation of
WASP as measured with the FRET biosensor.

Cdc42 Dependence of WASP Activation in Response to CSF-1—
Activated Cdc42 has been shown to bind to and activate
WASP and N-WASP in vitro (18). Therefore the involve-
ment of Cdc42 in WASP activation in vivo was assessed.
Cotransfection of RAW/LR5 cells with WASPbs and
Cdc42N17 resulted in a decrease in WASP activity compared
with cells expressing the WASPbs alone (Fig. 4A4). This is
consistent with an interpretation that despite serum starva-
tion there always was some constitutive level of WASP activity
in resting cells. Importantly treatment with CSF-1 was unable
to rescue the inhibition of WASP activity in this situation indi-
cating that CSF-1 signaling to WASP cannot bypass Cdc42 in
these cells (Fig. 44). Conversely RAW/LR5 cells showed an
enhanced WASP activity when cotransfected with WASPbs
and constitutively active Cdc42 (Cdc42V12) compared with
WASPbs alone-expressing cells. In addition, CSF-1 stimulation
did not potentiate the Cdc42V12-dependent increase in
WASPbs activity (Fig. 4A4), suggesting that the activation of
WASPbs was already maximal. Similar results were also
obtained with Cdc42Q61L (data not shown). To confirm a spe-
cific role for Cdc42 in WASP activation the ability of CSF-1 to
induce WASP activation in cells with reduced endogenous lev-
els of Cdc42 was determined. Cdc42 levels were stably reduced
by greater than 70% through expression of a short hairpin RNA
sequence targeting Cdc42.° There was no significant increase in
WASP activation following CSF-1 addition as determined
using the CSA in cells with reduced levels of Cdc42 (Fig. 4B).
Control infected cells showed a level of WASP activation in

©B. M. Isaac, D. Ishihara, L. Nusblat, J. Condeelis, and D. Cox, manuscript in
preparation.
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Time of CSF-1 treatment (sec)

FIGURE 3. Endogenous WASP is activated following CSF-1 addition with kinetics similar to that of the
WASPbs. A, RAW/LR5 cells were stimulated with CSF-1 for various times prior to fixation and staining with CSA
and phalloidin. Representative images are shown for either unstimulated (upper panels) or CSF-1-treated con-
ditions (lower panels). Note the colocalization of CSA and F-actin in protrusions following CSF-1 addition as
indicated by white arrows. Bar, 10 um. B, percent increase in CSA intensity per cell is reported as average * S.E.

response to CSF-1 similar to that of
non-infected cells (compare Figs.
4B and 3B). Altogether these data
clearly demonstrate that WASP
activation in response to CSF-1 is
Cdc42-dependent.

Requirement for PI3K in WASP
Activation—It has been speculated
that following treatment of mono-
cytes/macrophages with CSF-1 PI3K
activates guanine nucleotide ex-
change factors that in turn activate
the Rho GTPases Rac and Cdc42
that are required for chemotaxis
(28). Because Cdc42 binding ap-
peared to be essential for WASP
activity in RAW/LR5 cells, we then
asked whether its putative activator PI3K was indeed control-
ling WASP activity in our system. To address this question, cells
expressing the WASPbs were preincubated in the presence or
absence of PI3K inhibitors, wortmannin, or LY294002 before
CSEF-1 stimulation for 30 s, and the WASP activation was meas-
ured. PI3K inhibition completely blocked WASP activation
induced by CSF-1 as measured with either the WASPbs (Fig.
4C) or CSA (Fig. 5C). Expression of Cdc42V12 in WASPbs-
expressing cells was able to bypass the requirement of PI3K for
WASP activation in response to CSF-1 (Fig. 4B) consistent with
a situation where PI3K is upstream of Cdc42, which itself is
required for the activation of WASP.

Tyrosine Phosphorylation and WASP Activation—Recent
reports have suggested that there are also Cdc42-independent
mechanisms of WASP activation. Tyrosine phosphorylation of
N-WASP or WASP or introduction of a phosphomimicking
mutation has been shown to stimulate their activities in vitro
(21, 29). The hematopoietic cell-specific Src family kinase Hck
has been proposed to phosphorylate and activate WASP in
macrophages (21). Immunoprecipitation experiments were
performed to identify activated Hck in the phosphotyrosine-
containing fraction of RAW/LR5 cell lysates after addition of
CSE-1. Hck was activated after addition of CSF-1 with kinetics
similar to that of WASP activation (Fig. 54). As a control, we
verified that the CSF-1-induced increase in Hck tyrosine phos-
phorylation was abolished when RAW/LR5 cells were pre-
treated with the Src family kinase inhibitor PP2 (Fig. 5A, middle
panel). In addition, tyrosine phosphorylation of Myc-tagged
WASP expressed in RAW/LR5 cells was shown to be fully
dependent on Src family kinase activity (Fig. 54, lower panel).
Then to determine whether Src family kinases were required
for WASP activation in vivo, cells expressing the WASPbs were
pretreated with PP2, and the ability of CSE-1 to activate WASP
was analyzed. At concentrations of PP2 that effectively inhib-
ited CSF-1-induced Hck activation, PP2 had no effect on either
the basal level or the CSF-1-induced activation of WASP as
shown in Fig. 5B. In addition, there was no significant difference
in the intensity of staining using the CSA between CSF-1-stim-
ulated cells in the presence or absence of PP2 or SU6656, a
structurally unrelated pan-Src family kinase inhibitor (Fig. 5C).
Altogether these data clearly demonstrate that Src family

50 100 150 200 250 3
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FIGURE 4. WASP activation downstream of CSF-1 is Cdc42- and PI3K-de-
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kinases are not required for WASP activation in response to
CSF-1.

Because several other tyrosine kinases have been shown to
have the ability to phosphorylate WASP the major tyrosine-
phosphorylated site of WASP (21) was mutated to phenylala-
nine (Y291F) in the biosensor to assess the functional relevance
of phosphorylation in WASP activity in vivo. In addition and to
confirm our results on the role of Cdc42, the Cdc42 binding site
(30) of the WASPbs was mutated alone (H246D) or in combi-
nation with the tyrosine residue (H246D/Y291F). The effects of
these mutations on either Cdc42 binding or phosphorylation of
WASP were tested in COS-7 cells expressing the different
WASPbs constructs by co-expressing Cdc42Q61L and/or
treating the cells with pervanadate to induce global tyrosine
phosphorylation (21) prior to immunoprecipitation of the bio-
sensor or Cdc42Q61L (Fig. 6A). Verifying the efficacy of the
GTPase-binding domain mutation, WASPbs H246D was inca-
pable of binding Cdc42Q61L. Meanwhile the Y291F mutation
had no effect on the ability of the WASPbs to bind Cdc42 (Fig.
6B). Confirming the status of this tyrosine residue as a major
target for kinases in WASP, the Y291F mutation resulted in
massively impaired pervanadate-induced phosphorylation, and
this residual phosphorylation was abrogated in the double
mutant (H246D/Y291F) (Fig. 6B). These results indicated that
the biosensor mutations had the desired effect of blocking
either Cdc42 binding and/or phosphorylation, and therefore
these probes were suitable for the analysis of the role of Cdc42
and tyrosine phosphorylation in WASP activation in response
to CSE-1 stimulation.

It should be noted that there was an apparent reduction in
the level of pervanadate-induced tyrosine phosphorylation in
the H246D mutant (Fig. 6B), and the presence of Cdc42
enhanced the level of WASP tyrosine phosphorylation induced
by pervanadate (data not shown). Others have reported similar
results on the facilitating role of Cdc42 in the tyrosine phospho-
rylation of N-WASP in vitro by relieving the autoinhibition and
allowing N-WASP to be accessible for subsequent phosphoryl-
ation (22, 31). To address this possibility a constitutively open
conformation of the WASPbs was generated by the replace-
ment of leucine 270 with a proline residue (32). Interestingly
the open conformation of WASPbs (L270P) had an ability to be
phosphorylated that was retained in the absence of Cdc42 bind-
ing (L270P/H246D) (Fig. 6B). These results are consistent with
a role for Cdc42 in facilitating WASP phosphorylation by
inducing an open conformation.

The different versions of WASPbs were then transfected in
RAW/LRS5 cells prior to stimulation with CSF-1 for 30 s, fixa-

WASPbs alone. A minimum of 30 cells were imaged for each condition per
experiment (n = 3 independent experiments; *£S.E. (error bars)). B, cells
infected with non-interfering short hairpin RNA (Ctrl sh) or cells with reduced
levels of Cdc42 (Cdc42 sh#1) were treated with CSF-1 for 30 s followed by
staining with CSA. Percent increase in CSA intensity per cell is reported as
average * S.E. (n = 3 independent experiments; =100 cells per experiment).
*,p < 0.05. C, RAW/LRS5 cells expressing the WASPbs alone or with constitu-
tively active Cdc42 (V12) were pretreated with DMSO (control) or 100 nm
wortmannin (WM) prior to CSF-1 stimulation for 30 s. Data are represented as
percent change compared with unstimulated DMSO-treated cells. A mini-
mum of 20 cells were imaged for each condition per experiment and aver-
aged (n = 4 independent experiments; £S.E.). *, statistically significant differ-
ence when compared with the condition without wortmannin.
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family kinase inhibitors (PP2 and
SU6656) or with co-expression of
the Cdc42 mutants and demon-
strated that activation of WASP in
response to CSF-1 was independent
of tyrosine phosphorylation but
tightly regulated by Cdc42.

DISCUSSION

WASP, a known regulator of
Arp2/3-dependent actin assembly,
is specifically expressed in hemato-
poietic cells where it controls che-
motaxis among other processes.
Although the functional impor-
tance of WASP is indisputable, the
relevant signaling pathways trig-
gered by physiological stimulants
and leading to its activation are not
unambiguously established as many
studies are essentially based on bio-
chemical in vitro assays. To address
these issues, we constructed and
characterized a novel FRET-based

+ +  CSFA1

+ + + CSF-1
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FIGURE 5. Although Hck is activated in response to CSF-1, WASP activation downstream of CSF-1 is Src
family kinase (SFK)-independent. A, RAW/LR5 cells were treated for various times with CSF-1 prior to lysis
and immunoprecipitation (/P) of phosphotyrosine (PY)-containing proteins as described under “Experimental
Procedures.” Immunoprecipitates were then subjected to Western blotting using a phosphospecific Hck
(P-Hck) antibody that detects only the activated form of Hck (upper panel). Actin content of the whole cell lysate
is shown as a loading control. Cells pretreated with DMSO (control) or 10 um PP2 were incubated with CSF-1 for
the indicated times prior to lysis, and Hck activation was determined as above (middle panel). RAW/LR5 cells
expressing Myc-WASP were preincubated with 10 um PP2 and then treated with 12 um pervanadate (PV) for 30
min where indicated. After cell lysis, WASP was immunoprecipitated using Myc antibodies followed by West-
ern blotting for either phosphotyrosine or WASP (lower panel). B, RAW/LRS cells expressing the WASPbs were
pretreated with DMSO (control) or 10 um PP2 prior to CSF-1 stimulation for 30 s. After fixation WASP activation
was determined and is represented as percent change compared with unstimulated DMSO-treated cells (n =
4independent experiments; =S.E. (error bars)). C, RAW/LRS5 cells were pretreated with either DMSO, 10 um PP2,
10 um SU6656, or 100 um LY294002 (LY) and then stimulated with CSF-1 for 30 s prior to fixation. Cells were
subsequently stained with CSA (n = 5 independent experiments; =S.E.). ¥, statistically significant difference

biosensor to report WASP activity
in vivo. This report describes for the
first time its utilization to study how
WASP is regulated in a monocyte/
macrophage cell line responding to
a physiological stimulant, namely
CSF-1. The biological relevance of
the biosensor is further supported
by the fact that both WASPbs and
endogenous WASP were activated
in response to CSF-1 with similar
kinetics.

when compared with unstimulated control cells.

tion, and measurement of WASP activation as described
above. Expression levels, assessed by YFP fluorescence
intensity, were similar for all WASPbs constructs. An
increase in WASPbs Y291F activity following stimulation
was observed and was equivalent to the obtained increase of
the unaltered WASPbs (Fig. 6B). Consistent with this result,
WASPbs Y291F activity was also present in CSF-1-elicited
protrusions at later times, and induction of tyrosine phos-
phorylation with pervanadate in WASPbs-expressing cells
had no effect on the level of WASP activity compared with
untreated cells (data not shown). Also expression of a phos-
phomimetic version of WASPbs (Y291E) did not show an
enhanced basal level of WASP activity as compared with
WASPbs wild type or Y291F (supplemental Fig. 2). Conversely
CSF-1-induced activation of WASP was abolished when using
the WASPbs H246D mutant (Fig. 6B) confirming the results
obtained using Cdc42N17 (Fig. 4). Similar results were
obtained using the double WASPbs mutant (H246D/Y291F)
(data not shown). Overall the data obtained with the mutated
biosensors were consistent with those obtained with the Src

23308 JOURNAL OF BIOLOGICAL CHEMISTRY

Previous studies have shown

that WASP isolated from neutro-

phils was able to bind purified activated Cdc42, and overex-
pression of WASP in normal rat kidney and porcine aortic
endothelial cells is able to induce actin assembly in a Cdc42-
dependent manner, suggesting that WASP is a downstream
effector of Cdc42 (33). Cdc42 is required for protrusions
induced by the chemoattractant formylmethionylleucylphe-
nylalanine in neutrophils through activation of the Arp2/3
complex (34) potentially through WASP. However, the rele-
vance of the Cdc42-WASP axis in the control of actin polym-
erization has been questioned by several studies as overex-
pression of a mutated WASP that cannot bind Cdc42 still
induces actin polymerization in COS cells (30), and more
importantly, expression of this mutant in WASP-deficient T
cells is capable of rescuing the actin defects due to WASP
deficiency to the same extent as expression of wild-type
WASP (35). The reasons for these discrepancies are unclear,
but it should be noted that all these reports do not directly
evaluate the activation state of WASP but solely rely on actin
polymerization as a consequence of WASP activation. An
important advantage of the biosensor is that it directly
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FIGURE 6. WASP activation downstream of CSF-1 isindependent of WASP
phosphorylation. A, WASPbs-expressing RAW/LR5 cells were treated or not
with 12 um pervanadate (PV) for 30 min (upper left panel) or cotransfected
with Myc-Cdc42Q61L (upper right panel). After cell lysis, WASPbs or
Cdc42Q61L was immunoprecipitated (IP) using green fluorescent protein
(GFP) or Myc tag antibodies, respectively. Samples were subjected to Western
blotting with the indicated antibodies. B, similar experiments were per-
formed to compare WASPbs wild type (wt), H246D (H), Y291F (Y), H246D/
Y291F (HY), L270P (L), and L270P/H246D (LH) mutants in their ability to bind
Cdc42Q61L and to be tyrosine-phosphorylated. The indicated versions of the
WASPbs were expressed in COS-7 cells, which were either subsequently
treated with pervanadate (upper and lower left panels) or cotransfected with
Cdc42Q61L (upperright panel). C, RAW/LR5 cells expressing WASPbs wild type
(WT), Y291F, or H246D were subjected to CSF-1 stimulation for 30 s. After
fixation WASP activation was determined and is represented as percent
change compared with their respective unstimulated conditions (n = 4 inde-
pendent experiments; +S.E. (error bars)). *, statistically significant difference
when compared with unstimulated control cells. PY, phosphotyrosine.
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reports WASP activation instead of a downstream outcome
that can result from additional causes and allows us to dis-
sect the signal transduction pathways connecting activation
of the CSF1-R to activation of WASP. Following CSF-1 stim-
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ulation, PI3K is required for activation of Cdc42 leading to
its subsequent binding to and activation of WASP, strongly
supporting the initial speculation that the role of PI3K in
CSF-1-induced chemotaxis is mediated by Rho GTPases
(28).

Several studies have suggested that tyrosine phosphoryla-
tion of WASP may participate in the initiation or the dura-
tion of WASP activity. Others have shown that WASP phos-
phorylation depends on the presence of Cdc42 as it is
believed that Cdc42 binding is required to relieve the auto-
inhibition of WASP to allow it to be accessible for subse-
quent phosphorylation (22, 31, 36). Our data are consistent
with this latter proposition because invalidation of the
Cdc42 binding site of WASP (H246D mutation) not only
inhibited its interaction with Cdc42 but also reduced the
level of WASP phosphorylation in response to pervanadate
(Fig. 6). In addition, the presence of constitutively active
Cdc42 enhanced the level of WASP tyrosine phosphoryla-
tion induced by pervanadate (data not shown), and WASPbs
phosphorylation occurred in the absence of Cdc42 binding
when a mutation was introduced that maintains WASP in an
open conformation (Fig. 6).

Although our results show that tyrosine phosphorylation
was clearly not essential for WASP activation, a more subtle
role for WASP phosphorylation cannot be ruled out. As dis-
cussed above, phosphorylated WASP may remain activated
for longer periods of time (22, 31). In addition, the subcellu-
lar localization of N-WASP to specific compartments in NIH
3T3 cells appears to be affected by the phosphorylation sta-
tus of its tyrosine 256 (37). However, experiments looking at
areas of protrusions and comparing the status of wild-type
WASPbs and the Y291F mutant did not show any differences
inlocalized WASP activation (data not shown). Alternatively
stimulants other than CSF-1 may trigger different signaling
cascades truly leading to functional WASP phosphorylation
in macrophages. Although this study addressed in detail the
role of two key mechanisms of WASP activation, Cdc42
binding and tyrosine phosphorylation, other levels of control
have also been identified. The binding of SH3 domain-con-
taining proteins, such as Nck, to the proline-rich region of
WASP has been shown to induce WASP-dependent actin
polymerization in vitro (38 —40). Binding of phosphatidyl-
inositol 4,5-bisphosphate to the basic region of N-WASP has
been proposed to partially stimulate its actin polymerization
activity synergistically with Cdc42 (39, 41). However, a
recent biochemical study indicates that phosphoinositide
regulation of WASP might differ significantly from that of
N-WASP with phosphatidylinositol 4,5-bisphosphate alone
having no effect on WASP activity and even being inhibitory
with regard to Cdc42-induced stimulation of WASP (40).
Very recently, WASP dimerization has been suggested to
regulate its activity (42), although the existence of WASP
dimers in cells under physiological conditions remains to be
shown. However, the authors suggest that an initial change
in conformation is necessary for dimerization to occur and
that dimerization maintains WASP in an open conformation
(42). Therefore, the WASPbs should prove to be useful to
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address these issues and to study other domains of WASP
through a deletion and/or mutagenesis approach.

In addition to being required for chemotaxis WASP and
N-WASP are also required for proper exocytosis (43, 44) and
endocytosis (45, 46) and for the formation of invasive struc-
tures such as podosomes (47-49) and invadopodia (50). An
increasing body of evidence shows that, in several cancers,
recruitment of large numbers of macrophages to primary
tumors can significantly contribute to their progression
to an invasive, metastatic phenotype through a paracrine
interaction (51). Interestingly the concomitant formation of
WASP-dependent podosomesin macrophagesand N-WASP-
dependent invadopodia in tumor cells appears to be an impor-
tant feature of tumor progression in vivo (52, 53). In all these
crucial situations, the underlying molecular and cellular mech-
anisms are not fully understood. In future studies, the utiliza-
tion of biosensors that can detect activation of WASP or
N-WASP in time and space and iz vivo in tumors should be a
valuable tool to determine their exact contributions to these
processes. As we have demonstrated here, specific alterations of
these biosensors should also be a powerful way to assess the
relevance of a variety of putative binding partners and signaling
pathways. Overall because its biological significance is now
being established, this novel and versatile technology will
undoubtedly be central to a number of investigations in need of
precise information on protein activity and regulation in vivo.
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