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Several studies have clearly established the importance of the
interaction between macrophages and CX3CL1 in the progres-
sion of disease. A previous study demonstrated that Syk was
required for CX3CL1-mediated actin polymerization and che-
motaxis. Here, we delineated the signaling cascade of Syk-medi-
ated cell migration in response to CX3CL1. Inhibition of Syk in
bone marrow-derived macrophages or reduction of Syk expres-
sion using siRNA in RAW/LR5 cells indicated that Syk was
required for the activation of PI3K, Cdc42, and Racl. Also,
reduction in WASP or WAVE2 levels, common downstream
effectors of Cdc42 or Racl, resulted in impaired cell migration
to CX3CL1. Syk indirectly regulated WASP tyrosine phosphor-
ylation through Cdc42 activation. Altogether, our data identify
that Syk mediated chemotaxis toward CX3CL1 by regulating
both Racl/WAVE2 and Cdc42/WASP pathways, whereas Src
family kinases were required for proper WASP tyrosine
phosphorylation.

Chemokines were first described as chemoattractant cyto-
kines synthesized at sites of inflammation that stimulate the
directional migration of leukocytes and mediate inflammation
(1, 2). Among chemokines, CX3CL1 (also called fractalkine) is
the only chemokine that functions not only as a chemoattrac-
tant but also as an adhesion molecule, and it is likely that
CX3CL1 is involved in the extravasation of leukocytes into
inflamed tissues (2—4). Inappropriate expression or function of
CX3CL1 has also been implicated in inflammatory conditions
leading to vascular and tissue damage (2), and CX3CL1 has now
emerged as important mediator in the pathogenesis of various
clinical diseases, including rheumatoid arthritis (5-7), athero-
sclerosis, and cardiovascular disease (8 —11).

The recruitment of monocyte/macrophages in response to
CX3CL1 has been shown to significantly correlate with the
extent of disease (12). The direct effects of CX3CL1 at the
wound site has been tested using disruption of the receptor for
CX3CL1, CX3CR1, and included marked reduction of macro-
phages and macrophage products such as TGF-1 and vascular
endothelial growth factor (13). Indeed, ApoE /~CX3CR1 '~
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mice have significantly reduced atherosclerotic lesion size and
macrophage recruitment (9). In addition, deletion of CX3CL1
in CCR2 (—/—) mice dramatically reduced macrophage accu-
mulation in the artery wall and the subsequent development of
atherosclerosis (14). These multiple studies have clearly estab-
lished the importance of the interaction between macrophages
and CX3CL1. However, the mechanistic details underlying
macrophage to chemotaxis toward CX3CL1 are not well
understood.

CX3CL1 exerts its activities upon interaction with a G pro-
tein-coupled receptor, CX3CR1, that is highly expressed on dif-
ferent lymphocyte populations, including monocytes, T cells,
and natural killer cells (15, 16). Cambien et al. (1) have identi-
fied activation of both Src and Syk tyrosine kinases under solu-
ble CX3CL1 stimulation in MonoMac6 cells. Also, Syk was rap-
idly activated and required for proper formation of membrane
protrusions and cell chemotaxis in response to CX3CL1 in
RAW/LR5 monocyte/macrophage cells (17). Furthermore, Sta-
bile et al. (18) show that Wiskott-Aldrich syndrome protein
(WASP)? was associated with Fyn and Pyk-2 tyrosine kinases
and that Cdc42 and WASP could play a crucial role in the reg-
ulation of natural killer cell migration by CX3CL1. These obser-
vations indicate that chemotaxis toward CX3CL1 could be reg-
ulated by the coordinate action of both Cdc42/WASP and
tyrosine kinases. However, the functional role of these proteins
in the signal transduction cascade downstream of CX3CL1 has
not been investigated.

The RAW/LR5 monocyte/macrophage cell line has been
reported to be a valid model to study CX3CL1-induced che-
motaxis (17). Therefore, we investigated the signaling mecha-
nisms required for cell migration to soluble CX3CL1 using this
cell line. Here, we show that Syk mediated chemotaxis toward
CX3CL1 by the activation of both Cdc42/WASP and Racl/
WAVE2 (WASP family verprolin-homologous protein 2) path-
ways, which are required for proper macrophage cell migration
in response to CX3CL1.

EXPERIMENTAL PROCEDURES

Cells, Antibodies, Reagents—RAW/LR5 cells, derived from
the murine monocyte/macrophage RAW 264.7 cell line de-
scribed previously (19), were cultured in RPMI 1640 medium

3The abbreviations used are: WASP, Wiskott-Aldrich syndrome protein;
Ctrlsh, control shRNA-treated; SFK, Src-family kinase; BMM, bone marrow-
derived macrophage; DMSO, dimethyl sulfoxide; fMLP, formylmethionyl-
leucylphenylalanine; WASPsh, WASP shRNA-treated; WAVE2, WASP family
verprolin-homologous protein 2; PBD, p21-binding domain of PAKT;
IRSp53, insulin receptor substrate protein 53.
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(Mediatech, Inc.) supplemented with 10% heat-inactivated fetal
bovine serum (Sigma) and antibiotics (100 units/ml penicillin/
100 ug/ml streptomycin). The Myc-tagged H246D or Y291F
WASP clonal cell lines used in this study were generated previ-
ously to stably express the indicated constructs in WASPsh
RAW/LR5 cells at levels comparable to noninfected cells and
Ctrlsh cells (20). Murine bone marrow-derived macrophages
(BMMs) were isolated as described previously (21) and were
grown in a-minimum essential medium containing 15% FBS,
360 ng/ml recombinant human CSF-1 (Chiron, Emeryville,
CA), and antibiotics. Recombinant mouse CX3CL1 (amino
acids 25-105) was purchased from R&D Systems. Monoclonal
anti-Myc, anti-HA, anti-phospho-Syk (Tyr®**’**® in mouse,
Tyr°2%/52¢ in human), and rabbit anti-phospho-Akt (Ser*”®) and
anti-Akt was from Cell Signaling Technology (Beverly, MA).
Rabbit anti-WASP (H250), anti-Cdc42 (SC87), anti-Syk (N19),
and protein A/G plus-agarose beads were from Santa Cruz Bio-
technology (Santa Cruz, CA). Monoclonal anti-Racl (23A8)
was from UpState/Millipore (Temecula, CA) and HRP mouse
anti-phosphotyrosine (PY20) was from BD Transduction Lab-
oratories. Anti-B-actin (AC-15) antibody was from Sigma. Rab-
bit polyclonal anti-WAVE2 antibody (22) was from Tadaomi
Takenawa (University of Tokyo). Alexa Fluor 568-phalloidin
and all secondary antibodies conjugated to Alexa Fluor 488 or
568 were from Molecular Probes (Eugene, OR), and secondary
antibodies conjugated to HRP were from Jackson ImmunoRe-
search Laboratories (West Grove, PA). LY294002 was from
Biomol (Plymouth Meeting, PA). Wortmannin, piceatannol,
and PP2 were from Calbiochem/EMD Bioscience (Germany).

Constructs, RNA-mediated Interference, and Cell Trans-
fection—Reduction of Cdc42, WASP, Syk, and WAVE2 expres-
sion in RAW/LR5 cells was performed using the pPSUPER RNAi
system from Oligoengine (Seattle, WA), as described previously
(17, 20, 23, 24). In brief, the ShARNA plasmids were transfected
into a HEK293T-based packaging cell line, and the cell culture
supernatant was used to retrovirally infect RAW/LR5 cells. Sta-
ble heterogeneous populations with reduced protein expres-
sion (for a period of at least 3 weeks) were obtained after puro-
mycin selection (contained in the pSUPER.retro.puro plasmid).
Reduction in protein expression was routinely monitored by
Western blotting. Myc-tagged human RacIN17, Rac2N17, and
Myc-tagged L270P WASP were constructed as described (19,
20). HA-tagged IRSp53ASH3 (25) was from Jim Casanova (Uni-
versity of Virginia). Transient transfections were performed
using SuperFect, according to the manufacturer’s instructions
(Qiagen, Valencia, CA).

Immunofluorescence Microscopy—Adherent RAW/LRS5 cells
were serum-starved for at least 3 h before stimulation. For stim-
ulation, cells were treated with buffer with divalent cation
(BWD) (20 mm HEPES, 125 mm NaCl, 5 mm KCl, 5 mM dex-
trose, 10 mm NaHCO,, 1 mm KH,PO,, 1 mm CaCl,, and 1 mm
MgCl,, pH 7.4) in the presence or absence of CX3CL1 at 37 °C
for 1 min. Cells were then fixed with 3.7% formaldehyde in
BWD, permeabilized with 0.2% Triton X-100 in BWD, stained
with phalloidin and the indicated antibodies, and mounted on
slides using a medium containing 100 mm n-propyl gallate.
Images were taken using the 60X 0il/1.40 phase 3 objective of
an Olympus IX71 microscope coupled to a Sensicam cooled
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CCD camera. For quantitation, a protrusion was defined by the
presence of F-actin-rich submembranous folds. The extent of
CX3CL1-induced F-actin-rich membrane protrusions
(CX3CL1 ruffles) was scored using a scale of 0-3 (modified
from Ref. 19), where 0 = no protrusion, 1 = protrusions in one
area of the cell, 2 = protrusions in two distinct areas of the cell,
and 3 = protrusions in more than two distinct areas of the cell.
The protrusion index was calculated as the average protrusion
score of at least 80 cells and was expressed as a percentage of
control. For cells expressing Myc- and HA-tagged proteins, at
least 50 cells positive for the epitope were analyzed, and the
extent of protrusions was quantified and expressed as a per-
centage of nonexpressing cells on the same coverslip.

Chemotaxis Assay—Chemotaxis was measured using 8-um
pore size inserts (Falcon; BD Biosciences) according to the
manufacturer’s instructions. Briefly, the inserts were placed
into 24-well plates containing RPMI 1640 in the presence or the
absence of CX3CL1. Serum-starved cells (n = 500,000) were
then loaded onto the inserts and incubated at 37 °C for 4 h. Cell
migration was quantified by counting the number of cells that
migrated through the insert (at least 10 different randomly
selected fields/well) and was compared with the number of
migrated cells in the absence of any stimulant (fold increase).
The maximum number of migrated cells in the absence of any
stimulant was <1%, and there was no difference in the basal
level of migration in any of the cells tested.

Immunoprecipitation and Western Blotting—Cells were
lysed in ice-cold buffer A containing 25 mm Tris, 137 mm NaCl,
1% Nonidet P-40, 2 mm EDTA, 1 mMm orthovanadate, 1 mm
benzamidine, 10 wg/ml aprotinin, 10 pg/ml leupeptin, pH 7.4.
Whole cell lysates were either used for immunoprecipitation or
mixed with 5X Laemmli buffer and boiled for 5 min. Immuno-
precipitations were performed by incubation of cell lysates at
4 °C with control IgG prebound to protein A/G-agarose beads
(preclear step) followed by incubation with specific antibody
prebound to beads. Total cell lysates and/or immunoprecipi-
tates were resolved by SDS-PAGE, transferred onto PVDF
membranes (Immobilon-P, Millipore) and after blocking, incu-
bated with primary antibodies overnight at 4 °C followed by
secondary antibodies conjugated to HRP. Signals were visual-
ized using the SuperSignal West Pico Chemiluminescent Sub-
strate from Pierce, and images were acquired using a Kodak
Image Station 440 in triplicate.

Cdc42 and Rac Activity Assay—GST-PBD binding assay was
done essentially as described previously (26). Briefly, GST-
PAK-PBD (p21-binding domain of PAK1) expressed in Esche-
richia coli was purified using glutathione-Sepharose beads and
added to cell lysates. Bound proteins were collected by centri-
fugation and suspended in SDS sample buffer. Proteins were
fractionated by SDS-PAGE and transferred to PVDF mem-
branes, and the amount of precipitated Cdc42 or Racl was esti-
mated by Western blotting with an anti-Cdc42 or anti-Racl
antibody.

Data Analysis—All results were calculated as the mean =
S.E. Data were analyzed using Student’s ¢ test, and differences
with a p value < 0.05 were regarded as significant. Error bars
represent S.E.
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FIGURE 1. CX3CL1-induced Rho GTPases activation requires Syk. Cells were incubated with 50 ng/ml CX3CL1 for the indicated times, and Cdc42 and Rac1
activity was determined as described under “Experimental Procedures.” A, representative blot and quantification of GTP-bound Cdc42 normalized to total
Cdc42 (Total) relative to control shRNA-treated (Ctrish) cells at time 0 are shown. The inset shows a representative blot of noninfected (N/) and puromycin-
resistant stable populations of Ctrlsh or Syk shRNA-treated cells (Syksh) immunoblotted for Syk and B-actin. B, a representative blot and quantification of Rac1
activity relative to Ctrlsh cells at time 0 are shown (n = 3). Data represent mean = S.E.*, p < 0.05 compared with Ctrlsh cells at time 0. C, BMMs pretreated with
DMSO (vehicle) or 50 um piceatannol were stimulated with CX3CL1 and Cdc42 activity at 15 s (15”) or Rac1 activity at 1 min (7') was determined (n = 3). Data

represent mean = S.E. **, p < 0.01 compared with DMSO-treated BMMs.

RESULTS

Requirement of Syk in CX3CLI-induced Small GTPase
Activity—In a previously published study, reduced expression
of Syk in macrophages inhibited cell migration and F-actin-
enriched cell protrusions in response to CX3CL1 (17). As Syk
was known to regulate Rac and Cdc42 during phagocytosis in
macrophages (27, 28), we examined whether Syk regulated the
activity of Cdc42 and/or Rac in response to CX3CL1 using
either siRNA to reduce endogeneous levels of Syk in RAW/LR5
macrophages by 75—80% or treatment of BMMs with the Syk
inhibitor piceatannol. The effect on Cdc42 or Rac activity of
cells was then evaluated by specific binding of the active
GTPase to PBD fused to glutathione S-transferase as described
in “Experimental Procedures.” Cdc42 was rapidly and maxi-
mally activated at 15 s, whereas Racl was activated at 1 min
upon CX3CL1 treatment in Ctrlsh cells (Fig. 1, A and B). How-
ever, CX3CL1-induced Cdc42 or Racl activation was abolished
in Syk shRNA-treated cells (Fig. 1, A and B). Similar results were
also obtained by treatment of BMMs with the Syk inhibitor
piceatannol (Fig. 1C). Because macrophages express both Racl
and Rac2, although Racl is the major isoform (29), the level of
Rac2 activation also was examined. In contrast to Racl activa-
tion in response to CX3CL1, no significant increase in Rac2
activity was observed in either control infected (Ctrlsh) RAW/
LR5 cells or BMMs (data not shown). Therefore, these data
suggest that Syk is required for CX3CL1-induced activation of
Cdc42 and Racl in both RAW/LR5 cells and BMMs.

Syk Is Upstream of PI3Ks in Response to CX3CL1—PI3Ks are
important regulators of cell migration through the activation of
guanine nucleotide exchange factor activity to Racl and Cdc42,
which are required for CSF-1-elicited protrusions (19, 30, 31)
and chemotaxis (32). Interestingly, Syk is known to be required
for the translocalization of PI3K to the leading edge in neutro-
phil-like differentiated HL-60 cells (33). Therefore, we deter-
mined whether Syk was required for PI3K activation in re-
sponse to CX3CL1. Ctrlsh or Syk shRNA-treated cells were
tested for the ability to activate PI3K using Akt phosphorylation
as a reporter of PI3K activation. As shown in Fig. 24, CX3CL1
treatment of Ctrlsh cells demonstrated a peak of Akt phosphor-
ylation at 30 s, which gradually decreased. However, there was
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no significant increase in Akt phosphorylation in response to
CX3CL1 in Syk shRNA-treated cells (Fig. 24). To confirm that
Syk was activated upstream of PI3K, cells were preincubated in
the presence or absence of PI3K inhibitor, LY294002, before
CX3CL1 stimulation for various times and after lysis and
immunoprecipitation of Syk. Syk activity was monitored using
an antibody that recognizes Syk phosphorylation in the activa-
tion site. CX3CL1 treatment of DMSO-incubated cells resulted
in a rapid increase in the tyrosine phosphorylation level of Syk
(Fig. 2B), consistent with previously published results (17). No
difference in the tyrosine phosphorylation level of Syk was
observed between DMSO- and LY294002-pretreated cells (Fig.
2B), whereas inhibition of PI3K completely blocked Akt phos-
phorylation (Fig. 2B, middle panel). These results indicated that
PI3K acted downstream of Syk; thus, we tested whether PI3K
regulated CX3CL1-induced chemotaxis through the activation
of Cdc42 and Racl. Consistent with reduced expression or inhi-
bition of Syk, CX3CL1-induced Cdc42 or Racl activation was
abolished in LY294002-pretreated BMMs (Fig. 2C). To confirm
the role of PI3K CX3CL1-induced chemotaxis RAW/LRS5 cells
or BMMs were pretreated with either DMSO or LY294002 and
CX3CL1 mediated chemotaxis was examined. PI3K inhibition
resulted in significantly reduced chemotaxis to CX3CL1 as
compared with DMSO-pretreated cells (Fig. 2D and data not
shown). Overall, these data suggested that PI3K is a key down-
stream mediator of Syk function required for macrophage
migration in response to CX3CL1.

WAVE2 and WASP Are Required for Macrophage Che-
motaxis to CX3CLI—Rho GTPase-dependent assembly of
F-actin has been shown to be mediated by the WASP/WAVE
family of proteins where WASP proteins act downstream of the
Rho GTPase Cdc42, and WAVE proteins are activated by Rac
(34-36). Also, WASP and WAVE2, the predominant family
members expressed in macrophages, are required for CSF-1-
induced chemotaxis in macrophages (20, 24). Therefore, the
possible involvement of WASP and WAVE2 in the formation of
protrusions and cell migration toward CX3CL1 was investi-
gated. We demonstrated previously that Rac indirectly inter-
acted with WAVE2 through IRSp53 (insulin receptor substrate
protein 53), and this interaction was crucial for CSF-1-medi-
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FIGURE 2. PI3K activation by Syk is required for CX3CL1-induced Rho GTPase activation and chemotaxis. A, Ctrish and Syk shRNA-treated cells (Syksh)
were stimulated with CX3CL1 for the indicated times, and the activation of Akt was assessed by Akt phosphorylation (p-Akt). Representative blots of p-Akt and
total Akt are shown. p-Akt levels were quantified by densitometry and normalized to total Akt. Akt activity relative to Ctrlsh cells at time 0 was plotted (n = 3).
Data represent mean = S.E. ¥, p < 0.05 and **,p < 0.01 compared with Ctrlsh cells at time 0. B, RAW/LR5 cells were preincubated for 30 min with DMSO (vehicle)
or 100 um LY294002 prior to CX3CL1 stimulation for the indicated times. Representative blot ofimmunoprecipitated Syk (IP) probed for either phospho-specific
Syk or Syk (upper panels). LY294002 efficacy was monitored by p-Akt levels in whole cell lysates (WCL; middle panels). Quantification of Syk activity relative to
DMSO-treated cells at time 0 is shown (lower panels). C, BMMs pre-treated with DMSO (vehicle) or 100 um LY294002 were incubated with CX3CL1 for the
indicated times, and Cdc42 or Rac1 activity was determined at 15 sec (75”) or 1T min (1), respectively, as described in the legend to Fig. 1 (n = 3). Mean = S.E.
*, p < 0.05 compared with DMSO-treated BMMs. D, RAW/LR5 cells were preincubated for 30 min with DMSO (vehicle) or 100 um LY294002 before being
subjected to a Transwell migration assay. CX3CL1-induced chemotaxis was expressed as fold induction compared with DMSO-treated cells in the absence of

CX3CL1 (n = 3). Mean = S.E. *, p < 0.05 compared with DMSO-treated cells.

ated actin assembly and migration in macrophages (37). Thus,
the role of Rac and IRSp53 on F-actin-rich membrane protru-
sions in response to CX3CL1 was determined. Transient trans-
fection of dominant-negative versions of Racl (Rac1N17) or
IRSp53 lacking the WAVE2-binding site (IRSp53ASH3) in
RAWY/LR5 cells profoundly inhibited CX3CL1-induced ruffle
formation compared with nonexpressing cells on the same cov-
erslip (Fig. 3A). However, consistent with the lack of Rac2 acti-
vation in response to CX3CL1, expression of dominant-nega-
tive Rac2 (Rac2N17) had only minor effect on ruffle formation
(Fig. 34). Also, CX3CL1-induced Racl activation led to the
association of WAVE?2 to Racl through IRSp53 (Fig. 3B). Thus
these results suggested a possible role for WAVE2 in the
CX3CL1-induced membrane protrusions and cell migration.
To confirm this possibility, the effect of reduced expression of
endogeneous WAVE2 on CX3CL1 chemotaxis was tested. Sim-
ilar to previous results (24), retroviral delivery of WAVE2-spe-
cific ShRNA (WAVE2sh#1 and WAVE2sh#2) in RAW/LR5
cells resulted in a ~50% reduction of WAVE?2 protein expres-
sion compared with Ctrlsh-treated cells (Fig. 3C). The ability of
cells with reduced WAVE?2 expression to exhibit F-actin-rich
membrane protrusions in response to CX3CL1 was evaluated
and compared with Ctrlsh-treated cells. As expected, reduction
of WAVE2 expression resulted in a significant inhibition of
CX3CL1-induced membrane protrusions as compared with
Ctrlsh cells (Fig. 3D). The 50% reduction in ruffling was con-
sistent with the level of WAVE2 reduction, as seen previously in
the case of CSF-1 induced protrusions (24). In addition, the
effect of reduced expression of WAVE2 on cell migration
toward CX3CL1 was determined. An ~8-fold increase in cell
migration in response to CX3CL1 was observed in both nonin-
fected and Ctrlsh cells (Fig. 3E). However, CX3CL1 chemotaxis
was impaired significantly in WAVE2 shRNA-treated cells as
compared with both controls (Fig. 3E). Therefore, WAVE2 was
required for F-actin membrane protrusions and macrophage
migration toward CX3CL1.
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We have shown previously that Cdc42 was required for
WASP-dependent chemotaxis to CSF-1 (20), and WASP is
required for chemotaxis to several different chemoattractants
(20, 38, 39). Therefore, the role of Cdc42 in regulating WASP
during CX3CL1 chemotaxis was examined. More than 90%
WASP reduction using shRNA had only a minor effect on
F-actin-rich membrane protrusions in response to CX3CL1,
whereas a 75% reduction in Cdc42 levels had a more dramatic
effect (Fig. 4, A-C). However, both Cdc42 and WASP were
required for CX3CL1 chemotaxis (Fig. 4D). To confirm that
Cdc42 was required for WASP function, the ability of WASPsh
cells stably expressing WASP containing a point mutation that
abolishes Cdc42 binding (H246D) (20, 23) to chemotax toward
CX3CL1 was tested. As with WASP or Cdc42 shRNA-treated
cells, reduced migration toward CX3CL1 also was observed in
shWASP cells expressing WASP H246D (Fig. 4D). These data
suggested that the interaction between Cdc42 and WASP
was required for macrophage migration toward CX3CL1.
Because tyrosine phosphorylation of residue 291 of WASP
affected actin polymerization rates, phagocytosis and CSF-1
mediated chemotaxis in macrophages (20, 23, 40, 41), WASP
bearing a point mutation in Tyr*** to abolish phosphorylation
(Y291F) was introduced to the WASP-silenced cells (20, 23).
Interestingly, Y291F expressing cells also showed significantly
reduced migration toward CX3CL1, comparable to H246D
mutants (Fig. 4D). These data suggest that both Cdc42 activa-
tion and WASP phosphorylation were required for migration
toward CX3CL1.

Syk Regulates Tyrosine Phosphorylation of WASP through
Cdc42 Activation—Although Syk is required for Cdc42 activa-
tion in response to CX3CL1 (Fig. 1), Syk may also be required
for WASP phosphorylation because Syk has been shown to
exist in a complex with WASP through the CrkL adaptor
protein (42). To test whether Syk was required for WASP tyro-
sine phosphorylation, WASP was immunoprecipitated after
CX3CL1 treatment in Ctrlsh or Syk shRNA-treated cells, and
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568 phalloidin staining. The number of CX3CL1-elicited protrusions (CX3CL1
ruffles) was quantified as described under “Experimental Procedures” and
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fected cells (NT) on the same coverslip (n = 3). Mean =+ S.E. *, p < 0.05 and **,
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left untreated or subjected to CX3CL1 stimulation for T min prior to lysis and
immunoprecipitation (/P) of Rac1 followed by Western blotting with the indi-
cated antibodies. A representative blot is shown with quantification of IRSp53
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Mean = S.E. *, p < 0.05 compared with untreated cells. C, a representative
Western blot of WAVE2 and B-actin expression in RAW/LR5 cells infected with
either control sequence (Ctrlsh) or two different shRNA sequences targeting
WAVE2 (sh#1 and sh#2). D, representative images of Ctrlsh or WAVE2 shRNA-
treated cells stimulated with CX3CL1 for 1 min and stained for F-actin with
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elicited protrusions was quantified as described in A and expressed as a per-
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S.E.*, p < 0.05 compared with noninfected (N/) cells.

CX3CL1 migration [T1
(fold induction)
O N O O®
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then the level of WASP phosphorylation was determined.
Ctrlsh cells showed increased WASP phosphorylation that
peaked at 1 min, whereas no WASP phosphorylation was
detected Syk shRNA-treated cells (Fig. 54).

It has been demonstrated that Cdc42 binding to WASP was
required for tyrosine phosphorylation of WASP in vitro (43)
and in vivo (23). Therefore, defect of tyrosine phosphorylation
of WASP in Syk shRNA-treated cells might be due to the inac-
tivation of Cdc42 by reduced Syk expression (Fig. 1). We have
demonstrated previously that an open, active form of WASP
(L270P) can be tyrosine phosphorylated in a Cdc42-indepen-
dent manner (23), and when this form of WASP was expressed
in Syk shRNA-treated cells, a significant restoration of WASP
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FIGURE 4. Cdc42 binding and tyrosine phosphorylation of WASP are
required for CX3CL1-induced cell migration. A, RAW/LR5 cells were
infected with a retrovirus bearing a control sequence (Ctrlsh) or a sequence
against WASP (WASPsh) or Cdc42 (Cdc42sh). A representative blot of lysates
from noninfected (N/) and puromycin-resistant stable populations of infected
cells immunoblotted against WASP, Cdc42, and B-actin are shown (n = 5).
B, Ctrlsh, WASPsh, Cdc42sh, and Syk shRNA-treated (Syksh) cells were stimu-
lated with CX3CL1 for 1 min, and ruffles were visualized by Alexa Fluor 568
phalloidin staining. Representative images of three independent experi-
ments are shown. Scale bar, 10 um. C, the number of CX3CL1-elicited protru-
sions (CX3CL1 ruffles) was expressed as a percentage of the CX3CL1 stimula-
tion observed in Ctrlsh cells (n = 3). Mean = S.E. **, p < 0.01 compared with
Ctrlsh cells. D, chemotactic ability of the indicated cells was determined using
a Transwell assay. In addition, clones of WASPsh cells expressing human Myc-
tagged WASP deficient in Cdc42 binding (H246D) or phosphorylation-defi-
cient WASP (Y291F; Ref. 20) were tested. Data were expressed as fold induc-
tion compared with the corresponding condition in the absence of CX3CL1
(n = 3).Mean = S.E.**, p <0.01 compared with CX3CL1-induced migrationin

noninfected (NI) cells.
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FIGURE 5. Syk regulates tyrosine phosphorylation of WASP through
Cdc42 activation. A, control (Ctrlsh) and Syk shRNA-treated cells (Syksh)
were stimulated with CX3CL1 for the indicated times. WASP was immunopre-
cipitated (/P) using WASP antibody followed by Western blotting for phos-
photyrosine (PY) and WASP. Blots were quantified by densitometry and nor-
malized to total WASP. A representative blot and quantification of WASP
tyrosine phosphorylation relative to Ctrlsh cells at time 0 are shown (n = 3).
Mean = S.E. **, p < 0.01 compared with Ctrlsh cells at time 0. B, Ctrlsh or Syk
shRNA-treated cells were transiently transfected with Myc-tagged constitu-
tively active WASP (L270P) and then stimulated with CX3CL1 for the indicated
times. Myc-tagged L270P WASP was immunoprecipitated using Myc anti-
body following by Western blotting for phosphotyrosine and Myc. Blots were
quantified by densitometry and normalized to Myc. A representative blot and
quantification of L270P WASP tyrosine phosphorylation relative to Ctrlsh cells
attime 0 are shown (n = 3). Mean = S.E.*, p < 0.05and **,p < 0.01 compared
with Ctrlsh cells at time 0. 75”, 15 sec; 7/, 1 min.

phosphorylation by CX3CL1 treatment was observed (Fig. 5B).
Overall, these data indicated that Syk was required for Cdc42
activation in response to CX3CL1 and does not directly phos-
phorylate WASP.
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FIGURE 6. SFKs regulate WASP tyrosine phosphorylation. A, RAW/LR5 cells
were pretreated for 1 h with DMSO (vehicle) or 10 um PP2 prior to CX3CL1
stimulation for the indicated times. WASP was immunoprecipitated (/P) fol-
lowed by Western blotting for phosphotyrosine (PY) and WASP. Blots were
quantified by densitometry and normalized to amount of WASP. A represen-
tative blot and quantification of WASP tyrosine phosphorylation relative to
DMSO-treated cells at time 0 are shown (n = 3). Mean = S.E. *, p < 0.05
compared with DMSO-treated cells at time 0. B, RAW/LR5 cells expressing
Myc-L270P WASP were preincubated with DMSO (vehicle) or 10 um PP2 prior
to CX3CL1 stimulation for the indicated times. Myc-tagged L270P WASP was
immunoprecipitated using Myc antibody followed by Western blotting for
phosphotyrosine and Myc. Blots were quantified by densitometry and nor-
malized to Myc. A representative blot and quantification of L270P WASP tyro-
sine phosphorylation relative to DMSO-treated cells at time 0 are shown (n =
3). Mean = S.E. **, p < 0.01 compared with DMSO-treated cells at time 0.
C, RAW/LRS5 cells were preincubated for 1 h with DMSO (vehicle) or 10 um PP2
before being subjected to a Transwell migration assay. CX3CL1-induced che-
motaxis was expressed as fold induction compared with DMSO-treated cells
in the absence of CX3CL1 (n = 3). Mean = S.E. ¥, p < 0.05 compared with
DMSO-treated cells. D, model of Syk-mediated signal pathways in response to
CX3CL1. Syk and SFKs are activated independently by CX3CL1, leading to
efficient chemotaxis. Syk regulates both Cdc42/WASP and Rac1/WAVE2 path-
ways through activation of PI3K. Syk is required to activate Cdc42, which
induces a conformational change in WASP permitting phosphorylation by
SFKs (see “Discussion” for details). 30", 30 sec; 7', 1 min.

WASP Is Tyrosine-phosphorylated by SFKs—Both Syk and
Src family kinases (SFKs) are activated downstream of CX3CL1
stimulation in human monocytic cells (1). Because Syk was not
required to directly phosphorylate WASP (Fig. 5B), we deter-
mined whether SFKs played a role in tyrosine phosphorylation
of WASP. No difference was observed in the ability of DMSO-
treated cells to tyrosine-phosphorylate WASP in response to
CX3CL1, whereas WASP tyrosine phosphorylation was abol-
ished when either RAW/LRS5 cells or BMMs were pretreated
with the SFKs inhibitor PP2 or a structurally unrelated pan-SFK
inhibitor SU6656 (Fig. 6A and supplemental Fig. S1). Also, PP2
inhibited WASP phosphorylation in cells expressing L270P
WASP (Fig. 6B), suggesting that SFKs were acting indepen-
dently of Cdc42 activation. SFKs have been shown to act
upstream of Syk in FcyR-mediated phagocytosis (44, 45), sug-
gesting that SFKs also might regulate Syk-mediated signaling
pathways. Contrary to this, inhibition of SFKs using PP2 or
SU6656 did not result in any reduction in the activation of
Cdc42, Racl, and Akt in BMMs (supplemental Fig. S2). Finally,
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we analyzed the chemotactic ability of cells following the inhi-
bition of SFKs. PP2 treatment of RAW/LR5 cells and BMMs
inhibited CX3CL1 chemotaxis compared with DMSO-treated
cells (Fig. 6C and data not shown), consistent with the results
obtained when nonphosphorylated WASP (Y291F) was ex-
pressed (Fig. 4D). Therefore, these data indicated that Syk-me-
diated signaling pathways in response to CX3CL1 are inde-
pendent of SFKs; however, SFKs are required for tyrosine
phosphorylation of WASP- and CX3CL1-induced cell migra-
tion in macrophages.

Taken together, our data identify a CX3CL1-induced signal
pathway where Syk and PI3K are required to activate Cdc42,
which induces a conformational change in WASP that permits
phosphorylation by SFKs (Fig. 6D). These results indicate that
both Syk and SFKs participate in different, but essential steps
required for proper macrophage chemotaxis to CX3CL1.

DISCUSSION

G protein-coupled receptors activate tyrosine kinases as well
as classical heterotrimeric G protein second messenger path-
ways (46). In this study, we demonstrate a role for the tyrosine
kinases Syk and SFKs in CX3CL1-induced macrophage che-
motaxis. Previous reports using monocyte/macrophage cell
lines demonstrated that Syk and SFKs were activated indepen-
dently of each other in response to CX3CL1 (1), and Syk activity
was required for actin cytoskeletal reorganization and migra-
tion to CX3CL1 (17). Here, we provide evidence for the molec-
ular mechanism by which Syk regulates CX3CL1-induced che-
motaxis in macrophages. Our results clearly indicated that Syk
regulates both Cdc42/WASP and Racl/WAVE2 pathways in
response to CX3CL1 and that these pathways are required for
efficient chemotaxis (Fig. 6D).

Syk is highly expressed in cells of hematopoietic origin and
plays a crucial role in signaling in most of these cells (47, 48).
Syk is known to play a role in actin-dependent processes, such
as integrin-mediated signaling (49, 50) and FcyR-mediated
phagocytosis (51, 52). Syk is activated downstream of G pro-
tein-coupled receptors in B cells, T cells, L1.1 cells, mast cells,
and monocyte/macrophages (1, 53—55). Syk has been shown to
be required for G protein-coupled receptor-mediated che-
motaxis using the Syk inhibitor piceatannol or RNAi ap-
proaches with HL60 differentiated neutrophils, THP-1 mono-
cytes or RAW/LR5 monocyte/macrophages (17, 33). However,
the role of Syk in neutrophil chemotaxis is controversial (56).
Although an earlier study of Syk-deficient neutrophils from
bone marrow chimeras did not show any defect in chemotaxis
to LTB4, C5a, MIP-1a, MIP-2, and fMLP (57), a later study
demonstrated reduced chemotaxis in vitro and extravasation in
vivo in response to fMLP in the absence of Syk (58). However,
the results from these neutrophil studies may be complicated
because the former study used uncoated surfaces and the latter
used a fibrinogen-coated surface, and Syk is important for
adhesion via 2 integrins (59). Interestingly, one of the mole-
cules identified in this study as being downstream of Syk,
WASP, is required for monocyte but not for neutrophil che-
motaxis to fMLP (38, 60), suggesting that the signaling require-
ments may be different between monocyte/macrophages and
neutrophils.
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Similar to the results shown here for CX3CL1, WAVE2 and
WASP are known downstream effectors of Rac and Cdc42 that
are required for actin remodeling and chemotaxis in macro-
phages in response to CSF-1 (20, 24, 30, 32). WAVE2 does not
bind directly to Rac and IRSp53 was reported to be an impor-
tant candidate linking WAVE2 to Rac1 (61, 62). Consistent with
IRSp53 in mediating the interaction between Rac and WAVE2,
WAVE2 was present in a complex with Racl and IRSp53 in
response to CX3CL1 and disruption of this interaction using a
dominant-negative form of IRSp53-inhibited membrane pro-
trusions in response CX3CL1. These results in combination
with a previous study demonstrating the importance of IRSp53
in CSF-1 chemotaxis suggest that IRSp53 plays a vital role in
macrophage chemotaxis (37).

WASP also is critical for leukocyte migration in vitro and in
vivo (63), supporting the role of the Cdc42/WASP pathway as a
key downstream mediator of several receptors in leukocytes
migration. Cdc42 is required to relieve the autoinhibition of
WASP necessary for subsequent WASP tyrosine phosphoryla-
tion both in vitro and in cells (23, 64, 65). In the case of CX3CL1,
Syk was required for WASP phosphorylation and migration
toward CX3CL1. However, Syk did not directly phosphorylate
WASP. Instead, Syk was needed to induce an open conforma-
tion of WASP through Cdc42, and SFK activity was required to
directly phosphorylate WASP. Interestingly, the Src kinase Hck
can phosphorylate WASP at tyrosine 291 and this phosphory-
lation results in enhanced actin polymerization in vitro (40), sug-
gesting that Hck may be responsible for the phosphorylation of
WASP. However, WASP can associate with both the Src kinase
Fyn and with focal adhesion kinase Pyk-2 following the triggering
of chemokine receptors on NK cells (18). Further studies are
required to identify the specific tyrosine kinase required for WASP
phosphorylation during CX3CL1chemotaxis.

SFKs have been shown to act as upstream molecules of Syk in
FcyR-mediated phagocytosis signaling (44, 45) However,
CX3CL1 induces activation of SFKs and Syk independently of
each other (1). Similar to this, we demonstrated that SFKs are
not required for Syk-mediated PI3K and Rho GTPases activa-
tion and suggested that SFKs and Syk might have specific and
complex functions during chemotaxis. Interestingly, WASP
was required for chemotaxis but was not necessary for the for-
mation of F-actin ruffles in response to CSF-1, whereas reduc-
tion of WAVE2 expression resulted in a significant inhibition of
CSF-1-induced membrane protrusions (20, 24). Similar to this,
reduction of WAVE2 expression was associated with an im-
paired ability of CX3CL1-induced F-actin-rich membrane pro-
trusions compared with WASP and Cdc42. These observations
suggested that F-actin-rich membrane protrusions are regu-
lated mainly by the Rac1/WAVE2 pathway. Despite the minor
effect on F-actin ruffling by WASP and Cdc42, silencing of
these proteins in RAW/LR5 cells dramatically reduced migra-
tion in response to CX3CL1. WASP also is required for the
formation of F-actin-rich adhesion structure called podosomes
(66), and podosomes are commonly formed at the leading edge
of a migrating cell, thereby defining the direction of motility
(30). Other studies have demonstrated that WASP phosphory-
lation regulates podosome turnover as well as chemotaxis to
CSE-1 (20). Consistent with this, WASP phosphorylation was
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also required for CX3CL1 chemotaxis. However, further stud-
ies are needed to determine the precise role by which Cdc42/
WASP regulates CX3CL1-induced chemotaxis.
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