MOLECULAR AND CELLULAR BIOLOGY, Dec. 2004, p. 10277-10288
0270-7306/04/$08.00+0 DOI: 10.1128/MCB.24.23.10277-10288.2004

Vol. 24, No. 23

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

SWAP-70 Regulates c-kit-Induced Mast Cell Activation, Cell-Cell
Adhesion, and Migrationf

Raja Rajeswari Sivalenka and Rolf Jessberger*
Department of Gene and Cell Medicine, Mount Sinai School of Medicine, New York

Received 23 April 2004/Returned for modification 27 May 2004/Accepted 24 August 2004

SWAP-70, an unusual phosphatidylinositol-3-kinase-dependent protein that interacts with the RhoGTPase
Rac, is highly expressed in mast cells. Cultured bone marrow mast cells (BMMC) from SWAP-70~/~ mice are
reduced in FceRI-triggered degranulation. This report describes the hitherto-unknown role of SWAP-70 in
c-kit receptor signaling, a key proliferation and differentiation pathway in mast cells. Consistent with the role
of Rac in cell motility and regulation of the actin cytoskeleton, mutant cells show abnormal actin rearrange-
ments and are deficient in migration in vitro and in vivo. SWAP-70~'~ BMMC are impaired in calcium flux, in
proper translocation and activity of Akt kinase (required for mast cell activation and survival), and in trans-
location of Racl and Rac2 upon c-kit stimulation. Adhesion to fibronectin is reduced, but homotypic cell
association induced through c-kit is strongly increased in SWAP-70~'~ BMMC. Homotypic association re-
quires extracellular Ca®>* and depends on the integrin o, 3, (LFA-1). ERK is hyperactivated upon c-kit sig-
naling in adherent and dispersed mutant cells. Together, we suggest that SWAP-70 is an important regulator
of specific effector pathways in c-kit signaling, including mast cell activation, migration, and cell adhesion.

Mast cells are hematopoietic cells derived from progenitor
stem cells in the bone marrow (reviewed in references 15, 37,
and 40). Mast cells leave the bone marrow into the peripheral
blood as mast cell-committed precursors (49) and enter pe-
ripheral tissues, mostly mucosal and connective tissue, and the
peritoneal fluid. Immature mast cells can be cultivated in vitro
in the presence of interleukin-3 (IL-3) from either murine
blood mast cells (BMC) or bone marrow mast cells (BMMC)
(32, 42, 54, 65). Such cultured, proliferating primary mast cells
express the high-affinity receptor for immunoglobulin E (IgE)
(FceRI) and the c-kit receptor, possess granules, and are ca-
pable of exocytosis.

Signaling through c-kit is essential for mast cell develop-
ment, as well as for other processes in hematopoiesis, erythro-
poiesis, melanogenesis, and gametogenesis (reviewed in refer-
ences 1, 7, 38, 50, and 58). Mice completely deficient in c-kit or
its ligand stem cell factor (SCF; also named kit ligand [KL] or
steel factor [SL]) die during embryogenesis or neonatally of
severe anemia. The addition of SCF to cultured BMMC stim-
ulates proliferation, maturation, secretion, cytoskeletal actin re-
arrangements, membrane ruffling, migration, and cell survival.
The SCF receptor is a type III receptor tyrosine kinase bearing
five immunoglobulin-like extracellular domains and no ITAM.
Binding of SCF to c-kit causes autophosphorylation of the re-
ceptor, which then phosphorylates a range of substrates trigger-
ing specific pathways to mount the responses mentioned above.
Proteins that become activated during c-kit signaling include
phosphatidylinositiol 3-kinase (PI3K) and small RhoGTPases,
e.g., Rac. Actin reorganization and the release of Ca®* are trig-
gered, and kinases such as the mitogen-activated protein ki-
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nase (MAPK) kinase MEK and its substrates ERK1 and ERK2,
as well as survival factors such as Akt/PKB, are activated. Thus,
a complex set of signaling pathways is activated in BMMC
through c-kit stimulation, and not all factors involved in these
pathways have been elucidated.

This report describes functions of the signaling protein
SWAP-70 in c-kit signaling in mast cells. SWAP-70, originally
isolated from the nucleus of activated, mature B lymphocytes
(4), features an unusual combination of amino acid sequence
motifs and domains (4, 5, 39, 53) (see Fig. S1 in the supple-
mental material). It carries three nuclear localization signals
and a nuclear exit signal and in B cells localizes to the cyto-
plasm and/or the nucleus depending on the activation status of
the cell. In mast cells, the protein is cytoplasmic or localizes to
the cytoplasmic membrane (17). Membrane localization is con-
sistent with the pleckstrin homology (PH) domain (36) present
in the center region of SWAP-70. Through its PH domain
SWAP-70 binds phosphatidylinositol-3,4,5-triphosphate (PIP3),
the second messenger product generated by PI3K. Binding of
PIP3 is necessary for SWAP-70 to localize to membrane actin
structures called membrane ruffles (53), sites of membrane
actin rearrangements that occur upon cell activation. A second
key domain in SWAP-70 is its Dbl homology domain (DH),
which is found in guanine nucleotide exchange factors for small
Rho GTPases (24, 68). Contrasting with other known members
of the Dbl family of proteins, the DH domain in SWAP-70 is
positioned not N terminal but C terminal to its PH domain.
Through a mechanism that is still to be fully defined, SWAP-70
promotes formation of the GTP-bound, activated form of the
GTPase Rac (53), a central molecular switch in a variety of
signaling pathways. Pathways regulated through Rac include
signaling from immunoglobulin superfamily receptors such as
the B-cell receptor and the FceRI, from growth factor recep-
tors including c-kit, and from cytokine receptors (reviewed in
references 13, 49, and 57). Like SWAP-70, Rac localizes to
membrane ruffles, and the translocation of Rac to these sites
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appears to be necessary for its activation (33). SWAP-70’s only
close homolog is a protein called Def-6, SLAT, or IBP (20, 25,
57), which was reported to function in T-cell signaling (20, 57).

Since the only two primary cell types currently known to
highly express SWAP-70 are mast cells and B cells, we started
to investigate the functions of SWAP-70 in mast cells, aided by
the availability of SWAP-70-deficient mice (6, 17), and cultures
of IL-3-dependent BMMC or BMC from wild-type or SWAP-
70~/ mice. Fluorescence-activated cell sorting (FACS) anal-
ysis of the FceRlI, visualized by bound IgE and of c-kit showed
that >95% of wild-type or mutant cells were positive for both
receptors with similar intensities. Wild-type or SWAP-70"/~
mast cells respond similarly to IL-3 or SCF, or combinations of
both ligands, with regard to the induction of proliferation. In
FceRI-mediated degranulation assays, SWAP-70~'~ BMMC
or BMC, stimulated through cross-linked IgE/FceRI com-
plexes, yield a signal of only one-fifth of that of wild-type cells.
Release of nonpreformed mast cell-derived mediators such as
tumor necrosis factor alpha (TNF-a) or IL-6 is consistently
lower in SWAP-70 /" than wild-type BMMC (17). Together,
this suggests that SWAP-70 plays a specific role in mast cell
signaling. The present study aimed at identifying contributions
of SWAP-70 to c-kit signaling in mast cells.

MATERIALS AND METHODS

Mast cell cultures, cytokine antibodies, and inhibitors. BMMC were estab-
lished as described earlier (17) with marrow from 4- to 8-week-old wild-type or
SWAP ™/~ mice. Recombinant murine SCF was either collected from superna-
tant of SCF-secreting BHK cells or purchased from R&D systems (Minneapolis,
Minn.). Concentrations of SCF or IL-3 in the tissue culture supernatants were
measured by enzyme-linked immunosorbent assay. Antiphosphotyrosine anti-
body (clone 4G10) was produced from a hybridoma line and purified by protein
G chromatography. Anti-p-Ser473 Akt, anti-P-Thr308 Akt, anti-Akt, and anti-
LFA-1 (o B5; CD11a/CD18) were obtained from UBI (Lake Placid, N.Y.). Anti-
phosphorylated phospholipase Cy-1 (anti-P-PLCy-1), anti-PLCy1, anti-PLCy2,
anti-P-Erk (Thr183/Tyr185), and anti-ERK were purchased from Cell Signaling
Technology Inc. (Beverly, Mass.). Anti-Racl and anti-Rac2 were obtained from
Santa Cruz Biotechnology Inc. (Santa Cruz, Calif.). Recombinant PAK—gluta-
thione S-transferase (GST) was prepared from overexpression of the gene, kindly
provided by J. Chernoff, Fox Chase Cancer Center, in Escherichia coli BL21 and
purification on a glutathione resin. Cell Tracker Green (CMFDA), the Indol
calcium binding dye, and tetramethyl rhodamine isothiocyanate (TRITO)-
phalloidin were purchased from Molecular Probes (Eugene, Oreg.). PD98059, an
inhibitor of ERK, was purchased from Calbiochem (San Diego, Calif.).

Isolation and analysis of subcellular protein fractions. BMMC cultures were
starved overnight in medium with 2% serum without IL-3. Approximately 1.5 X
107 BMMC were stimulated by addition of SCF, followed by lysis in hypotonic
lysis buffer (20 mM Tris-HCI [pH 7.4]; 5 mM EDTA; 5 mM EGTA; 5 mM di-
thiothreitol; 5 mM Na;VO,; 0.5 mM phenylmethylsulfonyl fluoride; 1-pg/ml [each]
aprotinin, leupeptin, and pepstatin; 1 mM Na;VO,; 1 mM NaF; 1 mM glycerol phos-
phate) by sonication on ice (15 bursts). After centrifugation at 2,000 X g for 5 min at
4°C, supernatants were recentrifuged in an airfuge rotor (Beckman Inc.) at
100,000 X g for 5 min. Cytosolic fractions comprising the supernatants and the
pellets were redissolved in lysis buffer containing 1% NP-40 and incubated on ice
for 60 min. Samples were then subjected to ultracentrifugation at 100,000 X g for
10 min. Supernatants were collected as the detergent-soluble membrane frac-
tions, and protein from the pellets were extracted into sodium dodecyl sulfate
(SDS) sample buffer as the total insoluble fraction, which consists primarily of
the cytoskeleton besides a detergent-resistant membrane subfraction (61). For
total cellular lysates 2 X 10° cells per sample were solubilized in SDS sample
buffer containing protease inhibitors (1-pg/ml each aprotinin, leupeptin, pepsta-
tin), 1 mM Na;VO,, 1 mM FaF, and 1 mM glycerol phosphate.

Ca®* flux measurements. Calcium flux was measured by using Indo-1, a cal-
cium binding dye. A total of 10° BMMC was loaded with 3 mM Indo-1 AM (Mo-
lecular Probes) for 30 min at 37°C in Iscove modified Dulbecco medium (IMDM)
containing 2% fetal calf serum (FCS). The cells were then resuspended in Ty-
rodes buffer (119 mM NaCl, 5 mM KCl, and 0.4 mM MgSO, in 25 mM PIPES
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[pH 7.5] with 1 mM CaCl,, 5.6 mM glucose, and 0.1% bovine serum albumin
[BSA]), and changes in dye fluorescence with time were determined by flow cy-
tometry on a FACS Vantage (Becton Dickinson, Inc., Mountain View, Calif.) sys-
tem after the addition of SCF to a final concentration of 100 ng/ml at 37°C or 2 uM
ionomycin for 5 min. These experiments were repeated four times with either re-
combinant SCF or SCF-containing supernatant from an SCF-producer cell line.

Isolation and analysis of subcellular protein fractions. Subcellular fractions
were prepared according to (60) with some modifications described in the sup-
plemental material. The subcellular fractions, adjusted for signal visibility to
equivalents of 2 X 10° cells for the cytosolic, 8 X 10° for the membrane, or 10°
cells for the insoluble fraction or total cellular lysate were resolved by SDS-
polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose mem-
brane, and immunoblotted with the respective antibodies, followed by subse-
quent enhanced chemiluminescence readout.

Rac activation. After stimulation of 10° BMMC with 6 ng of SCF/ml, the cells
were lysed with equal volumes of 2X lysis buffer containing 50 mM Tris-HCI (pH
8.0), 1% Triton X-100, 150 mM NaCl, 10% glycerol, 2 mM dithiothreitol, and 5
mM MgCl,, protease, and phosphatase inhibitors and then centrifuged for 10
min at 15,000 rpm. The supernatant was incubated for 30 min with GST-PAK1
CRIB (Cdc42/Rac interactive binding) domain prebound to glutathione-Sepha-
rose beads. The beads were washed, and the protein bound to the beads was
analyzed by SDS-PAGE, followed by immunoblotting with anti-Racl or anti-
Rac2 antibodies. The activation assay was repeated eight times.

The assay for Rac translocation was performed as described previously (53).
Briefly, after stimulation, 107 cells were lysed in hypotonic Triton X-100 lysis
buffer (20 mM Tris-HCI [pH 7.4], 3 mM MgCl, 8% sucrose, 0.5% Triton X-100,
and 5 mM EGTA supplemented with protease and phosphatase inhibitors) and
subjected to ultracentrifugation at 60,000 rpm for 2 h. After centrifugation the
pellet was designated the Triton-insoluble fraction. Pellets were resuspended in
SDS-sample buffer and boiled for 10 min, and proteins were separated by SDS-
PAGE and blotted with either anti-Racl or anti-Rac2 antibodies. These exper-
iments were repeated at least three times.

Akt and ERK Kkinase assays. Akt and ERK activity assay kits were obtained
from Calbiochem and Cell Signaling, respectively. The assays were performed
according to the manufacturers’ instructions. Briefly, 5 X 10 SWAP*/* or
SWAP '~ BMMC per assay were either stimulated with 6 ng of SCF/ml or left
unstimulated. Stimulation was terminated by washing with ice-cold phosphate-
buffered saline (PBS). For Akt assays, cells were lysed, and antibody specific for
phosphorylated Akt was added to the lysate and incubated on a rotary shaker at
room temperature for 45 min, followed by the addition of protein A-Sepharose
and incubation for 45 min. Beads were then washed with 0.5 ml of kinase assay
buffer, and kinase assays were performed in the presence of a GSK3a (66)
protein-ATP mixture for 4 h at room temperature. The assays were terminated
by using SDS sample buffer and analyzed by SDS-PAGE, immunoblotting, and
probing with antibody specific for phosphorylated GSK-3a. The same filter was
then probed with a control antibody to GST to detect the input GSK3a-GST
fusion protein used as a substrate in each assay.

For ERK assays, cells were lysed and immobilized anti-phospho ERK (Thr202/
Tyr204) antibody was added to the lysate, followed by incubation on a rotary
shaker at 4°C for 30 min. For a positive control, active ERK was added to a lysate
sample. After incubation, the beads were washed twice with lysis buffer and twice
with a kinase assay buffer. Kinase assays were performed in the presence of 2 pg
of Elk-1-GST fusion protein/ml and 200 uM ATP for 30 min at room temper-
ature. The assays were terminated by using SDS sample buffer and then analyzed
by SDS-PAGE and immunoblotting with antibody specific for phosphorylated
Elk-1. The filter was later probed with a control antibody to GST to detect the
total input Elk-1-GST fusion protein used as a substrate in each assay.

Actin measurements and imaging. Actin polymerization was quantified by
using TRITC (tetramethyl rhodamine isothiocyanate)-phalloidin staining of
cells, followed by flow cytometry, performed in three independent experiments.
A total of 2 X 10° BMMC were stimulated for various times with 6 ng of SCF/ml.
Subsequently cells were fixed with 3.6% formaldehyde for 15 min. Total cellular
filamentous actin (F-actin) was stained by using TRITC-conjugated phalloidin
(10 nM) and analyzed by flow cytometry. A total of 40,000 events were acquired,
and increases in cellular fluorescence relative to control samples were used to
define an “F-actin high” population and its percentage within the total cell
population. Imaging of F-actin in cells by TRITC-phalloidin staining, as well as
of Racl or Rac2, was performed with a Leica fluorescence microscope by using
the Openlab/Velocity software (Improvision, Inc., Lexington, Mass.).

Migration assays. In vitro migration assays were performed by using 8-pum-
pore-size transwell migration plates (Costar, Corning, N.Y.). The assay was re-
peated eight times to include titrations and kinetic analyses. A total of 10° BMMC
in 100 wl of IMDM containing 1% FCS, either untreated or pretreated for 10
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FIG. 1. SWAP-70"/~ BMMC are impaired in migration. (A) Transwell assay. Migration of wild-type or mutant BMMC toward the indicated
concentrations of SCF, placed in the lower chamber, was assessed by cell counting after 4 h of incubation. The percentage of cells observed in the
lower chamber is indicated. (B to D) In vivo migration of BMMC. Wild-type or mutant cells labeled with Cell Tracker Green were injected into
the tail vein of 129SVEMS mice (B and C) or of wild-type or W/W-v mice (D). The percentage of green cells found after 24 h in the peritoneum
(B and D) or in the blood (C) is shown. The background is given as “Control.”

min with 10 pg of anti-LFA-1 (o f,, CD11a/CD18) or 5 mM EGTA/ml, were
added to the upper chamber of the transwell insert. Various concentrations of
SCF were added to the lower wells. The plates were incubated for 4 h at 37°C in
5% CO,. Controls without SCF were maintained in each experiment to account
for passive diffusion of cells. The migration of BMMC was determined by count-
ing cells that migrated to the lower chamber as percentage of total cells that were
loaded, with the passive diffusion subtracted as background (<3% of the signal).

Haptotactic cell migration assays (59) were performed by using matrix-coated
polycarbonate filters (8-pm pore size, transwell). The membrane undersurface
was coated with fibronectin (10 pg/ml) in PBS at 4°C overnight or with only PBS
for controls and was blocked with 3% BSA in Hanks balanced salt solution
(HBSS) for 1 h at 37°C. The lower chamber was filled with 500 wl of IMDM
medium with or without 6 ng of SCF/ml. Either SWAP-70"/* or SWAP~/~
BMMC were plated in the upper chamber in duplicate wells at a density of 2 X
10° in 100 wl of IMDM medium and then incubated at 37°C for 4 h. After
incubation, cells in the upper compartment were removed by using a cotton wool
swab, and cells that migrated to the lower chamber, as well as those adhered to
fibronectin on the membrane, were counted individually by microscopy. An
average of six fields per filter was obtained by cumulative frequency analysis, and
the experiment was repeated thrice.

In vivo migration experiments were performed by tail vein injections of labeled
BMMC and were repeated twice. Groups of three recipient mice of either
wild-type or W/W-v mice, which lack endogenous mast cells (16), were injected
with 10 cells derived from donors of each genotype, after labeling with 10 wM
CTG (Cell Tracker Green CMFDA) at 37°C according to the manufacturer’s
instructions. The frequency of labeled cells that were present in the recipient
peritoneum or for control those still present in the blood of the recipient was

determined 24 h later by flow cytometric analysis of 100,000 cells. Recovery was
calculated from the number of labeled cells injected.

Homotypic and fibronectin adhesion assays. Mast cell aggregation assays were
performed by treating 10° BMMC with or without SCF in BMMC growth
medium for 2 to 24 h and then monitoring the aggregation by microscopic
visualization and counting of aggregates containing more than 5 cells. In some
experiments, BMMC were pretreated for 10 min with either 100 pM PD98059,
an inhibitor of MEK kinase required for ERK phosphorylation, or 5 pg of
anti-LFA-1 antibody/ml or 5 mM EGTA before addition of SCF. This assay was
repeated six times.

Fibronectin adhesion assays were carried out as described previously (34) with
slight modifications. 96-well Nunc Maxisorp plates (Nunc, Naperville, Tl.) were
coated with 50 pg of bovine fibronectin/ml in PBS overnight at 4°C, washed three
times with PBS, blocked with 3% BSA (Sigma) in HBSS for 1 h at 37°C, and then
washed three times with HBSS-0.03% BSA (assay medium). Wild-type and
SWAP70~/~ BMMC were starved overnight in IMDM medium with 2% FCS,
labeled with CTG dye at 3 mM at 37°C for 1 h, and resuspended to 10° cells/ml
in PBS. At the desired time intervals, 50 pl of PBS with or without SCF was
added to the fibronectin-coated wells prior to the addition of 50 pl of cell
suspension. After we allowed adhesion to the plates for the indicated times, the
nonadherent cells were removed carefully from the wells (except from respective
control wells) by pipetting them into fresh wells, and any unattached cells were
washed away once with PBS. Adhesion was measured as the percentage of
fluorescence left in the wells compared to the total fluorescence in control wells,
which were assigned as 100%. Alternatively, the adherent cells were lysed in SDS
sample buffer and analyzed by SDS-PAGE, followed by Western blotting with
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FIG. 2. Altered F-actin dynamics in SWAP-70~/~ BMMC. (A) Total F-actin content was measured by FACS after TRITC-phalloidin staining
of the cells. Unstained cells served as controls, and measurements were taken immediately before and at the indicated time points after SCF (6
ng/ml) stimulation. The indicated gate shows the percentage of cells within the F-actin-positive (high) population. (B) Staining of BMMC by
TRITC-phalloidin and imaging by fluorescence microscopy revealed filopodia-like protrusions on mutant BMMC, which are best visible at the 5-
and 10-min time points. +/+, wild-type BMMC; —/—, SWAP-70"'~ BMMC.

the desired antibodies. This assay was performed four times with CTG-labeled
cells and three times with unlabeled cells.

RESULTS

Mast cell migration and proper F-actin polymerization de-
pend on SWAP-70. Rac is important for cell migration, and
mast cells or B cells deficient in Rac2 were found to migrate
approximately threefold less efficiently than wild-type cells (9,
61). SWAP-70 interacts with Rac, contributes to its activation,
and also associates with specific actin structures (22, 53). Thus,
SWAP-70 is likely involved in cell motility, and we sought to
determine whether SCF-induced migration of BMMC depends
on SWAP-70. Migration was assayed in a transwell chamber
device with a pore size of 8§ pm in medium containing SCF as
a chemoattractant. The percentage of migrated cells was de-
termined after 4 h (Fig. 1A). Cells migrated best at an optimal
concentration of SCF (6 ng/ml). A similar concentration de-
pendence of migration was reported for B cells (9) or mast cells
(67). At this SCF concentration, SWAP-70~~ BMMC migrated
with a fourfold-reduced efficiency compared to wild-type cells.

To address whether the requirement for SWAP-70 is allevi-
ated by the presence of an extracellular matrix protein, we
performed a haptotactic migration assay (Fig. 1B). SCF-de-
pendent migration of wild-type or mutant cells through fi-
bronectin-coated membranes was assayed. After 4 h of incu-
bation, very little migration was seen in the absence of SCF,

independent of the fibronectin layer. The addition of SCF
triggered efficient migration in wild-type cells, which was fur-
ther increased by the presence of fibronectin. Mutant cells
migrated only at less than half the wild-type efficiency without
fibronectin. The fibronectin layer did not increase migration of
mutant cells, resulting in only 25% migration efficiency com-
pared to wild type. The adherence of cells to the fibronectin
layer was assessed by light microscopy, and more than twice as
many wild-type than mutant cells were observed (not shown).

To assess whether SWAP-70 is also required for migration
of BMMC in vivo, we loaded BMMC with Cell Tracker Green
dye, injected equal numbers of wild-type or mutant cells into
the tail vein of mice, and counted green cells 24 h later in
peritoneal fluid and blood from the animals. Approximately
10-fold less SWAP-70~/~ BMMC than wild-type cells were
found in the peritoneum of wild-type mice, indicating a re-
quirement for SWAP-70 for translocation into the peritoneum
(Fig. 1B). In blood, labeled SWAP-70"'~ BMMC were more
frequent than labeled wild-type cells, confirming the reduced
translocation of mutant BMMC from the blood into the pe-
riphery (Fig. 1C). We also analyzed migration of injected
BMMC in the absence of potentially competing endogenous
mast cells and used c-kit-deficient W/W-v mice, which lack
mast cells, as hosts (Fig. 1D) (16). For control, wild-type lit-
termates from the same breeding of heterozygote parents were
used. Migration of SWAP-70-deficient BMMC into the peri-
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FIG. 3. Impaired Rac activation in SWAP-70~/~ BMMC. (A) Total amounts of Racl or Rac2 in wild-type or mutant BMMC. GST-tagged Racl
or Rac2 was loaded for controls. (B) Translocation of Racl or Rac2 into the detergent-resistant cytoskeletal fraction. The cytoskeletal fraction was
analyzed by immunoblotting and probing with antibodies specific for either Rac protein. Actin probing served as the loading control (C)
Immunofluorescence analysis of Rac translocation. Starved wild-type or SWAP-70~/~ cells were stimulated by SCF (6 ng/ml) for the indicated time
periods and stained for actin by rhodamine-phalloidine and for either Racl or Rac2 through FITC-labeled secondary antibody. (D) Rac activation
measured by a pulldown method that specifically isolates activated Rac, followed by immunoblotting and probing for either Racl or Rac2.
Racl-positive controls are very strong, burning out the signal. +/+, wild-type BMMC; —/—, SWAP-70~/~ BMMC.

toneum was reduced threefold, and the presence of mutant
cells in the blood was increased twofold (not shown) compared
to wild-type BMMC. The lower overall migration of wild-type
cells to the peritoneum in W/W-v mice may result from the ab-
sence of various cytokines and other attractants in these mice.

Polymerization and depolymerization of F-actin drive rear-
rangements of the actin cytoskeleton, which are essential in
mast cells and other cells for changing cell shapes, cell migra-
tion, and other processes (45, 46, 52, 55). Since SWAP-70 not
only localizes to membrane ruffles but the formation of ruffles
also partially depends on SWAP-70 (53), we sought to deter-
mine whether F-actin polymerization in BMMC is affected by
SWAP-70 deficiency. The total F-actin content of BMMC was
measured by FACS after fixation, permeabilization, and TRITC-
phalloidin staining of the cells at different time points after c-kit
stimulation (Fig. 2A). We defined an F-actin high population
represented by the peak of cells intensely stained with rhodam-
ine-phalloidin and monitored changes in this population rela-
tive to control cells, i.e., nonstimulated wild-type or SWAP-70~/~
BMMC. The assay revealed characteristic patterns of increase
and decrease in F-actin content in the cells after stimulation.
Although the observed changes are complex, the data demon-

strate differences between wild-type and SWAP-70""/" cells at
several time points. In wild-type cells, the increase in F-actin high
cells peaked at ca. 4 min, whereas in mutant cells the accumu-
lation of F-actin high cells increased faster and continued
through at least 10 min, with >90% of the cells being F-actin high
at this time point. There was no decrease in mutant F-actin
high cells. This suggests altered regulation of F-actin polymer-
ization and/or depolymerization in SWAP-70-deficient cells.

Consistent with abnormal F-actin content in mutant BMMC,
aberrant formation of multiple elongated F-actin protrusions,
which are reminiscent of filopodia, was seen by immunofluo-
rescence all around the mutant cells (Fig. 2B). No such pro-
trusions occurred in wild-type cells. The protrusions started to
appear after 2 min of stimulation and are clearly visible at the
5- and 10-min time points. Wild-type cells also appeared gen-
erally more polarized than SWAP-70~'~ BMMC.

Impaired translocation of Rac. In a recent in vitro study,
SWAP-70 was found to specifically bind Rac and to enhance its
activated form (53). Since Rac is a key regulator in c-kit sig-
naling, migration, and cytoskeletal rearrangements, we inves-
tigated the requirement for SWAP-70 in Rac activation in this
pathway. Besides Racl, hematopoietic cells express the highly
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FIG. 4. Impaired Ca** flux in SWAP-70 '~ BMMC. (A) Ca®" flux
measured by Indo-1 binding upon SCF stimulation. SCF was added at
the 50-s time point. (B) Indo-1 binding of Ca*" triggered by ionomycin
(2 wM). The wavelengths 405/485 reflect the ratio of bound to free Ca®".

homologous Rac2, which is important for mast cell exocytosis,
migration, and survival (12, 19, 67). Total levels of Racl and
Rac2 are the same in cells of the two genotypes (Fig. 3A).

Activated Rac translocates to a detergent-resistant fraction
that consists primarily of the cytoskeleton (9, 12, 19, 67). Iso-
lating that fraction and measuring its Rac content serves as an
assay for relocalization of activated Rac. Comparing the pres-
ence of Racl or Rac2 in the detergent-resistant fraction of
SWAP-70"'* or SWAP-70~'~ BMMC up to 15 min after SCF
stimulation showed efficient translocation in wild-type cells,
whereas Racl and Rac2 translocated poorly in SWAP-70"/~
cells (Fig. 3B). At later time points, Rac accumulates in the
cytoskeletal fraction (not shown), pointing to a kinetic impair-
ment in the absence of SWAP-70. The inability of SWAP-70-
deficient cells to properly translocate Rac was confirmed in
immunofluorescence experiments (Fig. 3C), which showed that
Racl and Rac2 remain scattered in dots throughout the mu-
tant cells, whereas in wild-type cells Rac localizes to the pe-
riphery, overlapping with F-actin.

To determine levels of activated Rac, age-matched wild-type
or mutant BMMC were stimulated with SCF, and Rac activa-
tion was measured at different time points thereafter by lysing
the cells and performing a pull-down assay, in which only ac-
tivated Rac-GTP is precipitated by PAK1-GST beads, and then
analyzed by Western blotting (53). The assay was performed
numerous times with cells that had either been starved in the
absence of FCS or in the presence of 2% FCS. Equal amounts
of PAKI1-GST beads loaded on the gel were controlled by
anti-GST blotting (not shown). Under none of the starvation
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conditions did SCF induce a strong increase of activated Rac.
The rather low levels of activated Rac that were obtained
differed mildly between wild-type and mutant cells (Fig. 3D).
At every time point, however, the levels of activated Racl and
Rac2 were lower in SWAP-70~'~ cells than in wild-type cells.

SWAP-70 is required for efficient Ca** release. The release
of Ca** from intracellular stores and the subsequent influx of
Ca?" from the extracellular environment is a hallmark of c-kit
signaling (64) and is negatively affected by F-actin polymeriza-
tion (44). We assayed the increase of free Ca®" in wild-type or
mutant BMMC upon SCF treatment (Fig. 4A). After the ad-
dition of SCF to 100 ng/ml, wild-type cells showed a rapid
surge of free Ca®" within seconds, which then slowly increased
further to reach a plateau at ca. 2 min after induction. SWAP-
707/~ cells, however, failed to show the initial surge and sub-
sequent increase. After more than 4 min, Ca®* release was bare-
ly above background. At lower SCF doses (30 ng/ml), we did
not observe significant Ca®* release. Ca®* release per se is not
absent in SWAP-70"/~ BMMC, since 2 uM ionomycin trig-
gered efficient release, albeit at lower levels than in wild-type
BMMC, which indicates a general impairment (Fig. 4B). How-
ever, at higher concentrations of ionomycin (10 uM), Ca* flux
was similar in wild-type and mutant cells (not shown), indicat-
ing that only under limiting conditions is ionomycin-triggered
Ca®" release less efficient in the absence of SWAP-70.

Aberrant activation of Akt and ERK. A number of other
signaling factors are instrumental in c-kit signaling and are
required either for cell survival, proliferation, or cell-cell in-
teraction, among them Akt (PKB) and ERK. Activation of
Akt, triggered by c-kit signaling (3), supports mast cell survival
and is partially dependent on Rac (67). Analysis of the total
cellular lysates by immunoblotting with phospho-specific anti-
Akt antibodies—either for P-Ser 473 or P-Thr 308—and an
antibody to total Akt as control revealed no differences be-
tween wild-type and SWAP-70~'~ BMMC upon SCF stimula-
tion (Fig. SA and B). However, analyses of the cytoplasmic or
membrane fractions showed differences in Akt translocation
between cells of the two genotypes (Fig. 5C and D). Some of
the Akt protein translocates into a detergent-soluble mem-
brane fraction. In wild-type cells SCF-triggered membrane lo-
calization of P-Ser Akt is seen only at the 1-min time point,
where total levels of Akt are also highest in the membrane
fraction. In mutant cells, phosphorylated Akt peaks later at 4
min and continues to be present. The amounts of total Akt in
the membrane fraction remain high in mutant cells. This dif-
ference between wild-type and mutant cells may be even more
pronounced considering the slightly more intense moesin load-
ing control signal in wild-type lanes. In the cytoplasmic fraction
we see similar amounts of total Akt, although slightly reduced
at 4 and 8 min in wild-type cells. Phosphorylated Akt parallels
this pattern, with mildly higher levels in mutant cells. Thus, the
most significant effect of SWAP-70 is on translocation into the
membrane fraction. No Akt was found in the insoluble, cy-
toskeletal protein fraction prepared as described for Rac (not
shown). SWAP-70 also translocated within the first minute
from the soluble pool to the membrane upon SCF stimulation,
indicating that translocation of SWAP-70 and Akt correlate
(not shown). Quantification of these data is shown in Fig. S3 in
the supplemental material.

To determine whether SWAP-70 is also required for func-
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FIG. 5. Activation and translocation of Akt in wild-type or SWAP-70~/~ BMMC. (A and B) Generation of Akt phosphorylated at Thr-308
(A) or at Ser-473 (B) at different time points after SCF stimulation, as assessed by immunoblotting of total cell lysates and probing with the
respective antibodies. (C and D) Presence of Akt or P-Ser-Akt either in the soluble cytoplasmic fraction (C) or in the NP-40 solubilized membrane
fraction (D). (E) Akt kinase activity assay with GSK3a as substrate. The lower image shows the substrate loading control. The kinase activity was
quantified by the ImageQuant analysis software (Amersham Biotech) as indicated below the images.

tionality of Akt as a kinase, we measured the activity of Akt in
kinase assays with GSK3a as substrate (Fig. SE). The activity
of Akt is strongly reduced in SWAP-70-deficient BMMC. Thus,
SWAP-70 directly or indirectly links translocation and activa-
tion of Akt in mast cells.

The extracellular signal-regulated kinase 1 (ERKI1) and
ERK?2 constitute a subfamily of MAPKSs, which become acti-
vated through stimulation of receptor tyrosine kinases such as
c-kit. MEK kinase phosphorylates and activates ERK, which is
involved in the control of cell proliferation, cell shape, cell
mobility, and cell-cell interactions (for reviews, see references
26 and 29). Since signaling through c-kit stimulates ERK (28)
and since Rac and its effector PAK have not only been re-
ported to act in parallel to but also upstream of ERK (11, 14,
29), we sought to determine whether ERK activation may be
affected by SWAP-70 deficiency. We used Western blotting to
test total amounts of ERK1 and ERK2 and to analyze the
phosphorylation of ERK1 and ERK2 with a phospho-specific
antibody (Fig. 6). Loading was controlled by anti-actin probing
of the same blots. In BMMC kept at low 2% serum before or
after SCF treatment, total levels of ERK2 are very similar in
wild-type and mutant cells, but ERK1 is expressed at slightly
higher levels in SWAP-70-deficient BMMC. In wild-type but
not mutant BMMC we consistently observed not only weaker
bands for ERKI1 but also an additional antibody-reactive band
migrating between ERK1 and ERK2. If considered a proteo-
lytic form of ERKI1, the total levels of ERK1 in wild-type cells
may approach those in mutant cells. The intermediate band is
not present in nonstarved cells. Upon stimulation of cells in

low serum by c-kit, we found phosphorylation of both ERKs to
be upregulated in wild-type and mutant cells. In wild-type cells,
this includes the intermediate band. However, upregulation be-
came visible at later time points in wild-type cells and appeared
somewhat lower than in the mutant (Fig. 6A). If cells were kept
at 2% FCS in the presence of IL-3, the intermediate band was
absent, and mutant cells appeared to express slightly higher
levels of ERK (Fig. 6B). Phosphorylation of both ERKs is sig-
nificantly lower in wild-type cells. For quantification, see Fig.
S4 in the supplemental material. At late time points, e.g., after
1 h of SCF treatment of cells in low serum, phosphorylation is
still lower in wild-type than in mutant cells (see Fig. 7D).

The activity of ERK was tested in kinase assays that use
immunoprecipitated phosphorylated ERK and the transcrip-
tion factor Elk-1 (GST tagged) as substrate (Fig. 6C). After
SCF treatment, serum-starved wild-type and mutant cells ini-
tially (10 min and also at 5 min [not shown]) show a similar
strong increase in ERK activity. However, ERK remains highly
active only in mutant cells at the 60-min time point. Thus, both
phosphorylation and kinase activity of ERK are lower in the
presence of SWAP-70.

Cell adhesion is regulated by SWAP-70. Racl and Rac2 are
required for efficient cell adhesion (18). Therefore, we ana-
lyzed homotypic cell adhesion in BMMC cultures stimulated
by SCF. Aggregation of BMMC after 24 h in different concen-
trations of SCF was assessed microscopically. SWAP-70-defi-
cient BMMC show markedly increased formation of homo-
typic cell aggregates that contain up to ca. 50 cells (Fig. S2A in
the supplemental material). Only very few such aggregates
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FIG. 6. Activation of ERK in wild-type or SWAP-70"/~ BMMC. Total cell lysates from wild-type or mutant BMMC, stimulated by SCF for the
indicated times, were immunoblotted and probed with antibodies specific for phosphorylated ERK1/ERK?2 or for total ERK1/ERK2 as indicated.
Probing for actin served as loading control. Cells were starved in 2% FCS (A) or cells were kept in 2% FCS with IL-3 for 16 h before the experiment
(B). (C) ERK kinase activity assay with Elk-1 as substrate and P-ERK pulled down from BMMC lysates (starved without FCS). The lower panel
shows for control the input substrate (Elk-1-GST) and the amount of anti-P-ERK antibody used. The kinase activity was quantified by the

ImageQuant analysis software as indicated below the images.

were observed in wild-type cell cultures. Quantitation revealed
an app. 20-fold increase of aggregates in mutant BMMC. Ex-
tracellular Ca®* is known to be required for signaling by var-
ious integrins, which are metalloproteins that bind Ca** (35,
47). Hyperaggregation of SWAP-70~'~ BMMC depends on
extracellular Ca*>" since the addition of EGTA to 5 mM com-
pletely abolishes cell aggregation (Fig. 7A). The lymphocyte
function-associated antigen 1 (LFA-1; «; 8,), a member of the
CD11/CD18 family of integrins (21), is required for mast cell
homotypic and heterotypic interactions (27, 63). We sought to
determine whether the hyperaggregation seen in mutant BMMC
depends on LFA-1 (Fig. 7A). Surface expression of this inte-
grin is not upregulated but rather mildly reduced on SWAP-
70—/~ BMMC compared to wild-type cells (47.1% for the mu-
tant versus 59.6% for the wild type). We added anti-LFA-1
antibody known to disrupt LFA-1-mediated adhesion to the
SCF-stimulated cultures. Very few aggregates of SWAP-70"/~
cells were seen after 24 h, suggesting that LFA-1 is crucial in
SWAP-70 regulated cell-cell interaction. Other integrins that
are expressed on murine mast cells include VLA-4 (27). Sur-
face expression levels for VLA-4 are very similar in wild-type
or mutant cells (ca. 75% VLA-4 positive for each genotype)
and did not change after SCF treatment. Anti-VLA4 antibod-
ies had no effect on cell-cell associations (not shown).

We report above reduced migration of SWAP-70~'~ BMMC
in the transwell assay (Fig. 1). The results in this assay may be
influenced by enhanced aggregation of BMMC, since large ag-
gregates may not migrate as well through the 8-wm pores. How-
ever, cells in the upper chamber were not directly exposed to
SCEF; that is, they migrate along a gradient, and we saw aggre-
gation only with at least 3 ng of SCF/ml. To further exclude ag-
gregation, we performed the migration assay also in the pres-
ence of anti-LFA-1 antibody, which blocks aggregation (Fig.
S2B in the supplemental material). This treatment did not signif-

icantly affect the efficiency of migration of SWAP-70-deficient
cells, and their migration was still clearly reduced compared to
wild type. The addition of EGTA completely blocked migration.

Treatment of the cells with the MEK-specific inhibitor
PD98059 had no effect on hyperaggregation of SWAP-70"/~
BMMC (not shown). Blocking MEK-mediated ERK phos-
phorylation by PD98059 reduced phosphorylation in wild-type
BMMC but was inefficient in SWAP-70"/~ BMMC (Fig. 7B),
suggesting that activation of ERK is MEK independent in the
absence of SWAP-70. Phosphorylation of ERK2 was less af-
fected than that of ERK1, probably since MEK2 is less sensi-
tive to the inhibitor than MEKI. Also, starting amounts of
phosphorylated ERK2 are higher than those of ERK1. ERK
phosphorylation was dependent on Ca®*, since EGTA abol-
ished it in both cell types.

Recruitment of mast cells from their hematopoietic precur-
sors in the bone marrow to the peripheral tissues through
circulation not only requires migration but also integrin-medi-
ated adhesion to tissue components (45). Since we saw aber-
rant, integrin-dependent homotypic association, we next inves-
tigated whether SWAP-70 is also required for adhesion to
fibronectin, a well-described constituent of the extracellular
matrix in connective tissue (10, 34). Adhesion was measured at
a series of time points either in the absence or presence of SCF
(Fig. 7C). SCF stimulated adhesion for wild-type and mutant
cells to the same relative extent. However, at every time point
SWAP-70~/~ BMMC adhered to fibronectin with lower effi-
ciency (on average, 1.4- to 2.2-fold lower) than wild-type cells,
independent of the addition of SCF. These results fit with the
lack of fibronectin-mediated stimulation of migration in the
haptotactic migration assay and the lower number of mutant
cells observed to adhere to the fibronectin-coated membrane
(Fig. 1B). As reported earlier for adhesion of BMMC to fi-
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FIG. 7. Increased homotypic association of SWAP-70"/~ BMMC. (A) Inhibition of homotypic association induced by 6 ng of SCF/ml (S) by
either 5 mM EGTA (E) or by 5 pg of anti-LFA-1 (o 3,) antibody («L)/ml. (B) Inhibition of MEK kinase activity by PD98059 (100 uM) or EGTA
(5 mM). BMMC, kept at 5% FCS with IL-3, were stimulated with 6 ng of SCF/ml for 2 h, and lysates were prepared and analyzed by
immunoblotting and probing with either anti-P-ERK or anti-ERK antibody. +/+, wild-type BMMC; —/—, SWAP-70~"~ BMMC. (C) Adhesion to
fibronectin of wild-type (open symbols) or mutant cells (solid symbols) in the presence or absence of SCF, measured at different time points as
indicated. (D) ERK phosphorylation of cells (grown in 2% FCS) adherent to fibronectin after 1 h in the presence or absence of SCF. For control

nonadherent cells, unstimulated or stimulated are also shown.

bronectin (31, 34), this adhesion was transient and declined in
parallel in wild-type and mutant cells.

There were no homotypic associations of cells adherent to
fibronectin, i.e., the adherent cells were all singular. It was noted
previously that ERK activation is not required for SCF-medi-
ated adhesion of BMMC to fibronectin (34), and we wondered
whether ERK would be aberrantly upregulated in adherent
mutant cells. We analyzed the status of ERK phosphorylation

in those cells (Fig. 7D). After 1 h of incubation, nonstimulated
adherent wild-type cells did not show phosphorylated ERK
and, after stimulation by SCF, a rather weak signal was ob-
served. Nonadherent cells more strongly activated ERK, and
our data suggest downregulation of SCF-induced ERK phos-
phorylation in fibronectin-adherent cells. In SCF-stimulated
SWAP-70~'~ BMMC, adherent to fibronectin, phosphorylation
of ERK was much greater than in the corresponding wild-type
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cells, even if the slightly higher amounts of total ERK in the
mutant adherent cells are taken into account. Without SCF, no
phosphorylation was seen. Considering the total levels of ERK,
ERK phosphorylation of adherent mutant cells was even some-
what higher than that of nonadherent mutant cells. Similar to
Fig. 6, SCF-induced phosphorylation was higher in nonadher-
ent mutant cells than in nonadherent wild-type cells. Together,
these findings suggest that, unlike in wild-type BMMC, adhesion
to fibronectin does not abolish SCF-induced hyperactivation of
ERK in SWAP-70~/~ BMMC and again illustrates upregulation
of ERK phosphorylation in the absence of SWAP-70.

DISCUSSION

Signaling in mast cells through the c-kit receptor is impor-
tant for the regulation of migration, chemotaxis, survival, cell
adhesion, and enhancement of degranulation (1, 38, 50, 59). In
this report we identify a new and important component of the
c-kit signaling pathway, SWAP-70. Deficiency in SWAP-70 re-
sults in impaired c-kit signaling. However, signaling from the
c-kit receptor per se is not defective in SWAP-70"/~ BMMC.
SCF treatment induces proliferation as in wild-type cells and
induces tyrosine phosphorylation of a range of proteins similar
to the wild-type (not shown), and the radioprotective effect
known to be generated through c-kit signaling (43) also occurs
normally in the mutant cells (17). The present study rather
suggests that a subset of specific c-kit signaling pathways and
functions are regulated by SWAP-70.

Translocation of Rac is essential for actin cytoskeletal rear-
rangements, which are crucial for changes in cell shape, cell
motility, cell adhesion, and cytokinesis, and is also involved in
phagocytosis, the regulation of secretory vesicle transport in
exocytosis, mast cell degranulation, and the regulation of gene
expression (reviewed in references 2, 51, and 56). Racl and
Rac2 are activated to a lesser degree in the absence of SWAP-
70, and translocation of the Rac proteins into the detergent-
resistant, largely cytoskeletal fraction is strongly impaired.
Also, localization of Racl and Rac2 to peripheral F-actin is
deficient in the absence of SWAP-70. Thus, we hypothesize
that SWAP-70 links activated Rac to the actin cytoskeleton.
Phenotypes of SWAP-70~'~ mast cells that are linked to actin
reorganization are likely to be caused by an impairment of this
function. Mast cell degranulation, which is reduced in SWAP-
70—/~ BMMC (17), is accompanied by extensive reshaping of
the actin cytoskeleton, reflected by complex changes in poly-
merization and depolymerization of F-actin (61). SWAP-70
itself has been reported to colocalize with actin structures such
as membrane ruffles (53), or with a transient subset of actin
filaments (22). The dynamic F-actin profiles in SWAP-70~/~
BMMC differ from those in wild-type cells. FACS analysis
revealed an increased population of cells high in F-actin
shortly after the addition of SCF. The F-actin-positive popu-
lation is maintained longer than in wild-type cells, suggesting
that depolymerization of F-actin rather than its initial synthesis
is negatively affected by the absence of SWAP-70. That depo-
lymerization is important for degranulation may explain the
impairment of FceRI-triggered degranulation in SWAP-70-
deficient cells (44). Also, filopodia-like protrusions emerge
from the surface of mutant cells, reflecting the disturbed F-
actin dynamics in these cells. The accumulation of F-actin and
the disturbed balance between RhoGTPases may cause such
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structures. Since filopodia formation is supported by the Cdc42
Rho GTPase, whereas ruffling and lamellipodia formation is
regulated by Rac, we speculate that besides increased F-actin,
an impaired Rac function causes a shift in balance between
these two GTPases, leading to enhanced filopodia formation.
In Cdc42 activation assays we did not see altered Cdc42 acti-
vation in SWAP-70-deficient BMMC (not shown), and we
therefore hypothesize that disturbance of the balance between
Cdc42 and Rac by absence of SWAP-70 may lead to an “over-
weight” of Cdc42 and thus to increased filopodia formation,
even without the need for additional upregulation of Cdc42.
Migration of SWAP-70~'~ BMMC toward SCF in a trans-
well apparatus was reduced up to fourfold in mutant BMMC.
This deficiency may be a direct consequence of failing Ca**
release and may also be caused by aberrant rearrangements of
the actin cytoskeleton. In vivo SWAP-70-deficient cells also
translocated with reduced efficiency into the peritoneum. The
increased retainment of mutant cells in blood excludes the
possibility of loss due to cell death, and the equal proliferation
and survival rates seen in vitro for mutant and wild-type
BMMC or BMC suggest the same (17). Although over time
near-normal numbers of mast cells may accumulate in the
periphery of SWAP-70-deficient mice, the reduced numbers of
peripheral mast cells found in the skin and the peritoneum of
mutant mice (17) may indicate a failure in replenishment but
may also be explained otherwise, e.g., by a developmental
deficiency. The translocation phenotype is likely caused by
migration and/or adhesion deficiencies of the mutant cells. The
fourfold reduction in chemotaxis toward SCF is similar to the
reduced chemotaxis seen in Rac2™/~ mast cells (67). This is
not the only similarity between SWAP-70"/~ and Rac2™/~
mast cells: both mutants are impaired in degranulation, Akt
activation, or translocation, and the respective mice have de-
creased numbers of mature, peripheral mast cells (17, 67).
However, differences exist, for example, in phosphorylation of
Akt, which is entirely absent in Rac2™/~ cells but not impaired
in SWAP-70""~ cells. In some regards, Rac2 deficiency ap-
pears to affect mast cells more severely than the absence of
SWAP-70, perhaps since various activators of Rac may (par-
tially) complement SWAP-70’s role in Rac activation. There
are many more proteins that contain DH domains than there
are Rho family GTPases (24, 68). Thus, it is likely that func-
tional differentiation has occurred so that individual Dbl family
proteins may act on a given Rho GTPase only in certain cell
types and/or upon specific types of cell activation. In addition,
coordinated action of several Dbl proteins on one GTPase may
be required for full, multieffectorial activation of that GTPase.
Akt kinase acts in multiple processes, including apoptosis
and cell survival, proliferation, cell motility, gene expression,
and angiogenesis (for a review, see 41). Akt is activated in
signaling by several receptors, including c-kit, and depends
among others on PI3K and Rac (67). Akt binds to PIP3 in the
cytoplasmic membrane via its PH domain and two residues,
Ser-473 and Thr-308, become phosphorylated for activation.
Subsequently, Akt dissociates from the membrane to act on
various substrates. Thus, Akt is present in the cytoplasm either
in its inactive or in its fully activated form and resides in
between at the cytoplasmic membrane. Here, it can be isolated
in detergent-soluble extract fractions. We observed, upon c-kit
stimulation, an altered distribution of Akt in SWAP-70/~
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BMMC and found significant accumulation of Akt in the mem-
brane fraction at later time intervals than in wild-type cells.
Since phosphorylation appears normal, we hypothesize that
dissociation of the active form into the cytoplasm is impaired in
the absence of SWAP-70. It is possible that reduced Rac ac-
tivity affects Akt translocation. Consistent with the impaired
translocation, we found reduced Akt kinase activity upon c-kit
stimulation in SWAP-70-deficient BMMC.

Generally, integrins such as VLA-4 («,f,) or LFA-1 (o 85)
are tightly regulated in hematopoietic cells to avoid inappro-
priate or even dangerous interactions in vivo. The increase in
homotypic cell aggregation of SWAP-70~/~ BMMC reported
here suggests that SWAP-70 is important in negatively regulating
integrin-mediated cell-cell adhesion. There is evidence from ery-
throid progenitor cells that signaling from c-kit affects integrin
activity and that this pathway involves ERK (30). Furthermore,
VLA-4 or ICAM-1/LFA-1-mediated cell adhesion, at least in
certain cell types such as B cells or monocytes, depends on
activation of the small GTPase Rho (21, 23, 48, 62), and Racl
and Rac2 are required for matrix adhesion of neutrophils (18).
Our data show that SWAP-70 negatively regulates LFA-1-
mediated cell aggregation. Thus, SWAP-70 may through its
interaction with Rac balance Rho-mediated activation of cell-
cell adhesion. In this respect, SWAP-70 may mediate cross talk
between c-kit and integrins and would be involved in regulating
inside-out signaling of integrins. SWAP-70 deficiency has a
negative, SCF-independent effect on fibronectin adhesion.
This suggests that SWAP-70 positively regulates matrix adhe-
sion and thus may balance homotypic with matrix associations.

The reduced levels of adhesion to fibronectin seen with
SWAP-70/~ BMMC correspond to a similar reduction of
Rac2™/~ mast cells (67). In contrast to FceRI-promoted adhe-
sion, SCF-mediated fibronectin adhesion has been reported in
mast cells to be independent of ERK phosphorylation (34). In
erythroid progenitor cells, however, asB; (but not a,3;)-me-
diated adhesion stimulated by SCF results in enhanced and
sustained ERK activation (30). Since SWAP-70"/~ mast cells,
stimulated by SCF and adherent to fibronectin, show enhanced
ERK phosphorylation, future analysis of the precise role of
SWAP-70 in signaling from these two (and additional) inte-
grins will be warranted.

SWAP-70-deficient BMMC are unable to efficiently release
Ca®" upon c-kit signaling. Although not specifically shown for
mast cells, at least two c-kit-dependent pathways exist that cause
release of Ca>*. One is the Ras-p38 MAPK pathway; the other
involves PI3K (3). Since we observed very little Ca*™ release, it is
likely that an upstream step, to be defined in future work, com-
mon to the various Ca** release signaling chains requires SWAP-
70. It has been reported that MAPK-dependent Ca*" influx
activates ERK in B cells or fibroblasts (3). However, the im-
pairment of efficient Ca®" release observed in SWAP-70-defi-
cient BMMC did not abolish or significantly decrease ERK ac-
tivation, which, to the contrary, is elevated in these cells. Thus,
either the Ca®" requirement in mast cells for ERK activation
is generally low or reduced Ca®*-flux promotes inactivation of
a phosphatase that normally would dephosphorylate ERK. Sim-
ilarly, in mouse embryonic fibroblasts, reduced Ca** flux causes
prolonged ERK phosphorylation (8). However, Ca*" depletion
by EGTA treatment substantially reduced ERK phosphorylation
in wild-type and mutant cells, indicating that a putative phospha-
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tase in these cells does not require Ca**. MEK kinase inhibi-
tion experiments indicate that ERK activation in SWAP-70-
deficient cells is not as dependent on this kinase as it is in
wild-type cells. Possibly, an alternative kinase is hyperactive, a
phosphatase is downregulated, or the phosphorylated protein
is more stable in the absence of SWAP-70. The results also
suggest that SWAP-70 is involved in linking MEK to ERK.

Together, there are several signaling deficiencies in SWAP-
70-deficient mast cells, including FceRI-triggered degranula-
tion, and as reported here in c-kit signaling. We speculate that
many, if not all, of these deficiencies are caused by a failure in
the key interactions SWAP-70 takes part in, that is, the inter-
action with Rac and F-actin. Impaired Rac function and aber-
rant turnover of F-actin may cause migration, adhesion, and
degranulation deficiencies and failure to activate downstream
signaling molecules.

Obviously, the individual functions of SWAP-70 in c-kit sig-
naling may not be limited to those shown and certainly need to
be further elucidated. With its newly revealed dual role in
FceRI (17) and in c-kit signaling in mast cells, SWAP-70 not
only contributes important functions to mast cell biology but
may also be considered important for the understanding of
mast cell differentiation and of mast cell-dependent allergic
reactions, in which both pathways come to bear.
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