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Mast cells play important roles in inflammation and immunity and express the high-affinity immunoglobulin
E receptor (FceRI) and the receptor protein-tyrosine kinase Kit. Aggregation of FceRI via antigen binding
elicits signals leading to the release of preformed inflammatory mediators as well as de novo-synthesized lipid
mediators and cytokines and to elevated cell adhesion and migration. Here, we report that in mouse bone
marrow-derived mast cells, Fer kinase is activated downstream of activated FceRI and activated Kit receptor,
and this activation is abolished in cells homozygous for a kinase-inactivating mutation in Fer (fer?*/P%),
Interestingly, the highly related Fps/Fes kinase is also activated upon FceRI aggregation. This report repre-
sents the first description of a common signaling pathway activating Fer and Fps/Fes. While Fer-deficient cells
showed similar activation of the Erk mitogen-activated protein (MAP) kinases, p38 MAP kinase activation was
less sustained than that in wild-type cells. Although no major defects were observed in degranulation,
leukotriene biosynthesis, and cytokine secretion, Fer-deficient cells displayed increased adhesion and de-
creased motility upon activation of FceRI and the Kit receptor. The restoration of Fer kinase activity in
ferP®/PR mast cells resulted in prolonged p38 kinase activation and increased antigen-mediated cell migration
of sensitized mast cells. Thus, Fer is required for maximal p38 kinase activation to promote the chemotaxis of
activated mast cells. Further studies with mast cells derived from fps/fes-deficient mice will be required to
provide insight into the role of Fps/Fes in mast cell activation.

Mast cells are bone marrow-derived granulocytes that reside
close to blood vessels and peripheral nerves and below epithe-
lial cell surfaces exposed to external environments, including
the respiratory and gastrointestinal tracts and skin (1, 62).
While mast cell activation can cause allergic reactions and
potentially life-threatening anaphylaxis, these cells also play a
critical protective function against infection by parasites and
bacteria (17, 40). Mast cells and basophils, which are highly
related cells that circulate in the bloodstream, have cytoplasms
full of granules containing preformed mediators, including his-
tamine, serotonin, heparin, tryptases, and other enzymes that,
upon release, cause rapid changes in the surrounding tissues
via changes in vascular permeability, growth factor activity, and
remodeling of the extracellular matrix (62). In addition, acti-
vated mast cells also synthesize and secrete lipid mediators,
including leukotrienes and prostaglandins, which are products
of the lipooxygenase and cyclooxygenase pathways, respec-
tively. The major leukotriene produced by mast cells is leuko-
triene C, (LTC,); upon release, LTC, is converted to LTD,
and LTE,, leading to prolonged bronchoconstriction, in-
creased bronchial mucus production, increased venular perme-
ability and arterial constriction, and cutaneous wheal-and-flare
responses. The secretion of prostaglandin D, by activated mast
cells inhibits platelet aggregation and promotes the recruit-
ment of neutrophils (40). Mast cells are also a rich source of
cytokines, including interleukin 2 (IL-2), IL-3, IL-4, IL-5, IL-6,
IL-10, IL-13, gamma interferon, tumor necrosis factor alpha
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(TNF-o), and granulocyte-monocyte colony-stimulating factor,
and of chemokines, such as monocyte chemoattractant protein
1 and macrophage inhibitory proteins la and 1B3. The secretion
of these factors at later times after mast cell activation leads to
changes in the growth, activation, and motility of leukocytes
and lymphocytes (62).

Mast cells and basophils play a role in immune surveillance
and can recognize antigens via cell-associated immunoglobulin
E (IgE) bound to its high-affinity receptor (FceRI). FceRI is
composed of a predominantly extracellular « chain that binds
the Fc portion of IgE, a tetramembrane-spanning B subunit,
and a dimeric y chain. The B and y chains possess important
signaling motifs that are composed of twice-repeated YxxL
sequences flanking seven variable residues and that are called
immunoreceptor tyrosine-based activation motifs (ITAMs)
(12). ITAMs are also found in the B-cell antigen receptor,
T-cell receptor signaling subunits (46), and the glycoproteinVI
(GPVI) receptor for collagen on platelets (61). Upon activa-
tion, these receptors are recruited to specialized cholesterol-
rich regions of the plasma membrane that are called lipid rafts
(also called glycolipid-enriched membrane domains or deter-
gent-resistant membranes) and that allow for the compartmen-
talization of proteins involved in signaling and receptor endo-
cytosis (22). Signaling from FceRI ITAMs is initiated by the
Src family protein-tyrosine kinase (PTK) Lyn, which interacts
with the FceRI B chain independent of its phosphorylation
status (60). The aggregation of FceRI by multivalent antigens
leads to Lyn autophosphorylation in #rans and to the subse-
quent phosphorylation of ITAM tyrosine residues. These steps
provide high-affinity docking sites on vy chains for the dual Src
homology 2 domain-containing kinase Syk, which is activated
upon phosphorylation by Lyn (48). Syk then propagates signals
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leading to increased lipid metabolism via activation of the Ras
mitogen-activated protein (MAP) kinase pathway (28), de-
granulation via phospholipase C-y- and protein kinase C-in-
duced calcium mobilization (9), and cytokine expression
through the activation of a number of transcription factors,
including nuclear factor of activated T cells (24) and AP-1 (14,
44). It was recently shown that the binding of monomeric IgE
to FceRI is sufficient to generate a survival signal and induce
cytokine gene expression (4, 30). However, the aggregation of
FceRI is required for degranulation and release of lipid medi-
ators. Mast cell activation downstream of either FceRI or the
Kit receptor also leads to increased cell adhesion (13, 53) and
increased cell motility (54, 64). The activation of p38 MAP
kinase is critical for both antigen-dependent mast cell migra-
tion via FceRI (27) and chemotaxis upon Kit receptor activa-
tion (59).

Activation of the nonreceptor PTK Fer upon FceRI aggre-
gation was demonstrated previously with an immortalized mast
cell line (42). Fer and the highly related Fps/Fes (hereafter
referred to as Fps) PTKs make up a unique subfamily of PTKs
(52). These kinases possess an N-terminal domain containing
three predicted coiled-coil domains that mediate trimerization
(7, 11, 33, 45), followed by a Src homology 2 domain and a
C-terminal kinase domain. Also, a domain at the extreme N
terminus of these proteins has been termed the FCH domain,
based on homology to Cdc42-interacting protein (CIP4) (5).
While the FCH domain in CIP4 confers localization to micro-
tubules (55), the role of this domain in Fps and Fer remains
unknown. To delineate the biological function of Fer, a trans-
genic mouse line was generated in which the fer allele was
targeted with a kinase-inactivating mutation (ferX). Surpris-
ingly, fer®*/P® mice are viable and fertile, with no overt defects,
but do show defects in platelet-derived growth factor signaling
to cortactin (10). A similar kinase-inactivating mutation was
engineered into the fps locus (fps“F); mice homozygous for this
mutation are viable and fertile but display perturbations in
cytokine signaling in macrophages (50).

In this study, we used bone marrow-derived mast cells (BM-
MCs) from fer®?/PR mice to identify the role of Fer in mast cell
signaling. We show that the aggregation of FceRI led to the
activation of both Fer and Fps kinases and that Fer was acti-
vated downstream of the Kit receptor. Although the phosphor-
ylation of many signaling proteins was unaffected by the loss of
Fer, p38 MAP kinase activation was diminished downstream of
activated FceRI and activated Kit receptor. Consistent with the
role of p38 kinase in cell migration, Fer-deficient BMMCs
displayed reduced motility upon the activation of FceRI or the
Kit receptor. The reintroduction of Fer kinase activity in
ferPR'PR cells restored p38 kinase activation and chemotaxis,
suggesting that Fer signals to p38 MAP kinase in activated
mast cells.

MATERIALS AND METHODS

Mice. Mice bearing a kinase-inactivating mutation (aspartate-743 to arginine)
in fer (fer”®) were described previously (10). Wild-type and fer®*PR mice were
maintained in an inbred 129X1/Sv] background and housed under specific-
pathogen-free conditions at Queen’s University Animal Care Services according
to Canadian Council on Animal Care regulations.

BMMC cultures. Femurs were isolated asceptically from 4- to 8-week-old
wild-type and fer”®PR mice, and bone marrow cells were isolated by repeated
flushing with BMMC medium (Iscove modified Dulbecco medium, 10% [vol/vol]
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fetal bovine serum, 1% [vol/vol] antimicrobial-antimycotic solution [GibcoBRL],
1 mM sodium pyruvate [GibcoBRL], 1% [vol/vol] nonessential amino acids
[GibcoBRLY], 1% [vol/vol] conditioned medium from X63-IL-3 cells [32] [kindly
provided by Rob Rottapel, University of Toronto], 50 .M a-monothioylglycolate
[Sigma]). Cultures were maintained at 0.5 X 10° to 1 X 10%ml of nonadherent
cells, with adherent cells being discarded. After >4 weeks of culturing, the purity
of BMMCs was monitored by flow cytometry. For the detection of FceRI, 10°
BMMCs were incubated overnight with antibody to («-) dinitrophenyl (DNP)-
IgE (1 pg/ml [Sigma] or in some cases 10% [vol/vol] conditioned medium from
SPE-7 cells [kindly provided by Juan Rivera, National Institutes of Health]),
washed, and then labeled with either a-IgE-fluorescein isothiocyanate (FITC;
Southern Biotechnology Associates, Inc.) or isotype control rat [gG1-FITC (BD
PharMingen). For the detection of Kit, 10° BMMCs were labeled with a-Kit-
FITC (BD PharMingen) or isotype control rat IgG2b-FITC (BD PharMingen)
and analyzed by flow cytometry.

BMMC stimulation and harvesting. BMMCs were starved overnight in star-
vation medium (Iscove modified Dulbecco medium, 10% [vol/vol] fetal bovine
serum, 1% [vol/vol] antimicrobial-antimycotic solution, 50 pM «-monothioyl-
glycolate) with or without a-DNP-IgE (10% [vol/vol] conditioned medium from
SPE-7 cells). Cells were washed in starvation medium, resuspended in pre-
warmed Tyrodes buffer (10 mM HEPES [pH 7.4], 130 mM NaCl, 5 mM KCl, 1.4
mM CaCl,, 1 mM MgCl,, 5.6 mM glucose, 0.1% bovine serum albumin) with or
without DNP-conjugated human serum albumin (HSA; 100 ng/ml; Sigma) or
recombinant rat stem cell factor (SCF; R&D Systems), and incubated for various
times at 37°C. Cells were then placed on ice, pelleted by centrifugation at 4°C,
and washed in phosphate-buffered saline-5 mM EGTA-0.1 mM sodium or-
thovanadate. Cells were then pelleted and solubilized in kinase lysis buffer (20
mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% [vol/vol] Nonidet P-40,
0.5% [wt/vol] sodium deoxycholate, 10 g of aprotinin/ml, 10 pg of leupeptin/ml,
1 mM vanadate, 100 M phenylmethylsulfonyl fluoride) for 30 min at 4°C on a
Nutator. Insoluble material was removed by centrifugation at 12,000 X g to
generate soluble cell lysates (SCLs).

Immunoprecipitation and immunoblotting. SCLs (equivalent to 5 X 10° cells/
condition) were subjected to immunoprecipitation with the following antibodies:
3 ul of a-FerLA (19) rabbit polyclonal (referred to as a-Fer in this study) and 3
wl of a-FpsQE (19) rabbit polyclonal (referred to as a-Fps/Fer in this study).
Antibody-protein complexes were recovered with 20 pl of GammaBind Sepha-
rose (a 50% [vol/vol] slurry in phosphate-buffered saline; Amersham Pharmacia
Biotech) and washed three times with 1 ml of kinase lysis buffer. Proteins were
recovered by adding 25 pl of 2X sodium dodecyl sulfate sample buffer (130 mM
Tris-HCI [pH 6.8], 20% [vol/vol] glycerol, 2% [wt/vol] sodium dodecyl sulfate,
10% [vol/vol] B-mercaptoethanol, 0.08% [wt/vol] bromophenol blue).

Immunoblotting was carried out following the transfer of proteins to Immo-
bilon P membranes (Millipore) by using a semidry transfer apparatus (Bio-Rad).
Blots were probed with the following antibodies: a-phosphotyrosine (a-pY)
mouse monoclonal (PY99; 1:1,000; Santa Cruz Biotechnology), a-Fer rabbit
polyclonal (1:1,000), a-Fps/Fer rabbit polyclonal (1:1,000), a-phosphorylated
Erk (a-pErk) mouse monoclonal (1:500; Santa Cruz Biotechnology), a-Erk rab-
bit polyclonal (1:500; Santa Cruz Biotechnology), a-phosphorylated p38 (a-pp38;
Thr180/Tyr182) rabbit polyclonal (1:1,000; Cell Signaling Technology), a-p38
rabbit polyclonal (1:500; Santa Cruz Biotechnology), a-phosphorylated MAP
kinase kinase 3 (Mkk3)/Mkk6 (a-pMkk3/6; Ser189/207) rabbit polyclonal (1:
1,000; Cell Signaling Technology), and a-Mkk3 rabbit polyclonal (1:1,000; Cell
Signaling Technology). Antibody complexes were detected with either horserad-
ish peroxidase-conjugated sheep anti-mouse immunoglobulin (1:5,000; Amer-
sham Pharmacia Biotech) or horseradish peroxidase-conjugated goat anti-rabbit
immunoglobulin (1:10,000; Chemicon) and revealed by enhanced chemilumines-
cence (NEN).

Degranulation. BMMC degranulation was measured by using B-hexoseamini-
dase as a marker enzyme as described previously (23). Briefly, BMMCs (5 X
10°/condition) were starved, sensitized with «-DNP-IgE, and challenged or not
challenged with DNP-HSA (100 ng/ml) or the calcium ionophore A23187 (0.5
wM; Sigma) for 30 min at 37°C with agitation. BMMCs were pelleted, and the
amounts of B-hexoseaminidase in the supernatant and in the solubilized pellet
were measured by using p-nitrophenyl N-acetyl-B-d-glucosaminidine (Sigma) as
a substrate. Percent degranulation was calculated as follows: (released activity/
total activity) X 100.

Leukotriene and cytokine secretion. An enzyme-linked immunosorbent assay
(ELISA; Amersham Pharmacia Biotech) was used to measure leukotriene levels
in cell-free supernatants from BMMCs (107) that had been starved overnight in
starvation medium with or without a-DNP-IgE (in 10% [vol/vol] conditioned
medium from SPE-7 cells) and stimulated with DNP-HSA (100 ng/ml) for 2 h.
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The production and release of TNF-a were also measured by an ELISA (BD
PharMingen) with the same supernatant samples as those described above.

BMMC adhesion assays. Adhesion assays were performed essentially as pre-
viously described (41). Briefly, BMMCs were starved, sensitized with a-DNP-
IgE, and labeled with a fluorescent cell-permeating stain (Cell Tracker Green;
Molecular Probes). Cells were then stimulated with DNP-HSA (100 ng/ml) or
SCF (20 ng/ml) and placed in triplicate fibronectin-coated wells (20 pwg/ml) of a
96-well plate (5 x 10* cells/well) for 30 min. Nonadherent cells were removed,
wells were washed, and bound fluorescence was measured by fluorimetry (Spec-
traMax Gemini XS; Molecular Devices).

BMMC chemotaxis assays. Chemotaxis assays were performed essentially as
previously described (64). Briefly, BMMCs were starved, sensitized with a-DNP-
IgE, and placed in the upper well of a Transwell chamber (8-pm-pore size)
containing starvation medium (2.5 X 10° cells/ml). Lower wells contained star-
vation medium with or without DNP-HSA (100 ng/ml) or SCF (20 ng/ml). Cells
were incubated at 37°C for 4 h, and cells that had migrated into the lower wells
were counted with a cell counter (Beckman Coulter Counter).

Retroviral transduction of BMMCs. The Fer cDNA bearing a C-terminal Myc
epitope-tagged sequence (8, 11) was subcloned into the puromycin-selectable
retroviral plasmid pMSCVpac (20). The resulting construct (rescue) and the
parental vector (control) were transiently transfected into $NX-Eco packaging
cells (kindly provided by Garry Nolan, Stanford University). Cells were seeded at
50% confluence in 60-mm plates and transfected with polyethyleneimine (PEI-
25; 25,000-Da mean molecular mass; Aldrich) as described previously (65). A
cell-free viral supernatant was isolated and filtered (0.2-wm-pore size; Sarsted) 5
days posttransfection and frozen in aliquots at —70°C. fer®*PR BMMCs (107)
were resuspended in BMMC medium containing 5 pg of Polybrene/ml (3 X
10%ml) in the presence of control and rescue viruses (1 ml) for 3 days. Cells were
recovered, and infections were repeated with fresh medium containing 5 g of
Polybrene/ml and fresh virus for an additional 2 days. Transduced cells were
selected in BMMC medium supplemented with puromycin (2 pg/ml) for 7 days.
Viable cells were expanded for several weeks in BMMC medium before exper-
imentation.

RESULTS

Activation of both Fer and Fps kinases upon aggregation of
FceRI on BMMCs. It was shown previously with an immortal-
ized mast cell line that along with Lyn and Syk, Fer kinase
becomes activated immediately after aggregation of FceRI by
a multivalent antigen (42). Since this initial observation, the
role of Fer in mast cell signaling still has not been discovered.
Craig et al. recently generated transgenic mice harboring a
targeted kinase-inactivating mutation in the fer locus (fer”%),
and although homozygous mutant mice (fer”*”%) lacked Fer
kinase activity and showed reduced Fer protein levels, the mice
were viable and fertile, with no overt defects (10). In this study,
we generated BMMCs from wild-type and fer”®P® mice in
order to delineate the role of Fer in propagating signals from
activated FceRI. After more than 4 weeks of culturing in the
presence of IL-3, the nonadherent BMMCs were highly en-
riched for mast cells, as shown by the surface expression of
FceRI (Fig. 1A) and high-level expression of the Kit receptor
(Fig. 1B). The cytoplasm of cultured cells of both genotypes
also exhibited a highly granular appearance in cytospin prep-
arations (Fig. 1C). The numbers of BMMCs obtained were
similar for both genotypes, suggesting that Fer is not required
for IL-3-dependent proliferation and survival. Also, no differ-
ences were observed between wild-type and fer®®”® BMMCs
in apoptosis upon IL-3 withdrawal or survival induced by bind-
ing of IgE (data not shown).

To confirm that BMMCs were responsive to FceRI aggre-
gation, BMMCs were starved and sensitized to DNP via bind-
ing of a-DNP-IgE. Cells were then challenged with multivalent
DNP-HSA for various times. The overall profiles of tyrosine-
phosphorylated proteins were compared for SCLs from wild-
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FIG. 1. Maturation of BMMC cultures. Bone marrow cells from
wild-type or fer”®PR mice were grown in the presence of IL-3 and
maintained as BMMC cultures as described in Materials and Methods.
(A) Surface expression of FceRI was assessed by flow cytometry by
preincubating BMMCs with o-DNP-IgE, followed by staining with
FITC-conjugated o-IgE or isotype control antibodies. (B) Surface ex-
pression of Kit was analyzed by flow cytometry after staining of BM-
MCs with FITC-conjugated o-Kit or isotype control antibodies.
(C) BMMC morphology was assessed after cytospinning and staining
with DiffQuik (Baxter) and was captured by using an RT Color SPOT
camera (Diagnostics Instruments Inc.) with an inverted microscope
(Leitz Labovert FS; ~300-fold magnification).

type and fer”®”® BMMCs probed with a-pY antibody (Fig.
2A, upper panel). No differences were observed in basal phos-
phorylation profiles for starved cells and cells sensitized with
IgE antibody (compare lanes 1 and 2 with lanes 6 and 7 in Fig.
2A). Although the amount of phosphorylation appeared
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FIG. 2. Increased phosphorylation of Fer and Fps kinases upon
aggregation of FceRI. BMMCs were starved, sensitized with a-DNP-
IgE, and challenged or not challenged with DNP-HSA (100 ng/ml) for
various times. (A) SCLs were immunoblotted with a-pY and a-Fer
antibodies. Proteins displaying reduced phosphorylation in Fer-defi-
cient BMMCs are marked with an arrowhead on the right. (B) Lysates
were subjected to immunoprecipitation (IP) with a-Fer serum and
immunoblotted with both a-pY and a-Fer antibodies. (C) Lysates were
subjected to immunoprecipitation with a-Fps/Fer serum and immuno-
blotted with both a-pY and a-Fps/Fer antibodies. The positions of p94
Fer and p92 Fps are indicated by arrows on the left. The relative
positions of molecular mass markers (in kilodaltons) are indicated on
the left.

smaller in fer®®PR BMMCs (Fig. 2A, lanes 6 and 7), this
finding was not consistently observed and likely reflects a slight
underloading of the samples. A number of additional phos-
phoproteins were detected as early as 1 min after aggregation
of FceRI (Fig. 2A, lanes 3 and 8), and while the overall inten-
sities for most of these proteins were slightly lower in fer”*/P%
BMMCs, the phosphorylation of an ~70-kDa protein was dra-
matically reduced in Fer-deficient BMMCs. Although the
identity of this protein is currently unknown, a number of
phosphoproteins are possible candidates, including Syk and
SLP-76. Fer was readily detected in SCLs from wild-type cells,
but its steady-state levels were greatly reduced by the D743R
mutation (Fig. 2A, lower panel). The destabilization of FerDR
has been observed in a variety of tissues and cell types (10), and
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there is evidence that this effect is due to ubiquitination and
degradation (A. Craig, unpublished data).

To confirm the previous observation of Fer phosphorylation
upon FceRI aggregation (42), lysates were immunoprecipi-
tated with Fer-specific antisera (a-Fer), and phosphorylated
Fer was detected with a-pY (Fig. 2B). While some basal phos-
phorylation of Fer was observed in starved cells (Fig. 2B, lane
1) and in cells treated with IgE alone for 5 min (lane 2),
phosphorylation was dramatically elevated upon aggregation
of FceRI for 1 min (lane 3) as well as at later times (lanes 4 and
5). No Fer phosphorylation was observed in fer®?PR BMMCs
(Fig. 2B, lanes 6 to 10). These differences were not due to
differences in loading, since reprobing with a-Fer revealed
similar amounts of Fer in wild-type cell lysates (Fig. 2B, lanes
1 to 5) and reduced but detectable levels in fer®*P~ cell lysates
(lanes 6 to 10). We also performed immunoprecipitation with
the same cell lysates and antisera that recognize both Fer and
Fps kinases (a-Fps/Fer) (Fig. 2C). For wild-type cell lysates, we
observed increased phosphorylation of Fer upon FceRI aggre-
gation (Fig. 2C, upper panel, lanes 3 to 5). A phosphoprotein
migrating slightly faster was also observed upon FceRI aggre-
gation in wild-type cell lysates (Fig. 2C, lanes 3 to 5); this band
was consistent with the size of Fps (92 kDa) but was partially
masked by the p94 Fer band. The FceRI aggregation-induced
phosphorylation of Fps was much more readily observed in
Fer-deficient cell lysates, where the phosphorylation of Fps was
detected at 1, 5, and 15 min poststimulation (Fig. 2C, lanes 8 to
10). Reprobing of the blot with a-Fps/Fer identified a doublet
of Fps and Fer in wild-type cell lysates at approximately
equimolar amounts (Fig. 2C, lower panel, lanes 1 to 5). In
immunoprecipitates from fer”*/”® cell lysates, the amounts of
Fer were dramatically reduced, but the levels of Fps were
constant (Fig. 2C, lower panel, lanes 6 to 10). These data
indicate that in addition to Fer, Fps also becomes highly phos-
phorylated at between 1 and 5 min after FceRI aggregation.
This is the first description of a common signaling pathway
activating Fps and Fer and the first observation of Fps activa-
tion by an immunoreceptor signaling pathway.

To determine whether increased phosphorylation of Fer in
activated mast cells correlates with increased kinase activity, in
vitro kinase assays were performed with Fer immunoprecipi-
tates from starved or FceRI-stimulated BMMC lysates. We
observed increased autophosphorylation of Fer after FceRI
aggregation and elevated phosphorylation of an exogenously
added substrate (enolase) in wild-type cell lysates (data not
shown). As expected, both autophosphorylation and substrate
phosphorylation were decreased in fer®®”® BMMC lysates.
These results are consistent with those of previous studies of
Fer and Fps phosphorylation that revealed that the major sites
of autophosphorylation reside in the activation loop regions of
both kinases (6, 11, 21). Phosphorylation of activation loop
residues is a widely used mechanism of kinase activation.
Therefore, the tyrosine phosphorylation status of Fer and Fps
correlates well with kinase activation.

Phosphorylation of Fer downstream of the activated Kit
receptor. In addition to FceRI signaling, the receptor PTK Kit
plays a critical role in mast cell differentiation, proliferation,
and function (57, 58). Since Kit displays extensive homology to
the platelet-derived growth factor receptor and Fer is activated
downstream of the platelet-derived growth factor receptor (10,
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FIG. 3. Increased Fer phosphorylation downstream of the acti-
vated Kit receptor. BMMCs were starved and challenged or not chal-
lenged with SCF (10 ng/ml) for the indicated times. (A) Lysates were
prepared and immunoblotted with a-pY and a-Fer antibodies. (B)
Immunoprecipitation was carried out with a-Fer serum, and immuno-
blotting was done with a-pY and a-Fer antibodies. The positions of
molecular mass markers (in kilodaltons) are indicated on the left.

33, 34), we analyzed Fer phosphorylation upon Kit activation
by SCF treatment of wild-type and fer”*P® BMMCs. Stimu-
lation with SCF for either 5 or 15 min resulted in tyrosine
phosphorylation of an ~150-kDa protein in cells of both ge-
notypes that likely corresponds to Kit (Fig. 3A). Immunopre-
cipitation of Kit followed by a-pY blotting revealed no differ-
ences in overall tyrosine phosphorylation in wild-type and
fer”®PR BMMCs (data not shown). Fer phosphorylation was
elevated upon SCF stimulation for 5 and 15 min compared to
that in starved wild-type cells (Fig. 3B, lanes 1 to 3). No phos-
phorylation of Fer was evident in fer®®P% cell lysates upon
SCF treatment (Fig. 3B, lanes 4 to 6), suggesting an autophos-
phorylation mechanism for Fer phosphorylation. Despite the
reduced steady-state levels of Fer in fer®*/PX cell lysates, sim-
ilar amounts of Fer were recovered in immunoprecipitates
from starved and stimulated cell lysates. These results provide
the first evidence for Fer activation downstream of the Kit
receptor and suggest that Fer plays a role in both FceRI and
Kit signaling in mast cells.

Reduced Kit signaling to p38 MAP kinase in fer®®P® BM-
MCs. In order to identify signaling pathways downstream of
Kit that Fer may regulate, we assessed the activation of the
MAP kinases. Wild-type and fer®?P® BMMCs were starved
and treated with SCF for various times (Fig. 4). SCLs immu-
noblotted with a-pY revealed similar profiles of tyrosine phos-
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FIG. 4. Fer kinase is required for maximal p38 MAP kinase acti-
vation downstream of the activated Kit receptor. BMMCs were starved
and challenged or not challenged with SCF (10 ng/ml) for the indicated
times. SCLs were immunoblotted with a-pY, a-phosphorylated Erk1/
Erk2 (a-pErk), a-Erkl/Erk2 (a-Erk), a-pp38, and a-p38 antibodies.
The positions of molecular mass markers (in kilodaltons) are indicated
on the left.

phorylation between the genotypes. Analysis of Erk MAP ki-
nase phosphorylation revealed peak phosphorylation at 5 min
after Kit activation and no differences between wild-type and
fer®®'PR cells (compare lanes 3 and 7 in Fig. 4). Blotting with
a control Erk1/Erk2 antibody revealed similar levels of loading
between samples. Characterization of p38 MAP kinase phos-
phorylation revealed peak phosphorylation after SCF treat-
ment for 1 min, but the amount of p38 phosphorylation was
greatly reduced in fer®?/PR cell lysates (compare lanes 2 and 6
in Fig. 4). The reduced phosphorylation was not due to differ-
ences in loading or expression levels, as similar amounts of p38
were detected in all samples. These results suggest that Fer
kinase is involved in mediating p38 MAP kinase activation
downstream of Kit.

Role of Fer in FceRI signaling to p38 MAP kinase. To
explore the role of Fer in FceRI signaling, we compared FceRI
aggregation-induced phosphorylation in wild-type and fer”*P%
BMMC:s for a number of proteins known to play roles in mast
cell signaling. FceRI aggregation-induced phosphorylation of
Lyn, Syk, linker of activated T cells (LAT), Btk, phospholipase
C-v, Vav, and Src homology 2-containing inositol phosphatase
1 was unaffected by the loss of Fer kinase activity (data not
shown). We did, however, observe reduced phosphorylation of
cortactin in fer®®PR BMMCs (data not shown), but the level of
expression of cortactin was much lower than that observed in
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other cell systems, where cortactin is known to regulate the
actin cytoskeleton. HS1 is highly homologous to cortactin and
becomes tyrosine phosphorylated upon FceRI aggregation in
mast cells (16). It will be interesting to determine whether HS1
is a substrate of Fer in mast cells.

To address whether activation of the major downstream
signaling pathways occurs normally in the absence of Fer, a
time course experiment was performed to assess the phosphor-
ylation of the MAP kinases after FceRI aggregation. The over-
all profiles of tyrosine phosphorylation in SCLs were also as-
sessed after immunoblotting with «-pY, which revealed
increased phosphorylation of a number of proteins at 1 and 2
min after FceRI aggregation (Fig. 5, lanes 2, 3, 6, and 7). The
profiles of tyrosine phosphorylation were comparable for ly-
sates of cells of both genotypes, with the exception of an
~70-kDa protein that displayed reduced phosphorylation in
Fer-deficient BMMCs. Overall phosphorylation was greatly re-
duced by 25 min poststimulation in cells of both genotypes.
Phosphorylation of Erkl and Erk2 MAP kinases was observed
at 1 min (Fig. 5, lanes 2 and 6) and at 5 min (lanes 3 and 7) but
was diminished by 25 min after FceRI aggregation, with no
differences being observed between genotypes (lanes 4 and 8).
Blotting with a control antibody showed equal levels of loading
for wild-type and fer®** cell lysates (Fig. 5, third panel from
top, lanes 1 to 8). Therefore, Fer kinase activation is not
required for Erk activation.

We also examined the phosphorylation of p38 MAP kinase,
which was detected at 1 and 5 min (Fig. 5, lanes 2, 3, 6, and 7)
but not at 25 min (lanes 4 and 8) after receptor activation.
However, the kinetics of p38 activation were different for the
wild-type and fer”*”® BMMCs, with maximal activation being
observed at 5 min poststimulation for wild-type cells compared
to reduced phosphorylation of p38 at 5 min poststimulation for
ferP®'PR cells (compare lanes 3 and 7 in Fig. 5). Blotting with
a control p38 antibody revealed similar levels of loading be-
tween samples. The reduced p38 phosphorylation in Fer-defi-
cient cells was reproducibly observed with independently gen-
erated BMMC cultures (data not shown). These results were
consistent with those shown above (Fig. 4) and suggested that
Fer kinase is required in mast cells for maximal p38 activation
downstream of both FceRI and the Kit receptor.

To determine whether Fer kinase acts upstream of p38 in
the signaling pathway (15), the phosphorylation of Mkk3 and
MKkk6 was assessed. In wild-type cells, the phosphorylation of
Mkk3 and Mkk6 was elevated at both 1 and 5 min poststimu-
lation (Fig. 5, lanes 2 and 3). However, in fer®*P% cells, the
activation of Mkk3 and Mkk6 was greatly diminished and was
not as sustained as in wild-type cells (compare lanes 6 and 7
with lanes 2 and 3 in Fig. 5). The overall amounts of Mkk3 in
ferPR/PR cell lysates were slightly reduced (Fig. 5, lanes 5 to 8),
but some of the apparent loading differences reflect incom-
plete stripping of a-pMkk3/6 antibody. These observations
suggest that Fer kinase acts upstream of Mkk3 and Mkk6 in
p38 MAP kinase activation.

Normal secretion responses in activated Fer-deficient BM-
MCs. To examine some of the physiological responses of Fer-
deficient mast cells, we measured degranulation, leukotriene
production, and cytokine secretion (Fig. 6). FceRI aggregation
leads to the release of calcium from intracellular stores, which
triggers degranulation. We assayed degranulation by measur-
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FIG. 5. Fer kinase is required for sustained FceRI signaling to p38
MAP kinase. BMMCs were starved, sensitized with a-DNP-IgE, and
challenged or not challenged with DNP-HSA (100 ng/ml) for the
indicated times. SCLs were prepared and subjected to immunoblotting
with a-pY, a-pErk, a-pp38, and a-pMkk3/6 antibodies as well as con-
trol antibodies to Erk, p38, and Mkk3. The position of a 70-kDa
protein that is hypophosphorylated in fer®®PR cells is indicated by an
arrow on the right. The positions of molecular mass markers (in kilo-
daltons) are indicated on the left.

ing B-hexoseaminidase activity released from cells with a col-
orimetric assay. Low-level degranulation was observed in
starved and sensitized BMMCs, with no differences between
wild-type and fer®®PR cells (Fig. 6A). Aggregation of FceRI
with DNP-HSA led to increased degranulation in both wild-
type and fer®®P”R BMMCs. More substantial degranulation
was observed when cells were treated with the calcium iono-
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FIG. 6. Fer kinase is not required for degranulation and secretion
of leukotrienes and cytokines. (A) BMMCs (5 X 10°/condition) were
starved, sensitized with a-DNP-IgE, and challenged or not challenged
with DNP-HSA (100 ng/ml) or with the calcium ionophore A23187
(0.5 uM) for 30 min. BMMCs were pelleted, and the amounts of
B-hexosaminidase in the supernatant and in the solubilized pellet were
measured. Percent degranulation was calculcated as (released activity/
total activity) X 100 for three separate experiments with samples
measured in triplicate. Error bars indicate standard deviations. (B) An
ELISA was used to measure LTC, levels in cell-free supernatants from
BMMCs (107) that were starved, sensitized with «-DNP-IgE, and stim-
ulated with DNP-HSA (100 ng/ml) for 2 h. Values given are means and
standard deviations for three separate experiments. (C) An ELISA was
used to measure the secretion of TNF-« in cell-free supernatants from
BMMCs (107) that were starved, sensitized with «-DNP-IgE, and stim-
ulated with DNP-HSA (100 ng/ml) for 2 h. Values given are means and
standard deviations for three separate experiments.

phore A23187, which causes a rapid influx of calcium. How-

ever, no differences were observed between genotypes.
Activated mast cells also synthesize and secrete leukotri-

enes, and we measured leukotriene levels in cell-free superna-
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tants from starved or FceRI-activated BMMCs. Leukotrienes
were detected at appreciable levels only after FceRI aggrega-
tion, with similar levels being observed for BMMCs of both
genotypes (Fig. 6B). Therefore, signaling to lipid mediator
production does not require Fer kinase activity.

Mast cells also synthesize and secrete a vast array of cyto-
kines upon FceRI aggregation. At the level of transcription, we
observed no defects in the upregulation of IL-4, IL-5, IL-13, or
gamma interferon in Fer-deficient BMMCs (data not shown).
We also measured the production and secretion of TNF-a in
cell-free supernatants from stimulated BMMCs (Fig. 6C). As is
the case for leukotriene production, no differences were ob-
served in TNF-a secretion from wild-type and fer®*”* BM-
MCs. Therefore, Fer is not required for signaling to the nu-
cleus to upregulate cytokine gene expression.

Increased adhesion and reduced motility in Fer-deficient
BMMC:s. In addition to changes in gene expression and secre-
tion of inflammatory mediators, mast cell activation down-
stream of either FceRI or the Kit receptor leads to increased
cell adhesion (13, 53). To determine whether Fer kinase is
required for changes in cell adhesion after mast cell stimula-
tion, we compared the abilities of wild-type and fer®®P% BM-
MCs to adhere to fibronectin-coated wells (Fig. 7A). Under
starvation conditions, very low levels of cell adhesion were
detected for wild-type cells, whereas Fer-deficient BMMCs
displayed slightly elevated adhesion. When mast cells were
treated with SCF to activate Kit, increased adhesion of both
wild-type and fer®®P® BMMCs was evident. Mast cells were
also sensitized to DNP by pretreatment with a-DNP-IgE (Fig.
7A, IgE baseline), without a change in their adhesion proper-
ties (compared to starvation conditions). Upon stimulation of
FceRI with DNP-HSA treatment, both wild-type and fer®*/P%
BMMCs showed elevated adhesion (compared to the IgE
baseline). These data show that Fer-deficient BMMCs are
slightly more adherent than wild-type BMMCs under both
starvation and stimulation conditions. These data are consis-
tent with the results of previous studies that implicated Fer in
regulating cell adhesion in other cell systems (3, 37, 38, 47).

Mast cells also display increased motility upon activation of
FceRI and Kit signaling (27, 54, 64). Since we observed re-
duced p38 activation in fer®®PR® BMMCs (Fig. 4 and 5), we
postulated that differences in motility might also be observed.
We measured motility by counting the numbers of starved or
a-DNP-IgE-sensitized BMMCs that migrated through pores
toward a concentration gradient of SCF or DNP-HSA (Fig.
7B). Under starvation conditions, few wild-type and fer”®PR
BMMC:s migrated to the lower wells. However, in the presence
of SCF, wild-type BMMCs showed dramatically elevated mo-
tility, whereas Fer-deficient BMMCs responded only margin-
ally to the chemotactic factor. Likewise, when DNP-sensitized
mast cells (Fig. 7B, IgE) were cultured in the presence of
DNP-HSA in the lower wells, wild-type BMMCs displayed
increased motility (Fig. 7B, IgE/DNP). In contrast, fer”~PR
BMMCs showed only a small increase in motility upon FceRI
aggregation. These results suggest that Fer kinase is required
for FceRI and Kit signaling to p38 MAP kinase to promote the
chemotaxis of activated mast cells.

Rescue of p38 MAP kinase signaling and chemotaxis by
expression of active Fer kinase in fer®®®® BMMCs. To lend
further support to our results suggesting a role for Fer kinase
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FIG. 7. Elevated cell adhesion and reduced chemotaxis in Fer-
deficient BMMCs. (A) BMMCs were starved, sensitized with a-DNP-
IgE, and labeled with a fluorescent cell-permeating stain (Cell Tracker
Green). Cells were then stimulated with DNP-HSA (100 ng/ml) or
SCF (20 ng/ml) and placed in triplicate fibronectin-coated wells of a
96-well plate for 30 min. Nonadherent cells were removed, wells were
washed, and bound fluorescence was measured by fluorimetry. Values
given are relative fluorescence units (RFU) and standard errors of the
mean for triplicate samples. (B) BMMCs were starved, sensitized with
a-DNP-IgE, and placed in the upper well of a Transwell chamber
(8-wm-pore size). Lower wells contained medium with or without
DNP-HSA (100 ng/ml) or SCF (20 ng/ml). Cells were incubated at
37°C for 4 h, and cells that migrated were counted by using a Coulter
Counter. Values given are means and standard deviations for triplicate
samples.

in p38 MAP kinase signaling, we attempted to rescue fer”*PR
BMMCs by retroviral transduction with a control virus or a
Myc epitope-tagged Fer kinase-expressing virus (Fig. 8A). The
overall profiles of tyrosine phosphorylation were compared for
control virus-infected cells (control) and Myc-Fer virus-in-
fected cells (rescue) following FceRI aggregation (Fig. 8B).
Both control and rescue cells responded maximally at 2 min
poststimulation, but several phosphoproteins were overrepre-
sented in the rescue cells, including an ~70-kDa phosphopro-
tein. Interestingly, we noted previously a reduction in the phos-
phorylation of a similarly sized protein in fer”*PR cells
compared to wild-type cells (Fig. 2 and 5). The identification of
this protein along with several higher-molecular-weight pro-
teins (Fig. 8B) could provide further insight into the role of Fer
kinase in mast cell signaling. The expression of Myc-Fer was
confirmed by immunoblotting with a-Fer, which detected only
FerDR in control cells and an additional protein whose size of
120 kDa corresponds to the size of Myc-Fer. Catalytically ac-
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tive Myc-Fer was expressed at much higher levels than FerDR,
but its expression was similar to Fer expression in wild-type
cells (data not shown). We next analyzed p38 activation in
control and rescue cells. This analysis revealed comparable
levels of p38 phosphorylation at 2 min but dramatically ele-
vated phosphorylation at 10 min poststimulation in the rescue
cells. These differences were not due to loading, as shown in
the immunoblot with a control p38 antibody. Further analysis
of the upstream p38-activating kinases Mkk3 and MKkk6 re-
vealed elevated phosphorylation in rescue cells compared to
control cells. These results lend further support to a role for
Fer kinase in promoting sustained p38 activation.

The motilities of sensitized control and rescue cells toward
antigen were also compared (Fig. 8C). Control cells showed
only marginal motility toward antigen (Fig. 8C, IgE/DNP),
whereas rescue cells displayed a chemotactic response similar
to that observed for wild-type cells (Fig. 7B). These data are
consistent with the requirement of p38 MAP kinase activation
for the chemotaxis of mast cells (27) and implicate Fer kinase
as an amplifier of signaling to p38 MAP kinase (Fig. 9).

DISCUSSION

In this report, we describe the activation of PTK Fer upon
FceRI aggregation on BMMCs, consistent with a previous re-
port in which an immortalized mast cell line was used (42). In
addition, we show that the highly related PTK Fps is also
activated after engagement of FceRI. This report represents
the first description of a common signaling pathway that acti-
vates Fer and Fps and also is the first description of Fps
activation downstream of an ITAM. Recently, we also ob-
served the activation of both Fer and Fps upon collagen-in-
duced signaling in platelets via ITAM-containing GPVI (Y.
Senis and P. Greer, submitted for publication). GPVI shares
the vy chain from FceRI, suggesting that Fer and Fps activation
may occur downstream of the recruitment of Syk to ITAMs on
the vy chain of the receptor. Currently, we do not fully under-
stand the mechanism of activation, and it will be interesting to
determine whether Fer and Fps interact directly with activated
receptors or whether other early-acting kinases, such as Lyn
(and the Lyn-related kinase Fyn in platelets) or Syk, phosphor-
ylate and activate these kinases. There is evidence from fibro-
blasts for a role of Fyn in Fer activation upon changes in cell
volume (31). Whether a similar dependence on Src family
kinases (SFK) exists for Fer activation in mast cells warrants
further investigation. The action of an upstream kinase is plau-
sible for the activation of Fps in mast cells, since tyrosine
phosphorylation of kinase-dead Fps in FceRI-stimulated
fps“F/KR. BMMCs has been observed (Craig, unpublished
data). We are currently extending our analysis to signaling in
fps®F/KR BMMCs to identify substrates of Fps and to deter-
mine the pathways in which it acts. Compound mutant mice
lacking both Fer and Fps kinase activities (fps“?/%R ferPR/PR)
were also recently generated (Y. Senis, A. Craig, and P. Greer,
submitted for publication). BMMCs derived from these mice
will be used to identify potential common substrates whose
phosphorylation may not be affected by inactivation of only Fer
or Fps. Using this full complement of genotypes, we hope to
fully delineate the roles of Fer and Fps in mast cell signaling.

In this study, we focused on the role of Fer in mast cell
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FIG. 8. Rescue of p38 MAP kinase activation and chemotaxis of
fer®®’PR BMMCs. (A) Schematic representation of the parental retro-
viral vector (control) and a retroviral construct designed to express a
catalytically active Myc-epitope-tagged Fer kinase (rescue). LTR, long
terminal repeat. (B) fer®®?® BMMCs were infected with control and
rescue viruses, and selection was performed with puromycin as de-
scribed in Materials and Methods. BMMCs were sensitized with
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FIG. 9. Model for Fer and Fps kinase signaling in mast cells.
Dimeric FceRI is depicted with bound IgE and antigen, which triggers
Lyn activation and the recruitment and activation of Syk. These events
may precede Fer and Fps activation. Targets of Fps in mast cells
remain unknown. Fer plays an amplifying role in FceRI-induced p38
MAP kinase activation and chemotaxis, likely acting upstream of Mkk3
and Mkké6. Binding of dimeric SCF to the Kit receptor results in
dimerization and activation by transphosphorylation, leading to re-
cruitment and activation of PI3-K and Src family kinase (SFK). SFK
and PI3-K activation plays a role in Kit signaling to p38 and chemo-
taxis. Fer activation may occur downstream of SFK, based on previous
results obtained with other cell types. In addition to promoting che-
motaxis, p38 MAP kinase regulates transcription and mRNA transla-
tion.

signaling by using a transgenic mouse line (fer®?PX) that ex-
presses kinase-inactive Fer (10). In addition to confirming that
Fer is activated downstream of FceRI, we show that the treat-
ment of BMMCs with SCF, which activates the Kit receptor,
leads to increased Fer phosphorylation. This is a novel obser-
vation that suggests a role for Fer in FceRI and Kit signaling
pathways. The main signaling defect observed in Fer-deficient
mast cells involved the activation of p38 MAP kinase. The
phosphorylation of p38 was not abolished in fer®*"X BMMCs;
rather, it was less sustained than that in wild-type BMMCs.
Consistent with the established role of p38 MAP kinase in cell
migration downstream of FceRI and the Kit receptor (27, 59),
fer®®PR BMMCs displayed impaired migration toward SCF or
antigen. Interestingly, retroviral transduction of fer®*PR BM-
MCs with a Fer-expressing virus restored sustained p38 acti-
vation and chemotactic responses. Therefore, a working model

a-DNP-IgE and stimulated with DNP-HSA (100 ng/ml) for the indi-
cated times. SCLs were immunoblotted with a-pY, a-Fer, a-pp38,
a-p38, a-pMkk3/6, and a-Mkk3 antibodies. The positions of several
hyperphosphorylated proteins in the rescue cells are indicated by ar-
rows on the right. The positions of molecular mass markers (in kilo-
daltons) are indicated on the left. (C) The migration of DNP-sensitized
control and rescue BMMCs was measured in the absence and presence
of DNP-HSA (100 ng/ml) in the lower wells of a Transwell chamber.
Mean values for cells present in the lower wells after 4 h of incubation
at 37°C were plotted for quadriplicate samples. Error bars indicate
standard deviations.
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has been proposed to place our findings in context with previ-
ous studies (Fig. 9).

Ishizuka and coworkers described two major pathways in-
volved in mast cell chemotaxis, namely, the p38 MAP kinase
pathway and the Rho/Rho-associated coiled-coil-forming pro-
tein kinase pathway (26). The activation of phosphatidylinosi-
tol 3-kinase (PI3-K) is required for p38 activation downstream
of FceRI but not the Kit receptor (26). However, PI3-K is
activated downstream of the Kit receptor and plays a role in
chemotaxis (59). Our data suggest a role for Fer in a parallel
pathway that acts upstream of the p38-activating kinases Mkk3
and Mkk6. However, this effect is likely not a direct effect of
Fer on Mkk3 and MKkk®6, since these kinases are activated by
serine/threonine phosphorylation within subdomain VIII by
MAP kinase kinase kinases (63). Candidate MAP kinase ki-
nase kinases that activate Mkk3 and Mkk6 include TAKI1 (51),
ASKI1 (25), p21-activated kinase (PAK) (36), and MLK-3 (56).
The activation of PAK has been shown to involve the binding
of PAK-interacting exchange factor, which contains a pleck-
strin homology domain and is therefore recruited to the
plasma membrane upon PI3-K activation. PAK-interacting ex-
change factor activates Cdc42/Rac and PAK in a signaling
pathway that leads to p38 activation and cytoskeletal rear-
rangements in fibroblasts (36). It will be interesting to deter-
mine whether this pathway is used in mast cells to promote
chemotaxis upon FceRI and Kit receptor activation.

Fer and Fps possess an N-terminal motif termed the FCH
domain, which was first described for CIP4 (5). This domain in
CIP4 binds microtubules and has been shown to release Wis-
kott-Aldrich syndrome protein from the actin cytoskeleton and
to relocalize Wiskott-Aldrich syndrome protein to microtu-
bules (55). A growing number of FCH domain-containing pro-
teins have been identified, and the vast majority of these pro-
teins associate with the cytoskeleton (reviewed in reference
18). It will be important to determine the role of the FCH
domains of Fer and Fps and whether they also confer an
association with microtubules or other cytoskeletal networks.

While no major differences in the FceRI aggregation-in-
duced tyrosine phosphorylation profiles were observed in Fer-
deficient BMMCs, we noted reduced phosphorylation of an
~70-kDa protein. Interestingly, hyperphosphorylation of a
similarly sized protein along with several higher-molecular-
weight proteins was observed in fer”*”® cells rescued via the
expression of Myc-Fer. These cell lines will be used to try to
identify downstream substrates of Fer in mast cells. An obvious
candidate phosphoprotein close to 70 kDa in size is Syk, but
direct characterization of Syk phosphorylation, as well as other
downstream substrates, revealed no obvious defect in Syk ac-
tivation (data not shown). Another phosphoprotein of a similar
size that plays a role in FceRI signaling is SLP-76. However,
the ~70-kDa protein that is underphosphorylated in fer”*"%
cells is likely not SLP-76, since it is required for degranulation
and cytokine production (43), both of which are unaffected by
the loss of Fer. Another possible candidate is HS1 (also called
SPY-75), which is phosphorylated upon FceRI aggregation
(16) and exhibits a high degree of homology to cortactin (35,
49). Future studies will be required to identify additional Fer
substrates in mast cells.

Fer has also been implicated in regulating cadherin- and
integrin-mediated cell adhesion in a variety of cell types, in-
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cluding retinal neurites (3, 37, 38) and Fer-overexpressing fi-
broblasts (47). The current model based on these studies and
others is that Fer activation leads to the disruption of cell
adhesion, either by phosphorylating the catenins that bridge
cadherins to the actin cytoskeleton or by disrupting focal ad-
hesions that are critical for integrin-mediated adhesion. While
the precise mechanism of cell adhesion regulation by Fer is
currently unknown, overexpression of Fer causes reduced cell
adhesion (47). In this study, we show that Fer-deficient BM-
MC:s display increased adhesion to fibronectin when activated
either by SCF or through FceRI clustering. These findings are
consistent with the model proposing that Fer activation leads
to reduced cell adhesion.

The results of this study suggest that Fer may be important
for the recruitment of mast cells to sites of inflammation in
vivo. McCafferty et al. performed inflammatory challenges of
ferPR/PR mice, including active antigen-dependent hypersensi-
tivity reactions, and found no defects in vessel permeabiliza-
tion (39). These results are consistent with normal degranula-
tion and leukotriene production by Fer-deficient mast cells. In
the same study, increased leukocyte adhesion and emigration
upon lipopolysaccharide (LPS)-induced inflammation in
ferPR/PR mice were also observed. These results suggest that
Fer may play a role in limiting innate immune responses
through effects on cell adhesion and emigration. Interestingly,
the upregulation of endothelial cell adhesion molecules by LPS
and TNF-a occurs in part via p38 MAP kinase activation (29).
The p38 MAP kinase pathway has also been implicated in the
inhibition of signaling by anti-inflammatory cytokines, such as
IL-10 (2). Given the role of Fer in p38 MAP kinase activation
in mast cells, it will be important to determine whether p38
MAP kinase activation by LPS or TNF-a is affected in fer”*P"
mice.

In conclusion, FceRI clustering leads to the activation of
both Fer and Fps kinases, representing the first common sig-
naling pathway so far described. However, in Fer-deficient
BMMCs, Fps does not compensate for the loss of Fer in sig-
naling to p38 MAP kinase downstream of FceRI or the Kit
receptor to promote mast cell migration. Further experiments
are needed to identify the substrates of Fps in FceRI signaling.
The Fer- and Fps-deficient mouse lines that we have generated
should prove invaluable in delineating the roles of these highly
related PTKs in mast cell function in vivo.
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