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Syk tyrosine kinase and Src homology 2 (SH2) domain-containing leukocyte-specific phosphoprotein of 76
kDa (SLP-76) are signaling mediators activated downstream of immunoreceptor tyrosine-based activation
motif (ITAM)-containing immunoreceptors and integrins. While the signaling cascades descending from
integrins are similar to immunoreceptors, the mechanism of Syk activation and SLP-76 recruitment remains
unclear. We used an in vivo structure-function approach to study the requirements for the domains of Syk and
SLP-76 in immunoreceptor and integrin signaling. We found that both SH2 domains and the kinase domain
of Syk are required for immunoreceptor-dependent signaling and cellular response via integrins. While the
Gads-binding domain of SLP-76 is needed for immunoreceptor signaling, it appears dispensable for integrin
signaling. Syk and SLP-76 also are required for initiating and/or maintaining separation between the blood
and lymphatic vasculature. Therefore, we correlated the signaling requirement of the various domains of Syk
and SLP-76 to their requirement in regulating vascular separation. Our data suggest ITAMs are required in
Syk-dependent integrin signaling, demonstrate the separation of the structural features of SLP-76 to selectively
support immunoreceptor versus integrin signaling, and provide evidence that the essential domains of SLP-76
for ITAM signals are those which most efficiently support separation between lymphatic and blood vessels.

Immunoreceptors, including the B-cell receptor, T-cell re-
ceptor (TCR), FcR�, and glycoprotein VI (GPVI) collagen
receptor, utilize a common signaling pathway. Upon receptor
activation, Src family kinases phosphorylate tyrosine residues
within immunoreceptor tyrosine-based activation motifs (ITAMs),
which then serve as binding sites for Syk and/or �-associated
protein of 70 kDa (ZAP-70) kinase. Activated Syk or ZAP-70
can then phosphorylate a number of downstream molecules,
including the adaptor protein Src homology 2 (SH2) domain-
containing leukocyte-specific phosphoprotein of 76 kDa (SLP-
76). This common signal transduction pathway is utilized also
by integrin receptors, which do not contain ITAM domains, in
various cell types, including neutrophils and platelets. In this
study, we examined the differential requirement of the do-
mains of Syk and SLP-76 in immunoreceptor and integrin
signaling.

Syk is expressed throughout the hematopoietic compart-
ment and is necessary for development and function in a num-
ber of lineages (8, 13, 26, 43, 52). Structurally, it contains two
tandem SH2 domains and a C-terminal kinase domain. The
SH2 domains selectively bind to the diphosphorylated ITAM
within the cytoplasmic tail of immunoreceptors, including the
B-cell receptor (44), FcR� in neutrophils and macrophages
(14, 26), FcεRI in mast cells (41), and the � chain of the
collagen receptor in platelets (19). Binding of Syk to diphos-
phorylated ITAMs results in kinase activation.

In addition to functioning downstream of immunoreceptors,
Syk is activated by integrins in neutrophils (31, 63) and plate-
lets (9). Integrins are heterodimeric proteins consisting of an �
and a � chain that mediate interaction with the extracellular
matrix and other cell surface receptors (20). Syk is activated by
�1 (24, 50) and �3 integrins (9, 18) in platelets and �1, �2, and
�3 integrins in neutrophils (31). In contrast to immunorecep-
tor activation of Syk, integrin activation of Syk has been re-
ported to be phosphotyrosine independent, requiring only the
N-terminal SH2 domain and interdomain A region (56, 57).
These results indicate that minimal mutations within the C-
terminal SH2 domain of Syk that abrogate phosphotyrosine
binding should prevent immunoreceptor signaling but not in-
tegrin signaling, allowing for dissection of the two pathways.

SLP-76 is expressed in nearly all hematopoietic lineages (11)
and is required for thymocyte development (12, 40), platelet
activation by collagen (10), neutrophil response to FcR� stim-
ulation (34), and FcεRI-dependent mast cell activation (41).
SLP-76 is composed of three distinct domains: an N-terminal
acidic domain, a central proline-rich domain, and a C-terminal
SH2 domain. The acidic domain contains three tyrosine resi-
dues that upon phosphorylation bind to Vav (36, 51, 58), Nck
(61), and Tec family kinases (6, 49). The central proline-rich
region is constitutively bound to the SH3 domain of the adap-
tor Gads (2, 5, 16, 28, 29) and the enzymes phospholipase C-�1
(PLC�1) and PLC�2 (62). The C-terminal SH2 domain of
SLP-76 binds phosphorylated tyrosines in adhesion- and de-
granulation-promoting adaptor protein (15, 32) and hemato-
poietic progenitor kinase 1 (46).

During immunoreceptor signaling, receptor engagement re-
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sults in sequential activation of Src and Syk family kinases. Syk
then phosphorylates a number of downstream substrates, in-
cluding SLP-76 and the transmembrane adaptor linker of ac-
tivated T cells (LAT) (54, 64). LAT is constitutively targeted to
lipid rafts, cholesterol-rich membrane fractions that are en-
riched in signaling molecules. Gads binds to phosphorylated
LAT, recruiting SLP-76 and its binding partners to the mem-
brane rafts to form a multimolecular signaling complex (2).
Like Syk, SLP-76 is also required for activation of platelets and
neutrophils after engagement of �1, �2, and �3 integrins ex
vivo (22, 34, 35). In contrast, LAT, which is needed for immu-
noreceptor signaling in T cells (65), mast cells (45), and plate-
lets (38), appears to be dispensable for integrin signaling, at
least in platelets (7, 23).

In addition to a loss of hematopoietic cell development
and/or function, mice deficient in either Syk or SLP-76 display
an aberrant vascular pattern, resulting from inappropriate con-
nections between blood and lymphatic vessels (1). The causal
cell type remains unidentified, but reconstitution of lethally
irradiated wild-type (WT) mice with Syk-deficient fetal liver or
SLP-76-deficient bone marrow recapitulates the vascular phe-
notype (1). This model provides a means for studying the
structural requirements of Syk and SLP-76 in vascular separa-
tion via retroviral reconstitution of deficient fetal liver cells
(FLCs) with various structural mutants of Syk or SLP-76.

Syk and SLP-76 play key roles in the proximal signal cascade
activated by both integrins and immunoreceptors. Loss of ei-
ther protein has profound effects on a number of hematopoi-
etic lineages as well as on vascular development. Therefore,
differentiating between Syk and SLP-76 requirements down-
stream of integrins versus immunoreceptors for a particular
cellular or developmental function is difficult in vivo. One
approach to this complex question is to investigate differences
in Syk and SLP-76 functions downstream of the two receptor
classes. In this study, we investigated the in vivo requirements
of the various domains of Syk and SLP-76 in immunoreceptor
or integrin receptor signaling and correlated these data with
their roles in the regulation of vascular separation.

MATERIALS AND METHODS

Mice. Syk-deficient mice (52) were a gift of V. Tybulewicz (National Institute
for Medical Research, Mill Hill, London, England). SLP-76-deficient mice have
been previously described (12). All mice were housed under pathogen-free
conditions at the University of Pennsylvania in accordance with National Insti-
tutes of Health (NIH) guidelines and approved animal protocols.

Constructs. WT Syk and a kinase-dead (KD) mutant were kindly provided by
Reuben P. Siraganian (National Institute of Dental and Craniofacial Research,
NIH). The KD mutant contains a lysine-to-arginine mutation at amino acid 395.
The N-RK (arginine to lysine at amino acid 41) and C-RK (arginine to lysine at
amino acid 194) mutants were generated from WT Syk cDNA in pSVL by use of
transformer site-directed mutagenesis (Clontech). WT Syk and the Syk mutants
were subcloned into MIGR1 (provided by W. Pear, University of Pennsylvania)
(39) in the XhoI and SacII sites. The Y3F mutant of SLP-76 was generated by
site-directed mutagenesis of SLP-76 cDNA in pBluescript and was cloned into
the BglII site of MIGR1. Generation of an MIGR1 vector containing WT
SLP-76, G2 mutants, and MTS have been previously described (47).

Transient transfections. Chinese hamster ovary (CHO) cells stably expressing
�IIb�3 (CHO-A5) have been previously described (18). All cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal calf
serum (FCS), penicillin (1,000 units/ml), streptomycin (1,000 units/ml), and glu-
tamine (20 mM). For transient transfections, 4 � 106 CHO-A5 cells were plated
on 150-mm tissue culture plates and 24 h later were transfected with 20 �g of
DNA using GeneJammer (Stratagene) following the manufacturer’s protocol.

Twenty hours posttransfection, the serum concentration in the medium was
lowered to 0.5% FCS and the cells were serum starved for an additional 24 h.

Immunoprecipitation and Western blotting. Forty-eight hours posttransfec-
tion, cells were treated with Versene, harvested, and then added to bacterial
plates coated with 5 mg/ml bovine serum albumin (BSA) or 100 �M fibrinogen
and incubated at 37°C for 60 min. Cells were harvested, washed twice in phos-
phate-buffered saline (PBS), normalized for the percentage of cells transfected,
and lysed in Nonidet P-40 buffer containing a 1:100 dilution of a protease
inhibitor mixture (Sigma), 1 mM phenylmethylsulfonyl fluoride, and the follow-
ing protein phosphatase inhibitors: 400 �M sodium vanadate, 10 �M sodium
fluoride, and 10 �M sodium pyrophosphate. For Syk immunoprecipitation, 2 �g
of anti-Syk (Santa Cruz Biotechnology) was conjugated to GammaBind Plus-
Sepharose beads (Amersham Biosciences) for 12 h; lysates were tumbled with
the antibody-conjugated beads for 4 h at 4°C. The immune complexes were
washed three times with lysis buffer, resolved by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, and transferred to nitrocellulose for immuno-
blotting with 4G10. To ensure equal protein loading, blots were stripped with
Restore Western blot stripping buffer (Pierce Biotechnology, Rockford, IL) and
reprobed with anti-Syk monoclonal antibody (kindly provided by A. Weiss,
University of California, San Francisco). For SLP-76 studies, cell lysates were
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, trans-
ferred to nitrocellulose, and immunoblotted with anti-SLP-76 antibody (Up-
state).

Genetic reconstitution of Syk- and SLP-76-deficient fetal liver. 293T cells were
transfected with MIGR1 expressing green fluorescent protein (GFP) alone or
GFP and WT Syk, WT SLP-76, or the various mutants using GeneJammer
(Stratagene) per the manufacturer’s protocol. Viral supernatants were collected
48 and 72 h posttransfection. Embryonic day 14.5 to 17.5 Syk- or SLP-76-
deficient embryos were harvested, and single-cell suspensions of fetal liver were
generated in DMEM supplemented with 10% FCS. Mononuclear cells were
purified by Ficoll gradient and cultured for 3 days in DMEM containing 10%
FCS, 20 ng/ml recombinant murine interleukin-3, 10 ng/ml recombinant murine
interleukin-6, and 100 ng/ml recombinant murine stem cell factor. All recombi-
nant murine cytokines were obtained from Peprotech. At 24 and 48 h posthar-
vest, fetal liver cells were spin infected. At 72 hours postharvest, cells were
collected, washed twice in PBS, and intravenously injected into lethally irradiated
(1,100-rad Co) C57BL6 mice. Recipient mice were sacrificed for study 8 to 10
weeks postreconstitution. Severity of vascular phenotype was scored as described
in detail below in the figure legends. Differences between the various mutant
constructs and WT (Syk or SLP-76) or MIGR1 were compared by chi-square
test. A statistically significant difference was defined as a P value of �0.05.

Platelet degranulation and spreading. Isolation of washed platelets has been
previously described (22). Washed platelets (1 � 106) were stimulated with 5 nM
convulxin (CVX) or 0.5 mM AYPGKF in the presence of phycoerythrin-conju-
gated anti-murine P-selectin antibody (BD Pharmingen) for 20 min at 37°C, and
P-selectin surface expression was quantified by flow cytometry. Purified CVX
from the venom of Crotalus durissus terrificus was from Alexis Biochemicals.
AYPGKF peptide was synthesized by the University of Pennsylvania Protein
Chemistry Laboratory. For the spreading experiments, 100 �g/ml fibrinogen
(Enzyme Research Laboratories) was incubated on a chamber slide (Fischer)
overnight at 4°C. After washing twice with PBS, the slide was blocked with 10
mg/ml heat-denatured BSA. Washed platelets (20 � 106 cells/ml) were incubated
for 45 min at 37°C. Slides were gently rinsed with PBS, and adhered platelets
were fixed in 2% paraformaldehyde, permeabilized, and stained with rhodamine-
phalloidin (Molecular Probes). Images were captured at 1,000� magnification.
The area of GFP� platelets was determined as the number of pixels per platelet
by IP Labs Scientific Image Processing (Scanalytics, Inc.).

Flow cytometry. Spleens were harvested from chimeric mice and made into
single-cell suspensions, and expression of surface antigens was determined by
standard flow cytometric methods using anti-B220–allophycocyanin (BD Phar-
mingen).

Isolation of bone marrow neutrophils. Bone marrow-derived neutrophils were
prepared as previously described (34). Purity of the neutrophil preparation was
assessed using flow cytometry; standard preparations yielded neutrophils
of 	90% purity as determined by surface expression of Gr-1 (Pharmingen).

Adherent respiratory burst. Ninety-six-well Immulon 4 HBX plates (Thermo
Labsystems) were coated with 150 �g/ml fibrinogen (F-9754; Sigma) in PBS, 15
�g/ml poly(RGD) (F-5022; Sigma) in PBS, or 20 �g/ml anti-CD18 (C71/16) or
isotype control antibody (Pharmingen) in carbonate buffer. Antibody-coated
wells were blocked with 10% FCS for 30 min. One hundred �l of prewarmed
neutrophils suspended at 4 � 106 cells/ml in Hank’s balanced salt solution plus
10 mM HEPES, 100 mM ferricytochrome c (Sigma-Aldrich), and 1 mM Ca2�

was added to the wells. Adherent respiratory burst was measured through oxi-

VOL. 26, 2006 Syk AND SLP-76 STRUCTURE-FUNCTION 6937



dation-induced changes in ferricytochrome c absorbance as previously described
(31). When indicated, 50 ng/ml murine tumor necrosis factor alpha (TNF-�) was
added.

Measurement of Fc�R-induced calcium flux. For labeling with the calcium-
sensitive fluorochrome Indo-1, neutrophils were resuspended at 107 cells/ml in
Hank’s balanced salt solution prep containing 3 �g/ml Indo-1 (Molecular
Probes) and 4 mM Probencid and were incubated at 37°C for 20 min. Cells were
washed twice in PBS and then incubated with 2 �g/ml anti-Fc�RII/III (Phar-
mingen) in PBSg (125 mM sodium chloride, 8 mM sodium phosphate, 2 mM
sodium phosphate monobasic, 5 mM potassium chloride, 5 mM glucose) for 15
min at 4°C. Following three washes in cold PBSg, cells were resuspended in
ice-cold PBSg at 107 cells/ml until initiation of the assay. Two minutes prior to
stimulation, cells were diluted to 0.5 million cells/ml in 37°C KRP buffer (PBSg
plus 1 mM calcium chloride and 1.5 mM magnesium chloride). Cell stimulation
was initiated by adding 15 to 30 �g/ml of goat anti-rat immunoglobulin G (Fc�R;
Pharmingen). Calcium levels were analyzed on an LSR flow cytometer (Becton
Dickinson Immunocytometry Systems).

Histology and immunohistochemistry. Formaldehyde-fixed and paraffin-em-
bedded sections were studied as described at the website www.uphs.upenn.edu
/mcrc/histology/histologyhome.html using anti-LYVE-1 antibody (3) at a final
concentration of 1:1,000.

RESULTS

Phosphotyrosine-binding activity of Syk is dispensable for
activation by �IIb�3 in CHO cells. Syk activation by immu-
noreceptors requires binding of the tandem SH2 domains to
diphosphorylated tyrosines of the ITAM (44). Studies in CHO
cells have shown that Syk can directly bind to and be activated
by the cytoplasmic tail of integrin � chains in a phospho-
tyrosine-independent manner (56, 57). A minimal mutation in
the SH2 domains of Syk that abrogated phosphotyrosine bind-

ing was predicted, therefore, to interfere with ITAM-depen-
dent signaling without affecting integrin signaling.

We generated Syk mutants with an arginine-to-lysine muta-
tion at R41 within the amino-terminal SH2 domain (N-RK) or
R194 within the carboxy-terminal SH2 domain (C-RK), amino
acid changes that have been shown to destroy this phospho-
tyrosine-binding capacity (53) (Fig. 1A). The KD variant has a
point mutation that abrogates kinase activity but retains phos-
photyrosine binding of both SH2 domains (37) (Fig. 1A). WT
Syk and the N-RK, C-RK, and KD mutants were subcloned
into the MIGR1 retrovirus vector and were transfected into
CHO cells. Anti-Syk immunoblot analysis showed all con-
structs were expressed similarly (Fig. 1B).

To investigate if the RK mutations interfere with Syk acti-
vation by integrins, we transfected CHO cells stably expressing
�IIb�3 integrin with a vector expressing GFP alone (MIGR1),
GFP plus WT Syk, or GFP plus mutant Syk. Cells were plated
on fibrinogen, a ligand for �IIb�3 integrin, and Syk activation
was assessed by immunoprecipitation followed by immunoblot-
ting for phosphotyrosine. Upon fibrinogen ligation of �IIb�3,
WT Syk was phosphorylated while the KD mutant remained
unphosphorylated (Fig. 1C). Like WT Syk, the N-RK and
C-RK mutants were phosphorylated upon fibrinogen binding
(Fig. 1C), supporting previous findings of SH2 domain-inde-
pendent activation of Syk by integrins.

Minimal mutation of Syk SH2 domains results in loss of
immunoreceptor and integrin-dependent activation. The phos-
photyrosine binding of the Syk SH2 domains is required for

FIG. 1. SH2 domains of Syk are dispensable for activation by �IIb�3 in CHO cells. (A) Schematic of Syk constructs. N-RK and C-RK contain
arginine-to-lysine mutations at amino acids 41 and 194, respectively, and KD contains a lysine-to-arginine mutation at amino acid 395. (B) CHO
cells were transiently transfected with empty vector, WT Syk, or Syk mutant. Syk expression was assayed by Western blotting after normalizing for
the percentage of CHO cells transfected. (C) CHO cells were transiently transfected with the MIGR vector expressing either Syk or a Syk mutant.
Cells were plated upon fibrinogen-coated (�) or BSA-coated (
) plates, and lysates from equivalent numbers of transfected cells were collected
and immunoprecipitated for Syk, followed by Western blotting for phosphotyrosine. Blots were then stripped and reprobed for Syk.
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Syk activation by ITAM-containing receptors but appears dis-
pensable, in the CHO cell system, for activation by integrins.
To extend this work to primary cells, we generated chimeric
mice expressing WT or mutant Syk within the hematopoietic
compartment. Syk-deficient FLCs were transduced with GFP
alone or GFP plus WT or mutant Syk and used to reconstitute
lethally irradiated mice. GFP expression in T cells, platelets,
and neutrophils was ascertained by flow cytometric analysis to
determine the percentage of transduced donor cells. Eight to

10 weeks after reconstitution, mice were sacrificed, and immu-
noreceptor and integrin signaling were studied in B cells, plate-
lets, and neutrophils.

Syk is required for B-cell development beyond the pro-B-cell
stage (8, 52). Syk
/
 FLCs transduced with GFP alone failed
to give rise to B220� B cells in the spleen, whereas transduc-
tion with WT Syk rescued B-cell development (Fig. 2A). As
expected, the N-RK, C-RK, and KD mutants of Syk all failed
to rescue B-cell development. CVX is an agonist for the plate-

FIG. 2. Mutation in either SH2 domain of Syk results in loss of ITAM-dependent signaling in vivo. FLCs from Syk-deficient embryos were
transduced with virus expressing GFP alone (MIGR1) or GFP with WT Syk or mutant Syk and were used to reconstitute lethally irradiated
C57BL6 mice. Eight to 10 weeks postreconstitution, chimeric mice were sacrificed for study. (A) Splenocytes from reconstituted mice were isolated
and stained for B220, followed by flow cytometric analysis to distinguish GFP-positive from GFP-negative cells. Note that B cells (upper quadrants)
appear only when WT Syk is successfully transduced. (B) Retrovirally transduced platelets were either left unstimulated or stimulated with 5 ng
CVX (top) or 0.5 mM AYPGKF (AYP) peptide (bottom). GFP-positive platelets were then assessed for P-selectin expression. Results are plotted
as the percentage of platelets staining positive for P-selectin. (C) Neutrophils were labeled with Indo-1 and incubated with an antibody against
FcR�. Calcium flux was measured by flow cytometry following cross-linking of the receptors with anti-rat immunoglobulin G (red arrow) and
ionomycin (black arrow).
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FIG. 3. Mutation in either SH2 domain of Syk results in loss of the integrin-dependent cellular response in vivo. (A) Neutrophils from chimeric
mice were stimulated with TNF or left unstimulated after plating upon a fibrinogen-coated surface. ROI production was measured by cytochrome
c oxidation. Each graph includes neutrophils expressing WT Syk (red line) and one Syk mutant. (B) Platelets were incubated on coverslips coated
with fibrinogen, fixed, permeabilized, and stained for F-actin (phalloidin). GFP-positive platelets represent platelets transduced with virus. Original
magnification, �1,000. The average area of spread of GFP� platelets (n 	 100) is shown in pixels per platelet. Error bars represent standard errors.
*, significant difference in spreading between MIGR and WT, N-RK, or C-RK (P � 0.001).
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let collagen receptor GPVI, which signals via the Fc�R com-
mon chain (42). Activation of platelets by CVX results in
degranulation and surface expression of P-selectin, a Syk-de-
pendent response (42). Expression of WT Syk reconstituted
the response to CVX, but there was no rescue when the N-RK,
C-RK, or KD mutant was expressed, consistent with the re-
quirement for ITAM-bearing receptors in collagen signaling
(Fig. 2B, top). All platelets responded to AYPGKF, a PAR4
receptor agonist peptide that activates platelets in a Syk-inde-
pendent manner (Fig. 2B, bottom).

Neutrophil stimulation via the Fc�R receptor results in Syk
activation and mobilization of Ca2� (30, 55). Syk-deficient
neutrophils failed to flux Ca2� upon activation, while expres-
sion of WT Syk restored Ca2� release (Fig. 2C). As with B-cell
development and platelet degranulation, the kinase domain
and both SH2 domains of Syk are required for neutrophil Ca2�

flux (Fig. 2C). Ionomycin stimulation, a control, induced a
similar Ca2� rise in all neutrophils.

To determine the structural requirements of Syk for integrin
signaling, we evaluated neutrophil and platelet responses to
fibrinogen. Fibrinogen is a cognate ligand for both �3 integrins
in platelets and �2 integrins in neutrophils. Syk-deficient neu-
trophils failed to generate detectable levels of reactive oxygen
intermediates (ROIs) upon plating on fibrinogen in the pres-
ence of TNF (Fig. 3A). Neutrophils expressing WT Syk pro-
duced ROIs, while neutrophils expressing the KD mutant were
unresponsive (Fig. 3A). Surprisingly, transduction with either
the C-RK or N-RK mutant failed to rescue ROI production
(Fig. 3A). To extend these results beyond neutrophils, we ex-
amined platelet spreading on fibrinogen. Syk-deficient plate-
lets failed to spread when plated on a fibrinogen-coated sur-
face, a deficit that was rescued with expression of WT Syk (Fig.
3B). Platelet spreading, as with the neutrophil response to
fibrinogen, required both SH2 domains of Syk, inasmuch as
neither C-RK Syk-transduced nor N-RK Syk-transduced cells
were able to spread (Fig. 3B). Quantification of platelet area
showed that platelets expressing either SH2 mutant of Syk
spread significantly less than platelets expressing WT Syk.
These results argue that the phosphotyrosine-binding capacity
of Syk is required for activation by integrins in primary cells.

The Gads-binding region of SLP-76 is required for ITAM
but not integrin signaling. SLP-76 consists of multiple domains
that mediate binding to other proteins (60). We generated
mutants in which the three tyrosines in the N-terminal domain
were altered to phenylalanine (Y3F) or two amino acids within
the Gads-binding region were mutated (G2) (Fig. 4A). Given
that the G2 mutant has been shown to abrogate SLP-76 re-
cruitment to the membrane (47), we made use of a comple-
mentary construct, SLP-76 cDNA fused to cDNA encoding the
transmembrane domain of LAT and its two juxtamembrane
cysteine residues, to target SLP-76 to the membrane (MTS) (4)
(Fig. 4A). WT SLP-76, Y3F, G2, and MTS were cloned into
the MIGR1 retrovirus vector and transfected into CHO cells.
Anti-SLP-76 immunoblot analysis showed equal protein ex-
pression (Fig. 4B).

To determine the importance of the domains of SLP-76 in
immunoreceptor or integrin signaling, SLP-76-deficient FLCs
were transduced with retrovirus expressing GFP and WT
SLP-76 or mutant SLP-76 and injected into lethally irradiated
mice. Eight to 10 weeks later, neutrophils and platelets were

collected from the chimeric mice. Previous studies have shown
that the tyrosines and Gads-binding region of SLP-76 are
required for immunoreceptor signaling (25, 27, 33, 59). To
confirm these results, we evaluated the ability of the SLP-76
mutants to rescue GPVI-dependent platelet degranulation.
SLP-76-deficient platelets were unresponsive to CVX, and the
expression of WT SLP-76 rescued this defect (Fig. 5A). Both
the N-terminal tyrosine residues and the Gads-binding region
are required for GPVI signaling, as expression of Y3F SLP-76
or G2 SLP-76 failed to rescue degranulation (Fig. 5A). Previ-
ously, we have shown that the MTS supports immunoreceptor
signaling in Jurkat T cells and is predominantly targeted to
lipid rafts (4). As shown in Fig. 5A, platelets expressing the
MTS up-regulated P-selectin after CVX stimulation. All plate-
lets responded to AYPGKF (Fig. 5A, bottom).

To assess integrin-dependent signaling, we assayed neutro-
phil ROI production and platelet spreading on fibrinogen.
SLP-76-deficient neutrophils, like Syk-deficient neutrophils,
failed to produce ROI when plated on fibrinogen in the pres-
ence of TNF (Fig. 5B). Transduction with virus expressing WT
SLP-76 rescued ROI production, while neutrophils expressing
the Y3F mutant failed to respond (Fig. 5B). LAT and Gads are
dispensable for integrin signaling and, concordantly, the G2
mutant rescued integrin-dependent ROI production (Fig. 5B).
In contrast, constitutive targeting of SLP-76 to membrane us-

FIG. 4. Expression of WT SLP-76, mutant SLP-76, and MTS.
(A) Schematic of WT and mutant GFP-tagged SLP and raft-targeted
SLP-76 (MTS). PRD represents the proline-rich domain of SLP-76.
For the Y3F mutant, stars represent mutations of tyrosine to phenyl-
alanine at amino acids 112, 128, and 145. For the G2 mutant, stars
represent amino acid changes from arginine to alanine at amino acid
237 and lysine to alanine at position 240. MTS consists of the first 35
amino acids of LAT fused to full-length SLP-76. MTS is not GFP
tagged and hence runs at a lower molecular weight. (B) CHO cells
were transiently transfected with empty vector or vector expressing
WT SLP-76, mutant SLP-76, or MTS. Cell lysates of equivalent num-
bers of transfected cells were examined by immunoblot analysis with
anti-SLP-76 antibody.
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ing the MTS failed to rescue integrin-dependent ROI produc-
tion (Fig. 5B), presumably because of selective expression of
the MTS in lipid rafts.

To extend these findings beyond neutrophils, we examined
platelet spreading on fibrinogen via �IIb�3. Like Syk, SLP-76
has been implicated as a signaling intermediate downstream of
�IIb�3 (22). Platelets deficient in SLP-76 failed to spread on a
fibrinogen surface, a response rescued by expression of WT
SLP-76 but not the Y3F mutant (Fig. 5C). The inability to
recruit SLP-76 to membrane rafts appears to be dispensable
for integrin signaling in platelets, as expression of the G2
mutant restored spreading upon fibrinogen (Fig. 5C). Interest-
ingly, however, although it fails to rescue neutrophil ROI pro-
duction, the MTS rescued platelet spreading on fibrinogen
(Fig. 5C). Quantification of platelet area showed that platelets
expressing the Y3F mutant of SLP-76 spread significantly less
than platelets expressing WT SLP-76, while platelets express-
ing the G2 mutant spread equivalently to WT SLP-76. Surpris-
ingly, platelets expressing the MTS spread to a greater extent
than WT SLP-76-expressing platelets. These studies suggest a
differential requirement for SLP-76 membrane localization in
platelets versus neutrophils for integrin-mediated responses.

The SH2 domains of Syk and SLP-76 recruitment to the
plasma membrane are required for vascular separation. As we
have reported previously (1), SLP-76 or Syk deficiency results
in failed separation of lymphatic and blood vasculature. High-
dose radiation followed by FLC transfer from SLP-76- or Syk-
deficient donors recapitulates this phenotype, most notably in
the gut. Since WT SLP-76 or Syk completely rescues this de-
fect, we also determined vascular integrity to assess the struc-
tural features of SLP-76 or Syk for optimal function. In assess-
ing this vascular defect, we scored each animal as having no
phenotype (
), mild phenotype (�), moderate phenotype
(��), or severe phenotype (���) (Fig. 6A). In the most
severely affected mice (���), there was a complete loss of
vascular architecture in the gut wall. Blood was clearly visible
in mesenteric lymphatic vessels, and there was a bloody chylous
effusion in the peritoneum. In the mildly affected mice, the
only evidence of abnormality was grossly visible blood in the
mesenteric lymph nodes, with no lesions visible in the gut (Fig.
6A). Mice that showed areas of affected gut while other adja-
cent areas appeared grossly normal were scored as moderately
affected.

Irradiated mice reconstituted with Syk-deficient FLCs trans-
duced with virus expressing GFP alone uniformly developed
vascular lesions with varying severity (Fig. 6B; Table 1). Im-
munostaining of histological sections from the small intestine

with antibodies against LYVE-1 revealed blood-filled lymphat-
ics (Fig. 6C). Retroviral expression of WT Syk within the he-
matopoietic compartment uniformly rescued vascular separa-
tion (Fig. 6B and C; Table 1). The KD mutant failed to rescue
normal vascular development, and, in fact, chimeric mice ex-
pressing KD Syk demonstrated a more severe phenotype (Fig.
6B and C; Table 1). Expression of Syk with either SH2 domain
mutated partially rescued the vascular phenotype (Fig. 6B and
C). However, 7 of 10 mice expressing the N-RK mutant devel-
oped vascular lesions, as did 4 of 8 expressing the C-RK mu-
tant (Table 1) (both results were significantly different [P �
0.05] compared to WT), although none of these mice displayed
the most severe phenotype. From these studies we conclude a
requirement for phosphotyrosine binding by Syk in the signal-
ing pathway to optimally regulate vascular separation.

All mice reconstituted with SLP-76-deficient cells expressing
GFP alone developed the vascular abnormality with varying
degrees of severity (Fig. 7A; Table 2). Expression of WT
SLP-76 uniformly rescued the vascular abnormality (Fig. 7A;
Table 2). Ten of 12 chimeric mice expressing the Y3F mutant
within their hematopoietic compartment displayed evidence of
the vascular phenotype (Fig. 7A; Table 2) (P � 0.0002 com-
pared to WT). Mice reconstituted with G2-expressing cells
displayed vascular lesions in 11 of 14 recipients although, un-
like with the Y3F mutant, none showed the most severe phe-
notype (Fig. 7A; Table 2) (P � 0.0002 compared to WT).
Histological examination of the vascular lesions in the gut wall
of affected chimeric mice revealed blood-filled lymphatics (Fig.
7B). As with WT SLP-76, expression of MTS uniformly pre-
vents the development of any vascular lesions (Fig. 7A and B;
Table 2).

DISCUSSION

Syk and SLP-76 play important roles in the proximal signal
cascades initiated by both immunoreceptors and integrins. The
functions of Syk and SLP-76 in immunoreceptor signaling have
been extensively studied, but less is known about their roles in
integrin-dependent cellular activation. In this investigation, we
showed that the phosphotyrosine-binding capacity of both SH2
domains of Syk is required for activation by integrins as well as
immunoreceptors, in contrast to the CHO cell model system,
in which the requirement for Syk activation appears less strin-
gent. These results suggest that, as with immunoreceptor sig-
naling, an ITAM-containing molecule may be required for
integrin signaling, at least in platelets and neutrophils. In dis-
tinction from our studies of Syk, our results do show a signif-

FIG. 5. Membrane localization of SLP-76 is required for immunoreceptor-dependent signaling but is dispensable for an integrin-dependent
response. FLCs or bone marrow cells from SLP-76-deficient embryos were transduced with virus expressing empty vector or WT SLP-76, mutant
SLP-76, or MTS and were used to reconstitute lethally irradiated C57BL6 mice. Eight to 10 weeks postreconstitution, chimeric mice were sacrificed
for study. (A) Retrovirally transduced platelets were either left unstimulated or stimulated with 5 nM CVX (top) or 0.5 mM AYPGKF (AYP)
(bottom) for 20 min in the presence of anti-P-selectin antibody. P-selectin expression was assessed by flow cytometry with gates set to distinguish
GFP-positive cells from GFP-negative cells. Results are plotted as the percentage of GFP-positive platelets staining positive for P-selectin.
(B) Neutrophils from chimeric mice were stimulated with TNF or left unstimulated after plating upon a fibrinogen-coated surface. ROI production
was measured by cytochrome c oxidation. (C) Platelets were incubated on coverslips coated with fibrinogen, fixed, permeabilized, and stained for
F-actin (phalloidin). Original magnification, �1,000. The average area of spread of GFP� platelets (n 	 100) is shown in pixels per platelet. Error
bars represent standard errors. *, significant difference in spreading between MIGR or Y3F and WT or G2 (P � 0.001); #, significant difference
in spreading between MTS and WT (P � 0.001).
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icant difference in the binding partner requirements of SLP-76
for function downstream of integrins versus immunoreceptors,
in that the Gads-binding region of SLP-76 is essential for
immunoreceptor but not integrin signaling. Using mutant
SLP-76 constructs which selectively support immunoreceptor
or integrin pathways, we showed that functional integrin-de-
pendent cellular activation does not correlate with rescue of
the vascular separation defect observed in deficient mice.

The requirement for phosphotyrosine binding of Syk in
ITAM-dependent signaling was expected, but, surprisingly, it
was also required for integrin signaling. Previous studies have
shown Syk binding directly to the � chain of integrins in a
phosphotyrosine-independent manner that requires only the
N-terminal SH2 domain and interdomain A (56, 57). Support-
ing an SH2 domain-independent function of Syk, we found
that the RK mutation in either SH2 domain of Syk does not
affect Syk activation as assessed by tyrosine phosphorylation
following engagement of �IIb�3 in CHO cells. However, these
mutations resulted in complete loss of Syk-dependent integrin
responses in both neutrophils and platelets. There are several
possible explanations for this difference. First, minimal muta-
tions in the SH2 domains may result in defective interaction
with the integrin � chain, which is overcome when Syk and
�IIb�3 are overexpressed in CHO cells. Second, overexpres-
sion of �IIb�3 and Syk in CHO cells could result in nonspecific
biochemical interactions, which do not predict function in pri-
mary cells. Third, integrins in neutrophils and platelets may
utilize ITAM-containing molecules to activate the Syk kinase-
dependent signaling pathways. Finally, Syk may directly bind to
and be activated by the cytoplasmic tail of the integrin � chain
in vivo as in vitro, but to initiate the requisite signaling path-
way, a secondary interaction with an ITAM-containing protein
is required. Given the specificity of the arginine-to-lysine mu-
tation in the SH2 domain of Syk, our results argue strongly for
an ITAM requirement for integrin signaling in platelets and
neutrophils. In this regard, while ITAM-based Syk-dependent
signaling has been extensively studied in the context of immu-
noreceptors, recent reports have highlighted the importance of
this signaling pathway in a number of nonimmunoreceptor
systems. The PSGL-1 adhesion receptor, for example, has been
shown to utilize the ITAM-containing cytoplasmic Ezrin/

Radixin/Moesin proteins to activate Syk and, therefore, gene
transcription (17). These results raise the possibility that inte-
grins may utilize similar ITAM-containing proteins, cytoplas-
mic or transmembrane, to activate Syk. Further investigation is
required to understand the requirement for phosphotyrosine
binding by Syk in integrin signaling.

It is possible that the absence of an integrin-dependent re-
sponse in cells expressing the SH2 domain-mutated Syk re-
flects a quantitative, rather than a qualitative, signaling defi-
ciency and that high concentrations of ligand would rescue the
defect. However, in our experiments stimulating surfaces were
covered with saturating concentrations of fibrinogen and there-
fore addition of more agonist would be unlikely to have any
additional effects. It is also important to note that when the
percentage of cells expressing WT Syk or SLP-76 was signifi-
cant (	70%), ROI production (measured as nanomoles of
ROI per million cells) was equivalent to that seen when 100%
wild-type neutrophils were examined (31, 34).

Another possible caveat for interpretations of our data is
that the differences in the cellular response in our various
assays could be partially explained by varied levels of expres-
sion of the mutated constructs. This is of more significant
concern for the Syk constructs, as they are expressed using a
bicistronic virus and hence not directly coupled to GFP. How-
ever, with the exception of mice reconstituted with stem cells
transduced with virus expressing GFP alone (MIGR), there is
significant overlap in both the expression level and the per-
centage of cells transduced for the various constructs in all cell
lineages analyzed (including splenic T cells, platelets, neutro-
phils, and B cells [data not shown]). Further, in CHO cells,
when normalized for the percentage of GFP� cells and mean
fluorescence intensity (MFI), Western blotting showed equiv-
alent protein levels with the various constructs (Fig. 1B). Fi-
nally, studies by others have shown that expression of GFP
even from an internal ribosome entry site correlates with ex-
pression of the protein of interest (39).

We recognize that our experimental approach necessarily
results in some degree of variability in both number of cells
transduced and in the level of protein expressed. However, we
do not believe that these variables impact our conclusions.
Within the range of transduction efficiency in our studies, the
qualitative results of each of our functional assays were inde-
pendent of the percentage of cells transduced (GFP�) or the
MFI. For example, in the neutrophil studies examining the
cellular response to integrin stimulation, ROI production was
significantly rescued by WT Syk (when compared to the neg-
ative control cells [MIGR]) even when as few as 19% of neu-
trophils expressed the wild-type construct (date not shown). In
contrast, C-RK and N-RK Syk were incapable of supporting
ROI production even with 	60% of neutrophils transduced.
All other assays we report here were done as single-cell assays
and, again, expression of the SH2 mutants of Syk did not
support any cellular response, no matter the MFI (utilizing
GFP expression as a surrogate for Syk level). Given the uni-
form positive response seen in all assays (albeit to various
degrees depending on GFP expression) with cells expressing
WT Syk, the complete absence of response by cells expressing
the Syk mutants is unlikely to be due to low levels of protein
expression.

These studies using SLP-76 mutants also extend our under-

TABLE 1. Requirements of domains of Syk for vascular separation

Retroviral
construct (n)

No. with vascular phenotypea Cellular response
to stimulationb

None
(
)

Mild
(�)

Moderate
(��)

Severe
(���) Immunoreceptor Integrin

WT (9) 9 0 0 0 � �
N-RKc,d (10) 3 5 2 0 
 

C-RKc,d (8) 4 2 2 0 
 

KDc (4) 0 0 1 3 
 

MIGR1c (13) 0 3 6 4 
 


a Vascular phenotype was scored as no phenotype (
), blood in lymph nodes
only (�), distinct areas of gut wall affected (��), or entire gut affected (���).

b Immunoreceptor signaling was measured by B-cell development, the platelet
response to CVX, and the neutrophil response to FcR� cross-linking. Integrin
signaling was measured by the platelet and neutrophil responses to fibrinogen.

c Statistically significant difference in distribution of vascular phenotype by
chi-square analysis compared to WT.

d Statistically significant difference in distribution of vascular phenotype by
chi-square analysis compared to MIGR1.
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standing of the importance of the various domains of this
adaptor in receptor signaling. In one model of SLP-76 func-
tion, immunoreceptor signaling is dependent upon SLP-76 lo-
calization to membrane rafts, while its function in integrin
signaling is raft independent. One of the key substrates of
activated Syk is LAT, a transmembrane adaptor, which is con-
stitutively targeted to lipid rafts (64) and contains a binding site

for Gads (48). Binding of Gads results in the recruitment of
SLP-76 to the membrane, along with other SLP-76-associated
proteins (21). While the Syk/LAT/Gads/SLP-76 pathway ap-
pears vital for signaling in immunoreceptor pathways, LAT
and Gads are dispensable for integrin signaling, at least in
platelets (7, 23).

One prediction from this model is that mutations in the

FIG. 7. Membrane localization of SLP-76 is required for blood-lymphatic vascular separation. (A) Chimeric mice were sacrificed and examined
for the appearance of grossly visible vascular lesions in the small intestine and mesenteric lymph nodes. Original magnification, �1. (B) Tissue from
small intestines of chimeric mice was fixed, paraffin embedded, sectioned, and stained for Lyve-1 with horseradish peroxidase-tagged secondary
antibody to identify lymphatic vessels. Arrows identify lymphatic vessels. Original magnification, �200.
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Gads-binding region of SLP-76 should interfere with immuno-
receptor but not integrin signaling. In fact, the G2 mutant is
unable to rescue GPVI signaling in platelets (as well as FcεRI
in mast cells [25, 59] and TCR signaling in Jurkat cells [47]) but
appears to function normally in platelet as well as neutrophil
responses to integrin stimulation. These results, obtained in
primary cells, suggest either SLP-76 recruitment to the plasma
membrane is not required for optimal integrin signaling or a
Gads/LAT-independent mechanism exists for SLP-76 mem-
brane localization.

The complementary experiment of constitutively targeting
SLP-76 to the membrane (using the MTS) rescued GPVI sig-
naling in platelets but failed to rescue integrin-dependent ROI
production in neutrophils. Interestingly, however, it rescued
�IIb�3-dependent spreading of platelets on fibrinogen. One
explanation may be that platelet spreading may require a lower
threshold of signaling than neutrophil ROI production. Al-
though MTS is predominantly targeted to membrane rafts, it is
also present to a limited extent outside of rafts (4), and this
expression may support sufficient signaling for spreading of
platelets. Alternatively, raft versus nonraft differentiation of
immunoreceptor and integrin signaling may be cell type or
receptor type specific. Finally, lack of ROI production in neu-
trophils expressing the MTS may be unrelated to rafts and may
result from membrane targeting of SLP-76. Depending on the
cell type and signaling pathway, the capacity for SLP-76 to
leave the membrane may be as important as localization to the
membrane.

Reconstitution of lethally irradiated WT mice with Syk- or
SLP-76-deficient cells results in abnormal vascular architecture
in the gut, bloody chylous peritoneum, and blood-filled lym-
phatic vessels (1). This phenotype recapitulates the phenotype
of SLP-76-deficient adult mice and, to the extent that it in-
volves blood-filled lymphatics, resembles the phenotype of
Syk- and SLP-76-deficient embryos. The development of the
vascular phenotype in radiation chimeras provides a tractable
model to dissect the molecular pathway in which Syk and
SLP-76 function to regulate vascular separation.

Our studies revealed that the kinase domain as well as the

phosphotyrosine-binding function of both SH2 domains of Syk
are needed for optimal vascular separation. The kinase domain
of Syk is absolutely required to prevent mixing between blood
and lymphatic vasculature. In fact, chimeric mice expressing
the KD Syk mutant in their hematopoietic compartment were
more severely affected than mice containing Syk-deficient cells,
possibly as a result of a dominant negative effect of KD Syk.
Perhaps low-level expression of the related protein tyrosine
kinase ZAP-70 ameliorates to some extent the vascular phe-
notype, and this effect is blocked by the KD Syk. The expres-
sion of Syk with a mutation in one SH2 domain conferred
vascular mixing in 11 out of 18 mice. This result is consistent
with an ITAM-dependent signaling pathway, as both SH2 do-
mains of Syk are required for binding to and activation by
phosphorylated ITAMs.

While 11 mice expressing an SH2 domain-mutated Syk dis-
played a vascular phenotype, 7 mice did not. Two points sug-
gest, however, that the presence of vascular mixing in a subset
of mice is more significant than the absence of a phenotype in
the remainder. First, expression of WT Syk (and also WT
SLP-76 and MTS) uniformly prevents blood-lymphatic mixing,
arguing that if signaling is fully restored then vascular mixing
never develops. Secondly, even in irradiated mice restored with
an unmanipulated Syk-deficient (or SLP-76-deficient) hemato-
poietic compartment, there is a range of phenotypes, with
some mice only mildly affected. While it is unclear why such a
range of phenotypes would develop, it is possible that even
inefficient signaling may be sufficient to prevent vascular mix-
ing in the subset of mice that would otherwise develop mild
phenotypes.

Expression of WT SLP-76 in the hematopoietic compart-
ment prevented development of the vascular phenotype in
irradiated recipient mice. The three N-terminal residues of
SLP-76 are required for prevention of blood-lymphatic mis-
connections in the vast majority of experimental mice. These
three residues mediate binding to Vav, Nck, and Tec family
kinases. Our data imply that one or more of these proteins may
play an important role in the signaling pathway regulating
lymphatic endothelial cell-blood endothelial cell separation. In
fact, Tec/Btk-deficient mice display an in utero phenotype
strongly reminiscent of Syk- and SLP-76-deficient mice (W.
Ellmeir and M. L. Kahn, unpublished observations). Study of
SLP-76 with single tyrosine mutations should identify which
binding partner(s) is most critical in maintaining the lymphatic-
blood separation.

The Gads-binding region of SLP-76 is also needed for blood-
lymphatic separation, although not as absolutely as the N-
terminal tyrosines. Structure-function studies in T cells (27, 33)
and mast cells (25, 59) also showed a somewhat less severe
phenotype with loss of the Gads-binding region compared to
loss of the N-terminal tyrosines. Because of the presence of
vascular mixing in 11 of 15 mice expressing the G2 mutant of
SLP-76, it is reasonable to conclude that optimal signaling in
the pathway regulating the separation of blood and lymphatic
vasculature requires a functional Gads-binding domain. This
finding suggests that localization of SLP-76 to the membrane is
required for the signaling pathways regulating vascular sepa-
ration. Furthermore, in the context of a WT-like response of
G2 mutant-expressing neutrophils and platelets to integrin
stimulation, the inability of the G2 mutant to rescue vascular

TABLE 2. Requirement of SLP-76 domains for vascular separation

Retroviral
construct (n)

No. with vascular phenotypea Cellular response
to stimulationb

None
(
)

Mild
(�)

Moderate
(��)

Severe
(���) Immunoreceptor Integrin

WT (16) 16 0 0 0 � �
Y3Fd (12) 2 4 4 2 
 

G2d,e (15) 4 5 6 0 
 �
MTSe (15) 15 0 0 0 � 
/�c

MIGR1d (14) 0 3 5 6 
 


a Vascular phenotype was scored as no phenotype (
), blood in lymph nodes
only (�), distinct areas of gut wall affected (��), or entire gut affected (���).

b Immunoreceptor signaling was measured by the platelet response to CVX.
Integrin signaling was measured by the platelet and neutrophil responses to
fibrinogen.

c The integrin-dependent response was lost in neutrophils but maintained in
platelets.

d Statistically significant difference in distribution of vascular phenotype by
chi-square analysis compared to WT.

e Statistically significant difference in distribution of vascular phenotype by
chi-square analysis compared to MIGR1.
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separation argues that the vascular misconnections do not re-
sult from defects in an integrin pathway.

Given the loss of integrin-dependent as well as immunore-
ceptor-dependent cellular responses with mutation of either
SH2 domain of Syk, it seems likely that integrins utilize ITAM-
containing proteins to promote signaling by Syk/SLP-76. The
G2 mutant of SLP-76 reveals that the Gads/SLP-76 interaction
is likely not required for integrin signaling. Given the impor-
tance of SLP-76 membrane recruitment and signaling down-
stream of the TCR and FcεR, it would seem likely that an
alternative to Gads binding exists for SLP-76 membrane trans-
location in the context of integrin signaling. Further studies,
ideally in the setting of a stable genetic system, are necessary to
elucidate such a mechanism. Our report suggests that integrin
and immunoreceptor signaling in hematopoietic cells may be
more similar in some ways than predicted, in that both may
require an ITAM-containing molecule. In contrast, we have
also identified a key difference, showing that SLP-76 mem-
brane relocalization is either unnecessary or occurs in a Gads-
independent manner. These results suggest the possibility of
different requirements for SLP-76 in immunoreceptor versus
integrin signaling for various in vivo cellular functions.

ACKNOWLEDGMENTS

We thank Reuban Sirgananian and Victor Tybulewicz for critical
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