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1. ABSTRACT

Antigen receptors and integrins are structurally
and functionally distinct, but both play key roles in
regulating immune cell activation and function.
Understanding the molecular basis of the signaling
pathways utilized by antigen receptors and integrins is
fundamental to identifying the mechanisms underlying
immune system function and dysfunction (e.g. autoimmune
disease) and identifying potential targets for modifying the
immune response with therapy. Recently, several key
regulators of antigen receptor signaling have also been
revealed to be important molecular intermediates in
integrin-triggered signaling pathways. These include the
protein tyrosine kinase Syk, the guanine nucleotide
exchange factor Vav, and the adaptor protein SLP-76.
While antigen-receptor signaling is generally associated
with leukocyte activation and differentiation, integrins are
most commonly thought of as adhesive receptors. This
raises the interesting question of how common molecular
intermediates may regulate diverse cellular processes such
as activation versus adhesion and migration, and provides a
framework for defining potentially unique mechanisms
utilized by cells of the immune system to regulate integrin-
dependent cell function.
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2. INTRODUCTION

Naive T cells continually sample a spectrum of
peptides derived from both self-tissues and foreign
pathogens presented in the context of major
histocompatibility complexes (MHC) expressed on the
surface of antigen presenting cells (APC). While MHC-
peptide (MHC:p) complexes derived from self are ignored
or promote immune tolerance, MHC molecules bearing
peptides generated from foreign sources elicit potent
activation of T cells expressing an antigen-specific T cell
receptor (TCR) (1). Productive engagement of the TCR
leads to a cascade of signaling events that ultimately dictate
the capacity of T lymphocytes to respond to a given
pathogen and direct a productive immune response (2).
During the past ten years, adaptor proteins have gained
increasing recognition as critical molecular intermediates in
multiple signaling pathways triggered upon antigen
receptor ligation. More recently, adaptor proteins have
again emerged as key regulators governing integrin
signaling in cells of the immune system. As the name
applies, adaptor proteins function as molecular scaffolds for
the assembly and localization of macromolecular signaling
complexes within the cell. The capacity to engage multiple
signaling partners contributes to the ability of adaptor
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proteins to participate in many signaling pathways,
including those regulating the cell cytoskeleton. Here, we
review the relatively well-defined role of the adaptor
proteins SLP-76 (SH2-domain containing leukocyte protein
of 76 kD), Gads, and LAT (linker for activation of T cells)
in propagating antigen-receptor signaling, and use this as a
background for discussing the more recently appreciated
role for SLP-76 and SLP-76-associated proteins in
regulating integrin signaling in hematopoietic cells.

3. FORMATION OF THE IMMUNOLOGICAL
SYNAPSE REQUIRES A COLLABORATIVE
EFFORT BETWEEN THE TCR, INTEGRINS AND
COSTIMULATORY MOLECULES

Antigen-specific activation of T lymphocytes is a
highly regulated process that involves the coordinated
recruitment of multiple surface receptors and intracellular
signaling molecules to the contact site between the T cell
and the APC. Initial contacts between a T cell and APC are
transient and relatively independent of the TCR, and are
most likely mediated by accessory molecules such as CD2,
a member of the ICAM family of adhesion molecules, and
by integrins like LFA-1 (reviewed in (3). Weak adhesions
of this type allow the T cell to scan the surface of the APC
in search of agonist MHC:p complexes. Should the T cell
find no cognate MHC:p complexes expressed on the
surface of the APC, the T cell will break off and continue
to interrogate neighboring APCs or leave the lymph node.
Specific recognition of MHC:p complexes present on the
surface of an APC by the TCR, coupled with the
appropriate costimulatory signals leads to an increase in
actin polymerization and the formation of a specialized
signaling structure called the immunological synapse (IS)
(4). Maturation of the IS is characterized by the
segregation of membrane molecules into two distinct
structures, the central supramolecular activation cluster
(cSMAC) where surface receptors and signaling molecules
such as TCR, CD28, CD2, Lck and PKC-theta are
localized, and the peripheral supramolecular activation
cluster (pSMAC) containing the integrin LFA-1 and the
actin binding protein talin (5,6). It is believed that
compartmentalization of receptors and intracellular
signaling molecules provides a platform for localized,
productive signaling through the TCR. This is supported
by the observation that failure to form an IS results in
suboptimal or abortive T cell activation (7).

While the relative contributions of integrin-
dependent signaling and TCR-triggered signaling to the
early phases of IS formation are not entirely clear, two
recent studies have eclegantly demonstrated that TCR
signaling occurs prior to the cytoskeletal rearrangements
that actually lead to formation of the IS (8,9). This
indicates that a productive signal triggered by cognate
interactions between the TCR and MHC:p does play an
active role in regulating the cytoskeletal changes that drive
formation of the IS. Changes in the conformation and
localization of integrins such as LFA-1 in response to TCR
stimulation is a form of “inside-out” signaling that
increases the affinity and avidity of LFA-1 for its ligands
ICAM-1/2 on the APC and requires an intact cytoskeleton
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and the actin-binding protein talin (10-14).  Further
signaling generated by adhesion receptors and co-
stimulatory molecules such as CD2 and CD28 induces
additional actin  polymerization and cytoskeletal
rearrangements. In fact, several studies have shown that
costimulation via CD28 is required for sustained actin
polymerization and SMAC formation (15,16).

4. MULTIPLE ADAPTOR PROTEINS ARE
SUBSTRATES OF PTKS ACTIVATED BY ANTIGEN
RECEPTOR LIGATION

It has been appreciated for some time that the
activation of protein tyrosine kinases (PTKs) occurs rapidly
following antigen receptor ligation, and that PTK activation
is required for subsequent signaling. Identification of
specific PTK substrates phosphorylated following antigen
receptor engagement became critical to understanding how
the proximal activation of PTKs was coupled with more
distal signaling events, such as gene activation. To this
end, several groups described the inducible
phosphorylation of tyrosine residues in specific motifs
located in the intracellular portions of multiple antigen-
receptor associated polypeptides, including the TCR-
associated zeta-chains and CD3 complex (gamma, delta
and epsilon chains) (17,18). Each of these ~ 26 amino acid
motifs contains two tyrosine residues flanked by specific
amino acids (YxxK---YxxK), and are most commonly
referred to as immunoreceptor tyrosine based activation
motifs (ITAMs). ITAMs are also present in the
cytoplasmic tails of multiple signal-transducing antigen
receptor subunits, including the B cell receptor (BCR)-
associated Ig-alpha and Ig-beta chains and the Fc receptor-
associated beta and/or gamma and zeta chains. ITAMs are
phosphorylated by Src-family PTKs (e.g. Lck), and serve
as membrane-associated docking sites for proteins with
SH2 domains, including ZAP-70 and Syk PTKs. Both Syk
and ZAP-70 have two SH2 domains, which bind in tandem
to the phosphorylated tyrosines in a single ITAM. Upon
binding to ITAMs, Syk family PTKs are activated,
phosphorylate numerous substrates and further propagate
the signaling cascade. Multiple inhibitory receptors (e.g.
inhibitory Fc receptors, CTLA-4) contain analogous
intracellular motifs called ITIMs (immunoreceptor
tyrosine-based inhibitory motifs), which are also substrates
of Src PTKs. Phosphorylation of ITIMs results in the
recruitment of tyrosine or inositol phosphatases (e.g. SHP-
1, SHIP), inhibition of intracellular calcium flux and a
concomitant inhibition of downstream signaling (19,20).

While the requirement for inducible PTK activity
for transducing intracellular signals following TCR ligation
became generally accepted, the precise mechanisms by
which PTK activation was translated into more distal
signaling events remained elusive for some time. Several
laboratories therefore undertook the task of identifying
specific substrates of antigen-receptor activated PTKs that
might function to propagate more distal signaling events
following antigen-receptor ligation. Consequently, SLP-76
was identified and partially characterized based on affinity
for a GST-Grb2 fusion protein. LAT was also originally
identified as one of the predominant substrates of one or
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Figure 1. The adaptor proteins SLP-76 and LAT couple TCR ligation with multiple downstream signaling events. In resting T
cells, SLP-76 associates with the adaptor protein Gads in a constitutive manner. Following TCR ligation and PTK activation,
both SLP-76 and LAT are phosphorylated on tyrosines, resulting in the recruitment of multiple signaling intermediates. For SLP-
76, these include Nck, Vav, Itk, and PLCgl. In addition, HPK-1 and ADAP are also tyrosine phosphorylated, and bind to the
SH2-domain of SLP-76. Once phosphorylated, LAT recruits Gads and the SLP-76 complex to the inner leaflet of the plasma
membrane. LAT also recruits PLCgl and a Grb2/Sos complex. The more distal signaling events regulated by SLP-76 and/or

LAT-nucleated signaling complexes are depicted.

more PTKs activated following TCR ligation. One of the
most striking features of both SLP-76 and LAT is the
complete absence of any enzymatic domains or activity.
SLP-76 consists of multiple domains that associate either
constitutively or inducibly with additional signaling
proteins in T cells. These domains include an acidic N-
terminal domain that contains three tyrosine residues
phosphorylated upon TCR ligation (in human SLP-76, Y''*
128, and 145y "5 central proline rich domain, and a C-terminal
SH2 domain (21). LAT is targeted to lipid rafts within the
plasma membrane by virtue of two cysteine residues that
are palmitoylated post-translationally  (22). The
extracellular domain of LAT is very small, and no known
ligand for LAT exists. The cytoplasmic domain of LAT
contains multiple tyrosine phosphorylation sites, including
four key tyrosine residues that have been implicated in
multiple aspects of T cell development, activation, and
differentiation (23-29). The fact that both SLP-76 and LAT
function solely as adaptors became even more remarkable
as a greater appreciation of the critical role for these
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adaptors in propagating multiple aspects of TCR-dependent
signaling was realized.

4.1. The adaptor proteins LAT, Gads, and SLP-76 are
critical signaling intermediates in multiple pathways
following TCR ligation

Since their initial identification and description in
1994, SLP-76 and LAT have proven to be very informative
focal points for defining the signaling pathways coupling
TCR ligation with more distal signaling events in T cells.
Based on elegant studies conducted by multiple
laboratories, a more complete picture of how these adaptors
link TCR-activated PTKs with more distal signaling events,
including actin polymerization and cytoskeletal dynamics,
has emerged (Figure 1). Upon TCR stimulation, Src family
PTKs such as Lck and Fyn are rapidly activated and
phosphorylate ITAMs of the TCR-associated zeta-chains.
The Syk family PTK ZAP-70 binds the phosphorylated
zeta-chains via its SH2 domain and is activated in trans by
Src-family PTK mediated phosphorylation and by
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autophosphorylation (30,31). Both SLP-76 and LAT are
immediate substrates of activated ZAP-70, and once
phosphorylated, serve as docking sites for multiple adaptor
proteins and signaling molecules. For SLP-76, these
include the adaptor proteins Nck, Gads, and SLAP-
130/FYB. Given demonstrated roles in regulating
leukocyte adhesion and granule release (32,33), SLAP-
130/FYB has more recently been designated the Adhesion
and Degranulating promoting Adaptor Protein (ADAP),
and we will use this designation for the remainder of this
article. SLP-76 also associates with the guanine nucleotide
exchange factor (GEF) Vav, the PTK Itk, PLCgl, and the
serine/threonine kinase HPK-1.  Phosphorylated LAT
recruits PLCgl, the p85 subunit of PI3-kinase, and a pre-
formed complex containing the adaptor protein Grb2 and
the GEF Sos. SLP-76 and LAT are therefore central
players in multiple signaling pathways governing second
messenger generation, MAP kinase activation, and gene
transcription following TCR ligation. Indeed, mutant lines
of Jurkat T cells lacking SLP-76 or LAT manifest severe
and overlapping defects in multiple TCR-mediated
signaling events, including impaired or reduced calcium
flux, NF-AT transcriptional activity, and phosphorylation
of PLCgl and p44/42 MAP kinases (ERK) (24,28,34). The
observation that SLP-76 deficient Jurkat cells are defective
in ERK phosphorylation and AP-1-mediated gene
transcription in the context of normal LAT phosphorylation
suggests that SLP-76 and LAT function in concert to
regulate optimal MAP kinase (MAPK) phosphorylation
following TCR ligation.

4.2. SLP-76 is recruited to LAT and the cell membrane
via the adaptor protein Gads

While SLP-76 was identified originally based on
affinity for the SH3 domains of Grb2, SLP-76 associates in
vivo with the Grb2-related adaptor Gads in a constitutive
manner (35). Like Grb2, Gads contains a single SH2
domain flanked by SH3 domains. Gads was initially
identified using phosphopeptides derived from Shc to
screen an expression library, and the in vivo interaction
between Gads and SLP-76 was revealed soon after (36).
Following TCR ligation, the SH2 domain of Gads binds to
a phosphorylated tyrosine in LAT, resulting in recruitment
of the Gads/SLP-76 protein complex to membrane-
associated LAT (35,37). This is a critical event for TCR
signaling, as a SLP-76 mutant that cannot associate with
Gads fails to rescue many aspects of TCR signaling in a
SLP-76 deficient Jurkat T cell line. This same mutant,
when expressed as a chimeric protein linked to the
extracellular and transmembrane domains of LAT, is
sufficient to restore TCR signaling in a LAT-deficient
Jurkat T cell line (JCam.2), supporting the idea that LAT,
Gads, and SLP-76 are major components of a biochemical
circuit connecting TCR ligation with more distal signaling
events (38,39).

A more detailed understanding of the precise
contributions of the Gads/SLP-76 interaction to TCR
signaling was realized with the definition of the specific
amino acids of SLP-76 which mediate Gads binding.
Using peptide arrays, the minimum amino acid sequence
(RxxK) required for Gads recruitment was identified (40).
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This sequence resides within the proline rich domain of
SLP-76, but is distinct from the region of SLP-76 (P1
domain) that interacts with the SH3 domain of PLCg1 (41).
Mutation of either the P1 or Gads-binding domain inhibits
the capacity of ectopically expressed SLP-76 to correct the
defects in TCR signaling in a SLP-76 deficient Jurkat T cell
line (42). Furthermore, expression of the Gads-binding
domain of SLP-76 disrupts the endogenous association of
SLP-76 and Gads, and impairs TCR-triggered re-
localization of SLP-76 within the cell.  Specifically
interfering with the Gads/SLP-76 interaction in the context
of intact PLCgl binding results in impaired calcium flux
and CD69 upregulation, indicating that Gads-mediated re-
localization of SLP-76 is critical for SLP-76 function.
Presently, it is not clear which adaptor (LAT or SLP-76) is
primarily responsible for recruitment of PLCgl to the
plasma membrane following TCR ligation. It seems likely
that SLP-76 and LAT function in concert to promote the
optimal phosphorylation and membrane localization of
PLCgl following TCR ligation, as SLP-76 associates with
the PTK Itk (a known activator of PLCgl), and both LAT
and SLP-76 can bind to PLCgl. Interestingly, replacing
the endogenous allele of LAT with a copy encoding a point
mutant of LAT (Y'*) that fails to bind PLCgl results in
lymphoproliferation and skewing of the CD4+ T cell subset
toward a TH2 phenotype, suggesting that direct recruitment
of PLCgl to LAT may be important for generating signals
regulating programmed cell death and T cell homeostasis
(23,26).

Mutant strains of mice lacking SLP-76, Gads or
LAT have also been described. Both the SLP-76 and LAT
deficient strains manifest a remarkably similar and severe
block in thymocyte development, and are therefore
virtually devoid of mature thymocytes and peripheral T
cells (29,43,44). Curiously, Gads deficient mice also
demonstrate defects in thymocyte development, but not to
the same extent as that observed in the absence of LAT or
SLP-76 (45). This suggests that 1) Gads is not strictly
required for coupling SLP-76 with pre-TCR signaling in
developing thymocytes, or 2) the existence of a
compensatory molecule (perhaps Grb2?) that can at least
partially substitute for Gads during pre-TCR dependent
selection. The former possibility is supported by the
observation that a SLP-76 mutant incapable of binding
Gads partially restores thymocyte development in SLP-76 -
/- mice (46,47). Surprisingly, the SH2 domain of SLP-76 is
largely dispensable for pre-TCR mediated thymocyte
development, as the CD4/CD8 profile and thymocyte
number is comparable between SLP-76 -/- mice
reconstituted with wild type SLP-76 or SH2-domain
mutants of SLP-76 (46,47). This observation is consistent
with the fact that T cell development is largely unaffected
in mice lacking ADAP, which binds the SH2 domain of
SLP-76 (33,48). Given the profound effects of mutating
the SLP-76 binding domain in ADAP on the ability of
ADAP to promote T cell:APC conjugate formation and
LFA-1 clustering (49) , it is tempting to speculate that early
thymic differentiation driven by the pre-TCR is not
dependent on TCR-mediated “inside-out” signals that
modulate integrin avidity. In support of this idea, pre-TCR
mediated thymic development does not require the
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extracellular immunoglobulin-like domains of the pre-TCR,
suggesting that the assembly of a pre-TCR complex may be
sufficient to promote intracellular signals required for
differentiation (50). Peripheral T cells isolated from SLP-
76 -/- mice reconstituted with either the Gads-binding
domain or SH2 domain mutants manifest severe defects in
TCR-induced proliferation and PLCgl phosphorylation,
indicating a more stringent requirement for these domains
in the activation of mature T cells following TCR ligation
(46,47). In contrast to the Gads-binding domain and SH2
domain mutants, thymocyte development remains
substantially impaired in SLP-76 deficient mice expressing
SLP-76 mutants where all three phosphorylated tyrosine
residues are replaced (Y3F) or lacking the entire N-terminal
acidic domain, suggesting that the molecular interactions
taking place within the acidic domain of SLP-76 are crucial
for driving pre-TCR dependent development (46,47).

4.3. SLP-76: a molecular link bridging TCR ligation
with the actin cytoskeleton

By bridging the adaptor protein Nck and the GEF
Vav, SLP-76 couples TCR ligation and PTK activation
with several potent modulators of the actin cytoskeleton.
Indeed, a direct effect of SLP-76, Vav, and Nck on actin
cytoskeleton dynamics was suggested by the observation
that overexpression of each of these proteins in Jurkat T
cells augmented actin polymerization and p21-activated
kinase 1 (PAK1) activation following TCR ligation (51).
PAKSs are known regulators of cytoskeletal dynamics and
may be activated by GTP-bound Rac and Cdc42, products
of Vav GEF activity (52,53). The enhancement of PAKI
activity seen in T cells overexpressing SLP-76, Vav and
Nck was lost when mutations that prevented assembly of
the SLP-76/Vav/Nck complex were introduced into the
transfected constructs, suggesting that SLP-76 is essential
for PAK1 activation. However, it should be noted at this
point that PAK1 localization and activation is not solely
dependent on SLP-76 in T cells following TCR ligation, as
two studies have demonstrated PAK activation by the GEF
PIX independent of SLP-76 and Vav (54,55).

More recently, SLP-76 has been shown to be
required for recruitment of Nck and WASp (Wiskott
Aldrich Syndrome protein) to the TCR following plating of
Jurkat T cells on coverslips pre-coated with antibodies to
CD3 (56,57). Upon activation by Cdc42 or Rac, WASp
associates with the Arp2/3 complex and initiates de novo
actin polymerization (57). The current model suggests that
while LAT, ZAP-70, SLP-76, Nck, and WASp are all
recruited to sites of initial TCR signaling, only SLP-76,
Nck, and WASp remain colocalized at later time points and
segregate from the TCR as Jurkat cells spread on
stimulatory coverslips. Thus, SLP-76 and LAT serve
similar roles in regulating the recruitment of signaling
intermediates to the TCR upon initial contact, but may
diverge in their functions as they relate to more distal
signaling events at later time points. Additionally, WASp
recruitment to the IS is at least partially dependent on CD2
and CD2 associated proteins such as CD2AP and PSTPIP1,
indicating that more than one mechanism of WASp
membrane localization exists during IS formation (58).
WASp deficient T cells exhibit reduced actin
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polymerization and fail to form TCR caps when stimulated
with CD3 antibodies (59,60). Interestingly, the ability of
WASp deficient T cells to cluster LFA-1 following TCR
stimulation is intact, providing evidence that clustering of
the TCR and integrins are regulated by distinct pathways
(61). Vav deficient T cells exhibit a strikingly similar
phenotype to WASp deficient T cells with respect to actin
polymerization induced by the TCR. Like WASp deficient
T cells, Vav deficient T cells fail to cluster TCRs and actin
cap formation is defective following TCR stimulation,
suggesting overlapping functions of WASp and Vav (62-
65). However, unlike WASp deficient T cells, integrin
clustering is also defective in the absence of Vavl,
indicating that Vavl is also involved in this process (61).
The localization of Vav to the TCR following receptor
stimulation is an important aspect affecting Vav function
and studies suggest that SLP-76 may play a role in the
TCR-induced membrane recruitment of at least a pool of
Vav. Using a SLP-76 deficient T cell line, several groups
have shown that SLP-76 is actually required for membrane
localization and activation of both Vavl and Vav3
following TCR ligation (66,67). Additionally, in Jurkat T
cells, expression of a mutant form of SLP-76 that is unable
to bind Vav resulted in decreased Vav recruitment to the T
cell/APC contact site as well as a decrease in the local
concentration of activated Cdc42 at this site (68).

While these pioneering studies have revealed a
dynamic re-localization of multiple signaling intermediates
to the contact site of clustered TCRs and a stimulatory
surface, the precise molecular ordering and contribution of
SLP-76 and LAT to the initial and later stages of IS
formation remain to be elucidated. SLP-76 may contribute
to TCR-triggered formation of the IS and the SMAC via
regulation of the intracellular localization of the adaptor
protein ADAP. ADAP is also phosphorylated on tyrosines
following TCR ligation (by Src-family PTKs), and binds to
the SH2 domain of SLP-76 (69,70). By binding to SLP-76,
ADAP may bring VASP and the VASP-associated actin
monomer-binding protein profilin into a complex with Nck
and WASp (71,72). Profilin may provide WASp and
Arp2/3 with the actin monomers necessary for actin
nucleation, but this has yet to be formally demonstrated. T
cells isolated from ADAP-deficient mice manifest a defect
in TCR-dependent “inside-out” signaling, resulting in
impaired clustering of LFA-1 and suboptimal T cell
activation following TCR ligation (33,48). Supporting it’s
role in modulating integrin avidity, enhanced ADAP
expression in a T cell hybridoma augments the formation of
T cell: APC conjugates and LFA-1 clustering, both of which
are dependent on an intact SLP-76 binding site in ADAP
(49).  Furthermore, expression of the SLP-76-binding
mutant of ADAP disrupts LFA-1 localization into the
PSMAC (49). Collectively, these data suggest that SLP-76
and ADAP function in concert to regulate TCR-dependent
early changes in LFA-1 avidity that may be required for
subsequent maturation of the IS and the formation of the
pSMAC.

The Tec family kinase Itk, an additional molecule
that binds SLP-76 in an inducible manner following TCR
engagement, also has the potential to influence T cell actin
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cytoskeletal dynamics (73-75).  Traditionally, it was
thought that the main function of Itk was to promote TCR-
induced phosphorylation and activation of PLCg leading to
a rise in intracellular Ca®*. In more recent years,
examination of Itk deficient mice has revealed a function
for Itk in TCR-induced actin polymerization and
polarization. Surprisingly, the kinase activity of Itk was
shown to be dispensable for its effects on the actin
cytoskeleton. Instead, an intact SH2 domain appears to be
all that is required for its function in this capacity (74,76).
Interestingly, the Itk SH2 domain was shown to be
necessary for the efficient recruitment of Vav to the TCR
following receptor stimulation. As both Vav and Itk bind
SLP-76, it is possible that Itk stabilizes the association
between SLP-76 and Vav, thereby enhancing the
membrane localization of this complex perhaps by binding
membrane  associated  phosphatidylinositol  (3,4,5)-
trisphosphate via its pleckstrin homology (PH) domain
(77). In addition, the activation of WASp and Cdc42 at the
IS is reduced in the absence of Itk, most likely due to a lack
of Vav recruitment (74). SLP-76, PLCgl, and Itk have also
been shown to form a complex with LAT, and LAT is
required for optimal activation of Itk and PLCgl as well
(78,79). Thus, as for PLCgl, SLP-76 and LAT appear to
cooperate in the localization and activation of Itk, which
may in turn have a direct impact on both PLCg1 activation
and cytoskeletal dynamics. Indeed, studies using a LAT-
deficient T cell line show a severe reduction in sustained
spreading and actin polymerization elicited by the TCR
(80).

4.4. Signaling via the BCR and Fc receptors: similar
mechanisms, different adaptors

B cells appear to have evolved adaptor proteins
that are distinct to but similar in structure and function to
SLP-76 and LAT. Signals generated by the BCR are
propagated by the SLP-76 homologue SLP-65/BLNK (B-
cell linker protein). SLP-65 is expressed in B cells and
macrophages and functions similarly to SLP-76 by
associating with Vavl and Nck, and regulating the
activation of PLCg and the Tec family kinase Btk
following BCR ligation (81-83). Like SLP-76 in T cells,
the expression of SLP-65 in B cells is required for BCR-
induced Ca?* flux, PLCg phosphorylation, and ERK
activation (84). Unlike SLP-76, SLP-65 is recruited to
lipid rafts following BCR stimulation in a LAT
independent manner, perhaps via direct interactions with
the Ig-alpha-chain. However, the data are conflicting
regarding the requirement of the Ig-alpha-chain ITAM in
mediating this association (85,86). A more recent report
demonstrates that a portion of SLP-65 is constitutively
associated with the plasma membrane in an Ig-alpha-
independent manner via a highly conserved leucine zipper
located in the SLP-65 N-terminus (87).

The mechanisms by which hematopoietic adaptor
proteins such as SLP-76 promote Fc receptor signaling are
not as well defined and appear to be cell type-specific. In
mast cells, SLP-76 and LAT have been shown to be
required for efficient degranulation, Ca®* flux, PLCg
phosphorylation, and cytokine production following
stimulation via the Fc-epsilon-RI receptor (88,89).
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However, in NK cells antibody-dependent cellular
cytotoxicity was shown to be independent of SLP-76 (90).
In neutrophils, SLP-76 appears to be involved in Fc-
gamma-receptor signaling, as SLP-76 is phosphorylated
and redistributes from the cytosol to the plasma membrane
after Fc-gamma-receptor cross-linking. Additionally, SLP-
76 deficient neutrophils exhibit impaired Ca** flux and
reactive oxygen intermediate production upon immune
complex stimulation (91). Conversely, Fc-gamma-receptor
signaling in macrophages was shown to be independent of
SLP-76 and its homologue SLP-65 altogether (92). These
discrepancies may be due to the differential expression of
Fc-gamma-activating and inhibitory receptors by the
different cell types, or possibly indicates the existence of a
yet unidentified SLP-76 homologue.

5. INTEGRIN SIGNALING: AN OVERVIEW

5.1. Focal adhesions and integrin signaling in non-
hematopoietic cells

As discussed previously, the contribution of
specific integrins (e.g. LFA-1) to the formation and
maturation of the immunological synapse is widely
accepted. However, to this point, the involvement of
integrins has been discussed only in the context of TCR-
dependent “inside-out” signals that regulate integrin avidity
and adhesive function. What about “outside-in” signals
generated by integrin ligation, which are also critical for
multiple aspects of immune cell function? Like antigen
receptors, integrin signaling is remarkably complex (93).
Two of the most well defined events following integrin
ligation are activation of Src-family PTKs and
phosphorylation of the focal adhesion kinase (FAK). The
FAK family of kinases consists of FAK, which is
ubiquitously expressed, and Pyk2, which exhibits a more
restricted pattern of expression that includes brain and and
cells of hematopoietic origin (94). Phosphorylated FAK
was initially identified in focal adhesions generated by
fibroblasts and its phosphorylation was soon linked directly
to the clustering of integrin receptors (95-97). Since that
time, numerous studies have detailed a sizable list of FAK
associated proteins and have also implicated FAK in the
regulation of many signaling cascades activated by integrin
ligation. FAK consists of an N-terminal FERM (protein
4.1, ezrin, radixin and moesin homology) domain, a kinase
domain, proline rich regions and a FAT (focal adhesion
targeting) domain at its C-terminus (98). Based on studies
conducted in non-hematopoietic cells types, a mechanism
by which FAK propagates signals from integrin receptors
has been proposed. Following integrin ligation, the
autophosphorylation activity of FAK increases, resulting in
phosphorylation on Tyr’”’ (99). This promotes the SH2
domain mediated recruitment of Src and Src-family PTKs
(100,101). Src further phosphorylates FAK at additional
tyrosines such as Tyr’’®, Tyr’”, Tyr*®' and Tyr’* and fully
activates FAK kinase activity (reviewed in (102). These
phosphorylated residues provide docking sites for
additional signaling molecules such as PLCg, the p85
subunit of PI3-Kinase and the pl20RasGAP (GTPase
activating protein) (102). FAK localization to focal
contacts has been attributed to the binding of the FAT
domain to other proteins such as talin and paxillin
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(103,104). These proteins bind the FAT domain as well as
to integrin receptors providing a possible mechanism of
FAK membrane recruitment (105-107). The FAT domain
also contains a binding site for the adaptor Grb2, providing
one potential link between FAK and activation of the
MAPK pathway. More recently, FAK was also shown to
promote Ras activity by inducibly binding p120RasGAP in
a phosphotyrosine dependent manner (108). The C-
terminal region of FAK contains two proline-rich regions
that support the binding of SH3 domain-containing proteins
such as pl30Cas and pl90RhoGEF (109,110).
P190RhoGEF and p130Cas may therefore contribute to
FAK-mediated regulation of the actin cytoskeleton by
promoting the activation of Rho and Rac, respectively
(111,112).

Interestingly, studies of FAK deficient cells have
determined that FAK is required for efficient focal
adhesion turnover but not for the initiation of adhesion.
FAK deficient fibroblasts exhibit enhanced adhesion and
reduced motility, perhaps due to the formation of
abnormally large and stable focal adhesions (113). In
addition to being large, the focal adhesions formed in FAK-
null fibroblasts remain “immature” and do not connect to
actin stress fibers. FAK-mediated focal adhesion turnover
may be regulated at the level of Rho activity as FAK
associates with multiple proteins implicated in focal
adhesion turnover, including the GTPase activating
proteins GRAF and ASAPI, which may decrease Rho
GTPase activity at focal adhesions (114,115). FAK may
also induce focal adhesion turnover through the
stabilization of microtubules, perhaps via Rho-dependent
activation of mDia (mammalian diphanous), a protein that
influences microtubule stabilization in a positive fashion
(116). More recently, FAK has been implicated in the
turnover of focal adhesions independent of the activity of
Rho, but in conjunction with microtubules. In a study of
fibroblasts, the formation of a complex containing FAK,
the large GTPase dynamin and the adaptor protein Grb2
was shown to be necessary for microtubule-induced focal
adhesion disassembly. Inhibition of dynamin caused
reduced motility and the production of large focal
adhesions, mimicking FAK deficiency (117). FAK may
also mediate focal adhesion turnover at the level of calpain
activation via the ERK pathway. Calpain is a calcium
dependent protease that is activated following integrin
stimulation and whose activity is also modulated by ERK
(reviewed in (118). Substrates of calpain include, among
others, actin-binding proteins such as alpha-actinin, FAK
and integrin beta-tails. Calpain may participate in the
dissolution of adhesion structures by severing the link
between adhesion receptors and the cytoskeleton and by
inducing the disassembly of signaling complexes (119-
121). FAK binds to MEKKI1 in focal adhesions and
fibroblasts deficient for either FAK or MEKKI have
decreased calpain activation and defective rear-end
detachment during migration (122). These data coupled
with the observation that integrin-induced FAK
phosphorylation in fibroblasts and platelets requires an
initial round of actin polymerization suggests that a FAK-
independent pathway couples integrin ligation to the very
early phases of actin polymerization (123,124).
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5.2. FAK and Pyk2-mediated integrin signaling in
hematopoietic cells

In hematopoietic cells, the roles of the FAK
family members in integrin signaling are just beginning to
be defined. The requirement for FAK and/or Pyk2 in the
propagation of integrin signals in hematopoietic cells
appears to be somewhat cell-type and receptor-specific. In
T cells, VLA-4 (alphadbetal) activation of LFA-1-
mediated migration is diminished by blockade of FAK or
Pyk2 activity (125). In Pyk2 deficient mice, there is severe
lack of marginal zone B cells, attributed most likely to poor
B cell chemotaxis (126). Pyk2 was found to couple beta2
integrin ligation with activation of the ERK cascade and
subsequent natural cytotoxicity in NK cells (127). NK cell
transendothelial migration as well as migration through
ICAM-1 and VCAM-1 coated filters was also shown to
regulated by Pyk2 kinase activity presumably via Pyk2-
mediated integration of chemokine and integrin receptor
signals (128). Pyk2 also appears to control the chemotaxis
of neutrophils to IL-8 as overexpression of a kinase dead
mutant of Pyk2 inhibits this process (129). Interestingly,
despite the fact that Pyk2 has the ability to mediate Rho
GTPase activity on its own, neutrophils appear to require
Vavl and Vav3 for firm beta2-integrin-mediated adhesion
but not for chemotaxis (130). In addition, Pyk2 inhibition
in neutrophils diminishes integrin-dependent respiratory
burst in response to TNF-alpha, while degranulation
remains intact (131,132). In macrophages, Pyk2 deficiency
results in defective chemotaxis, and these cells exhibit
reduced PI3-kinase and Rho activation following integrin
receptor engagement (133). In contrast to most other
hematopoietic cell types studied, dendritic cell migratory
speed, but not chemotaxis appears to be regulated partly by
Pyk2 (134).

5.3. Rho-family GTPases regulate actin cytoskeletal
dynamics downstream of integrin receptors

In all cell types, signaling through integrin
receptors ultimately leads to the activation of Rho family
GTPases and cytoskeletal reorganization. It is generally
believed that a specific balance of GTP-loaded Rho
GTPase family members and their subcellular localization
determines the formation of particular actin cytoskeletal
structures. Rac, Cdc42 and Rho are responsible for the
formation of lamellipodia, fillipodia and stress fibers,
respectively. During the early phases of integrin-mediated
adhesion, Rho is less active and GTP-bound Rac and
Cdc42 predominate; conditions that favor membrane
protrusion (135). The downstream cytoskeletal effects of
GTP-bound Rac and Cdc42 are mediated, at least in part,
by a common effector PAK. PAK and its downstream
effectors (e.g.: LIM kinase) promote actin filament
assembly and stabilization by regulating the activity of the
actin-depolymerizing protein cofili/ADF. PAK also
functions to decrease stress fiber formation by
phosphorylating and inactivating MLC kinase, thereby
preventing myosin-motor activity (136-138). Cdc42 exerts
many of its effects on the actin cytoskeleton by promoting
activation of the WASp/Arp2/3 actin-nucleating complex.
GTP-bound Cdc42 binds to WASp-family proteins
releasing them from an autoinhibitory conformation and
unmasking the actin and Arp2/3 binding sites within the
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WASp homology domain and C-terminal acidic region,
respectively (139).

At later stages of adhesion activation of Rho
appears to predominate, leading to the formation of stress
fibers and focal adhesions that promote tension and firm
adhesion (140). GTP-bound Rho has been shown to induce
the assembly of actomyosin filaments and contractility both
directly and through effectors such as ROCK (Rho-kinase)
and mDia (141-143). Like the Rac/Cdc42 effector PAK,
ROCK promotes filament stabilization by deactivating the
actin-depolymerizing protein cofilin/ADF while mDia
induces actin polymerization and regulates the organization
of stress fibers (144,145).

In hematopoietic cells the role of Rho family
GTPases in regulating integrin-mediated cytoskeletal
changes is still not completely understood, and in some
cases has been shown to vary based on the integrin
substrate used (146). One example of this is the conflicting
data regarding the function of Rho in regulating integrin-
mediated adhesion in leukocytes, where both Rho
activation and inhibition have been shown to promote cell
spreading and/or adhesion (147-149). On the other hand,
some integrin-mediated events such as rear-end detachment
appear to be dependent on Rho activity in most cell types
studied (150-152).  Seemingly conflicting data have also
been reported regarding the role of Rac in leukocytes. In a
human T cell line overexpression of constitutively activated
Rac diminished LFA-1-mediated spreading on ICAM-1
coated surfaces (153), while overexpression of activated
Rac in a different T cell line promoted cell spreading and
adhesion on fibronectin (154). Thus, hematopoietic cells
likely rely on the coordinated activation of Rho-famly
GTPases for regulating actin dynamics that release
integrins from cytoskeleton constraint, promote clustering
and increased avidity, and subsequent stabilization of the
clustered conformation (focal contact). Still, a more
precise understanding of the function of Rho-family
GTPases in hematopoietic cells following integrin
engagement will no doubt require additional studies
comparing different cell types (e.g.; T cells versus dendritic
cells) stimulated with multiple integrin agonists.

6. THE SYK PTK IS RECRUITED TO INTEGRIN
BETA-CHAINS AND IS ACTIVATED FOLLOWING
INTEGRIN LIGATION

6.1. Syk is an important mediator of integrin signaling
in hematopoietic cells

The molecular mechanisms that govern “outside-
in” integrin signaling have largely been characterized in
cells of non-hematopoietic origin such as fibroblasts.
Despite the identification of multiple molecular
intermediates governing “outside-in” integrin signaling in
non-hematopoietic cells, relatively little is known about the
mechanisms by which integrins signal in hematopoietic cell
types. Interestingly, hematopoietic cells differ in their
cellular response to integrin ligation when compared to
non-hematopoietic cells with respect to the actin-based
structures that are formed. Hematopoietic cells such as
leukocytes lack stress fibers and fail to form stable focal
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adhesions (reviewed in (144). Instead, leukocytes form
relatively weak adhesions and are generally mobile or
capable of obtaining a highly motile phenotype, unlike cells
of non-hematopoietic origin (e.g. fibroblasts). This raises
the interesting possibility that integrin signaling in
hematopoietic cells may be governed by unique or cell-type
specific signaling intermediates that confer unique adhesive
and migratory capabilities upon hematopoietic cells.
Unlike the TCR and some Fc receptors, integrin receptors
do not contain ITAMs. Nonetheless, a growing body of
evidence suggests that many of the same signaling
intermediates that function downstream of ITAM-bearing
antigen receptors are also required for optimal integrin
signaling. The realization that Syk, a PTK expressed
predominantly in hematopoietic cells, is recruited to
integrin beta-chains and activated following integrin
ligation in a number of hematopoietic cell types, suggested
a whole new mechanism of integrin signaling in
hematopoietic cells (155-160). Intriguingly, unlike the
phosphotyrosine dependent association of Syk with
ITAMS, Syk appears to be recruited to integrin beta-chains
in a phosphotyrosine independent manner (161). However,
as described for other receptor systems, Syk activation in
hematopoietic cells following integrin stimulation requires
Src PTK activity (162-165). Activation of the Syk PTK
following integrin receptor engagement occurs upstream of
actin polymerization and appears to be requisite for optimal
integrin function in hematopoietic cells. Furthermore,
truncation of the beta3- integrin cytoplasmic tail abolishes
Syk activation while FAK phosphorylation is merely
reduced, further supporting the existence of a specific
integrin-induced Syk signaling pathway (159).

In macrophages and monocytes, Syk activity is
required for changes in cell shape and spreading initiated
by adhesion to ICAM-1 (166). In neutrophils, Syk is
essential for beta2- integrin-mediated spreading and for
respiratory burst induced by adhesion to a poly-RGD-
coated surface. Other adhesion-dependent functions such
as TNF-induced spreading and respiratory burst are also
defective in Syk-/- neutrophils, while adhesion-independent
functions such as TNF-induced CD18 upregulation and L-
selectin shedding remain intact. Integrin-induced signaling
events such as phosphorylation of downstream effectors
like Vav, Pyk2 and ERK are also defective in neutrophils
deficient for Syk (164). These data suggest that Syk is a
critical mediator of integrin signaling in neutrophils but
despite multiple defects in integrin-triggered signaling, Syk
appears dispensable for normal neutrophil migration in
vitro and in vivo. Furthermore, a slight increase in the
migratory capacity of Syk deficient neutrophils or
neutrophils lacking the Src kinase family members hck, fgr,
and lyn was demonstrated in the presence of high
chemokine concentrations (164). These data suggest that
the defects in integrin receptor-mediated signaling in Syk
or Src PTK deficient neutrophils may result in a low basal
level of adhesion that actually promotes a slightly enhanced
chemotactic potential. A similar phenotype has been
observed in T cells that express a dominant negative form
of the Syk family member ZAP-70. T cells do not
normally express appreciable levels of Syk, and migration
through ICAM-1-coated filters proceeds in the presence of



SLP-76 controls hematopoietic cell signaling

a dominant negative form of ZAP-70 only at high
concentrations of chemokine and in an LFA-1
independent manner (167). Finally, a direct role for Syk
in regulating the binding cycle of beta2- integrins in
neutrophils has also been put forth. Interestingly,
chemical inhibition of Syk in human neutrophils was
actually shown to enhance adhesion to fibrinogen, but
diminished adhesion to the same substrate when the
cells were pre-treated with TNF-alpha. In addition, N-
formyl-Met-Leu-Phe (FMLP)- induced chemotaxis was
also defective following Syk inhibition perhaps due to
the spontancous and adhesion-induced enhancement of
beta2-integrin  clustering  observed under these
conditions (168).

In platelets, Src and Syk family PTKs also
couple integrin engagement with downstream signaling
events. Inhibition of Src PTKs or a deficiency of
multiple Src kinase family members in platelets prevents
adhesion-induced activation of Syk and phosphorylation
of its substrates such as Vavl, Vav3 and SLP-76. These
cells also spread poorly on fibrinogen, but this effect
could be overcome by stimulation through G protein-
coupled receptors.  Syk deficient platelets exhibit
similar defects in integrin function, including reduced
spreading on fibrinogen that is also restored by G
protein-coupled receptor signaling. Collectively, these
data suggest that at least in platelets Syk is required for
“outside-in”  adhesion-induced spreading through
integrins, but may be dispensable for adhesion-induced
spreading mediated by G protein coupled receptor
signaling (165).

6.2. SLP-76 and Vav are required signaling
intermediates that couple integrin-mediated Syk
activation with downstream signaling in
hematopoietic cells

The demonstrated involvement of Syk in
multiple integrin-triggered signaling events in platelets
and neutrophils suggested that the downstream
substrates of Syk may also function in these pathways
and processes. Indeed, the Syk substrates Vav and SLP-
76 are phosphorylated following integrin receptor
engagement in a number of hematopoietic cell types and
Vav or SLP-76 deficient platelets or neutrophils
manifest a number of signaling defects following
integrin ligation (91,124,163-165,169). As GEFs for
Rho-family GTPases, Vav family members likely induce
the activation of Rho GTPases following integrin
simulation and help direct changes in the actin
cytoskeleton that occur upon ligation of these receptors.
This idea is supported by the observation that Vav1/3
double deficient neutrophils stimulated with TNF-alpha
exhibited poor adhesion-induced activation of Rho, Rac
and Cdc42 GTPases, defective phosphorylation of Pyk2
and almost a complete absence of PAK phosphorylation.
The coexpression of Vavl and Vav3 was also shown to
be necessary for beta2-integrin-dependent functions
such stable adhesion and spreading on ICAM-1 or
fibrinogen-coated surfaces in response to inflammatory
stimuli. Furthermore, the defects in integrin-mediated
signaling and adhesion observed in Vavl/3 deficient
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neutrophils were most likely a result of impaired
integrin signaling as chemotaxis and signaling in
response to FMLP and leukotriene-B4 were unaltered in
these cells, suggesting that G protein-coupled signaling
was intact in these cells (130). In addition, the reduced
integrin-mediated Pyk2 phosphorylation observed in the
absence of both Vavl and Vav3 indicates that Vavl/3
may influence Pyk2 activation by a currently unknown
mechanism. In T cells, LFA-1-induced Rac activation
was shown to be dependent on Vav activity (153).
Perhaps related, adhesion dependent phosphorylation of
Vav is reduced and correlates with diminished activation
of the Rac/Cdc42 effector PAK in T cells treated with
Src-PTK inhibitors (170).  Although most reports
suggest that Vav controls integrin receptor signaling
events at the level of GTPase activation, a recent report
has also described a novel role for Vav in integrin
signaling in T cells independent of Vav’s GEF activity.
Overexpression of a constitutively active Vav mutant
with Rac in T cells enhanced PAK activity and cell
spreading upon integrin stimulation (171). The
cooperative activity of Rac and Vav was observed even
in the absence of Vav GEF activity implying that Vav
may perform adaptor functions downstream of integrin
receptors as well.  Interestingly, this cooperation
requires an intact Vav SH2 domain, the same domain
that mediates Vav’s association with SLP-76 following
TCR stimulation.

The first direct evidence of SLP-76
involvement in integrin receptor-mediated signaling was
demonstrated in an epithelial cell line stably expressing
the platelet alpha(Ilb)beta3 integrin receptor and
transfected with SLP-76, Vav, and/or Syk (124). This
study revealed Syk-dependent SLP-76 phosphorylation
following alpha(Ilb)beta3 -mediated binding to
fibrinogen and the inducible formation of a complex
containing SLP-76, Nck and Vav. In addition, adhesion
to fibrinogen was increased in the presence of SLP-76,
Vav and Syk as was the activation of the Rac/Cdc42
effector PAK. More recently, SLP-76 was also found to
regulate integrin signaling in neutrophils. =~ SLP-76
redistributes into punctate clusters at the plasma
membrane and localizes at sites of substrate attachment
upon neutrophil adhesion to betal/3 and beta2-intergin
agonists (91). In the absence of SLP-76, neutrophils fail
to produce reactive oxygen intermediates or spread
when plated on anti-CD18 or poly-RGD coated surfaces,
ligands for betal/3 and beta2 integrins respectively; a
phenotype remarkably similar to that observed in
Vavl/3 deficient neutrophils (130). Integrin-mediated
signaling cascades such as Vav phosphorylation, PLCg2
and p38 MAPK activation were also defective in the
absence of SLP-76 in neutrophils (91). Interestingly,
these data also closely mimic the defects observed in
Syk  deficient neutrophils including decreased
respiratory burst, spreading, Vav phosphorylation and
p38 activation upon integrin engagement and further
validate the importance of SLP-76 in propagating Syk-
mediated integrin signals (164). Although not directly
addressed in these studies, the poor induction of
integrin-mediated Vav phosphorylation observed in the
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absence of SLP-76 may be a result of defective Vav
localization. Poor localization and activation of Vav
may result in reduced Rho-family GTPase activation and
could partially explain the spreading defect observed in
SLP-76 deficient neutrophils.

Collectively, these important studies
demonstrate that Syk, Vav, and SLP-76 function in
multiple signaling pathways downstream of integrin
ligation in hematopoietic cells, and suggest multiple
immune cell-specific mechanisms whereby integrins
couple with the actin cytoskeleton to regulate cell
adhesion and motility. In addition to direct effects on
Vavl/3 activity and function, how else might the
Syk/SLP-76/Vav signaling axis impact cytoskeletal
dynamics following integrin ligation? As discussed
earlier, SLP-76 provides a scaffold for multiple proteins
that modulate the cytoskeleton, including WASp. Thus,
WASp/Arp2/3 mediated actin-polymerization is one
example of a known signaling pathway that may be
regulated by SLP-76 function in multiple hematopoietic
cell types. Macrophages derived from WASp deficient
patients fail to localize the Arp2/3 complex into
cytoskeletal migratory structures and as a result, migrate
poorly to a chemotactic stimulus (172,173). WASp
deficient T cells and neutrophils exhibit decreased
migration to a chemotactic stimulus as well, perhaps
also due to defective Arp2/3 localization (174).
Dendritic cells deficient for WASp exhibit decreased
translocational mobility in vitro and recently, the in vivo
migration of these cells was also found to be severely
impaired (175,176). Interestingly, both WASp deficient
macrophages and dendritic cells fail to form actin-based
structures known as podosomes upon adhesion to
surfaces coated with integrin ligands (172,177).
Podosome expression is restricted to highly motile
and/or invasive hematopoietic cells of the myeloid
lineage such as macrophages, osteoclasts, and dendritic
cells, but are also found in some virus-transformed
fibroblasts and malignant B cells (reviewed in (178).
Integrins and multiple cytoskeletal components (e.g.
vinculin) have been shown to localize to these actin-rich
structures. Currently, the precise function of podosomes
is unclear but they most likely play a role in adhesion
and may promote tissue invasion by directing
metalloprotease localization and subsequent matrix
degradation (178). Interestingly, our laboratory has
made the recent observation that integrin-dependent
adhesion and podosome distribution is markedly altered
in SLP-76 deficient dendritic cells, perhaps due to poor
WASP localization and/or activation (N. Luckashenak,
unpublished observations).

6.3. Syk, SLP-76, and Vav may cooperate with
Rap1/RAPL; potent regulators of integrin adhesion
in the immune system

In 2003, Katagiri K et al. demonstrated that
the Rapl-binding protein, RAPL is recruited to the
membrane following TCR stimulation where it binds to
and directs “outside-in” signaling to LFA-1 (179). The
same group subsequently demonstrated that lymphocyte
and dendritic cell adhesion and migration are also
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defective in RAPL deficient mice, implicating RAPL as
an important mediator of “outside-in” integrin signaling
as well (180). Currently, the mechanism by which
RAPL regulates integrin-mediated adhesion and
migration in hematopoietic cells is still somewhat of a
mystery. Rapl and RAPL may be linked to the
cytoskeleton via a recently identified Rapl-binding
protein RIAM (Rap1-GTP-interacting adaptor
molecule), which has been shown to bind cytoskeletal
proteins such as profilin and members of the Ena/VASP
family (181). In addition, adhesion-induced membrane
localization of RasGRP2, a Rapl-specific exchange
factor is dependent on cytoskeletal reorganization and
Vav-induced Rac activity (182). Given the defect in
integrin-induced Vav phosphorylation in Syk and SLP-
76 deficient neutrophils, it is possible that the localized
activation of Rapl at the cell membrane may also be
sub-optimal in these cells. Defective Rapl activation in
Syk and SLP-76 deficient neutrophils might partially
explain the integrin-mediated spreading defect observed
in these cells.

7. SUMMARY AND PERSPECTIVE

The SLP-76 adaptor protein is clearly an integral
component of multiple signaling pathways governing T
lymphocyte activation, function, and development. The
definition of SLP-76 dependent signaling pathways in T
cells has provided an indispensable “roadmap” for
beginning to identify how SLP-76 functions in a more
recently appreciated role in propagating integrin
signaling in hematopoietic cells. Defining the molecular
mechanisms that govern “outside-in” signaling in
hematopoietic cells is an area of great interest given the
highly motile nature of many immune system cells and
their dependence on adhesion and motility for proper
function. Identification of Syk, SLP-76, and Vav1/3 as
key regulators of integrin signaling in platelets and
neutrophils suggests a mechanism for regulating actin
polymerization that may be independent of or
functioning in concert with the FAK family of
adaptor/kinases. Until a few years ago, Syk expression
was thought to be restricted to cells of hematopoietic
origin. However, in recent years Syk expression has
been observed in non-hematopoictic cells such as
endothelial cells and mounting evidence indicates that
Syk may regulate epithelial and endothelial anchorage-
dependent growth (183). As discussed, multiple recent
studies imply that Syk alone does not produce the
hematopoietic cell type-specific responses observed
following integrin engagement, and that additional
proteins such as SLP-76 act in concert with Syk and the
existing actin polymerizing machinery to mediate
integrin-induced cytoskeletal dynamics. Therefore, it
seems likely that hematopoietic cells employ at least
two pathways that couple integrin signaling with
changes in the cytoskeleton; the “classic” pathway
involving Src-family PTKs and Fak, and the
“hematopoietic” pathway, which relies on Syk, SLP-76,
Vav and potentially Pyk2 to mediate downstream effects
(Figure 2). Potential “cross-talk” between these two
pathways is an area of investigation that may shed light
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Figure 2. SLP-76 and FAK couple integrin ligation with more distal signaling events in hematopoietic cells. Following integrin
ligation in hematopoietic cells, SLP-76 becomes phosphorylated on tyrosines and presumably recruits a profile of signaling
intermediates similar to those described in T cells following TCR ligation (ie; Nck, Vav). While not proven experimentally, it
seems likely that PLCg2 and the Itk homologue Btk may also be recruited to SLP-76 following integrin engagement. Likewise,
if ADAP (and HPK-1?) is phosphorylated following integrin ligation, then ADAP should bind the SH2 domain of SLP-76. Thus,
integrin engagement may promote the assembly of a SLP-76 nucleated multimolecular signaling complex similar in composition
to that described in T cells following TCR ligation. Still, it remains possible that additional proteins distinct from those observed
in T cells may be recruited to the SLP-76 complex following integrin ligation. It also remains to be determined if any “cross-
talk” exists between SLP-76 and it’s associated proteins and the FAK-dependent signaling axis in hematopoietic cells. Together,
signaling events regulated by SLP-76 in combination with those governed by FAK may contribute to the unique structure and
dynamics of actin-based adhesions in hematopoietic cells.

on how immune cells translate integrin ligation into the 2. Y. Huang & R. L. Wange: T cell receptor signaling:

unique actin-based structures observed in these cells. beyond complex complexes. J Biol Chem 279(28), 28827-
28830 (2004)

8. REFERENCES 3. O. Acuto & D. Cantrell: T cell activation and the
cytoskeleton. Annu Rev Immunol 18(), 165-184 (2000)

1. C. C. Goodnow, J. Sprent, B. F. de St Groth, & C. G. 4.]. Jacobelli, P. G. Andres, J. Boisvert, & M. F. Krummel:

Vinuesa: Cellular and genetic mechanisms of self tolerance New views of the immunological synapse: variations in

and autoimmunity. Nature 435(7042), 590-597 (2005)

429



SLP-76 controls hematopoietic cell signaling

assembly and function. Curr Opin Immunol 16(3), 345-352
(2004)

5. A. Grakoui, S. K. Bromley, C. Sumen, M. M. Davis, A.
S. Shaw, P. M. Allen, & M. L. Dustin: The immunological
synapse: a molecular machine controlling T cell activation.
Science 285(5425), 221-227 (1999)

6. C. R. Monks, B. A. Freiberg, H. Kupfer, N. Sciaky, & A.
Kupfer: Three-dimensional segregation of supramolecular
activation clusters in T cells. Nature 395(6697), 82-86
(1998)

7. M. L. Dustin & J. A. Cooper: The immunological
synapse and the actin cytoskeleton: molecular hardware for
T cell signaling. Nat Immunol 1(1), 23-29 (2000)

8. B. A. Freiberg, H. Kupfer, W. Maslanik, J. Delli, J.
Kappler, D. M. Zaller, & A. Kupfer: Staging and resetting
T cell activation in SMACs. Nat Immunol 3(10), 911-917
(2002)

9. K. H. Lee, A. D. Holdorf, M. L. Dustin, A. C. Chan, P.
M. Allen, & A. S. Shaw: T cell receptor signaling precedes
immunological synapse formation. Science 295(5559),
1539-1542 (2002)

10. M. Kim, C. V. Carman, & T. A. Springer: Bidirectional
transmembrane  signaling by cytoplasmic domain
separation in integrins. Science 301(5640), 1720-1725
(2003)

11. B. Lowin-Kropf, V. S. Shapiro, & A. Weiss:
Cytoskeletal polarization of T cells is regulated by an
immunoreceptor tyrosine-based activation motif-dependent
mechanism. J Cell Biol 140(4), 861-871 (1998)

12. A. V. Miletic, M. Swat, K. Fujikawa, & W. Swat:
Cytoskeletal remodeling in lymphocyte activation. Curr
Opin Immunol 15(3), 261-268 (2003)

13. C. E. Sedwick, M. M. Morgan, L. Jusino, J. L. Cannon,
J. Miller, & J. K. Burkhardt: TCR, LFA-1, and CD28 play
unique and complementary roles in signaling T cell
cytoskeletal reorganization. J Immunol 162(3), 1367-1375
(1999)

14. S. Tadokoro, S. J. Shattil, K. Eto, V. Tai, R. C.
Liddington, J. M. de Pereda, M. H. Ginsberg, & D. A.
Calderwood: Talin binding to integrin beta tails: a final
common step in integrin activation. Science 302(5642),
103-106 (2003)

15. 1. Tskvitaria-Fuller, A. L. Rozelle, H. L. Yin, & C.
Waulfing: Regulation of sustained actin dynamics by the
TCR and costimulation as a mechanism of receptor
localization. J Immunol 171(5), 2287-2295 (2003)

16. S. A. Wetzel, T. W. McKeithan, & D. C. Parker: Live-
cell dynamics and the role of costimulation in
immunological synapse formation. J Immunol 169(11),
6092-6101 (2002)

17.J. C. Cambier: Antigen and Fc receptor signaling. The
awesome power of the immunoreceptor tyrosine-based
activation motif (ITAM). J Immunol 155(7), 3281-3285
(1995)

18. M. Reth: Antigen receptor tail clue. Nature 338(6214),
383-384 (1989)

19. E. O. Long: Regulation of immune responses by
inhibitory receptors. Adv Exp Med Biol 452(), 19-28 (1998)
20. J. V. Ravetch & L. L. Lanier: Immune inhibitory
receptors. Science 290(5489), 84-89 (2000)

21. J. K. Jackman, D. G. Motto, Q. Sun, M. Tanemoto, C.
W. Turck, G. A. Peltz, G. A. Koretzky, & P. R. Findell:

430

Molecular cloning of SLP-76, a 76-kDa tyrosine
phosphoprotein associated with Grb2 in T cells. J Biol
Chem 270(13), 7029-7032 (1995)

22. W. Zhang, R. P. Trible, & L. E. Samelson: LAT
palmitoylation: its essential role in membrane microdomain
targeting and tyrosine phosphorylation during T cell
activation. Immunity 9(2), 239-246 (1998)

23. E. Aguado, S. Richelme, S. Nunez-Cruz, A. Miazek, A.
M. Mura, M. Richelme, X. J. Guo, D. Sainty, H. T. He, B.
Malissen, & M. Malissen: Induction of T helper type 2
immunity by a point mutation in the LAT adaptor. Science
296(5575), 2036-2040 (2002)

24.T. S. Finco, T. Kadlecek, W. Zhang, L. E. Samelson, &
A. Weiss: LAT is required for TCR-mediated activation of
PLCgammal and the Ras pathway. Immunity 9(5), 617-626
(1998)

25. C. L. Sommers, R. K. Menon, A. Grinberg, W. Zhang,
L. E. Samelson, & P. E. Love: Knock-in mutation of the
distal four tyrosines of linker for activation of T cells
blocks murine T cell development. J Exp Med 194(2), 135-
142 (2001)

26. C. L. Sommers, C. S. Park, J. Lee, C. Feng, C. L.
Fuller, A. Grinberg, J. A. Hildebrand, E. Lacana, R. K.
Menon, E. W. Shores, L. E. Samelson, & P. E. Love: A
LAT mutation that inhibits T cell development yet induces
lymphoproliferation. Science 296(5575), 2040-2043 (2002)
27. W. Zhang, J. Sloan-Lancaster, J. Kitchen, R. P. Trible,
& L. E. Samelson: LAT: the ZAP-70 tyrosine kinase
substrate that links T cell receptor to cellular activation.
Cell 92(1), 83-92 (1998)

28. W. Zhang, B. J. Irvin, R. P. Trible, R. T. Abraham, &
L. E. Samelson: Functional analysis of LAT in TCR-
mediated signaling pathways using a LAT-deficient Jurkat
cell line. Int Immunol 11(6), 943-950 (1999)

29. W. Zhang, C. L. Sommers, D. N. Burshtyn, C. C.
Stebbins, J. B. DeJarnette, R. P. Trible, A. Grinberg, H. C.
Tsay, H. M. Jacobs, C. M. Kessler, E. O. Long, P. E. Love,
& L. E. Samelson: Essential role of LAT in T cell
development. Immunity 10(3), 323-332 (1999)

30. A. C. Chan, M. Iwashima, C. W. Turck, & A. Weiss:
ZAP-70: a 70 kd protein-tyrosine kinase that associates
with the TCR zeta chain. Cell 71(4), 649-662 (1992)

31. M. Iwashima, B. A. Irving, N. S. van Oers, A. C. Chan,
& A. Weiss: Sequential interactions of the TCR with two
distinct cytoplasmic tyrosine kinases. Science 263(5150),
1136-1139 (1994)

32. L. Geng, S. Pfister, S. K. Kraeft, & C. E. Rudd:
Adaptor FYB (Fyn-binding protein) regulates integrin-
mediated adhesion and mediator release: Differential
involvement of the FYB SH3 domain. Proc Natl Acad Sci
U S 498(20), 11527-11532 (2001)

33. E. J. Peterson, M. L. Woods, S. A. Dmowski, G.
Derimanov, M. S. Jordan, J. N. Wu, P. S. Myung, Q. H.
Liu, J. T. Pribila, B. D. Freedman, Y. Shimizu, & G. A.
Koretzky: Coupling of the TCR to integrin activation by
Slap-130/Fyb. Science 293(5538), 2263-2265 (2001)

34. D. Yablonski, M. R. Kuhne, T. Kadlecek, & A. Weiss:
Uncoupling of nonreceptor tyrosine kinases from PLC-
gammal in an SLP-76- deficient T cell. Science 281(5375),
413-416 (1998)

35. S. K. Liu, N. Fang, G. A. Koretzky, & C. J. McGlade:
The hematopoietic-specific adaptor protein gads functions



SLP-76 controls hematopoietic cell signaling

in T-cell signaling via interactions with the SLP-76 and
LAT adaptors. Curr Biol 9(2), 67-75 (1999)

36. S. K. Liu & C. J. McGlade: Gads is a novel SH2 and
SH3 domain-containing adaptor protein that binds to
tyrosine-phosphorylated Shc. Oncogene 17(24), 3073-3082
(1998)

37. W. Zhang, R. P. Trible, M. Zhu, S. K. Liu, C. J.
McGlade, & L. E. Samelson: Association of Grb2, Gads,
and phospholipase C-gamma 1 with phosphorylated LAT
tyrosine residues. Effect of LAT tyrosine mutations on T
cell angigen receptor-mediated signaling. J Biol Chem
275(30), 23355-23361 (2000)

38. N. J. Boerth, J. J. Sadler, D. E. Bauer, J. L. Clements, S.
M. Gheith, & G. A. Koretzky: Recruitment of SLP-76 to
the membrane and glycolipid-enriched membrane
microdomains replaces the requirement for linker for
activation of T cells in T cell receptor signaling. J Exp Med
192(7), 1047-1058 (2000)

39. M. Ishiai, M. Kurosaki, K. Inabe, A. C. Chan, K.
Sugamura, & T. Kurosaki: Involvement of LAT, Gads, and
Grb2 in compartmentation of SLP-76 to the plasma
membrane. J Exp Med 192(6), 847-856 (2000)

40. D. M. Berry, P. Nash, S. K. Liu, T. Pawson, & C. J.
McGlade: A high-affinity Arg-X-X-Lys SH3 binding motif
confers specificity for the interaction between Gads and
SLP-76 in T cell signaling. Curr Biol 12(15), 1336-1341
(2002)

41. D. Yablonski, T. Kadlecek, & A. Weiss: Identification
of a phospholipase C-gammal (PLC-gammal) SH3
domain- binding site in SLP-76 required for T-cell
receptor-mediated activation of PLC-gammal and NFAT.
Mol Cell Biol 21(13), 4208-4218 (2001)

42. A. L. Singer, S. C. Bunnell, A. E. Obstfeld, M. S.
Jordan, J. N. Wu, P. S. Myung, L. E. Samelson, & G. A.
Koretzky: Roles of the proline-rich domain in SLP-76
subcellular localization and T cell function. J Biol Chem
279(15), 15481-15490 (2004)

43. J. L. Clements, B. Yang, S. E. Ross-Barta, S. L.
Eliason, R. F. Hrstka, R. A. Williamson, & G. A. Koretzky:
Requirement for the leukocyte-specific adapter protein
SLP-76 for normal T cell development. Science 281(5375),
416-419 (1998)

44. V. Pivniouk, E. Tsitsikov, P. Swinton, G. Rathbun, F.
W. Alt, & R. S. Geha: Impaired viability and profound
block in thymocyte development in mice lacking the
adaptor protein SLP-76. Cell 94(2), 229-238 (1998)

45.J. Yoder, C. Pham, Y. M. lizuka, O. Kanagawa, S. K.
Liu, J. McGlade, & A. M. Cheng: Requirement for the
SLP-76 adaptor GADS in T cell development. Science
291(5510), 1987-1991 (2001)

46. L. Kumar, V. Pivniouk, M. A. de la Fuente, D. Laouini,
& R. S. Geha: Differential role of SLP-76 domains in T cell
development and function. Proc Natl Acad Sci U S A 99(2),
884-889 (2002)

47. P. S. Myung, G. S. Derimanov, M. S. Jordan, J. A.
Punt, Q. H. Liu, B. A. Judd, E. E. Meyers, C. D. Sigmund,
B. D. Freedman, & G. A. Koretzky: Differential
requirement for SLP-76 domains in T cell development and
function. Immunity 15(6), 1011-1026 (2001)

48. E. K. Griffiths, C. Krawczyk, Y. Y. Kong, M. Raab, S.
J. Hyduk, D. Bouchard, V. S. Chan, 1. Kozieradzki, A. J.
Oliveira-Dos-Santos, A. Wakeham, P. S. Ohashi, M. I.

431

Cybulsky, C. E. Rudd, & J. M. Penninger: Positive
regulation of T cell activation and integrin adhesion by the
adapter Fyb/Slap. Science 293(5538), 2260-2263 (2001)
49. H. Wang, F. E. McCann, J. D. Gordan, X. Wu, M.
Raab, T. H. Malik, D. M. Davis, & C. E. Rudd: ADAP-
SLP-76 binding differentially regulates supramolecular
activation cluster (SMAC) formation relative to T cell-APC
conjugation. J Exp Med 200(8), 1063-1074 (2004)

50. B. A. Irving, F. W. Alt, & N. Killeen: Thymocyte
development in the absence of pre-T cell receptor
extracellular immunoglobulin domains. Science 280(5365),
905-908 (1998)

51. W. J. Bubeck, R. Pappu, J. Y. Bu, B. Mayer, J.
Chernoff, D. Straus, & A. C. Chan: Regulation of PAK
activation and the T cell cytoskeleton by the linker protein
SLP-76. Immunity 9(5), 607-616 (1998)

52. G. M. Bokoch, Y. Wang, B. P. Bohl, M. A. Sells, L. A.
Quilliam, & U. G. Knaus: Interaction of the Nck adapter
protein with p21-activated kinase (PAK1). J Biol Chem
271(42), 25746-25749 (1996)

53. C. Hofmann, M. Shepelev, & J. Chernoff: The genetics
of Pak. J Cell Sci 117(Pt 19), 4343-4354 (2004)

54. G. M. Ku, D. Yablonski, E. Manser, L. Lim, & A.
Weiss: A PAK1-PIX-PKL complex is activated by the T-
cell receptor independent of Nck, Slp-76 and LAT. EMBO
J20(3), 457-465 (2001)

55. H. Phee, R. T. Abraham, & A. Weiss: Dynamic
recruitment of PAK1 to the immunological synapse is
mediated by PIX independently of SLP-76 and Vavl. Nat
Immunol 6(6), 608-617 (2005)

56. M. Barda-Saad, A. Braiman, R. Titerence, S. C.
Bunnell, V. A. Barr, & L. E. Samelson: Dynamic molecular
interactions linking the T cell antigen receptor to the actin
cytoskeleton. Nat Immunol 6(1), 80-89 (2005)

57. T. H. Millard, S. J. Sharp, & L. M. Machesky:
Signalling to actin assembly via the WASP (Wiskott-
Aldrich syndrome protein)-family proteins and the Arp2/3
complex. Biochem J 380(Pt 1), 1-17 (2004)

58. K. Badour, J. Zhang, F. Shi, M. K. McGavin, V.
Rampersad, L. A. Hardy, D. Field, & K. A. Siminovitch:
The Wiskott-Aldrich syndrome protein acts downstream of
CD2 and the CD2AP and PSTPIP1 adaptors to promote
formation of the immunological synapse. Immunity 18(1),
141-154 (2003)

59. M. D. Gallego, M. Santamaria, J. Pena, & 1. J. Molina:
Defective actin reorganization and polymerization of
Wiskott-Aldrich T cells in response to CD3-mediated
stimulation. Blood 90(8), 3089-3097 (1997)

60. J. Zhang, A. Shehabeldin, L. A. da Cruz, J. Butler, A.
K. Somani, M. McGavin, 1. Kozieradzki, A. O. dos Santos,
A. Nagy, S. Grinstein, J. M. Penninger, & K. A.
Siminovitch: Antigen receptor-induced activation and
cytoskeletal rearrangement are impaired in Wiskott-Aldrich
syndrome protein-deficient lymphocytes. J Exp Med
190(9), 1329-1342 (1999)

61. C. Krawczyk, A. Oliveira-dos-Santos, T. Sasaki, E.
Griffiths, P. S. Ohashi, S. Snapper, F. Alt, & J. M.
Penninger: Vavl controls integrin clustering and
MHC/peptide-specific cell adhesion to antigen-presenting
cells. Immunity 16(3), 331-343 (2002)

62. K. D. Fischer, Y. Y. Kong, H. Nishina, K. Tedford, L.
E. Marengere, 1. Kozieradzki, T. Sasaki, M. Starr, G. Chan,



SLP-76 controls hematopoietic cell signaling

S. Gardener, M. P. Nghiem, D. Bouchard, M. Barbacid, A.
Bernstein, & J. M. Penninger: Vav is a regulator of
cytoskeletal reorganization mediated by the T-cell receptor.
Curr Biol 8(10), 554-562 (1998)

63. L. J. Holsinger, 1. A. Graef, W. Swat, T. Chi, D. M.
Bautista, L. Davidson, R. S. Lewis, F. W. Alt, & G. R.
Crabtree: Defects in actin-cap formation in Vav-deficient
mice implicate an actin requirement for lymphocyte signal
transduction. Curr Biol 8(10), 563-572 (1998)

64. M. Villalba, K. Bi, F. Rodriguez, Y. Tanaka, S.
Schoenberger, & A. Altman: Vavl/Rac-dependent actin
cytoskeleton reorganization is required for lipid raft
clustering in T cells. J Cell Biol 155(3), 331-338 (2001)

65. C. Wulfing, A. Bauch, G. R. Crabtree, & M. M. Davis:
The vav exchange factor is an essential regulator in actin-
dependent receptor translocation to the lymphocyte-
antigen-presenting cell interface. Proc Natl Acad Sci U S A
97(18), 10150-10155 (2000)

66. C. Charvet, A. J. Canonigo, D. D. Billadeau, & A.
Altman: Membrane localization and function of Vav3 in T
cells depend on its association with the adapter SLP-76. J
Biol Chem 280(15), 15289-15299 (2005)

67. M. Raab, S. Pfister, & C. E. Rudd: CD28 signaling via
VAV/SLP-76 adaptors: regulation of cytokine transcription
independent of TCR ligation. Immunity 15(6), 921-933
(2001)

68. R. Zeng, J. L. Cannon, R. T. Abraham, M. Way, D. D.
Billadeau, J. Bubeck-Wardenberg, & J. K. Burkhardt: SLP-
76 coordinates Nck-dependent Wiskott-Aldrich syndrome
protein recruitment with Vav-1/Cdc42-dependent Wiskott-
Aldrich syndrome protein activation at the T cell-APC
contact site. J Immunol 171(3), 1360-1368 (2003)

69. A. J. da Silva, Z. Li, C. de Vera, E. Canto, P. Findell, &
C. E. Rudd: Cloning of a novel T-cell protein FYB that
binds FYN and SH2-domain- containing leukocyte protein
76 and modulates interleukin 2 production. Proc Natl Acad
Sci U S A 94(14), 7493-7498 (1997)

70. M. A. Musci, L. R. Hendricks-Taylor, D. G. Motto, M.
Paskind, J. Kamens, C. W. Turck, & G. A. Koretzky:
Molecular cloning of SLAP-130, an SLP-76-associated
substrate of the T cell antigen receptor-stimulated protein
tyrosine kinases. J Biol Chem 272(18), 11674-11677
(1997)

71. E. K. Griffiths & J. M. Penninger: ADAP-ting TCR
signaling to integrins. Sci STKE 2002(127), RE3-2002)

72. M. Krause, A. S. Sechi, M. Konradt, D. Monner, F. B.
Gertler, & J. Wehland: Fyn-binding protein (Fyb)/SLP-76-
associated protein (SLAP), Ena/vasodilator-stimulated
phosphoprotein (VASP) proteins and the Arp2/3 complex
link T cell receptor (TCR) signaling to the actin
cytoskeleton. J Cell Biol 149(1), 181-194 (2000)

73.J. A. Grasis, C. D. Browne, & C. D. Tsoukas: Inducible
T cell tyrosine kinase regulates actin-dependent
cytoskeletal events induced by the T cell antigen receptor. J
Immunol 170(8), 3971-3976 (2003)

74. C. M. Labno, C. M. Lewis, D. You, D. W. Leung, A.
Takesono, N. Kamberos, A. Seth, L. D. Finkelstein, M. K.
Rosen, P. L. Schwartzberg, & J. K. Burkhardt: Itk functions
to control actin polymerization at the immune synapse
through localized activation of Cdc42 and WASP. Curr
Biol 13(18), 1619-1624 (2003)

432

75.Y. W. Su, Y. Zhang, J. Schweikert, G. A. Koretzky, M.
Reth, & J. Wienands: Interaction of SLP adaptors with the
SH2 domain of Tec family kinases. Eur J Immunol 29(11),
3702-3711 (1999)

76. D. Dombroski, R. A. Houghtling, C. M. Labno, P.
Precht, A. Takesono, N. J. Caplen, D. D. Billadeau, R. L.
Wange, J. K. Burkhardt, & P. L. Schwartzberg: Kinase-
independent functions for Itk in TCR-induced regulation of
Vav and the actin cytoskeleton. J Immunol 174(3), 1385-
1392 (2005)

77. L. D. Finkelstein & P. L. Schwartzberg: Tec kinases:
shaping T-cell activation through actin. Trends Cell Biol
14(8), 443-451 (2004)

78. S. C. Bunnell, M. Diehn, M. B. Yaffe, P. R. Findell, L.
C. Cantley, & L. J. Berg: Biochemical interactions
integrating Itk with the T cell receptor- initiated signaling
cascade. J Biol Chem 275(3), 2219-2230 (2000)

79. X. Shan & R. L. Wange: Itk/Emt/Tsk activation in
response to CD3 cross-linking in Jurkat T cells requires
ZAP-70 and Lat and is independent of membrane
recruitment. J Biol Chem 274(41), 29323-29330 (1999)

80. S. C. Bunnell, V. Kapoor, R. P. Trible, W. Zhang, & L.
E. Samelson: Dynamic actin polymerization drives T cell
receptor-induced spreading: a role for the signal
transduction adaptor LAT. Immunity 14(3), 315-329 (2001)
81. C. Fu, C. W. Turck, T. Kurosaki, & A. C. Chan:
BLNK: a central linker protein in B cell activation.
Immunity 9(1), 93-103 (1998)

82. J. Wienands, J. Schweikert, B. Wollscheid, H. Jumaa,
P. J. Nielsen, & M. Reth: SLP-65: a new signaling
component in B lymphocytes which requires expression of
the antigen receptor for phosphorylation. J Exp Med
188(4), 791-795 (1998)

83. D. Yablonski & A. Weiss: Mechanisms of signaling by
the hematopoietic-specific adaptor proteins, SLP-76 and
LAT and their B cell counterpart, BLNK/SLP-65. Adv
Immunol 79(), 93-128 (2001)

84. M. Ishiai, M. Kurosaki, R. Pappu, K. Okawa, 1. Ronko,
C. Fu, M. Shibata, A. Iwamatsu, A. C. Chan, & T.
Kurosaki: BLNK required for coupling Syk to PLC gamma
2 and Racl-JNK in B cells. Immunity 10(1), 117-125
(1999)

85. N. Engels, B. Wollscheid, & J. Wienands: Association
of SLP-65/BLNK with the B cell antigen receptor through
a non-ITAM tyrosine of Ig-alpha. Fur J Immunol 31(7),
2126-2134 (2001)

86. S. Kabak, B. J. Skaggs, M. R. Gold, M. Affolter, K. L.
West, M. S. Foster, K. Siemasko, A. C. Chan, R.
Acbersold, & M. R. Clark: The direct recruitment of BLNK
to immunoglobulin alpha couples the B-cell antigen
receptor to distal signaling pathways. Mol Cell Biol 22(8),
2524-2535 (2002)

87. F. Kohler, B. Storch, Y. Kulathu, S. Herzog, S. Kuppig,
M. Reth, & H. Jumaa: A leucine zipper in the N terminus
confers membrane association to SLP-65. Nat Immunol
6(2), 204-210 (2005)

88. V. 1. Pivniouk, T. R. Martin, J. M. Lu-Kuo, H. R. Katz,
H. C. Oettgen, & R. S. Geha: SLP-76 deficiency impairs
signaling via the high-affinity IgE receptor in mast cells. J
Clin Invest 103(12), 1737-1743 (1999)

89. S. Saitoh, R. Arudchandran, T. S. Manetz, W. Zhang,
C. L. Sommers, P. E. Love, J. Rivera, & L. E. Samelson:



SLP-76 controls hematopoietic cell signaling

LAT is essential for Fc(epsilon)RI-mediated mast cell
activation. Immunity 12(5), 525-535 (2000)

90. E. J. Peterson, J. L. Clements, Z. K. Ballas, & G. A.
Koretzky: NK cytokine secretion and cytotoxicity occur
independently of the SLP- 76 adaptor protein. Eur J
Immunol 29(7), 2223-2232 (1999)

91. S. A. Newbrough, A. Mocsai, R. A. Clemens, J. N. Wu,
M. A. Silverman, A. L. Singer, C. A. Lowell, & G. A.
Koretzky: SLP-76 regulates Fcgamma receptor and integrin
signaling in neutrophils. Immunity 19(5), 761-769 (2003)
92. K. E. Nichols, K. Haines, P. S. Myung, S. Newbrough,
E. Myers, H. Jumaa, D. J. Shedlock, H. Shen, & G. A.
Koretzky: Macrophage activation and Fcgamma receptor-
mediated signaling do not require expression of the SLP-76
and SLP-65 adaptors. J Leukoc Biol 75(3), 541-552 (2004)
93. R. L. Juliano: Signal transduction by cell adhesion
receptors and the cytoskeleton: functions of integrins,
cadherins, selectins, and immunoglobulin-superfamily
members. Annu Rev Pharmacol Toxicol 42(), 283-323
(2002)

94. W. C. Xiong, M. Macklem, & J. T. Parsons: Expression
and characterization of splice variants of PYK2, a focal
adhesion kinase-related protein. J Cell Sci 111 ( Pt 14)(),
1981-1991 (1998)

95. S. K. Hanks, M. B. Calalb, M. C. Harper, & S. K. Patel:
Focal adhesion protein-tyrosine kinase phosphorylated in
response to cell attachment to fibronectin. Proc Natl Acad
Sci U S A4 89(18), 8487-8491 (1992)

96. L. Kornberg, H. S. Earp, J. T. Parsons, M. Schaller, &
R. L. Juliano: Cell adhesion or integrin clustering increases
phosphorylation of a focal adhesion-associated tyrosine
kinase. J Biol Chem 267(33), 23439-23442 (1992)

97. M. D. Schaller, C. A. Borgman, B. S. Cobb, R. R.
Vines, A. B. Reynolds, & J. T. Parsons: ppl25FAK a
structurally distinctive protein-tyrosine kinase associated
with focal adhesions. Proc Natl Acad Sci U S A 89(11),
5192-5196 (1992)

98. S. K. Mitra, D. A. Hanson, & D. D. Schlaepfer: Focal
adhesion kinase: in command and control of cell motility.
Nat Rev Mol Cell Biol 6(1), 56-68 (2005)

99. M. D. Schaller, J. D. Hildebrand, J. D. Shannon, J. W.
Fox, R. R. Vines, & J. T. Parsons: Autophosphorylation of
the focal adhesion kinase, ppl25FAK, directs SH2-
dependent binding of pp60src. Mol Cell Biol 14(3), 1680-
1688 (1994)

100. B. S. Cobb, M. D. Schaller, T. H. Leu, & J. T.
Parsons: Stable association of pp60src and pp59fyn with
the focal adhesion-associated protein tyrosine kinase,
pp125FAK. Mol Cell Biol 14(1), 147-155 (1994)

101. Z. Xing, H. C. Chen, J. K. Nowlen, S. J. Taylor, D.
Shalloway, & J. L. Guan: Direct interaction of v-Src with
the focal adhesion kinase mediated by the Src SH2 domain.
Mol Biol Cell 5(4), 413-421 (1994)

102. J. T. Parsons: Focal adhesion kinase: the first ten
years. J Cell Sci 116(Pt 8), 1409-1416 (2003)

103. H. C. Chen, P. A. Appeddu, J. T. Parsons, J. D.
Hildebrand, M. D. Schaller, & J. L. Guan: Interaction of
focal adhesion kinase with cytoskeletal protein talin. J Biol
Chem 270(28), 16995-16999 (1995)

104. 1. Hayashi, K. Vuori, & R. C. Liddington: The focal
adhesion targeting (FAT) region of focal adhesion kinase is

433

a four-helix bundle that binds paxillin. Nat Struct Biol 9(2),
101-106 (2002)

105. A. Horwitz, K. Duggan, C. Buck, M. C. Beckerle, &
K. Burridge: Interaction of plasma membrane fibronectin
receptor with talin--a transmembrane linkage. Nature
320(6062), 531-533 (1986)

106. G. Liu, C. D. Guibao, & J. Zheng: Structural insight
into the mechanisms of targeting and signaling of focal
adhesion kinase. Mol Cell Biol 22(8), 2751-2760 (2002)
107. S. Liu, S. M. Thomas, D. G. Woodside, D. M. Rose,
W. B. Kiosses, M. Pfaff, & M. H. Ginsberg: Binding of
paxillin to alpha4 integrins modifies integrin-dependent
biological responses. Nature 402(6762), 676-681 (1999)
108. T. P. Hecker, Q. Ding, T. A. Rege, S. K. Hanks, & C.
L. Gladson: Overexpression of FAK promotes Ras activity
through the formation of a FAK/p120RasGAP complex in
malignant astrocytoma cells. Oncogene 23(22), 3962-3971
(2004)

109. T. R. Polte & S. K. Hanks: Interaction between focal
adhesion kinase and Crk-associated tyrosine Kkinase
substrate pl130Cas. Proc Natl Acad Sci U S A4 92(23),
10678-10682 (1995)

110. J. Zhai, H. Lin, Z. Nie, J. Wu, R. Canete-Soler, W. W.
Schlaepfer, & D. D. Schlaepfer: Direct interaction of focal
adhesion kinase with p190RhoGEF. J Biol Chem 278(27),
24865-24873 (2003)

111. E. Kiyokawa, Y. Hashimoto, S. Kobayashi, H.
Sugimura, T. Kurata, & M. Matsuda: Activation of Racl by
a Crk SH3-binding protein, DOCK180. Genes Dev 12(21),
3331-3336 (1998)

112. F. P. van Horck, M. R. Ahmadian, L. C. Hacusler, W.
H. Moolenaar, & O. Kranenburg: Characterization of
pl90RhoGEF, a RhoA-specific guanine nucleotide
exchange factor that interacts with microtubules. J Biol
Chem 276(7), 4948-4956 (2001)

113. D. Ilic, Y. Furuta, S. Kanazawa, N. Takeda, K. Sobue,
N. Nakatsuji, S. Nomura, J. Fujimoto, M. Okada, & T.
Yamamoto: Reduced cell motility and enhanced focal
adhesion contact formation in cells from FAK-deficient
mice. Nature 377(6549), 539-544 (1995)

114.Y. Liu, J. C. Loijens, K. H. Martin, A. V. Karginov, &
J. T. Parsons: The association of ASAP1, an ADP
ribosylation factor-GTPase activating protein, with focal
adhesion kinase contributes to the process of focal adhesion
assembly. Mol Biol Cell 13(6), 2147-2156 (2002)

115. T. Ohba, M. Ishino, H. Aoto, & T. Sasaki: Interaction
of two proline-rich sequences of cell adhesion kinase beta
with SH3 domains of pl30Cas-related proteins and a
GTPase-activating protein, Graf. Biochem J 330 ( Pt 3)(),
1249-1254 (1998)

116. A. F. Palazzo, C. H. Eng, D. D. Schlaepfer, E. E.
Marcantonio, & G. G. Gundersen: Localized stabilization
of microtubules by integrin- and FAK-facilitated Rho
signaling. Science 303(5659), 836-839 (2004)

117. E. J. Ezratty, M. A. Partridge, & G. G. Gundersen:
Microtubule-induced focal adhesion disassembly is
mediated by dynamin and focal adhesion kinase. Nat Cell
Biol 7(6), 581-590 (2005)

118. C. Huang, K. Jacobson, & M. D. Schaller: MAP
kinases and cell migration. J Cell Sci 117(Pt 20), 4619-
4628 (2004)



SLP-76 controls hematopoietic cell signaling

119. B. Leitinger, A. McDowall, P. Stanley, & N. Hogg:
The regulation of integrin function by Ca(2+). Biochim
Biophys Acta 1498(2-3), 91-98 (2000)

120. M. Pfaff, X. Du, & M. H. Ginsberg: Calpain cleavage
of integrin beta cytoplasmic domains. FEBS Lett 460(1),
17-22 (1999)

121. T. C. Saido, H. Sorimachi, & K. Suzuki: Calpain: new
perspectives in molecular diversity and physiological-
pathological involvement. FASEB J 8(11), 814-822 (1994)
122. B. D. Cuevas, A. N. Abell, J. A. Witowsky, T. Yujiri,
N. L. Johnson, K. Kesavan, M. Ware, P. L. Jones, S. A.
Weed, R. L. DeBiasi, Y. Oka, K. L. Tyler, & G. L.
Johnson: MEKKI1 regulates calpain-dependent proteolysis
of focal adhesion proteins for rear-end detachment of
migrating fibroblasts. EMBO J 22(13), 3346-3355 (2003)
123. L. Barberis, K. K. Wary, G. Fiucci, F. Liu, E. Hirsch,
M. Brancaccio, F. Altruda, G. Tarone, & F. G. Giancotti:
Distinct roles of the adaptor protein Shc and focal adhesion
kinase in integrin signaling to ERK. J Biol Chem 275(47),
36532-36540 (2000)

124. A. Obergfell, B. A. Judd, M. A. del Pozo, M. A.
Schwartz, G. A. Koretzky, & S. J. Shattil: The molecular
adapter SLP-76 relays signals from platelet integrin
alphallbbeta3 to the actin cytoskeleton. J Biol Chem
276(8), 5916-5923 (2001)

125. D. M. Rose, S. Liu, D. G. Woodside, J. Han, D. D.
Schlaepfer, & M. H. Ginsberg: Paxillin binding to the alpha
4 integrin subunit stimulates LFA-1 (integrin alpha L beta
2)-dependent T cell migration by augmenting the activation
of focal adhesion kinase/proline-rich tyrosine kinase-2. J
Immunol 170(12), 5912-5918 (2003)

126. R. Guinamard, M. Okigaki, J. Schlessinger, & J. V.
Ravetch: Absence of marginal zone B cells in Pyk-2-
deficient mice defines their role in the humoral response.
Nat Immunol 1(1), 31-36 (2000)

127. A. Gismondi, J. Jacobelli, F. Mainiero, R. Paolini, M.
Piccoli, L. Frati, & A. Santoni: Cutting edge: functional
role for proline-rich tyrosine kinase 2 in NK cell-mediated
natural cytotoxicity. J Immunol 164(5), 2272-2276 (2000)
128. A. Gismondi, J. Jacobelli, R. Strippoli, F. Mainiero, A.
Soriani, L. Cifaldi, M. Piccoli, L. Frati, & A. Santoni:
Proline-rich tyrosine kinase 2 and Rac activation by
chemokine and integrin receptors controls NK cell
transendothelial migration. J Immunol 170(6), 3065-3073
(2003)

129. C. Di, V, R. Strippoli, C. Bizzarri, G. Troiani, M. N.
Cervellera, 1. Gloaguen, A. Colagrande, E. M. Cattozzo, S.
Pagliei, A. Santoni, F. Colotta, F. Mainiero, & R. Bertini:
Key role of proline-rich tyrosine kinase 2 in interleukin-8
(CXCLB8/IL-8)-mediated human neutrophil chemotaxis.
Immunology 111(4), 407-415 (2004)

130. M. A. Gakidis, X. Cullere, T. Olson, J. L. Wilsbacher,
B. Zhang, S. L. Moores, K. Ley, W. Swat, T. Mayadas, &
J. S. Brugge: Vav GEFs are required for beta2 integrin-
dependent functions of neutrophils. J Cell Biol 166(2), 273-
282 (2004)

131. M. Fuortes, M. Melchior, H. Han, G. J. Lyon, & C.
Nathan: Role of the tyrosine kinase pyk2 in the integrin-
dependent activation of human neutrophils by TNF. J Clin
Invest 104(3), 327-335 (1999)

132. H. Han, M. Fuortes, & C. Nathan: Critical role of the
carboxyl terminus of proline-rich tyrosine kinase (Pyk2) in

434

the activation of human neutrophils by tumor necrosis
factor: separation of signals for the respiratory burst and
degranulation. J Exp Med 197(1), 63-75 (2003)

133. M. Okigaki, C. Davis, M. Falasca, S. Harroch, D. P.
Felsenfeld, M. P. Sheetz, & J. Schlessinger: Pyk2 regulates
multiple signaling events crucial for macrophage
morphology and migration. Proc Natl Acad Sci U S A
100(19), 10740-10745 (2003)

134. L. Riol-Blanco, N. Sanchez-Sanchez, A. Torres, A.
Tejedor, S. Narumiya, A. L. Corbi, P. Sanchez-Mateos, &
J. L. Rodriguez-Fernandez: The chemokine receptor CCR7
activates in dendritic cells two signaling modules that
independently regulate chemotaxis and migratory speed. J
Immunol 174(7), 4070-4080 (2005)

135. L. S. Price, J. Leng, M. A. Schwartz, & G. M.
Bokoch: Activation of Rac and Cdc42 by integrins
mediates cell spreading. Mol Biol Cell 9(7), 1863-1871
(1998)

136. D. C. Edwards, L. C. Sanders, G. M. Bokoch, & G. N.
Gill: Activation of LIM-kinase by Pak1 couples Rac/Cdc42
GTPase signalling to actin cytoskeletal dynamics. Nat Cell
Biol 1(5), 253-259 (1999)

137. K. F. Tolias, L. C. Cantley, & C. L. Carpenter: Rho
family GTPases bind to phosphoinositide kinases. J Biol
Chem 270(30), 17656-17659 (1995)

138. A. L. Bishop & A. Hall: Rho GTPases and their
effector proteins. Biochem J 348 Pt 2(), 241-255 (2000)
139. V. O. Paavilainen, E. Bertling, S. Falck, & P.
Lappalainen: Regulation of cytoskeletal dynamics by actin-
monomer-binding proteins. Trends Cell Biol 14(7), 386-
394 (2004)

140. X. D. Ren, W. B. Kiosses, & M. A. Schwartz:
Regulation of the small GTP-binding protein Rho by cell
adhesion and the cytoskeleton. EMBO J 18(3), 578-585
(1999)

141. M. Chrzanowska-Wodnicka & K. Burridge: Rho-
stimulated contractility drives the formation of stress fibers
and focal adhesions. J Cell Biol 133(6), 1403-1415 (1996)
142. K. Kimura, M. Ito, M. Amano, K. Chihara, Y. Fukata,
M. Nakafuku, B. Yamamori, J. Feng, T. Nakano, K.
Okawa, A. Iwamatsu, & K. Kaibuchi: Regulation of
myosin phosphatase by Rho and Rho-associated kinase
(Rho-kinase). Science 273(5272), 245-248 (1996)

143. G. Totsukawa, Y. Yamakita, S. Yamashiro, D. J.
Hartshorne, Y. Sasaki, & F. Matsumura: Distinct roles of
ROCK (Rho-kinase) and MLCK in spatial regulation of
MLC phosphorylation for assembly of stress fibers and
focal adhesions in 3T3 fibroblasts. J Cell Biol 150(4), 797-
806 (2000)

144. K. Burridge & K. Wennerberg: Rho and Rac take
center stage. Cell 116(2), 167-179 (2004)

145. M. Maekawa, T. Ishizaki, S. Boku, N. Watanabe, A.
Fujita, A. Iwamatsu, T. Obinata, K. Ohashi, K. Mizuno, &
S. Narumiya: Signaling from Rho to the actin cytoskeleton
through protein kinases ROCK and LIM-kinase. Science
285(5429), 895-898 (1999)

146. L. Petruzzelli, L. Maduzia, & T. A. Springer:
Differential requirements for LFA-1 binding to ICAM-1
and LFA-1-mediated cell aggregation. J Immunol 160(9),
4208-4216 (1998)



SLP-76 controls hematopoietic cell signaling

147. M. Aepfelbacher, M. Essler, E. Huber, A. Czech, & P.
C. Weber: Rho is a negative regulator of human monocyte
spreading. J Immunol 157(11), 5070-5075 (1996)

148. C. Laudanna, J. J. Campbell, & E. C. Butcher: Role of
Rho in chemoattractant-activated leukocyte adhesion
through integrins. Science 271(5251), 981-983 (1996)

149. S. 1. Anderson, N. A. Hotchin, & G. B. Nash: Role of
the cytoskeleton in rapid activation of CD11b/CD18
function and its subsequent downregulation in neutrophils.
J Cell Sci 113 ( Pt 15)(), 2737-2745 (2000)

150. R. A. Worthylake & K. Burridge: RhoA and ROCK
promote migration by limiting membrane protrusions. J
Biol Chem 278(15), 13578-13584 (2003)

151. J. Alblas, L. Ulfman, P. Hordijk, & L. Koenderman:
Activation of Rhoa and ROCK are essential for detachment
of migrating leukocytes. Mol Biol Cell 12(7), 2137-2145
(2001)

152. A. Smith, M. Bracke, B. Leitinger, J. C. Porter, & N.
Hogg: LFA-1-induced T cell migration on ICAM-1
involves regulation of MLCK-mediated attachment and
ROCK-dependent detachment. J Cell Sci 116(Pt 15), 3123-
3133 (2003)

153. L. Sanchez-Martin, N. Sanchez-Sanchez, M. D.
Gutierrez-Lopez, A. 1. Rojo, M. Vicente-Manzanares, M. J.
Perez-Alvarez, P. Sanchez-Mateos, X. R. Bustelo, A.
Cuadrado, F. Sanchez-Madrid, J. L. Rodriguez-Fernandez,
& C. Cabanas: Signaling through the leukocyte integrin
LFA-1 in T cells induces a transient activation of Rac-1
that is regulated by Vav and PI3K/Akt-1. J Biol Chem
279(16), 16194-16205 (2004)

154. C. D'Souza-Schorey, B. Boettner, & L. van Aelst: Rac
regulates integrin-mediated spreading and increased
adhesion of T lymphocytes. Mol Cell Biol 18(7), 3936-
3946 (1998)

155. E. A. Clark, S. J. Shattil, M. H. Ginsberg, J. Bolen, &
J. S. Brugge: Regulation of the protein tyrosine kinase
pp72syk by platelet agonists and the integrin alpha IIb beta
3. J Biol Chem 269(46), 28859-28864 (1994)

156. A. Gotoh, H. Takahira, R. L. Geahlen, & H. E.
Broxmeyer: Cross-linking of integrins induces tyrosine
phosphorylation of the proto-oncogene product Vav and the
protein tyrosine kinase Syk in human factor-dependent
myeloid cells. Cell Growth Differ 8(6), 721-729 (1997)
157. C. K. Miranti, L. Leng, P. Maschberger, J. S. Brugge,
& S. J. Shattil: Identification of a novel integrin signaling
pathway involving the kinase Syk and the guanine
nucleotide exchange factor Vavl. Curr Biol 8(24), 1289-
1299 (1998)

158. S. Sarkar, M. M. Rooney, & S. T. Lord: Activation of
integrin-beta3-associated syk in platelets. Biochem J 338 (
Pt 3)(), 677-680 (1999)

159. D. G. Woodside, A. Obergfell, L. Leng, J. L.
Wilsbacher, C. K. Miranti, J. S. Brugge, S. J. Shattil, & M.
H. Ginsberg: Activation of Syk protein tyrosine kinase
through interaction with integrin beta cytoplasmic domains.
Curr Biol 11(22), 1799-1804 (2001)

160. S. R. Yan, M. Huang, & G. Berton: Signaling by
adhesion in human neutrophils: activation of the p72syk
tyrosine kinase and formation of protein complexes
containing p72syk and Src family kinases in neutrophils
spreading over fibrinogen. J Immunol 158(4), 1902-1910
(1997)

435

161. D. G. Woodside, A. Obergfell, A. Talapatra, D. A.
Calderwood, S. J. Shattil, & M. H. Ginsberg: The N-
terminal SH2 domains of Syk and ZAP-70 mediate
phosphotyrosine-independent binding to integrin beta
cytoplasmic domains. J Biol Chem 277(42), 39401-39408
(2002)

162. E. G. Arias-Salgado, S. Lizano, S. Sarkar, J. S.
Brugge, M. H. Ginsberg, & S. J. Shattil: Src kinase
activation by direct interaction with the integrin beta
cytoplasmic domain. Proc Natl Acad Sci U S A 100(23),
13298-13302 (2003)

163. J. Gao, K. E. Zoller, M. H. Ginsberg, J. S. Brugge, &
S. J. Shattil: Regulation of the pp72syk protein tyrosine
kinase by platelet integrin alpha IIb beta 3. EMBO J 16(21),
6414-6425 (1997)

164. A. Mocsai, M. Zhou, F. Meng, V. L. Tybulewicz, &
C. A. Lowell: Syk is required for integrin signaling in
neutrophils. Immunity 16(4), 547-558 (2002)

165. A. Obergfell, K. Eto, A. Mocsai, C. Buensuceso, S. L.
Moores, J. S. Brugge, C. A. Lowell, & S. J. Shattil:
Coordinate interactions of Csk, Src, and Syk kinases with
[alpha]llb[beta]3 initiate integrin signaling to the
cytoskeleton. J Cell Biol 157(2), 265-275 (2002)

166. C. M. Vines, J. W. Potter, Y. Xu, R. L. Geahlen, P. S.
Costello, V. L. Tybulewicz, C. A. Lowell, P. W. Chang, H.
D. Gresham, & C. L. Willman: Inhibition of beta 2 integrin
receptor and Syk kinase signaling in monocytes by the Src
family kinase Fgr. Immunity 15(4), 507-519 (2001)

167. R. D. Soede, Y. M. Wijnands, I. Kouteren-Cobzaru, &
E. Roos: ZAP-70 tyrosine kinase is required for LFA-1-
dependent T cell migration. J Cell Biol 142(5), 1371-1379
(1998)

168. T. Willeke, J. Schymeinsky, P. Prange, S. Zahler, & B.
Walzog: A role for Syk-kinase in the control of the binding
cycle of the beta2 integrins (CD11/CDI18) in human
polymorphonuclear neutrophils. J Leukoc Biol 74(2), 260-
269 (2003)

169. K. Cichowski, J. S. Brugge, & L. F. Brass: Thrombin
receptor activation and integrin engagement stimulate
tyrosine phosphorylation of the proto-oncogene product,
p95vav, in platelets. J Biol Chem 271(13), 7544-7550
(1996)

170. B. Riteau, D. F. Barber, & E. O. Long: Vavl
phosphorylation is induced by beta2 integrin engagement
on natural killer cells upstream of actin cytoskeleton and
lipid raft reorganization. J Exp Med 198(3), 469-474 (2003)
171. M. A. del Pozo, M. A. Schwartz, J. Hu, W. B. Kiosses,
A. Altman, & M. Villalba: Guanine exchange-dependent
and -independent effects of Vavl on integrin-induced T cell
spreading. J Immunol 170(1), 41-47 (2003)

172. S. Linder, D. Nelson, M. Weiss, & M. Aepfelbacher:
Wiskott-Aldrich syndrome protein regulates podosomes in
primary human macrophages. Proc Natl Acad Sci U S A
96(17), 9648-9653 (1999)

173. D. Zicha, W. E. Allen, P. M. Brickell, C. Kinnon, G.
A. Dunn, G. E. Jones, & A. J. Thrasher: Chemotaxis of
macrophages is abolished in the Wiskott-Aldrich
syndrome. Br J Haematol 101(4), 659-665 (1998)

174. S. B. Snapper, P. Meelu, D. Nguyen, B. M. Stockton,
P. Bozza, F. W. Alt, F. S. Rosen, U. H. Von Andrian, & C.
Klein: WASP deficiency leads to global defects of directed



SLP-76 controls hematopoietic cell signaling

leukocyte migration in vitro and in vivo. J Leukoc Biol
77(6), 993-998 (2005)

175. M. Binks, G. E. Jones, P. M. Brickell, C. Kinnon, D.
R. Katz, & A. J. Thrasher: Intrinsic dendritic cell
abnormalities in Wiskott-Aldrich syndrome. Eur J Immunol
28(10), 3259-3267 (1998)

176. S. de Noronha, S. Hardy, J. Sinclair, M. P. Blundell, J.
Strid, O. Schulz, J. Zwirner, G. E. Jones, D. R. Katz, C.
Kinnon, & A. J. Thrasher: Impaired dendritic-cell homing
in vivo in the absence of Wiskott-Aldrich syndrome
protein. Blood 105(4), 1590-1597 (2005)

177. S. Burns, A. J. Thrasher, M. P. Blundell, L. Machesky,
& G. E. Jones: Configuration of human dendritic cell
cytoskeleton by Rho GTPases, the WAS protein, and
differentiation. Blood 98(4), 1142-1149 (2001)

178. S. Linder & M. Aepfelbacher: Podosomes: adhesion
hot-spots of invasive cells. Trends Cell Biol 13(7), 376-385
(2003)

179. K. Katagiri, A. Maeda, M. Shimonaka, & T. Kinashi:
RAPL, a Rapl-binding molecule that mediates Rapl-
induced adhesion through spatial regulation of LFA-1. Nat
Immunol 4(8), 741-748 (2003)

180. K. Katagiri, N. Ohnishi, K. Kabashima, T. Iyoda, N.
Takeda, Y. Shinkai, K. Inaba, & T. Kinashi: Crucial
functions of the Rapl effector molecule RAPL in
lymphocyte and dendritic cell trafficking. Nat Immunol
5(10), 1045-1051 (2004)

181. E. M. Lafuente, A. A. van Puijenbroek, M. Krause, C.
V. Carman, G. J. Freeman, A. Berezovskaya, E.
Constantine, T. A. Springer, F. B. Gertler, & V. A.
Boussiotis: RIAM, an Ena/VASP and Profilin ligand,
interacts with Rapl-GTP and mediates Rapl-induced
adhesion. Dev Cell 7(4), 585-595 (2004)

182. M. J. Caloca, J. L. Zugaza, M. Vicente-Manzanares, F.
Sanchez-Madrid, & X. R. Bustelo: F-actin-dependent
translocation of the Rapl GDP/GTP exchange factor
RasGRP2. J Biol Chem 279(19), 20435-20446 (2004)

183. S. Yanagi, R. Inatome, T. Takano, & H. Yamamura:
Syk expression and novel function in a wide variety of
tissues. Biochem Biophys Res Commun 288(3), 495-498
(2001)

Abbreviations: TCR: T cell receptor; ITAMs:
immunoreceptor tyrosine-based activation motifs; ITIMs:
immunoreceptor tyrosine-based inhibitory motifs; BCR: B
cell receptor; PTKs: protein tyrosine kinases; SLP-76:
SH2-domain containing leukocyte protein of 76 kD; LAT:
linker for activation of T cells; BLNK: B cell-linker
protein; APC: antigen presenting cell; MHC: major
histocompatibility complex; MHC:p: MHC-peptide; IS:
immunological synapse; cSMAC: central supramolecular
activation cluster; pSMAC: peripheral supramolecular
activation cluster; GEF: guanine nucleotide exchange
factor; ERK: p44/42 MAP kinases; MAPK: map kinases;
PAK: p21 activated kinase; PLCg: PLCgamma; ADAP:
adhesion and degranulation promoting adaptor protein;
WASp: Wiskott-Aldrich syndrome protein; MTOC:
microtubule organization center; NK: natural killer; FAK:
focal adhesion kinase; FERM: protein 4.1, ezrin, radixin
and moesin homology; FAT: focal adhesion targeting;
GAP: GTPase activating protein; mDia: mammalian
diphanous; ROCK: Rho-kinase; MLC: myosin light chain;

436

PIP,:  phosphatidylinositol ~ (4,5)-bisphosphate; ~ PH:
pleckstrin  homology; FMLP: N-formyl-Met-Leu-Phe;
RIAM: Rap1-GTP-interacting adaptor molecule

Key Words: Antigen Receptor, TCR, SLP-76, Vav, ITAM,
Syk, Integrin, Rho-Gtpase, Cytoskeleton, Signaling,
Review

Send correspondence to: James L. Clements, Ph.D,
Department of Immunology, Roswell Park Cancer Institute;
Elm and Carlton Streets, Buffalo, NY 14263, Tel: 716-845-
8018; Fax: 716-845-8906, E-mail:
james.clements@roswellpark.org

http://www.bioscience.org/current/vol12.htm



