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Integrin-mediated cell adhesion triggers intracellular signaling cascades, including tyrosine phosphoryla-
tion of intracellular proteins. Among these are the focal adhesion proteins p130°** (Cas) and focal adhesion
kinase (FAK). Here we identify the kinase(s) mediating integrin-induced Cas phosphorylation and characterize
protein-protein interactions mediated by phosphorylated Cas. We found that expression of a constitutively
active FAK in fibroblasts results in a constitutive tyrosine phosphorylation of Cas. This effect required the
autophosphorylation site of FAK, which is a binding site for Src family kinases. Integrin-mediated phosphor-
ylation of Cas was not, however, compromised in fibroblasts lacking FAK. In contrast, adhesion-induced
tyrosine phosphorylation of Cas was reduced in cells lacking Src, whereas enhanced phosphorylation of Cas
was observed Csk™ cells, in which Src kinases are activated. These results suggest that Src kinases are
responsible for the integrin-mediated tyrosine phosphorylation of Cas. FAK seems not to be necessary for
phosphorylation of Cas, but when autophosphorylated, FAK may recruit Src family kinases to phosphorylate
Cas. Cas was found to form complexes with Src homology 2 (SH2) domain-containing signaling molecules, such
as the SH2/SH3 adapter protein Crk, following integrin-induced tyrosine phosphorylation. Guanine nucleotide
exchange factors C3G and Sos were found in the Cas-Crk complex upon integrin ligand binding. These
observations suggest that Cas serves as a docking protein and may transduce signals to downstream signaling

pathways following integrin-mediated cell adhesion.

Cell-extracellular matrix interactions profoundly influence a
variety of biological processes, such as cell growth, differenti-
ation, and migration (26, 47). Integrins, which comprise the
major class of receptors used by cells to interact with the
extracellular matrix proteins (26, 47), can transmit biochemical
signals across the plasma membrane (30). Engagement of cell
surface integrins is associated with rapid tyrosine phosphory-
lation of several intracellular proteins; these proteins include
the focal adhesion kinase (FAK) (for references, see reference
12), paxillin (7), and tensin (5), as well as cortactin and p130°**
(Cas) (2, 41, 44, 62). Many of these proteins are primarily
localized in focal adhesions, which are important sites of ad-
hesion-induced signal transduction.

FAK becomes activated and autophosphorylated by integrin
clustering on the cell surface (12). The mechanism for this
activation is not known, but a direct in vitro interaction be-
tween FAK and the integrin B-subunit cytoplasmic domains
has recently been described (53). Once autophosphorylated on
tyrosine 397, FAK binds to Src homology 2 (SH2) domains of
Src family tyrosine kinases (13, 14, 52, 63). Src then phosphor-
ylates several other sites in FAK (8), which in turn function as
binding sites for signaling molecules containing SH2 domains,
such as Grb2 (55). Grb2 is constitutively associated with the
Ras GDP/GTP exchange protein Sos, and therefore, the for-
mation of a FAK-Grb2-Sos complex may lead to activation of
Ras and the Raf/mitogen-activated kinase kinase pathway (55).
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In support of this notion, it has been shown that ligand binding
by integrins outside the cell results in mitogen-activated pro-
tein kinase activation (11, 38, 55, 65). FAK interacts also with
several other signaling molecules, including phosphatidylinosi-
tol (PI) 3’-kinase (10, 22) and C-terminal Src kinase Csk (48).

Recent studies show that paxillin is phosphorylated in a
FAK-dependent manner in cells (54). Paxillin in turn has been
shown to form complexes with Csk and the adapter protein
Crk in an SH2-domain-dependent manner (4, 48, 54). These
observations indicate that ligand binding by integrins regulates
the functions of multiple docking proteins that transmit signals
to downstream pathways. How these integrin-mediated ty-
rosine phosphorylation events and protein-protein interactions
translate into the biological consequences observed upon cell-
extracellular matrix interaction is largely unknown.

Cas was originally identified as a 130-kDa protein that is
highly phosphorylated on tyrosine residues in cells expressing
the p47*“* (v-Crk) (3, 37) and p60**" (v-Src) oncoproteins
(31, 32). Cas contains an SH3 domain and a cluster of 15
possible SH2-domain-binding sites (substrate domain; Tyr-377
to Tyr-414) (49); nine of these are YD(V/T)P sequences that
conform to the binding motif for the Crk SH2 domain. An-
other region near the C terminus of Cas contains possible
binding motifs for the Src SH2 domain. Cas also has several
proline-rich regions that are candidates for SH3-domain-bind-
ing sites. These structural characteristics suggest that Cas is a
docking protein that can bind both SH2 and SH3 domains as
well as use its own SH3 domain to engage in protein-protein
interactions. Cas forms a stable complex with v-Crk and v-Src
in vivo in a phosphorylation-dependent manner and is a major
substrate for v-Src kinase activity in vitro. Thus, Cas may play
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a role in cellular transformation triggered by v-Crk and v-Src.
Little is known, however, about the physiological function of
Cas or about the pathways that promote Cas phosphorylation.

The phosphorylation of Cas and FAK occurs coordinately
during cell adhesion (41, 44, 62). Moreover, these two proteins
colocalize in focal adhesions, and they also bind to one another
(45). Therefore, Cas is a candidate for being a substrate of
FAK. In the work reported here, we seek to identify kinases
that mediate tyrosine phosphorylation of Cas in response to
integrin-mediated cell adhesion. Our results suggest that Src
family tyrosine kinases are responsible for the integrin-initi-
ated tyrosine phosphorylation of Cas and that FAK is not
necessary for tyrosine phosphorylation of Cas but may recruit
Src family kinases to phosphorylate Cas. The phosphorylated
Cas was found to form complexes with a number of SH2-
domain-containing signaling molecules. Thus, protein-protein
interactions mediated by Cas may connect integrin signaling to
downstream signaling pathways.

MATERIALS AND METHODS

Cells and cell culture. Src™, Fyn™, and Csk™ fibroblasts were isolated from
c-src™', fyn™/~, and csk~/~ mouse embryos, respectively, and immortalized with
simian virus 40 T-antigen genes (28, 58, 59). The established cell lines, as well as
the corresponding wild-type cell lines established in a similar fashion, were
obtained from Sheila Thomas and Philippe Soriano (Fred Hutchinson Cancer
Center, Seattle, Wash.). Normal mouse (CD1 strain) embryo fibroblasts were
from Hélene Baribault (La Jolla Cancer Research Foundation, La Jolla, Calif.).
Low-passage-number primary FAK ™ fibroblasts and the corresponding wild-type
cells have been described elsewhere (27). Rat embryo fibroblasts (REF-52 cells)
expressing constitutively active FAK were generated by transfecting the cells with
a CD2FAK plasmid (9) together with a pSV2-Neo marker vector. Stable clones
expressing the chimera CD2FAK were isolated by G418 selection. Cell lines
expressing mutant forms of CD2FAK, in which either the major autophosphor-
ylation site of FAK was mutated (Tyr-397-to-Phe [Y397F] mutation) or its kinase
activity was abolished (Lys-454-to-Arg [K454R] mutation), as well as control cell
lines expressing CD2 without FAK, were similarly generated. CD2, CD2FAK,
CD2FAK(Y397F), and CD2FAK(K454R) constructs in expression vector
pCDMS8 were obtained from Alejandro Aruffo (Bristol-Myers Squibb, Seattle,
Wash.) and are described elsewhere (9). REF-52 cells expressing exogenous
c-Crk were generated by transfecting the cells with expression plasmid pUC-
CAGGS, containing a full-length mouse c-Crk cDNA (42), together with a
pSV2-Neo marker vector. Sublines stably expressing c-Crk were selected by
G418 treatment and were then transfected with expression plasmid pSSRa,
containing a full-length rat Cas cDNA (49), together with a hygromycin resis-
tance marker. Cell lines expressing both Crk and Cas were selected by hygro-
mycin treatment in the presence of G418. Quantitation of expression levels in
control-transfected and Crk-/Cas-transfected cells was done from anti-Crk and
anti-Cas immunoblots by using an Ambis radioanalytic imaging system. COS-7
cells were used for transient transfection experiments with various FAK con-
structs as described below.

Cells were grown in Dulbecco modified Eagle medium (DMEM; Gibco Lab-
oratories, Grand Island, N.Y.) supplemented with 10% fetal calf serum (Tissue
Culture Biologicals, Tulare, Calif.), 50 U of penicillin per ml, and 50 pg of
streptomycin (Irvine Scientific, Santa Ana, Calif.) per ml. Stably transfected cell
lines were selected with 400 pg of G418 (Gibco) per ml or 400 U of hygromycin
(Calbiochem, San Diego, Calif.) per ml; established cell lines were cultured in
the presence of 200 g of G418 per ml and 200 U of hygromycin per ml. Prior
to adhesion experiments, cells were serum starved for 24 h in DMEM-1% fetal
calf serum, detached by trypsinization, and washed with soybean trypsin inhibi-
tor. The cells were washed twice with DMEM containing 0.5% bovine serum
albumin (BSA), and cell suspensions were incubated in DMEM-0.5% BSA at
37°C for 40 min on a rotator. Cells were then plated onto dishes coated with
various substrates and incubated at 37°C for 45 min; cells referred to as sus-
pended cells were held in suspension for an additional 20 min. Dishes were
coated with fibronectin (20 pg/ml; obtained from the Finnish Red Cross) or
polylysine (20 pg/ml; Sigma Chemical Co., St. Louis, Mo.) overnight and blocked
with 1% BSA for 1 h prior to plating of the cells.

Cell lysis and immunoprecipitation. Cells were washed with ice-cold phos-
phate-buffered saline (PBS) and lysed in modified radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 5 mM EDTA, 1%
Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 1% deoxycholate, 50 mM
NaF, 0.5 mM Naz;VO,, 0.1 U of aprotinin per ml, 10 pg of leupeptin per ml, 4
ng of pepstatin A per ml). Nonidet P-40 (NP-40) buffer (50 mM Tris [pH 7.5],
150 mM NaCl, 5 mM EDTA, 1% NP-40, phosphatase and protease inhibitors as
specified above) was used for in vitro kinase assays (Fig. 2) or studies of SH3-
domain-mediated interactions (Fig. 6). Immunoprecipitations and immunoblot
analysis were carried out as described previously (62). Phosphotyrosine-contain-
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ing proteins were visualized by incubation with horseradish peroxidase-conju-
gated antiphosphotyrosine antibody Py20 (Transduction Laboratories, Lexing-
ton, Ky.) followed by enhanced chemiluminescence detection (Amersham).
Other antibodies used in immunoprecipitations and immunoblotting were mono-
clonal anti-human CD2 antibody (Pharmingen, San Diego, Calif.), monoclonal
anti-FAK antibody (Transduction Laboratories), polyclonal anti-Cas antibody
(Cas2 antibody [49]), monoclonal antihemagglutinin (HA) antibody (12CAS;
Boehringer Mannheim, Indianapolis, Ind.), polyclonal anti-glutathione S-trans-
ferase (GST) antibody (Sigma), polyclonal anti-Csk antibody (obtained from
Tony Hunter, The Salk Institute, La Jolla, Calif.), monoclonal anti-Src antibody
(327; obtained from Joan Brugge, Ariad Pharmaceuticals, Cambridge, Mass.),
polyclonal anti-Sos and anti-Fyn antibodies (Upstate Biotechnology, Inc., Lake
Placid, N.Y.), monoclonal anti-B-tubulin antibody (Sigma), monoclonal anti-Crk
antibody (Transduction Laboratories), and polyclonal anti-Crk and anti-C3G
antibodies (obtained from Michiyuki Matsuda, National Institute of Health,
Tokyo, Japan). Rabbit polyclonal and mouse monoclonal antibodies were de-
tected in the immunoblot analysis by horseradish peroxidase-conjugated protein
A and anti-mouse immunoglobulin G (Sigma), respectively. Immunoreactive
bands were visualized by enhanced chemiluminescence.

In vitro kinase assay. CD2FAK, CD2FAK(Y397F), and CD2FAK(K454R)
constructs (see above) were used to generate FAK clones tagged with the HA
epitope. A 3.1-kb Pvull-Eagl fragment containing the coding region for human
FAK except for the first two amino acids (9) from each of the constructs was
blunt ended and subcloned to Smal-digested expression vector pJ3H (56). This
vector, obtained from Jonathan Chernoff (Fox Chase Cancer Center, Philadel-
phia, Pa.), adds an HA tag to the amino terminus of the expressed protein.
pJ3H-FAK, pJ3H-FAK(Y397F), and pJ3H-FAK(K454R) vectors were tran-
siently expressed in COS-7 cells as described previously (56). The transfected cell
populations were lysed in NP-40 lysis buffer 2 days following transfection, and the
HA-tagged FAK variants were immunoprecipitated with anti-HA antibody. Cells
transfected with a pJ3H vector without an insert were used as a control. Cas was
immunoprecipitated from nontransfected COS cells in RIPA buffer. Immuno-
precipitates were washed, combined, and incubated at 25°C for 30 min in a kinase
assay buffer [piperazine-N,N’-bis(ethanesulfonic acid (Pipes; pH 7.0), 10 mM
MnCl,, 1 mM dithiothreitol, 0.25 pnCi of [y->*P]ATP (6,000 Ci/mmol; Du Pont-
NEN, Boston, Mass.)]. The buffer was aspirated, and immunocomplex proteins
were released by boiling in 0.5% SDS-50 mM Tris (pH 7.5)-5 mM EDTA-10
mM dithiothreitol, then diluted 10-fold in RIPA buffer, and immunoprecipitated
with the anti-Cas antibody. Phosphorylated Cas was detected by autoradiography
after SDS-polyacrylamide gel electrophoresis (PAGE). Immunoprecipitated Cas
was similarly phosphorylated by recombinant Src (Upstate Biotechnology, Inc.).
Relative amounts of FAK and Cas in each reaction were determined by immu-
noblot analysis with anti-FAK and anti-Cas antibodies of equal aliquots of the
nonlabeled immunoprecipitates. Quantitation was performed with an Ambis
radioanalytic imaging system.

Phosphorylation of an exogenous substrate, poly(Glu, Tyr) (4:1; Sigma), was
carried out as described above except that the reaction mixture also contained 0.4
wg of poly(Glu, Tyr) and 5 uM unlabeled ATP. The reaction was terminated by
addition of EDTA to a final concentration of 0.25 M, and the FAK-containing
immunoprecipitates were removed by centrifugation. Poly(Glu, Tyr) was precip-
itated from the supernatant with trichloroacetic acid, and the incorporation of
32P was monitored by liquid scintillation counting. 3P incorporation into poly-
(Glu, Tyr) was normalized to the relative amounts of FAK determined by
immunoblot analysis.

SH2 domain binding. In vitro association experiments were done with GST
fusion proteins containing the SH2 domains of Grb2 (35), phospholipase C-y
(PLC-v) (this construct contains the carboxy-terminal SH2 domain of PLC-y
[29]), PI 3'-kinase (this construct contains the amino-terminal SH2 domain of PI
3’-kinase [29]), Shc (51), Nck, Src, and Crk. GST-SH2 domains of Grb2, PLC-y,
PI 3’-kinase, and Shc were from Jerrold Olefsky and coworkers (University of
California, San Diego, Calif.). To make GST-SrcSH2, an XhoI-Miul fragment of
the D3 mutant of chicken c-Src (25) was blunt ended and cloned into the Smal
site of pGEX-1. To make GST-CrkSH2, a Sfil-Eco811 fragment of v-Crk was
cloned by blunt-end ligation into the Smal site of pGEX-1. A Stul-Banl fragment
of Nck was cloned by blunt-end ligation to the Smal site of pPGEX-3X to generate
GST-NckSH2. The fusion proteins were expressed in Escherichia coli and puri-
fied as described previously (57). The fusion protein preparations were >95%
pure, as determined by SDS-PAGE and Coomassie blue staining. RIPA cell
lysate (250 ng) was precleared by incubation with GST immobilized on gluta-
thione-Sepharose beads (Pharmacia) for 30 min with rotation at 4°C. The lysates
were then incubated with 5 pg of GST alone or of the GST-SH2 fusion proteins,
which had been immobilized on glutathione-Sepharose beads, for 2 h with ro-
tation at 4°C. The beads were collected and washed twice with RIPA buffer and
twice with Tris-buffered saline, and the bound proteins were released by boiling
in sample buffer and then subjected to SDS-PAGE and immunoblot analysis.

Blotting with GST fusion proteins. Cas immunoprecipitates were resolved by
SDS-PAGE and transferred to Immobilon-P transfer membranes. Replica blots
were blocked with PBS-1% BSA and then probed with 5 pg of purified GST or
GST-CrkSH2 fusion protein per ml. After a 60-min incubation at room temper-
ature with rotation, the blots were washed with PBS-1% BSA-0.1% Tween 20
and probed with a polyclonal anti-GST antiserum. Following washing, blots were
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FIG. 1. Expression of wild-type and mutant forms of CD2FAK in REF-52
cells: effect on tyrosine phosphorylation of Cas. (A) RIPA cell lysates prepared
from REF-52 cells stably expressing wild-type CD2FAK (CD2FAK),
CD2FAK(Y397F), or CD2FAK(K454R) were subjected to immunoblot analysis
with anti-FAK antibody. The molecular weight markers are indicated in kilodal-
tons. The open arrow indicates CD2FAK proteins, and the filled arrow indicates
the endogenous FAK protein. (B to E) Lysates prepared from cells held in
suspension (S) or adherent on fibronectin (A) were immunoprecipitated (IP)
with anti-CD2, anti-FAK, anti-Cas, or anti-Src antibody. (B) Antiphosphoty-
rosine (anti-pTyr) immunoblot of the immunoprecipitates; (C) the same blot
stripped and reprobed with anti-CD2, anti-FAK, and anti-Cas antibodies to
assess protein loading (the band corresponding to the endogenous FAK is shown
in the anti-FAK immunoprecipitates); (D) anti-CD2 immunoblot of anti-Src
immunoprecipitates; (E) the same blot reprobed with anti-Src antibodies.

IP: anti-Src W4 B4

incubated with horseradish peroxidase-conjugated protein A and washed, and
detection was performed by with enhanced chemiluminescence.

RESULTS

Tyrosine phosphorylation of Cas in cells expressing consti-
tutively active FAK. We constructed cells expressing constitu-
tively active FAK to study the relationship of FAK activity and
tyrosine phosphorylation of Cas. Fusion of the CD2 antigen
ectodomain and transmembrane domain to the amino termi-
nus of full-length human FAK activates FAK such that it
becomes autophosphorylated on tyrosine 397 and is an active
tyrosine kinase, even in nonattached cells (9). REF-52 cells
were transfected with expression plasmids encoding wild-type
CD2FAK protein, CD2FAK lacking the major autophosphor-
ylation site of FAK (Y397F mutation), or CD2FAK lacking
tyrosine kinase activity (K454R mutation). The CD2 ectodo-
main alone was used as a control. Three stable sublines of each
transfectant were used throughout the study, and representa-
tive experiments are shown.
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Transfected cell lines immunoblotted with anti-CD2 anti-
bodies showed expression of proteins that were of the pre-
dicted molecular weights (not shown). Immunoblotting with
anti-FAK antibodies, which recognize both the endogenous rat
FAK and CD2FAK proteins, indicated that the level of expres-
sion of CD2FAK was about fivefold lower than that of the
endogenous FAK (Fig. 1A). CD2FAK was localized to focal
contacts in immunofluorescence, presumably directed there by
the C-terminal focal adhesion targeting sequence of FAK (24).
The CD2 ectodomain protein expressed without a fusion to
FAK localized diffusely on the cell surface (18a).

Endogenous REF-52 cell FAK was rapidly tyrosine phos-
phorylated in cells adhering to fibronectin but not in sus-
pended cells (not shown). The expression of wild-type
CD2FAK did not affect the tyrosine phosphorylation of the
endogenous FAK, but the CD2FAK itself was highly phos-
phorylated in both adherent and suspended cells (Fig. 1B). The
CD2FAK phosphorylation was absent in the Y397F and
K454R mutants (Fig. 1B). FAK autophosphorylated on ty-
rosine 397 is known to form complexes with Src family tyrosine
kinases in intact cells (13, 14, 52, 63). We found that wild-type
CD2FAK coprecipitated with Src from the REF-52 cells (Fig.
1D). This association was not dependent on the adhesion sta-
tus of the cells. The mutant forms of CD2FAK failed to asso-
ciate with Src (Fig. 1D). These results indicate that wild-type
CD2FAK is constitutively active and phosphorylated on ty-
rosine 397 in the REF-52 cells.

To study the effect of FAK on Cas tyrosine phosphorylation,
Cas was immunoprecipitated from suspended and adherent
cells expressing wild-type or mutant CD2FAK and subjected to
antiphosphotyrosine immunoblot analysis. The results showed
that Cas was tyrosine phosphorylated in both suspended and
adherent CD2FAK-expressing cells. In contrast, the phosphor-
ylation of Cas was adhesion dependent in cells expressing the
mutant forms of CD2FAK and in the control REF-52 cells
(Fig. 1B). These results suggest that Cas can become tyrosine
phosphorylated in a FAK-dependent manner and that auto-
phosphorylation of FAK on tyrosine 397 is an important reg-
ulatory event in Cas phosphorylation.

Tyrosine phosphorylation of Cas in vitro by FAK and Src.
We next studied whether Cas could be tyrosine phosphorylated
by FAK in immunoprecipitates. Wild-type FAK and Y397F
and K454R mutant forms of FAK were tagged with the HA
epitope, transiently expressed in COS-7 cells, and immunopre-
cipitated with anti-HA antibody. The immunoprecipitates were
incubated together with anti-Cas immunoprecipitates in kinase
assay buffer containing [y->*P]ATP. To detect phosphorylated
Cas, which comigrates with HA-tagged FAK, bound protein
was released from the immunocomplex, and Cas was repre-
cipitated prior to SDS-PAGE analysis.

Incubation of Cas immunoprecipitates with HA-FAK immu-
noprecipitates showed that Cas was efficiently phosphorylated
by wild-type FAK, whereas only background phosphorylation
was seen with the kinase-deficient K454R mutant form of
FAK. Our detection of a kinase activity coprecipitating with
p130°* is consistent with previous observations (49). The au-
tophosphorylation site mutant (Y397F) showed reduced ki-
nase activity toward Cas. Compared with wild-type HA-FAK,
its activity was reduced fourfold, as determined by radioana-
Iytic quantitation of the autoradiograph (Fig. 2). These results
suggest that autophosphorylation of FAK on tyrosine 397 reg-
ulates the ability of FAK to phosphorylate Cas.

It has been shown that autophosphorylation on tyrosine 397
does not significantly regulate the kinase activity of isolated
FAK (8, 52). The results of our assays using poly(Glu, Tyr) as
an exogenous substrate are in agreement with these findings.
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FIG. 2. Tyrosine phosphorylation of Cas in vitro by FAK and Src. HA-tagged
wild-type FAK [FAK(wt)], FAK(Y397F), and FAK(K454R) were expressed in
COS-7 cells, immunoprecipitated, and tested for the ability to phosphorylate Cas
immunoprecipitated from untransfected COS-7 cells. Phosphorylated Cas was
detected by autoradiography after SDS-PAGE (top). The amounts of Cas (mid-
dle) and FAK (bottom) in each reaction were determined by immunoblot anal-
ysis with anti-Cas and anti-FAK antibodies of equal aliquots of the nonlabeled
immunoprecipitates. C, in vitro kinase assay with an anti-HA immunoprecipitate
from control-transfected COS cells mixed with an anti-Cas immunoprecipitate;
Src, in vitro kinase assay with recombinant Src mixed with an anti-Cas immuno-
precipitate.
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As expected, the K454R mutation essentially abolished the
kinase activity of FAK (<1% of wild-type activity), whereas the
Y397F mutation resulted in a modest but reproducible de-
crease in kinase activity, to about 60% of wild-type activity
toward poly(Glu, Tyr) (not shown). Therefore, the reduced
activity of the Y397F mutant toward Cas suggests that the FAK
autophosphorylation site may be required to recruit and acti-
vate another tyrosine kinase, which then phosphorylates Cas
(see Discussion). In support of this notion, we detected Src in
the wild-type FAK but not in mutant FAK immunoprecipi-
tates. We also found that recombinant Src efficiently phospho-
rylates isolated Cas (Fig. 2). That Src can phosphorylate Cas in
v-Src immunoprecipitates has been reported (49). Together,
these results indirectly suggest that Src family kinases may be
responsible for Cas tyrosine phosphorylation in cells.

Integrin-mediated tyrosine phosphorylation of Cas in fibro-
blasts deficient in FAK, Src, Fyn, or Csk. To further study the
role of FAK and Src family kinases in tyrosine phosphorylation
of Cas, we took advantage of transgenic mutant (knockout)
mice that do not express either FAK (27), the Src family kinase
Src or Fyn (58, 59), or Csk, which is a negative regulator of Src
family kinases (28). Cells isolated from these mice were used to
examine tyrosine phosphorylation of Cas in response to inte-
grin-mediated cell adhesion. Cells lacking various tyrosine ki-
nases were compared with corresponding wild-type cells iso-
lated in a manner similar to that used for the knockout cell
lines. The results obtained with these control cell lines did not
differ from those obtained with normal mouse embryo CD1
fibroblasts (not shown); the CD1 fibroblasts were used for the
analyses discussed below.

CD1 fibroblasts and fibroblasts lacking FAK, Src, Fyn, or
Csk were either held in suspension or plated on dishes coated
with fibronectin and allowed to spread for 45 min before being
harvested into RIPA buffer. Cas immunoprecipitates from the
cell lysates were immunoblotted with antiphosphotyrosine and
are shown in Fig. 3A. Results obtained with cells allowed to
adhere on fibronectin for various time periods up to 3 h were
essentially the same (not shown). Cas from FAK™ cells ad-
hered on fibronectin was phosphorylated to the same degree as
Cas from control cells on fibronectin, indicating that FAK is
not absolutely required for integrin-mediated tyrosine phos-
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phorylation of Cas in the mouse fibroblasts. In contrast, the
adhesion-induced tyrosine phosphorylation of Cas was re-
duced in the Fyn~ cells and even lower in the Src™ cells.
Moreover, increased tyrosine phosphorylation of Cas was seen
in the Csk™ cells, in which Src family kinases are activated.
Reprobing of the membranes with anti-Cas antibodies showed
that a similar amount of Cas had been immunoprecipitated
from each cell type (Fig. 3A). Immunoblotting experiments
confirmed the absence of the appropriate tyrosine kinase from
each mutant cell line (Fig. 3B). These results suggest that Cas
is preferentially phosphorylated by Src and perhaps by the
other Src family kinases, rather than by FAK, upon integrin-
mediated cell adhesion.

Interaction of Cas in vitro with SH2-domain-containing sig-
naling molecules in an adhesion-dependent manner. The ty-
rosine-phosphorylated sites in Cas may function as binding
sites for proteins containing SH2 domains, as is the case with
two other integrin-regulated proteins, FAK and paxillin (see
the introduction). Cas might therefore serve as a docking pro-
tein to recruit and tether additional signaling proteins into the
focal adhesion complex. To test whether SH2-domain-contain-
ing proteins would bind to Cas in an adhesion-dependent man-
ner, binding experiments with various GST-SH2 fusion pro-
teins were conducted. As shown in Fig. 4, the SH2 domains of
several signaling proteins bound to Cas in lysates of REF-52
cells that had been plated on fibronectin for 45 min. No SH2
domain binding to Cas was seen in cell lysates prepared from
suspended cells or from cells plated on polylysine. Cas does not
become tyrosine phosphorylated in cells that are kept in sus-
pension or on polylysine, which promotes cell attachment in a
non-integrin-dependent manner (41, 44, 62). Among the sig-
naling molecules found to interact with Cas in a manner de-
pendent on integrin ligand binding were PI 3’-kinase, PLC-vy,
Src, and SH2/SH3 adapter proteins Grb2, Nck, and Crk, all of
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FIG. 3. Tyrosine phosphorylation of Cas in fibroblasts lacking FAK, Src, Fyn,
or Csk. (A) RIPA cell lysates were prepared from suspended (S) and adherent
(A) control mouse fibroblasts (C) or from fibroblasts lacking the indicated
tyrosine kinases. Cas was immunoprecipitated (IP) from the lysates and analyzed
by antiphosphotyrosine (anti-pTyr) immunoblotting (upper panel). Loading was
assessed by immunoblotting parallel samples with anti-Cas antibodies (lower
panel). Immunoblot analysis of total cell lysates confirmed the absence of the
appropriate tyrosine kinase from each mutant cell line (B).
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FIG. 4. Adhesion-dependent interaction of Cas with multiple SH2-domain-
containing molecules in binding assays. RIPA cell lysates were prepared from
REF-52 cells adherent on fibronectin (FN), plated on polylysine (PLL), or held
in suspension (SUSP) as described in Materials and Methods. Lysates were
incubated with the indicated GST fusion proteins coupled to glutathione-agarose
(glut.agarose), and precipitates were analyzed by immunoblotting with anti-Cas
antibody.

which potentially couple to the Ras pathway. No interaction
was detected between Cas and the SH2 domain of Shc.

Crk coprecipitates with Cas upon integrin-mediated adhe-
sion and binds directly to Cas. Cas bound more of the Crk SH2
domain than of the other SH2 domains (Fig. 4 and data not
shown); we next carried out coimmunoprecipitation experi-
ments to determine whether Cas and Crk also associate in the
cells following integrin-mediated cell adhesion. Immunopre-
cipitation of Crk from REF-52 cells adherent on fibronectin,
but not from cells held in suspension, resulted in coimmuno-
precipitation of Cas (Fig. 5A). Similarly, Cas immunoprecipi-
tates from cells plated on fibronectin, but not from suspended
cells, contained Crk (Fig. 5B). No Cas-Crk coprecipitation was
observed from cells plated on polylysine. Quantitation of anti-
Cas immunoblots of total cell lysates and Crk immunoprecipi-
tates suggests that 5 to 7% of cellular Cas associates with Crk
in fibronectin-adherent REF-52 cells (not shown).

To determine whether the association between Cas and Crk
was direct, Cas was immunoprecipitated from suspended and
fibronectin-adherent REF-52 cells and subjected to an overlay
assay using the GST-CrkSH2 fusion protein as a probe. As
shown in Fig. 5C, a protein of 130 kDa was detected by the
GST-CrkSH2 fusion protein on the lanes of precipitates with
anti-Cas antibodies from adherent but not from suspended
cells. No protein was detected when control precipitates with
irrelevant antibodies were probed with GST-CrkSH2 or when
anti-Cas immunoprecipitates were probed with GST-ShcSH2
(not shown). The 130-kDa protein detected in the anti-Cas
immunoprecipitates by GST-CrkSH2 had the same mobility as
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Cas detected by reprobing of the membrane with anti-Cas
antibody (Fig. 5C). These results indicate that integrin-medi-
ated cell adhesion induces a direct, SH2-domain-dependent
interaction between Cas and the SH2/SH3 adapter protein
Crk.

Cas coprecipitates with Sos and C3G upon integrin-medi-
ated cell adhesion. Crk represents an emerging class of adapter
proteins consisting mostly of SH2 and SH3 domains; it can
simultaneously bind to tyrosine-phosphorylated proteins via its
SH2 domain and to proline-rich signaling molecules through
the SH3 domains (43). Crk interacts with a number of proteins
through its SH3 domain; among these proteins are Sos and
C3G, which are guanine nucleotide-releasing proteins and ac-
tivators of members of small GTP-binding proteins (33, 36,
60). We next studied whether these two Crk-interacting pro-
teins could be found in Cas-Crk signaling complex induced
upon integrin-mediated cell adhesion.

To facilitate the detection of Crk-Cas interaction in cells, we
generated REF-52 cell lines which stably express exogenous
Cas and Crk at levels that were threefold higher than the
endogenous level for Cas and fourfold higher than that for Crk
(Fig. 6A). Three sublines expressing exogenous Cas and Crk at
similar levels were studied; representative experiments are
shown.

Both Sos and C3G were detected in anti-Cas immunopre-
cipitates from cells adherent on fibronectin but not from sus-
pended cells (Fig. 6B). C3G, but not Sos, was also weakly
detectable in anti-Cas immunoprecipitates from adherent con-
trol-transfected cells (not shown). The amount of C3G recov-
ered in anti-Cas immunoprecipitates thus appears higher than
that of Sos, but the results may also reflect differences in the
antibody detection levels. The complex formation between Sos,
C3G, and Cas required the presence of Crk in the complex;
Cas could not be coprecipitated with Sos and C3G from cell
lysates immunodepleted of Crk (not shown). These results
indicate that at least two of the proteins that are capable of
binding to the SH3 domain of Crk are present in the Cas-Crk
signaling complex formed upon cell adhesion. They may con-
nect integrin ligand binding to downstream signaling pathways.

DISCUSSION

Recent work by Petch et al. (44), Nojima and coworkers
(41), and us (62) has demonstrated that Cas, a focal contact
protein which is heavily tyrosine phosphorylated in v-crk- and
v-src-transformed cells (3, 31, 32, 37), undergoes tyrosine phos-
phorylation upon integrin ligand binding. The results reported
herein identify Src family kinases as mediators of integrin-
induced tyrosine phosphorylation of Cas. They also indicate
that Cas can function as a docking protein which binds multiple
SH2-domain-containing molecules upon integrin ligand bind-
ing and connects integrins to downstream signaling pathways.

A S A
IP: anti-Cas
>
anti-Crk anti-Cas  Blot: CrkSH2  anti-Cas

FIG. 5. Coprecipitation of Crk with Cas in extracts from adherent cells: direct binding of Crk to Cas. (A) Cell lysates from suspended (S) and adherent (A) REF-52
cells were immunoprecipitated with polyclonal antibody against Crk and analyzed by anti-Cas immunoblotting (left). The blot was reprobed with monoclonal anti-Crk
to confirm equal loading (right). (B) The same lysates were immunoprecipitated with anti-Cas antibodies and analyzed by monoclonal anti-Crk immunoblotting (left).
The blot was reprobed with anti-Cas (right). (C) Similarly prepared lysates were immunoprecipitated with anti-Cas antibody and blotted with GST-CrkSH2 followed
by anti-GST antibody and horseradish peroxidase-conjugated protein A incubation (left). The blot was stripped and reprobed with anti-Cas antibodies (right).
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FIG. 6. Coprecipitation of Cas with Sos and C3G in extracts from adherent
cells. (A) REF-52 cells were transfected with a mixture of neomycin and hygro-
mycin resistance markers (control-transfected cell line [C]) or transfected to
stably express exogenous Cas and Crk as described in Materials and Methods
(Cas-Crk-transfected cell line [T]). Expression levels of Cas and Crk were de-
termined from RIPA cell lysates by immunoblotting with the appropriate anti-
body. Antitubulin immunoblotting was used to confirm equal loading. (B) Cells
expressing exogenous Cas and Crk were either held in suspension (S) or allowed
to adhere and spread on fibronectin (A). The cells were lysed in 1% NP-40
buffer, and immunoprecipitation was carried out with anti-Cas antibodies. The
immunoprecipitates were separated on SDS-PAGE and subjected to anti-Sos
and anti-C3G immunoblotting. Anti-Cas immunoblotting of the precipitates was
performed to ascertain equal loading.

Our results obtained with fibroblasts expressing constitu-
tively active FAK show that the tyrosine phosphorylation of
Cas can be induced in a FAK-dependent manner. This finding
suggests either that Cas serves as a direct substrate for FAK or
that a second protein tyrosine kinase, which is activated by
FAK, phosphorylates Cas. Our results support the second pos-
sibility and suggest that Src kinases are responsible for the
phosphorylation of Cas, at least upon integrin ligand binding.

We found autophosphorylation of FAK at tyrosine 397 to be
crucial for the induction of Cas phosphorylation both in cells
and in immunoprecipitates. However, as autophosphorylation
does not significantly regulate the enzymatic activity of isolated
FAK (8, 52), it is not immediately obvious how the FAK
autophosphorylation might regulate the tyrosine phosphoryla-
tion of Cas. One possibility is that autophosphorylation of
FAK creates binding sites for FAK substrates, and this would
facilitate phosphorylation of the bound substrates. It is un-
likely, however, that autophosphorylation of FAK recruits Cas,
because Cas does not possess domains that are known to bind
tyrosine-phosphorylated sites in other proteins. A direct inter-
action between FAK and Cas has recently been demonstrated;
this interaction does not depend on autophosphorylation of
FAK but rather is mediated by the Cas SH3 domain binding to
a proline-rich region of FAK (45). Thus, a more plausible
explanation for our result is that autophosphorylation of FAK
is required for the binding and/or activation of a second pro-
tein tyrosine kinase, such as Src or a Src-related kinase, which
then is mainly responsible for the phosphorylation of Cas. In
support of this possibility, and in agreement with previous
reports (13, 14, 49, 52, 63), we found that Src coprecipitates
with autophosphorylated FAK and can phosphorylate Cas in
vitro. Calalb and coworkers have reported that maximal kinase
activity of FAK requires phosphorylation of both tyrosine 576
and tyrosine 577 (8); studies with FAK harboring mutations in
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these two sites and in tyrosine 397 would be required to con-
firm the role of FAK in tyrosine phosphorylation of Cas under
our experimental conditions.

Our experiments with cells lacking various tyrosine kinases
support more directly the conclusion that Src kinases, rather
than FAK, are responsible for the adhesion-induced tyrosine
phosphorylation of Cas. Analysis of cells deficient of FAK
demonstrated that adhesion-induced tyrosine phosphorylation
of Cas has not changed in these cells compared with control
cells. Tyrosine phosphorylation of Cas was greatly compro-
mised in cells lacking Src, whereas integrin-induced Cas phos-
phorylation was enhanced in Csk™ cells, in which Src kinases
are activated. Bockholt and Burridge (6) analyzed fibroblasts
isolated from Src™’~, Fyn™/~, and Yes™/~ mice and identified
Cas as a major protein with reduced levels of tyrosine phos-
phorylation, particularly in the cells lacking Src. In addition,
they examined FAK phosphorylation and kinase activity and
found that there were no significant differences between the
knockout cells and control cells. Thus, their results also suggest
that Cas is a preferential substrate for Src rather than a sub-
strate for FAK, as FAK activity was not diminished in the Src™
cells. Because they used a monoclonal Cas antibody that rec-
ognizes a tyrosine-phosphorylated epitope (31), however, they
were not able to study the possible differences in the protein
levels of Cas in these cells. Our results show that the decrease
in the tyrosine phosphorylation of Cas is not a result of a
difference in Cas expression by the knockout cells but reflects
the tyrosine phosphorylation status of Cas.

The results reported here for Cas resemble those reported
for paxillin. Recent work by Schaller and Parsons shows that
tyrosine phosphorylation of paxillin is FAK dependent in cells
overexpressing FAK and that autophosphorylation of FAK on
tyrosine 397 is required for paxillin phosphorylation (54). Sim-
ilar to what we report here for tyrosine phosphorylation of Cas,
tyrosine phosphorylation of paxillin has been shown to occur
normally in FAK™ cells (27) but to be increased in Csk ™ cells
(39, 61). Similar observations have been made regarding ty-
rosine phosphorylation of tensin and cortactin, two other pro-
teins which become phosphorylated upon integrin ligand bind-
ing (27, 39, 61, 62). Thus, somewhat surprisingly, FAK appears
not to be required for tyrosine phosphorylation of any of the
known proteins linked to integrin signaling. The FAK™ cells
are valuable in the study of integrin signaling, because the roles
of other signaling molecules, such as additional members of
the FAK family (1, 34, 50), can be studied in isolation of FAK.

The structure of Cas suggests that it is a signal assembly
protein that can bind proteins containing SH2 domains, SH3
domains, and recognition sequences for SH3 domains and can
switch downstream signals on and off (49). We found that Cas
interacts in vitro with multiple SH2-domain-containing pro-
teins and that at least one of these proteins, Crk, binds to Cas
in an adhesion-dependent manner in cells. Crk belongs to a
family of proteins which consist almost entirely of SH2 and
SH3 domains, with little intervening sequence. The Crk family
presently includes the oncogenic v-Crk, two forms of c-Crk
proteins, c-Crk I and c-Crk II, and a Crk-like protein, CRKL.
The widely expressed c-Crk II protein, which is recognized by
the antibodies used in this study, contains an amino-terminal
SH2 domain followed by two SH3 domains (17). Proteins that
interact with the Crk SH2 domain via phosphorylated tyrosine
residues were first identified in cells transformed with v-crk or
v-src and include Cas and paxillin (17). We demonstrate here
that Cas-Crk interaction takes place in nontransformed cells
upon integrin ligand binding; Schaller and Parsons have found
that paxillin interacts with the SH2 domain of Crk in cells
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overexpressing FAK, but they detected no paxillin-Crk copre-
cipitation in their cells (54).

Crk binds to a number of proteins through its SH3 domain;
these proteins include the guanine nucleotide exchange factors
Sos and C3G (33, 36, 60) and the non-receptor tyrosine kinases
Abl and Arg (15, 46). We detected Sos and C3G in complexes
with Cas after cells had adhered through integrins. Our finding
that exogenous expression of Cas and Crk was required to
detect these interactions is consistent with earlier observations
showing that high levels of Crk expression are required for the
formation of stable complexes between Crk and the exchange
factors (15-17, 33, 60; but see also reference 36). Thus, unlike
the adapter protein Grb2, Crk does not appear to be able to
form constitutive signaling protein complexes and probably
requires activation to form such complexes transiently (17); its
binding to Cas might provide such an activating signal.

The binding of an SH3-domain-containing protein, such as
Crk, to a nucleotide exchange factor can increase the catalytic
activity of the factor (21). Thus, the binding of Crk to Cas upon
integrin-mediated adhesion may lead to the assembly of mul-
tiprotein signaling complexes and subsequent activation of sig-
naling pathways downstream of exchange factors Sos and C3G.
The function of Sos as a Ras exchange factor has been estab-
lished (19); a Cas-Crk-Sos complex may take part in Ras acti-
vation and in the mitogen-activated protein kinase activation
that is seen during integrin-mediated cell adhesion (11, 38, 55,
65). Complementation experiments using yeast strains have
suggested that C3G also acts as an exchange factor for a Ras
protein (60); a recent report identifies Rapl as a target for
C3G (20). Rapl, a close relative of Ras, has been shown to
promote Ras activity by inhibiting the GTPase activity of Ras
GTPase-activating protein (18, 23). On the other hand, Rapl
may also have inhibitory effects on the Ras pathway through its
binding to Raf (40). Moreover, Rapl may also have its own
signaling pathway; microinjection of Rapl protein into 3T3
cells stimulates mitogenesis in these cells (64). Thus, the ligand
binding of integrins seems to control the tyrosine phosphory-
lation status of a number of intracellular proteins that can
function as docking proteins connecting multiple downstream
signaling pathways via SH2- and SH3-domain interactions. The
intracellular balance between these pathways may be respon-
sible for the effects of the extracellular matrix on cell prolifer-
ation and differentiation.

ACKNOWLEDGMENTS

We thank Alejandro Aruffo, Hélene Baribault, Jerrold Olefsky,
Joan Brugge, Jonathan Chernoff, Tony Hunter, Michiyuki Matsuda,
Philippe Soriano, and Sheila Thomas for generously providing re-
agents used in this study.

This work was supported by National Institutes of Health grants CA
28896 and CA 67224 and Cancer Center Support grant CA 30199 to
E.R. K.V. was supported by the American Cancer Society, the Susan
G. Komen Breast Cancer Foundation, and the Academy of Finland.

REFERENCES

1. Avraham, S., R. London, Y. Fu, S. Ota, D. Hiregowdara, J. Li, S. Jiang, L. M.
Pasztor, R. A. White, J. E. Groopman, and H. Avraham. 1995. Identification
and characterization of a novel related adhesion focal tyrosine kinase
(RAFTK) from megakaryocytes and brain. J. Biol. Chem. 270:27742-27751.

2. Bhattacharya, S., C. Fu, J. Bhattacharya, and S. Greenberg. 1995. Soluble
ligands of the avB3 integrin mediate enhanced tyrosine phosphorylation of
multiple proteins in adherent bovine pulmonary artery endothelial cells. J.
Biol. Chem. 270:16781-16787.

3. Birge, R. B., J. E. Fajardo, B. J. Mayer, and H. Hanafusa. 1992. Tyrosine-
phosphorylated epidermal growth factor receptor and cellular p130 provide
high affinity binding substrates to analyze Crk-phosphotyrosine-dependent
interactions in vitro. J. Biol. Chem. 267:10588-10595.

4. Birge, R. B., J. E. Fajardo, C. Reichman, S. E. Shoelson, Z. Songyang, L. C.
Cantley, and H. Hanafusa. 1993. Identification and characterization of a

11.

12.

13.

15.

16.

18.

18a.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

MoL. CELL. BIOL.

high-affinity interaction between v-Crk and tyrosine-phosphorylated paxillin
in CT10-transformed fibroblasts. Mol. Cell. Biol. 13:4648-4656.

. Bockholt, S. M., and K. Burridge. 1993. Cell spreading on extracellular

matrix proteins induces tyrosine phosphorylation of tensin. J. Biol. Chem.
468:14565-14567.

. Bockholt, S. M., and K. Burridge. 1995. An examination of focal adhesion

formation and tyrosine phosphorylation in fibroblasts isolated from src™,
fyn~, and yes™ mice. Cell Adhes. Commun. 3:91-100.

. Burridge, K., C. E. Turner, and L. H. Romer. 1992. Tyrosine phosphoryla-

tion of paxillin and pp125¥4X accompanies cell adhesion to extracellular
matrix: a role in cytoskeletal assembly. J. Cell Biol. 119:893-903.

. Calalb, M. B., T. R. Polte, and S. K. Hanks. 1995. Tyrosine phosphorylation

of focal adhesion kinase at sites in the catalytic domain regulates kinase
activity: a role for Src family kinases. Mol. Cell. Biol. 15:954-963.

. Chan, P. Y., S. B. Kanner, G. Whitney, and A. Aruffo. 1994. A transmem-

brane-anchored chimeric focal adhesion kinase is constitutively activated
and phosphorylated at tyrosine residues identical to pp125FAK. J. Biol.
Chem. 269:20567-20574.

. Chen, H. C., and J.-L. Guan. 1994. Association of focal adhesion kinase with

its potential substrate phosphatidylinositol 3-kinase. Proc. Natl. Acad. Sci.
USA 91:10148-10152.

Chen, Q., M. S. Kinch, T. H. Lin, K. Burridge, and R. L. Juliano. 1994.
Integrin-mediated cell adhesion activates mitogen-activated protein kinases.
J. Biol. Chem. 269:26602-26605.

Clark, E. A, and J. S. Brugge. 1995. Integrins and signal transduction
pathways: the road taken. Science 268:233-239.

Cobb, B. S., M. D. Schaller, T. H. Leu, and J. T. Parsons. 1994. Stable
association of pp60*™ and pp59%™ with the focal adhesion-associated protein
tyrosine kinase, pp125F4X. Mol. Cell. Biol. 14:147-155.

. Eide, B. L., C. W. Turck, and J. A. Ascobedo. 1995. Identification of Tyr-397

as the primary site of tyrosine phosphorylation and pp60** association in the
focal adhesion kinase, pp125F4K. Mol. Cell. Biol. 15:2819-2827.

Feller, S. M., B. Knud and H. Hanaf 1994. c-Abl kinase regulates the
protein binding activity of c-Crk. EMBO J. 13:2341-2351.

Feller, S. M., B. Knud and H. Hanaf 1995. Cellular proteins binding
to the first Src homology 3 (SH3) domain of the proto-oncogene product
c-Crk indicate Crk-specific signaling pathways. Oncogene 10:1465-1473.

. Feller, S. M., R. Ren, H. Hanafusa, and D. Baltimore. 1994. SH2 and SH3

domains as molecular adhesives: the interactions of Crk and Abl. Trends
Biochem. Sci. 19:453-458.

Frech, M., J. John, V. Pizon, P. Chardin, A. Tavitian, R. Clark, F. McCor-
mick, and A. Wittinghofer. 1990. Inhibition of GTPase activating protein
stimulation of Ras-p21 GTPase by the Krev-1 gene product. Science 249:
169-171.

Frisch, S. M., K. Vuori, and E. Ruoslahti. Submitted for publication.

. Gale, N. W,, S. Kaplan, E. J. Lowenstein, J. Schlessinger, and D. Bar-Sagi.

1993. Grb2 mediates the EGF-dependent activation of guanine nucleotide
exchange on Ras. Nature (London) 363:88-92.

Gotoh, T., S. Hattori, S. Nakamura, H. Kitayama, M. Noda, Y. Takai, K.
Kaibuchi, H. Matsui, O. Hatase, H. Takahashi, T. Kurata, and M. Matsuda.
1995. Identification of Rapl as a target for the Crk SH3 domain-binding
guanine nucleotide-releasing factor C3G. Mol. Cell. Biol. 15:6746-6753.
Gout, L., R. Dhand, I. D. Hiles, M. J. Fry, G. Panayotou, P. Das, O. Truong,
N. F. Totty, J. Hsuan, and G. W. Booker. 1993. The GTPase dynamin binds
to and is activated by a subset of SH3 domains. Cell 75:25-36.

Guinebault, C., B. Payrastre, C. Racaud-Sultan, H. Mazarguil, M. Breton,
G. Mauco, M. Plantavid, and H. Chap. 1995. Integrin-dependent transloca-
tion of phosphoinositide 3-kinase to the cytoskeleton of thrombin-activated
platelets involves specific interactions of p85 « with actin filaments and focal
adhesion kinase. J. Cell Biol. 129:831-842.

Hata, Y., A. Kikuchi, T. Sasaki, M. D. Schaber, J. B. Gibbs, and Y. Takai.
1990. Inhibition of the ras p21 GTPase-activating protein-stimulated GTPase
activity of c-Ha-ras p21 by smg p21 having the same putative effector domain
as ras p21s. J. Biol. Chem. 265:7104-7107.

Hildebrand, J. D., M. D. Schaller, and J. T. Parsons. 1993. Identification of
sequences required for the efficient localization of the focal adhesion kinase,
pp125¥4K, to cellular focal adhesions. J. Cell Biol. 123:993-1005.

Hirai, H., and H. E. Varmus. 1990. Site-directed mutagenesis of the SH2-
and SH3-coding domains of c-src produces varied phenotypes, including
oncogenic activation of p60“*"“. Mol. Cell. Biol. 10:1307-1318.

Hynes, R. O. 1992. Integrins: versatility, modulation and signaling in cell
adhesion. Cell 69:11-25.

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

Imamoto, A., and P. Soriano. 1993. Disruption of the csk gene, encoding a
negative regulator of Src family tyrosine kinases, leads to neural tube defects
and embryonic lethality in mice. Cell 73:1117-1124.

Jhun, B. H., D. W. Rose, B. L. Seely, L. Rameh, L. Cantley, A. R. Saltiel, and
J. M. Olefsky. 1994. Microinjection of the SH2 domain of the 85-kilodalton
subunit of phosphatidylinositol 3-kinase inhibits insulin-induced DNA syn-



VoL. 16, 1996

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

thesis and c-fos expression. Mol. Cell. Biol. 14:7466-7475.

Juliano, R. L., and S. Haskill. 1993. Signal transduction from the extracel-
lular matrix. J. Cell Biol. 120:577-585.

Kanner, S. B., A. B. Reynolds, R. R. Vines, and J. T. Parsons. 1990. Mono-
clonal antibodies to individual tyrosine-phosphorylated protein substrates of
oncogene-encoded tyrosine kinases. Proc. Natl. Acad. Sci. USA 87:3328-
3332.

Kanner, S. B., A. B. Reynolds, H. C. Wang, R. R. Vines, and J. T. Parsons.
1991. The SH2 and SH3 domains of pp60src direct stable association with
tyrosine phosphorylated proteins p130 and p110. EMBO J. 10:1689-1698.
Knudsen, B. S., S. M. Feller, and H. Hanafusa. 1994. Four proline-rich
sequences of the guanine-nucleotide exchange factor C3G bind with unique
specificity to the first Src homology 3 domain of Crk. J. Biol. Chem. 269:
32781-32787.

Lev, S., H. Moreno, R. Martinez, P. Canoll, E. Peles, J. M. Musacchio, G. D.
Plowman, B. Rudy, and J. Schlessinger. 1995. Protein tyrosine kinase PYK2
involved in Ca?*-induced regulation of ion channel and MAP kinase func-
tions. Nature (London) 376:737-745.

Lowenstein, E. J., R. J. Daly, A. G. Batzer, W. Li, B. Margolis, R. Lammers,
A. Ullrich, E. Y. Skolnik, D. Bar-Sagi, and J. Schlessinger. 1992. The SH2
and SH3 domain-containing protein GRB2 links receptor tyrosine kinases to
ras signaling. Cell 70:431-442.

Matsuda, M., Y. Hashimoto, K. Muroya, H. Hasegawa, T. Kurata, S.
Tanaka, S. Nakamura, and S. Hattori. 1994. CRK protein binds to two
guanine nucleotide-releasing proteins for the Ras family and modulates
nerve growth factor-induced activation of Ras in PC12 cells. Mol. Cell. Biol.
14:5495-5500.

Matsuda, M., B. J. Mayer, Y. Fukui, and H. Hanafusa. 1990. Binding of
transforming protein, P47gag-crk, to a broad range of phosphotyrosine-
containing proteins. Science 248:1537-1539.

Morino, N., T. Mimura, K. Hamasaki, K. Tobe, K. Ueki, K. Kikuchi, K.
Takehara, T. Kadowaki, Y. Yazaki, and Y. Nojima. 1995. Matrix/integrin
interaction activates the mitogen-activated protein kinase, p44°™! and
p42°¢72, T, Biol. Chem. 270:269-273.

Nada, S., M. Okada, S. Aizawa, and H. Nakagawa. 1994. Identification of
major tyrosine-phosphorylated proteins in Csk-deficient cells. Oncogene
9:3571-3578.

Nassar, N., G. Horn, C. Herrman, A. Sherer, F. McCormick, and A. Wit-
tinghofer. 1995. The 2.2 A crystal structure of the Ras-binding domain of the
serine-threonine kinase c-Raf-1 in complex with RaplA and a GTP ana-
logue. Nature (London) 375:554-560.

Nojima, Y., N. Morino, T. Mimura, K. Hamasaki, H. Furuya, R. Sakai, T.
Sato, K. Tachibana, C. Morimoto, Y. Yazaki, and H. Hirai. 1995. Integrin-
mediated cell adhesion promotes tyrosine phosphorylation of p130<, a src
homology 3-containing molecule having multiple Src homology 2-binding
motifs. J. Biol. Chem. 270:15398-15402.

Ogawa, S., H. Toyoshima, H. Kozutsumi, K. Hagiwara, R. Sakai, T. Tanaka,
N. Hirano, H. Mano, Y. Yazaki, and H. Hirai. 1994. The C-terminal SH3
domain of the mouse c-Crk protein negatively regulates tyrosine-phosphor-
ylation of Crk associated p130 in rat 3Y1 cells. Oncogene 9:1669-1678.
Pawson, T. 1995. Protein modules and signaling networks. Nature (London)
373:573-580.

Petch, L. A., S. M. Bockholt, A. Bouton, J. T. Parsons, and K. Burridge. 1995.
Adhesion-induced tyrosine phosphorylation of the p130 SRC substrate. J.
Cell Sci. 108:1371-1379.

Polte, T. R., and S. K. Hanks. 1995. Interaction between focal adhesion
kinase and Crk-associated tyrosine kinase substrate p130<%. Proc. Natl.
Acad. Sci. USA 92:10678-10682.

Ren, R., Z. S. Ye, and D. Baltimore. 1994. Abl protein-tyrosine kinase selects the Crk
adapter as a substrate using SH3-binding sites. Genes Dev. 8:783-795.

47.
48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

p130° AND INTEGRIN SIGNALING 2613

Ruoslahti, E. 1991. Integrins. J. Clin. Invest. 87:1-5.

Sabe, H., A. Hata, M. Okada, H. Nakagawa, and H. Hanafusa. 1994. Analysis
of the binding of the Src homology 2 domain of Csk to tyrosine-phosphory-
lated proteins in the suppression and mitotic activation of c-Src. Proc. Natl.
Acad. Sci. USA 91:3984-3988.

Sakai, R., A. Iwamatsu, N. Hirano, S. Ogawa, T. Tanaka, H. Mano, Y.
Yazaki, and H. Hirai. 1994. A novel signaling molecule, p130, forms stable
complexes in vivo with v-Crk and v-Src in a tyrosine phosphorylation-depen-
dent manner. EMBO J. 13:3748-3756.

Sasaki, H., K. Nagura, M. Ishino, H. Tobioka, K. Kotani, and T. Sasaki.
1995. Cloning and characterization of cell adhesion kinase 3, a novel protein-
tyrosine kinase of the focal adhesion kinase subfamily. J. Biol. Chem. 270:
21206-21219.

Sasaoka, T., D. W. Rose, B. H. Jhun, A. R. Saltiel, B. Draznin, and J. M.
Olefsky. 1994. Evidence for a functional role of Shc proteins in mitogenic
signaling induced by insulin, insulin-like growth factor-1, and epidermal
growth factor. J. Biol. Chem. 269:13689-13694.

Schaller, M. D., J. D. Hildebrand, J. D. Shannon, J. W. Fox, R. R. Vines, and
J. T. Parsons. 1994. Autophosphorylation of the focal adhesion kinase,
pp125FAK, directs SH2-dependent binding of pp60c. Mol. Cell. Biol. 14:
1680-1688.

Schaller, M. D., C. A. Otey, J. D. Hildebrand, and J. T. Parsons. 1995. Focal
adhesion kinase and paxillin bind to peptides mimicking beta integrin cyto-
plasmic domains. J. Cell Biol. 130:1181-1187.

Schaller, M. D., and J. T. Parsons. 1995. pp125¥4K.dependent tyrosine
phosphorylation of paxillin creates a high-affinity binding site for Crk. Mol.
Cell. Biol. 15:2635-2645.

Schlaepfer, D. D., S. K. Hanks, T. Hunter, and P. van der Geer. 1994.
Integrin-mediated signal transduction linked to Ras pathway by GRB2 bind-
ing to focal adhesion kinase. Nature (London) 372:786-791.

Sells, M. A., and J. Chernoff. 1995. Epitope-tag vectors for eukaryotic pro-
tein production. Gene 152:187-189.

Smith, D. B., and K. S. Johnson. 1988. Single-step purification of polypep-
tides expressed in Escherichia coli as fusions with glutathione S-transferase.
Gene 67:31-40.

Soriano, P., C. Montgomery, R. Geske, and A. Bradley. 1991. Targeted
disruption of the c-src proto-oncogene leads to osteopetrosis in mice. Cell
64:693-702.

Stein, P. L., H.-M. Lee, S. Rich, and P. Soriano. 1992. pp59%™ mutant mice display
differential signaling in thymocytes and peripheral T cells. Cell 70:741-750.
Tanaka, S., T. Morishita, Y. Hashimoto, S. Hattori, S. Nakamura, M.
Shibuya, K. Matuoka, T. Takenawa, T. Kurata, and K. Nagashima. 1994.
C3G, a guanine nucleotide-releasing protein expressed ubiquitously, binds to
the Src homology 3 domains of CRK and GRB2/ASH proteins. Proc. Natl.
Acad. Sci. USA 91:3443-3447.

Thomas, S. M., P. Soriano, and A. Imamoto. 1995. Specific and redundant roles of
Src and Fyn in organizing the cytoskeleton. Nature (London) 376:267-271.
Vuori, K., and E. Ruoslahti. 1995. Tyrosine phosphorylation of p130<#* and
cortactin accompanies integrin-mediated cell adhesion to extracellular ma-
trix. J. Biol. Chem. 270:22259-22262.

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

Yoshida, Y., M. Kawata, Y. Miura, T. Musha, T. Sasaki, A. Kikuchi, and Y.
Takai. 1992. Microinjection of smg/rapl/Krev-1 p21 into Swiss 3T3 cells
induces DNA synthesis and morphological changes. Mol. Cell. Biol. 12:
3407-3414.

Zhu, X,, and R. K. Assoian. 1995. Integrin-dependent activation of MAP kinase: a
link to shape-dependent cell proliferation. Mol. Biol. Cell 6:273-282.



