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SRC family kinases play essential roles in a variety of cellular functions, including proliferation, survival,
differentiation, and apoptosis. The activities of these kinases are regulated by intramolecular interactions and
by heterologous binding partners that modulate the transition between active and inactive structural conforma-
tions. p130CAS (CAS) binds directly to both the SH2 and SH3 domains of c-SRC and therefore has the potential
to structurally alter and activate this kinase. In this report, we demonstrate that overexpression of full-length
CAS in COS-1 cells induces c-SRC-dependent tyrosine phosphorylation of multiple endogenous cellular pro-
teins. A carboxy-terminal fragment of CAS (CAS-CT), which contains the c-SRC binding site, was sufficient to
induce c-SRC-dependent protein tyrosine kinase activity, as measured by tyrosine phosphorylation of cortactin,
paxillin, and, to a lesser extent, focal adhesion kinase. A single amino acid substitution located in the binding
site for the SRC SH3 domain of CAS-CT disrupted CAS-CT’s interaction with c-SRC and inhibited its ability
to induce tyrosine phosphorylation of cortactin and paxillin. Murine C3H10T1/2 fibroblasts that expressed
elevated levels of tyrosine phosphorylated CAS and c-SRC–CAS complexes exhibited an enhanced ability to
form colonies in soft agar and to proliferate in the absence of serum or growth factors. CAS-CT fully substi-
tuted for CAS in mediating growth in soft agar but was less effective in promoting serum-independent growth.
These data suggest that CAS plays an important role in regulating specific signaling pathways governing cell
growth and/or survival, in part through its ability to interact with and modulate the activity of c-SRC.

Homeostasis in multicellular organisms is maintained through
the integration of diverse environmental signals for survival,
proliferation, differentiation, and apoptosis. These signals are
sensed by a variety of cell surface receptors that are coupled
to complex networks of cytoplasmic regulatory proteins. SRC
family nonreceptor protein tyrosine kinases (PTKs) are impor-
tant components of many of these signaling networks, includ-
ing those originating from integrin receptors, receptor PTKs,
G-protein-coupled receptors, and cytokine receptors (for re-
views, see references 1, 45, 54, 70 and 77). The activities of
SRC kinases are tightly regulated and repressed under most
circumstances. The importance of this negative regulation is
highlighted by the fact that expression of constitutively acti-
vated forms of c-SRC results in cellular transformation, char-
acterized by uncontrolled cell proliferation and deregulated
cell survival (56, 61).

The unique structure of SRC family kinases allows them to
be regulated by substrate availability, as well as by the presence
of other interacting proteins (31, 45, 54, 55, 70, 72, 74, 77, 86,
87, 91). Activity is down-modulated by a series of intramolec-
ular interactions that impose conformational constraints on
the catalytic domain, making it inaccessible to the substrate.
This inactive conformation is established in c-SRC by phos-
phorylation and subsequent binding of tyrosine 527 to the src
homology 2 (SH2) domain and by interaction between the src
homology 3 (SH3) domain and a linker region located between
the SH2 and kinase domains (74, 86, 91). These intramolecular

interactions not only render the protein catalytically inactive
but also inhibit other cellular proteins from binding to the SH2
and SH3 domains. Dephosphorylation of tyrosine 527, or en-
gagement of the SH2 and SH3 domains with heterologous
proteins, results in enzymatic activation of SRC kinases (56,
61). The association of several proteins with the SH3 and/or
SH2 domains of c-SRC has been correlated with increased
c-SRC activity. These proteins include focal adhesion kinase
(FAK) (76), the tyrosine phosphatase Shp-2 (85), and a mem-
ber of the CAS family of adapter molecules called Sin (also
called Efs) (2). In an analogous fashion, the SRC family mem-
ber HCK becomes activated by the human immunodeficiency
virus protein Nef through a mechanism that involves direct
association with the HCK SH3 domain (47).

The adapter protein p130CAS (CAS) may similarly function
as a regulator of c-SRC activity. CAS binds to c-SRC through
a bipartite binding motif that engages both the SH3 and SH2
domains of SRC (49). Mutational studies suggest that the ini-
tial interaction between SRC and CAS occurs between the
SH3 domain of SRC and a polyproline motif located in the
carboxy terminus of CAS (49). Subsequent phosphorylation of
tyrosine 668 then creates a binding site for the SRC SH2
domain. Dual occupancy of both the SH3 and SH2 domains of
SRC by CAS may serve to stabilize c-SRC in its active confor-
mation through a mechanism analogous to that of FAK, Shp-2,
and Sin. In this way, CAS may function both as a regulator and
as a substrate of c-SRC.

In addition to the SRC binding sites, CAS contains several
dedicated protein interaction domains (63, 65). The amino-
terminal SH3 domain of CAS is capable of interacting with a
functionally diverse array of proteins, including FAK (27, 57,
58) and the related kinase PYK2 (41, 80, 89), the guanine
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nucleotide exchange factor C3G (35), the protein tyrosine
phosphatases (PTPases) PTP-1B and PTP-PEST (20, 21, 42),
and CMS (for CAS ligand with multiple SH3 domains) (36).
The central substrate-binding YXXP domain of CAS contains
a stretch of 15 repeats of the amino acid motif YXXP, all of
which conform to consensus SH2 domain binding sites. Phos-
phorylation of the tyrosine residues within this domain results
in the recruitment and binding of at least two cellular adapter
molecules, Crk and Nck (37, 68, 83). Several other less defined
“domains” are also present on CAS, some of which are en-
riched in proline or serine residues. Although the functions of
these regions have not been determined, 14-3-3 has been
shown to interact with CAS through a serine-rich domain lo-
cated adjacent to the substrate-binding YXXP domain (19)
and the NSP (for novel SH2-containing protein) family mem-
ber Chat has been shown to interact with the extreme carboxy
terminus (64). The fact that CAS is composed of multiple
protein-binding domains that can be modified by tyrosine and
perhaps serine phosphorylation suggests that its function may
be linked to that of other signaling molecules.

Direct evidence for coordinated functions of SRC and CAS
comes from studies focusing on src-mediated transformation.
CAS was originally identified in v-src-transformed cells as a
tyrosine-phosphorylated protein that associated with v-SRC
(33, 59, 60, 63, 65). More recently, it was reported that fibro-
blasts isolated from CAS2/2 mouse embryos were unable to be
transformed by activated variants of c-SRC (29), suggesting
that CAS is an essential component of the signaling pathways
leading to transformation. In a related study, the functional
requirement for CAS in src-mediated cellular transformation
was addressed by expressing a portion of the carboxy-terminal
SRC-binding region of CAS (CAS-CT) in src-transformed Rat
1 fibroblasts (9). Expression of CAS-CT in these cells was
shown to effectively inhibit endogenous CAS phosphorylation
and v-SRC–CAS interactions, but it had no detectable effect
on cellular transformation. A novel v-SRC–CAS-CT complex
was formed in place of the v-SRC–CAS complex that is nor-
mally present in src-transformed cells, suggesting that the re-
quired function of CAS in src transformation may be mediated
by the interaction between its carboxy terminus and SRC.

There is considerable, although less direct, evidence that
c-SRC and CAS coordinately regulate numerous aspects of
cellular behavior. Tyrosine phosphorylation of CAS is induced
in response to activation of a variety of cell surface receptors
that mediate their effects in part through c-SRC. These include
several G-protein-coupled receptors and the receptors for in-
sulin growth factor-1, epidermal growth factor, and platelet-
derived growth factor (13, 14, 24, 51, 62, 71, 92). CAS also
becomes phosphorylated following integrin engagement to a
wide variety of extracellular-matrix (ECM) components, in-
cluding fibronectin, vitronectin, laminin, and collagen (27, 50,
84). Fibroblast cell lines that are deficient in c-SRC exhibit
decreased adhesion-dependent phosphorylation of CAS as
well as other focal adhesion proteins (26, 68, 80, 83). Coinci-
dent with a lack of CAS phosphorylation, SRC-deficient fibro-
blasts exhibit marked defects in cell migration (38, 78), similar
to the phenotype observed in fibroblasts derived from CAS2/2

embryos (28).
While these data demonstrate a strong correlation between

the signaling pathways in which c-SRC and CAS participate,
the functional significance of the SRC-CAS protein complex
remains unclear. We hypothesized that these pathways may be
regulated in part through the establishment of a c-SRC–CAS
signaling complex and the resultant modulation of c-SRC ac-
tivity. In this report, we demonstrate that overexpression of
c-SRC with either CAS or CAS-CT could induce c-SRC acti-

vation and tyrosine phosphorylation of specific c-SRC sub-
strates. Disruption of the interaction between the SH3 domain
of SRC and CAS-CT inhibited the ability of CAS-CT to acti-
vate c-SRC. Stable association of c-SRC with CAS in cells
overexpressing high levels of both of these molecules corre-
lated with the ability of these cells to grow independently of
serum and the ECM. CAS-CT fully substituted for CAS in
mediating growth in soft agar but was less effective in promot-
ing serum-independent growth. This study thus reveals a novel
role for CAS as a regulator of c-SRC and provides evidence
that the SRC-CAS protein complex may function to integrate
signals emanating from growth factor and adhesion receptors
into pathways leading to proliferation and/or cell survival.

MATERIALS AND METHODS

Cell culture and plasmids. C3H10T1/2-5H murine fibroblasts, which overex-
press chicken c-SRC at levels approximately 16-fold over endogenous levels (88),
were a generous gift from S. J. Parsons (University of Virginia, Charlottesville).
Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal calf serum (FCS), penicillin (100 U/ml), and strepto-
mycin (100 U/ml). pcDNA derivatives encoding wild-type chicken c-SRC
(pcDNA-c-SRC) and a kinase-inactive variant of c-SRC containing an alanine-
to-valine substitution at residue 430 (pcDNA-c-SRC-KD) were the generous gift
of S. J. Parsons (79). pRK5 constructs bearing the genes encoding full-length
CAS (CAS-FL) and CAS-CT have been previously described (9).

pcDNA constructs encoding FLAG-tagged paxillin, cortactin, and FAK
were generated as follows. The cytomegalovirus-driven expression vector
pCDNA3FLAG2AB (18) was used for the generation of all FLAG-tagged SRC
substrates. FLAG-cortactin was produced by PCR using the murine cortactin
cDNA (46) as the template. A 59 KpnI restriction site in frame with the initiation
codon and an EcoRI restriction site 39 of the stop codon were used to facilitate
subcloning into pCDNA3FLAG2AB. The resultant PCR product was subcloned
into pCR-SCRIPT (Stratagene, La Jolla, Calif.), subjected to DNA sequencing
to confirm the validity of the cortactin PCR product, and subcloned as a KpnI-
EcoRI restriction fragment into pCDNA3FLAG2AB. FLAG-FAK was gener-
ated by subcloning the chicken FAK cDNA (67) from pCMV-c-myc FAK (90)
into pCDNA3FLAG2AB using the BamHI and NotI sites in the multiple-cloning
site of the FLAG expression vector. For FLAG-paxillin, PCR amplification was
used to introduce a BamHI site in frame with the chicken paxillin coding se-
quence (66) and an EcoRI site 39 of the stop codon. The PCR product was
digested with BamHI and EcoRI and ligated into pBluescript (KS1; Stratagene).
The paxillin fragment was subsequently cloned into pcDNA3FLAG2AB using
the BamHI and XhoI sites in the multiple-cloning site of the FLAG vector.

Construction of CAS variants. Myc epitope-tagged CAS variants consisting of
the SH3 domain (amino acids 6 to 64), the YXXP region (amino acids 117 to
418), and the carboxy terminus (amino acids 544 to 874) were derived using PCR
to synthesize cDNAs, which were then cloned in frame into pRK5-myc (52) to
generate the expression plasmids pRK5-CAS-SH3, pRK5-CAS-YXXP, and
pRK5-CAS-CT, respectively. The single point mutation substituting an alanine
residue for proline residue 642 (P642A) was generated in the context of CAS-FL
using the Altered Sites in vitro mutagenesis system (Promega, Madison, Wis.). A
PCR fragment corresponding to amino acid residues 544 to 874 of CASP642A was
then generated using primers that contained appropriate restriction sites and
cloned into pRK5, to yield pRK5-CAS-CTP642A. The presence of this mutation
and all PCR-derived DNA sequences were confirmed by automated DNA se-
quencing.

The deletion variants of CAS were generated as follows. dlSH3 (deletion of
amino acid residues 1 to 64) was engineered by synthesizing a PCR product using
a 59 primer that contained a unique BamHI restriction site just upstream from
the codon for amino acid residue 65 and a specific 39 primer identical to se-
quences beyond the unique NheI restriction site of the CAS cDNA. The PCR
product was digested with BamHI and NheI and ligated into pRK5-CAS-FL in
place of the analogous wild-type restriction fragment. The dlYXXP construct
(deletion of amino acid residues 119 to 421) was generated by ligating together
a PCR product encoding the first 118 amino acids of CAS with a PCR product
encoding amino acids 422 to 780, which was then digested with BamHI and BglII.
This PCR product was engineered into pRK5myc (52) by replacing the resident
BamHI-BglII restriction fragment of pRK5myc-CAS-FL. As a consequence of
these manipulations, a novel SalI restriction site was engineered at the position
of the deletion, resulting in the insertion of an aspartic acid residue at the splice
junction. Deletion of the carboxy terminus of CAS to produce dlCT (deletion of
amino acid residues 546 to 874) was accomplished by digesting pRK5-CAS-FL
with HindIII, which cut once at a site 39 of codon 545 and again in the multiple-
cloning site of pRK5 downstream of the CAS cDNA. The plasmid was then
religated to produce pRK5-dlCT. All PCR-generated sequences were confirmed
by DNA sequencing as described above.

Antibodies. Polyclonal CAS-B and CAS-F antisera have been previously de-
scribed (6). Anti-SRC monoclonal antibody (MAb) EC10 was kindly provided by
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S. J. Parsons, and anti-SRC MAb 2-17 was purchased from Quality Biotech Inc.
(Camden, N.J.). Anti-phosphotyrosine (anti-pTyr) MAb 4G10 was purchased
from Upstate Biotech Inc. (Lake Placid, N.Y.). Anti-cortactin MAb 4F11 (32)
was kindly provided by J. T. Parsons. Anti-Myc MAb 9E10 and anti-FLAG MAb
M5 were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.) and
Sigma Chemicals (St. Louis, Mo.) respectively. Anti-FLAG M2 affinity gel was
purchased from Sigma Chemicals.

Protein expression. Transient transfections in COS-1 cells were performed
using Superfect (Qiagen, Valencia, Calif.) as specified by the manufacturer. For
analysis of c-SRC activation by CAS, cells were transfected with 5 mg of pRK5-
CAS-FL and 5 mg of pcDNA-c-SRC or pcDNA-c-SRC-KD. When necessary, the
total amount of DNA used was brought up to 10 mg with parental pRK5 or
pcDNA vector DNA. For analysis of the CAS variants, 5 mg of pRK5-dlSH3, 10
mg of pRK5-dlYXXP, 10 mg of pRK5-dlCT, 10 mg of pRK5-CAS-SH3, 10 mg of
pRK5-CAS-YXXP, or 10 mg of pRK5-CAS-CT was cotransfected with 5 mg of
pcDNA-c-SRC. When necessary, pRK5 vector DNA was used to bring the total
amount of transfected DNA to 15 mg. Triple transfections in COS-1 cells were
performed using 1 mg of pcDNA-c-SRC; 5 mg of pcDNAFLAG2AB-paxillin,
-cortactin, or -FAK; and 5 mg of either pRK5-CAS-CT or pRK5-CAS-CTP642A.
Transient transfections into C3H10T1/2-5H cells were performed using Lipo-
fectamine Plus (Life Technologies, Rockville, Md.) as specified by the manufac-
turer. Cells were transfected with 2.5 mg of pcDNA3FLAG2AB-paxillin, -cor-
tactin, or -FAK and 2.5 mg of either pRK5-CAS-CT or pRK5-CAS-CTP642A.
Total DNA was brought up to 5 mg with vector DNA when necessary.

In order to isolate protein, cells were lysed 24 h (COS-1) or 48 h (C3H10T1/
2-5H) posttransfection in modified radioimmunoprecipitation assay (RIPA)
buffer (150 mM NaCl, 50 mM Tris-HCl [pH 7.5], 1% NP-40, 0.5% sodium
deoxycholate) containing protease and phosphatase inhibitors (100 mM leupep-
tin, 1 mM phenylmethylsulfonyl fluoride, 0.15 U of aprotinin per ml, 1 mM
sodium vanadate) as previously described (10). Protein concentrations were
determined using the bicinchoninic acid assay (Pierce, Rockford, Ill.).

Generation of cell lines expressing CAS and CAS-CT. In order to generate
C3H10T1/2-5H murine fibroblast cell lines that overexpressed either CAS-FL or
CAS-CT in the context of overexpressed c-SRC, pRK5, pRK5-CAS-FL, or
pRK5-CAS-CT was cotransfected with pBABEpuro (48) at a 4:1 molar ratio
using Lipofectamine Plus according to the manufacturer’s specifications. Cells
were split into DMEM supplemented with 5 mg of puromycin (Sigma Chemicals)
per ml 24 h following transfection. Puromycin-resistant colonies were expanded
and screened for expression of CAS-FL, CAS-CT, and c-SRC by immunoblot
analysis.

Immunoprecipitation and immunoblotting. For immunoprecipitation experi-
ments, cell extracts were incubated on ice with the indicated antibodies for 1 to
2 h (EC10, 4F11) or overnight at 4°C (9E10), and immune complexes were
recovered by incubation for 1 h with protein A-Sepharose (Amersham Pharma-
cia Biotech, Piscataway, N.J.) that had been preincubated with rabbit anti-mouse
immunoglobulin (Jackson ImmunoResearch, West Grove, Pa.). For immunopre-
cipitation of FLAG-epitope-tagged proteins, lysates were incubated for 1 h at
4°C with M2 resin (25 ml/mg of protein). Recovered immune complexes were
washed two times in modified RIPA buffer and two times in ice-cold phosphate-
buffered saline (PBS), resuspended in Laemmli sample buffer (40), and boiled
for 5 min. For immunoblotting, proteins were resolved by sodium dodecyl sul-
fate–8% polyacrylamide gel electrophoresis (SDS–8% PAGE), transferred to
nitrocellulose, and probed with the antibodies indicated on each figure. Anti-
pTyr MAb 4G10 was detected using 125I-anti-mouse immunoglobulin (NEN Life
Science Products, Boston, Mass.); all other primary antibodies were detected
with horseradish peroxidase-conjugated anti-mouse or anti-rabbit immunoglob-
ulin (Amersham Pharmacia Biotech), followed by enhanced chemiluminescence.

BrdU incorporation assay. Cells were seeded onto fibronectin-coated cover-
slips in six-well tissue culture dishes at subconfluent density (105 cells per well)
as described previously (9). Cells were allowed to adhere in serum-containing
medium for 2 h and then washed twice with PBS before the addition of serum-
free DMEM. 5-Bromo-29deoxy-uridine (BrdU; 0.1 mM) was added directly to
the medium at 16, 40, and 64 h following plating, and cells were incubated for an
additional 8 h. Coverslips were washed in PBS, incubated in 100% methanol for
10 min at 4°C and then in 2 M HCl for 1 h at 37°C, and neutralized by two 5-min
incubations in borate buffer (0.1 M borate, pH 8.5) for 5 min each time at room
temperature. Cells were then incubated with fluorescein-conjugated anti-BrdU
antibodies (Chemicon International, Inc., Temecula, Calif.) (2 mg/ml) for 45 min
at room temperature. The percentage of cells incorporating BrdU was deter-
mined by immunofluorescence microscopy.

Colony formation assay. Colony formation assays were performed as previ-
ously described (9). Briefly, 105 cells were resuspended in DMEM containing
10% FCS, 16% 23 Ham’s F-10 medium (Sigma Chemicals), and 16% agar
(FMC BioProducts, Rockland, Maine) and plated in triplicate on a bottom agar
layer consisting of DMEM, 10% FCS, 33% Ham’s F-10 medium, and 33% agar.
Colonies were visualized after 14 days by adding p-iodonitrotetrazolium violet (1
mg/ml) for 24 h and counted using EagleSight software (Stratagene). Gating
parameters for each of three independent experiments were determined based
on colonies obtained from vector control cells (5H-RK5).

RESULTS

Coexpression of CAS and c-SRC leads to increased PTK
activity. To determine whether c-SRC activity could be mod-
ulated by CAS expression, plasmids bearing the genes encod-
ing c-SRC (pcDNA-c-SRC) and/or full-length CAS (pRK5-
CAS-FL) were cotransfected into COS-1 cells. Cell lysates
were prepared 24 h posttransfection and examined by Western
blot analysis for the presence of tyrosine-phosphorylated pro-
teins. Cells overexpressing either CAS or c-SRC alone con-
tained a limited number of proteins that were reactive with
anti-pTyr antibodies (Fig. 1A, lanes 1 and 2). These were
identical to the pTyr-containing proteins present in COS-1
cells transfected with the corresponding parental plasmids
(pRK5 or pcDNA [data not shown]). In contrast, coexpression
of both CAS and c-SRC resulted in a significant qualitative and
quantitative increase in pTyr reactivity (lane 3). This effect was
dependent on SRC kinase activity, as coexpression of a kinase-
inactive mutant of c-SRC (SRC-KD) with CAS failed to induce
increased levels of pTyr in these cells (lane 4). Thus, even
though CAS was expressed well above endogenous levels in
each of the transfections (compare lanes 5, 7, and 8 with lane
6), the induction of tyrosine phosphorylation was absolutely
dependent on coexpression of c-SRC and on c-SRC kinase
activity.

The intense staining with anti-pTyr antibodies in the 120- to
130-kDa region of the pTyr immunoblot (Fig. 1A, lane 3), as
well as the appearance of an additional slower-migrating spe-
cies of CAS in the CAS immunoblot (lane 7), indicated that
CAS was highly tyrosine phosphorylated in cells coexpressing
c-SRC and CAS. To determine whether overexpression of c-
SRC and CAS resulted in phosphorylation of substrates other
than CAS, the SRC substrate cortactin was selectively immu-
noprecipitated from COS-1 cell extracts generated 24 h post-
transfection. Immune complexes were then immunoblotted
with pTyr and cortactin antibodies (Fig. 1B). Coexpression of
full-length CAS with c-SRC resulted in significantly elevated
levels of tyrosine-phosphorylated cortactin relative to those
observed when CAS or c-SRC was expressed alone (in upper
blot in Fig. 1B, compare lane 3 with lanes 1 and 2). This
increase in cortactin phosphorylation was dependent on c-SRC
kinase activity, as coexpression of c-SRC-KD with CAS failed
to induce this effect (lane 4). Immunoblot analysis of the im-
mune complexes confirmed that equal amounts of cortactin
were present (lower blot). Thus, coexpression of CAS and
c-SRC in COS-1 cells resulted in elevated tyrosine phosphor-
ylation of several cellular proteins, including at least two es-
tablished substrates of c-SRC, CAS and cortactin.

The carboxy-terminal region of CAS is sufficient to induce
c-SRC-dependent PTK activity. As indicated in Fig. 1A, CAS
can serve as an inducer of c-SRC kinase activity. To determine
the structural features of CAS that were required for the in-
duction of PTK activity, a panel of CAS variants (Fig. 2A) was
coexpressed with c-SRC in COS-1 cells. Cellular proteins from
lysates obtained 24 h posttransfection were examined by im-
munoblotting with anti-pTyr antibodies (Fig. 2B). Deletion of
the SH3 domain (dlSH3) did not significantly alter the induc-
tion of PTK activity by CAS, as determined by overall cellular
levels of tyrosine phosphorylation (Fig. 2B, compare lanes 2
and 3). In contrast, deletion of the substrate-binding domain
(dlYXXP) appeared to reduce the ability of CAS to induce
PTK activity and deletion of the carboxy-terminal region
(dlCT) had an even greater effect (compare lane 2 with lanes
4 and 5). Immunoblot analysis using anti-CAS antibodies in-
dicated that all of the CAS deletion variants were expressed at
equivalent levels with the exception of dlCT, whose expression
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was approximately 50% less than that of the other CAS vari-
ants (Fig. 2C). The most prominent tyrosine-phosphorylated
protein in each cell extract corresponded to the CAS con-
struct that was coexpressed with c-SRC (Fig. 2B). Interestingly,
dlYXXP appeared to be efficiently phosphorylated, despite the
fact that the majority of potential phosphorylation sites were
deleted in this molecule (lane 4).

To determine whether sequences within individual protein-
binding domains of CAS were sufficient to induce PTK activity,
isolated domains of CAS were coexpressed with c-SRC in
COS-1 cells. Expression of the isolated SH3 or YXXP domains
had little effect on c-SRC-dependent tyrosine phosphorylation
of cellular proteins (Fig. 2B, lanes 6 and 7). In contrast, coex-
pression of CAS-CT and c-SRC resulted in a pattern of pTyr-
containing cellular proteins that was qualitatively similar to
that seen in cells expressing CAS-FL, albeit with a reduced
magnitude (Fig. 2B, compare lane 8 with lane 2). Since the
level of expression of the YXXP domain was routinely lower
than that of the CT domain (Fig. 2C, compare lanes 7 and 8),
it was difficult to fully assess the activity of the isolated YXXP
domain relative to that of CAS-CT. Nevertheless, these data
suggest that the carboxy terminus of CAS plays a key role in
the induction of PTK activity by CAS.

Expression of CAS-CT is sufficient to induce tyrosine phos-
phorylation of multiple c-SRC substrates. To further charac-

terize the induction of PTK activity by CAS and CAS-CT, we
performed triple transfections that resulted in the coexpression
of c-SRC, one of three FLAG epitope-tagged substrates, and
either CAS-FL or CAS-CT. Each FLAG-tagged substrate was
then selectively immunoprecipitated from cell lysates using an
anti-FLAG MAb and analyzed by immunoblotting with anti-
pTyr antibodies. Coexpression of FLAG-cortactin with c-SRC
alone resulted in a modest induction of FLAG-cortactin phos-
phorylation to a level above that seen in the absence of c-SRC
(Fig. 3A, lanes 1 and 2). However, tyrosine phosphorylation of
FLAG-cortactin was significantly elevated in cells coexpressing
CAS-FL and c-SRC, and the level of phosphorylation was even
greater in cells coexpressing CAS-CT (lanes 3 and 4). Simi-
larly, tyrosine phosphorylation of FLAG-paxillin was dramat-
ically increased in cells coexpressing c-SRC and CAS, and
CAS-CT appeared to induce phosphorylation better than CAS
(lanes 7 and 8). Immunoblot analysis confirmed that equivalent
levels of FLAG-cortactin and FLAG-paxillin were present in
the immune complexes (Fig. 3A, lanes 1 to 8, bottom blots),
that CAS and CAS-CT were expressed at roughly equivalent
levels (Fig. 3B, lanes 1 to 8, top and middle blots), and that
c-SRC was expressed appropriately (Fig. 3B, lanes 1 to 8,
bottom blots).

A third substrate of c-SRC, FAK, was also examined in this
assay. Although the autophosphorylation site is the major ty-

FIG. 1. Tyrosine phosphorylation of cellular proteins in COS-1 cells coexpressing CAS and c-SRC. COS-1 cells were transfected with a construct encoding CAS
(lanes 1 and 5), SRC (lanes 2 and 6), both SRC and CAS (lanes 3 and 7), or a catalytically inactive SRC variant (SRC-KD) together with CAS (lanes 4 and 8). (A)
Expression of CAS and catalytically active c-SRC induces PTK activity. Total cell protein (25 mg) was resolved by SDS–8% PAGE, transferred to nitrocellulose, and
immunoblotted with anti-pTyr MAb 4G10 (lanes 1 to 4) or anti-CAS-F antiserum (lanes 5 to 8). (B) Expression of CAS and c-SRC induces tyrosine phosphorylation
of cortactin. Cell lysate (350 mg) was incubated with the anti-cortactin MAb 4F11. The collected immune complexes were divided into two equal parts, separated by
SDS–8% PAGE, and immunoblotted with either MAb 4G10 to determine pTyr levels (top blot) or MAb 4F11 to determine the amount of cortactin present in each
immune complex (bottom blot). WB, Western blotting; IP, immunoprecipitation.
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FIG. 2. Induction of PTK activity by coexpression of c-SRC and CAS variants. (A) Schematic representation of Myc-tagged CAS and CAS variants. The circle
represents the SH3 domain of CAS. The square represents a proline-rich region, and the oval designated (YXXP)15 represents the substrate-binding YXXP domain.
The elongated oval represents the carboxy-terminal domain of CAS. RPLP642SPP and Y668DYV are the single-letter symbols for the amino acid residues contributing
to the SRC binding sites located in the carboxy terminus of CAS (49). Single black lines indicate regions of the CAS protein that were deleted in each CAS variant.
The asterisk indicates the site of the proline-to-alanine substitution in CAS-CTP642A. (B and C) Protein expression and phosphorylation in COS-1 cells coexpressing
c-SRC and the indicated CAS variants. Total cell protein (25 mg) was resolved by SDS–8% PAGE, transferred to nitrocellulose, and immunoblotted either with
anti-pTyr MAb 4G10 (B) or a mixture of polyclonal CAS-B and CAS-F antisera (C). WB, Western blot.
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rosine phosphorylation site on FAK, several additional phos-
phorylation sites have been shown to be dependent on c-SRC
activity (23, 69, 82). FLAG-FAK was found to contain detect-
able levels of pTyr when it was expressed in COS-1 cells, and
its phosphorylation was significantly enhanced by c-SRC over-
expression (Fig. 3A, lanes 9 and 10). Coexpression of CAS-FL
with c-SRC had a modest additional effect on FLAG-FAK
phosphorylation, and CAS-CT had a lesser effect (lanes 11 and
12). Thus, in contrast to what was observed for FLAG-cortac-
tin and FLAG-paxillin, phosphorylation of FLAG-FAK was
increased in cells expressing c-SRC alone and coexpression of
CAS or CAS-CT had only a modest supplementary effect.

The association of c-SRC with CAS is required for modula-
tion of PTK activity. The previous experiments indicated that
the carboxy terminus of CAS, which contains a bipartite bind-
ing site for SRC (49), has the necessary sequences to induce
c-SRC-dependent kinase activity. To investigate the mecha-
nism of PTK activation by CAS-CT, a single amino acid sub-
stitution (proline 642 to alanine) was engineered at the site on
CAS-CT that interacts with the SRC SH3 domain (49). Wild-
type (CAS-CT) and mutant (CAS-CTP642A) proteins were co-
expressed with c-SRC in COS-1 cells to determine the effect of
this mutation on the ability of c-SRC and CAS-CT to associate.
As seen in Fig. 4, c-SRC was readily detected in CAS-CT
immune complexes generated using an antibody that recog-
nized the Myc epitope located at the amino terminus of the
CAS constructs (lane 2, bottom blot). CAS-CT was also readily

detected in c-SRC immune complexes (lane 5, top blot). In
contrast, c-SRC and CAS-CTP642A were not detected in recip-
rocal immune complexes (lanes 3 and 6). Although less CAS-
CTP642A was recovered in the Myc immune complexes than
wild-type CAS-CT (compare lanes 2 and 3, top blot), extended
exposure of the immunoblots still showed no evidence of an
interaction between c-SRC and CAS-CTP642A (data not
shown). Thus, substitution of an alanine for proline 642 in the
SRC SH3-binding site of CAS-CT inhibited its interaction with
c-SRC.

To determine the effect of disrupting the association be-
tween CAS-CT and c-SRC on the ability of CAS-CT to induce
PTK activity, a triple-transfection procedure was again used
to examine tyrosine phosphorylation of FLAG-tagged cortac-
tin, paxillin, and FAK (Fig. 5). In contrast to what was
observed in the case of expression of wild-type CAS-CT,
coexpression of CAS-CTP642A with c-SRC failed to induce
significant levels of tyrosine phosphorylation of FLAG-cortac-
tin or FLAG-paxillin (Fig. 5A, compare lanes 3 and 4 and lanes
7 and 8). Similar amounts of FLAG-cortactin and FLAG-
paxillin were present in each immune complex (Fig. 5A, lanes
1 to 8, lower blots), and c-SRC and CAS-CT or CAS-CTP642A
were expressed appropriately (Fig. 5B, lanes 1 to 8). The shift
in the apparent molecular weight of paxillin that was seen in
the FLAG immunoblot was indicative of an increase in the
pTyr content of paxillin (Fig. 5A, lane 7, bottom blot). Thus,
the direct association of CAS-CT and c-SRC appeared to be

FIG. 3. CAS and CAS-CT modulate c-SRC PTK activity toward specific SRC substrates. (A) Immunoblot analysis of FLAG immune complexes. One milligram of
lysate from cells expressing the indicated proteins was incubated with anti-FLAG MAb M2-conjugated resin, and the collected immune complexes were divided into
two equal parts. One half was immunoblotted with MAb 4G10 to determine pTyr levels of the indicated FLAG-tagged constructs (top blots), while the other half was
immunoblotted with the anti-FLAG MAb M5 to verify that equal amounts of protein were present in the immune complexes (bottom blots). (B) Verification of
recombinant protein expression. Total cell lysate (50 mg) from the indicated cells was separated by SDS–8% PAGE and immunoblotted with either CAS-F antiserum
to determine expression levels of CAS-FL and CAS-CT (top blots) or the anti-SRC MAb 2-17 to determine levels of expression of c-SRC (bottom blots). IP,
immunoprecipitation; WB, Western blotting.
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required for the phosphorylation of FLAG-cortactin and
FLAG-paxillin. Similar experiments using FLAG-FAK as a
substrate revealed that expression of CAS-CT did not signifi-
cantly enhance the level of pTyr above that induced by c-SRC
alone, in agreement with the data presented in Fig. 3 (Fig. 5A,
lanes 10 and 11, upper blot). c-SRC-dependent FAK phos-
phorylation was also not enhanced in cells expressing CAS-
CTP642A (lane 12). Therefore, in contrast to FLAG-cortactin
and FLAG-paxillin, the mechanism by which c-SRC phosphor-
ylates FLAG-FAK appears to be independent of CAS.

PTK activity can be modulated by CAS-CT in the context of
stable overexpression of c-SRC. A number of factors can in-
fluence substrate specificity, including differences in substrate
availability, substrate function, and cellular context. Conse-
quently, it was important to verify that the previous findings
were not unique to transient overexpression of c-SRC in COS-
1 cells. To determine whether CAS-CT expression could mod-
ulate c-SRC activity in a second cell system, CAS-CT or CAS-
CTP642A was cotransfected with one of the FLAG-tagged SRC
substrates into C3H10T1/2-5H murine fibroblasts (88). This
cell line stably overexpresses chicken c-SRC approximately
16-fold over endogenous levels. FLAG immune complexes
were isolated from cell lysates 48 h posttransfection and ex-
amined for pTyr content. As seen in Fig. 6, FLAG-cortactin
and FLAG-paxillin expressed in the absence of CAS-CT were
not significantly tyrosine phosphorylated in C3H10T1/2-5H
cells, even though c-SRC was overexpressed in these cells (Fig.
6A, lanes 1 and 4). Coexpression of CAS-CT induced a signif-
icant increase in the tyrosine phosphorylation of both FLAG-
cortactin and FLAG-paxillin (Fig. 6A, lanes 2 and 5), but
expression of the SRC-binding mutant CAS-CTP642A had no
such effect (lanes 3 and 6). Examination of anti-FLAG immune
complexes from these cells confirmed that roughly equal
amounts of protein were present (Fig. 6A, lanes 1 to 6, lower
blots), and immunoblot analysis confirmed expression of
CAS-CT and CAS-CTP642A (Fig. 6B). Interestingly, expression
of CAS-CT was routinely lower than that of CAS-CTP642A,
which makes the induced phosphorylation of FLAG-cortactin
and FLAG-paxillin in these cells even more striking. In con-
trast to what was observed for cortactin and paxillin, tyrosine

phosphorylation of FLAG-FAK in C3H10T1/2-5H cells was
unaffected by expression of CAS-CT or CAS-CTP642A (Fig.
6A, lanes 7 to 9). Thus, CAS-CT-induced PTK activity in the
C3H10T1/2-5H cells showed a substrate specificity similar to
that observed in COS-1 cells. These results prompted us to
develop the C3H10T1/2-5H cells into a model system with
which to address the role of the c-SRC–CAS complex in the
regulation of cell growth and survival (see below).

Enhanced activation of PTK activity by coexpression of
CAS and c-SRC results in alterations in growth-regulatory
pathways. To assess whether the coordinated overexpression
of both CAS and c-SRC had an effect on growth-regulatory
pathways in C3H10T1/2-5H cells, we generated independent
cell lines that expressed various levels of the vector (5H-
pRK5), CAS-FL (5H-CAS), or CAS-CT (5H-CT). Cell lines
expressing equal amounts of overexpressed c-SRC (Fig. 7A,
bottom blot) in the presence of differing levels of CAS or
CAS-CT (top and middle blots) were chosen for further study
in order to demonstrate possible dose-dependent effects on
cell growth.

Based on analogy with the transient-expression experiments
described above, we predicted that CAS and CAS-CT would
be tyrosine phosphorylated and in association with c-SRC in
the stable C3H10T1/2-5H clones. To determine whether this
was the case, cell extracts were subjected to immunoprecipita-
tion with Myc MAb 9E10 to selectively isolate the ectopic CAS
constructs and the immune complexes were examined by im-
munoblotting to assess pTyr and c-SRC contents (Fig. 7B and
C). In cells that expressed high levels of CAS and CAS-CT,
both of these molecules were found to be tyrosine phosphor-
ylated (Fig. 7B, lanes 3 and 5) and in association with c-SRC
(Fig. 7C, bottom blot, lanes 3 and 6). Tyrosine phosphorylation
and association with c-SRC were not evident when these mol-
ecules were expressed at lower levels (Fig. 7B, lanes 2 and 4,
and 7C, lanes 2 and 5). Immunoblot analysis with CAS anti-
bodies confirmed the presence of each CAS construct in the
Myc immune complexes (Fig. 7C, top blot). These data suggest
that the ratio of CAS to c-SRC may be a critical factor in
determining phosphorylation and SRC-CAS complex forma-
tion, since the variability in CAS and CAS-CT expression ex-

FIG. 4. Inhibition of the association between CAS-CT and c-SRC by a single amino acid substitution of CAS, proline642 to alanine (P642A). Cell lysate (500 mg)
was incubated with either the anti-Myc MAb 9E10 (lanes 1 to 3) or the anti-SRC MAb EC10 (lanes 4 to 6), and the collected immune complexes were divided into
two equal parts. Proteins were separated by SDS–8% PAGE and immunoblotted using either CAS-F antiserum (top blot) or the SRC MAb 2-17 (bottom blots). IP,
immunoprecipitation; WB, Western blotting; IgG, immunoglobulin G.

VOL. 20, 2000 REGULATION OF c-SRC BY p130CAS 5871



isted within a background of equivalent levels of c-SRC (Fig.
7A, lower blot).

We hypothesized that the growth-regulatory phenotype of
cells expressing different levels of CAS and CAS-CT might also
be sensitive to the SRC/CAS ratio, since phosphorylation and
complex formation occurred only in the presence of high CAS
or CAS-CT expression. This hypothesis was addressed in a
series of experiments that examined the dependence of each
cell line on growth and survival signals emanating from serum
and the ECM. In order to determine whether the presence of
c-SRC–CAS and/or c-SRC–CAS-CT complexes in C3H10T1/
2-5H cells resulted in serum-independent growth, serum was
removed from actively proliferating cell monolayers and the
number of cells incorporating BrdU was determined 24, 48,
and 72 h later (Fig. 8A). By 24 h in serum-free medium,
approximately 38% of vector control cells incorporated BrdU,
and this level steadily decreased over the remaining course of
the experiment until approximately 15% of the cells incorpo-
rated BrdU at 72 h. A statistically greater number of cells ex-
pressing high levels of c-SRC and either CAS-FL (5H-CAS4)
or CAS-CT (5H-CT15) incorporated BrdU after 24 h in se-
rum-free medium (66 and 62%, respectively). The high-level
CAS expressors continued to show enhanced BrdU uptake in
the absence of serum, as measured by a sustained statistical

increase in the number of cells incorporating BrdU over the
number in vector control cells at 48 and 72 h. Cells expressing
high levels of CAS-CT behaved more like vector control cells
at these later time points. The two cell lines that expressed
lower levels of ectopic CAS (5H-CAS25) or CAS-CT (5H-
CT4) and that did not exhibit detectable increases in CAS
phosphorylation or enhanced c-SRC–CAS interactions were
similar to vector control cells throughout the course of the
experiment. Thus, serum-independent growth of C3H10T1/
2-5H fibroblasts expressing c-SRC and CAS correlated with a
high level of CAS expression, CAS phosphorylation, and the
presence of c-SRC–CAS complexes. Expression of CAS-CT at
levels sufficient to form stable c-SRC–CAS-CT complexes con-
ferred a measure of serum-independent growth during the first
24 hours in serum-free medium, but it did not have a pro-
longed effect on the ability of C3H10T1/2-5H cells to grow in
the absence of serum.

To determine whether the c-SRC–CAS complex may be
involved in modulating growth signals derived from the ECM,
anchorage-dependent growth was analyzed by a colony forma-
tion assay (Fig. 8B). Cell lines expressing high levels of CAS or
CAS-CT (5H-CAS4 or 5H-CT15) in the context of overex-
pressed c-SRC exhibited a dramatic increase in their ability to
form colonies in soft agar, compared to that of vector control

FIG. 5. Tyrosine phosphorylation of SRC substrates requires the SRC-binding site of CAS-CT. (A) Immunoblot analysis of FLAG immune complexes. One
milligram of lysate from cells expressing the indicated proteins was incubated with anti-FLAG MAb M2-conjugated resin, and the collected immune complexes were
divided into two equal parts. One half was immunoblotted with MAb 4G10 to determine pTyr levels of the indicated FLAG-tagged constructs (top blots), while the
other half was immunoblotted with the anti-FLAG MAb M5 to verify that equal amounts of protein were present in the immune complexes (bottom blots). (B)
Verification of recombinant protein expression. Fifty micrograms of total cell lysate from the indicated cells was separated by SDS–8% PAGE and immunoblotted with
either CAS-F antiserum to determine expression levels of CAS-CT and CAS-CTP642A (top blots) or anti-SRC MAb 2-17 to determine levels of expression of c-SRC
(bottom blots). IP, immunoprecipitation; WB, Western blotting.
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cells that overexpressed only c-SRC (5H-RK5). The efficiency
of colony formation increased approximately 10-fold in the
5H-CAS4 cell line and 18-fold in the 5H-CT15 cell line. The
ability to grow in soft agar correlated with CAS or CAS-CT
tyrosine phosphorylation and the presence of stable c-SRC–
CAS or c-SRC–CAS-CT complexes. Clones that contained
lower levels of CAS or CAS-CT (5H-CAS25 or 5H-CT4) did
not demonstrate enhanced growth in soft agar compared with
that seen in control cells. In these cells, the CAS constructs
were not phosphorylated to high levels and they were not
found to be associated with c-SRC. Thus, the induction of
anchorage-independent growth appeared to be extremely sen-
sitive to both CAS and CAS-CT levels.

DISCUSSION

SRC kinases are expressed in virtually every cell type, where
they function in pathways that regulate cell cycle progression,
cell survival, cell adhesion, and differentiation (1, 31, 45, 54, 55,
70, 72, 77, 87). For homeostasis to be maintained in a multi-
cellular organism, these events must be precisely controlled
and integrated. This regulation is achieved in part through
modulation of the enzymatic activity of SRC family kinases,
which is mediated by cell-specific expression, intracellular com-
partmentalization, substrate and/or binding protein availabil-
ity, and the molecular structure of the kinases (1, 31, 45, 54, 70,
72, 74, 77, 86, 87, 91). In this study, we identify a novel role for
the adapter molecule CAS in the regulation of c-SRC activity.
We demonstrate that overexpression of c-SRC with either
CAS or CAS-CT was sufficient to activate c-SRC-dependent
PTK activity in COS-1 cells, as measured by the induction of
tyrosine phosphorylation of multiple endogenous cellular pro-
teins. We show that CAS-CT was more efficient than CAS-FL
at inducing c-SRC-dependent tyrosine phosphorylation of two
c-SRC substrates, cortactin and paxillin, and that phosphory-
lation of a third substrate, FAK, was largely independent of
CAS or CAS-CT expression. The direct interaction between
CAS-CT and c-SRC was absolutely required for enhanced
tyrosine phosphorylation of cortactin and paxillin, since ex-

pression of a CAS-CT mutant that was unable to bind to
c-SRC did not induce phosphorylation of these proteins. The
stable association of c-SRC with CAS in C3H10T1/2-5H mu-
rine fibroblasts correlated with an enhanced ability to grow
independently of serum and the ECM. CAS-CT could substi-
tute for CAS in mediating growth in soft agar but was less
effective in promoting serum-independent growth. These re-
sults suggest that CAS has the ability to modulate c-SRC en-
zymatic and biological activity through the establishment of a
c-SRC–CAS signaling complex.

Enzymatic activation of c-SRC by CAS. Several important
factors contribute to the regulation of SRC family kinases (16,
55, 74, 86, 91). These enzymes are generally maintained in a
repressed state through a network of intramolecular interac-
tions involving both the SH2 and SH3 domains. Activation of
these kinases is proposed to occur through dephosphorylation
of the tyrosine residue located in the carboxy-terminal negative
regulatory domain (tyrosine 527 of chicken c-SRC) and/or by
engagement of the SH3 and SH2 domains with heterologous
proteins. This model has been supported by several recent
studies that demonstrated a correlation between activation of
either c-SRC or HCK and the interaction of these kinases with
specific SH3 and SH2 ligands (2, 47, 76, 85). The findings that
CAS-CT bound to c-SRC and induced PTK activity but that a
mutant that was impaired in its ability to associate with SRC
failed to do so provide evidence that the direct association
between c-SRC and CAS contributes to the regulation of c-
SRC. Because CAS binding to c-SRC engages both the SH3
and SH2 domains of SRC, we propose that the ability of CAS
to activate c-SRC arises from the disruption of intramolecular
interactions and the resulting stabilization of an enzymatically
active conformation.

The demonstration that c-SRC activation by CAS-CT re-
quired an intact SRC SH3 domain-binding site suggests that
increased c-SRC activity was a direct result of CAS binding.
Based on the finding that CAS can serve as both a regulator
and a substrate of c-SRC, we propose a two-phase model for
the regulation of c-SRC catalytic activity by CAS. The initial
phase would involve a stoichiometric, direct interaction be-

FIG. 6. Modulation of c-SRC activity by CAS-CT in C3H10T1/2-5H cells. (A) Immunoblot analysis of FLAG immune complexes. Total cell lysate (1 mg) was
incubated with anti-FLAG MAb M2-conjugated resin to specifically immunoprecipitate the indicated FLAG-tagged constructs. Collected immune complexes were
divided into two equal parts and immunoblotted using either the anti-pTyr MAb 4G10 (top blots) or the anti-FLAG MAb M5 to verify that equal amounts of
FLAG-tagged protein were present in the immune complexes (bottom blots). (B) Verification of recombinant protein expression. Total cell protein (50 mg) from the
indicated cells was separated by SDS–8% PAGE and immunoblotted with CAS-F antiserum. IP, immunoprecipitation; WB, Western blotting.
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tween c-SRC and CAS that would likely require a high local-
ized concentration of each component. When some threshold
level of c-SRC–CAS complexes is reached, the number of
active c-SRC molecules would be sufficient to induce the sec-
ond phase of catalysis. During this phase, phosphorylation of
c-SRC substrates would follow more conventional enzyme ki-
netics, such that a single kinase molecule would phosphorylate
multiple targets. Further experimentation using purified com-
ponents in vitro will help to clarify the precise mechanism of
regulation of c-SRC activity and function by CAS.

In addition to the structural stabilization of c-SRC by the
carboxy terminus of CAS, there are several indications that
CAS may modulate PTK activities in other ways as well. First,
coexpression of full-length CAS with c-SRC reproducibly re-
sulted in a higher level of tyrosine phosphorylation of total
cellular proteins than did coexpression of CAS-CT with c-SRC
(Fig. 2B). Second, CAS-FL was a more effective inducer of
FAK phosphorylation than was CAS-CT. Third, deletion of the
YXXP substrate-binding domain from CAS resulted in a de-
crease in the phosphorylation of cellular proteins relative to
the level of phosphorylation observed in the presence of CAS-
FL. These data suggest that interactions between CAS-FL and
proteins that bind to domains other than its carboxy terminus

may contribute to modulation of PTK activity in vivo. The SH3
domain of CAS can interact with PTKs (FAK and PYK2) (27,
41, 57, 58, 80, 89) and PTPases (PTP1B and PTP-PEST) (20,
21, 42), and the adapter proteins Crk and Nck bind to the
YXXP substrate-binding domain in response to a number of
extracellular stimuli (37, 68, 83). Thus, through interactions of
this nature, CAS-FL may modulate the activity of PTPases and
PTKs other than c-SRC by bringing substrates or other enzy-
matic regulators into the c-SRC–CAS complex. Alternatively,
CAS-FL may effectively target enzymatically active complexes
to sites within the cell that are enriched for particular sub-
strates. Whatever the mechanism, these results indicate that
the ability of the carboxy-terminal region of CAS to bind to
and activate c-SRC is likely to become integrated with addi-
tional aspects of CAS function during the regulation of intra-
cellular singling events.

Regulation of substrate phosphorylation by the c-SRC–CAS
complex. Multiple proteins were phosphorylated in COS-1
cells coexpressing CAS and c-SRC, but the most prominent
tyrosine-phosphorylated protein was CAS itself. This finding
may reflect the fact that CAS was overexpressed in these cells,
whereas other SRC substrates were present at endogenous
levels. However, CAS may also be a preferred substrate of

FIG. 7. Association of c-SRC with CAS or CAS-CT in C3H10T1/2-5H clonal cell lines. (A) Protein expression in C3H10T1/2-5H stable cell lines. Total cell protein
(50 mg) derived from representative C3H10T1/2-5H stable cell lines was resolved by SDS–8% PAGE, transferred to nitrocellulose, and immunoblotted using either
CAS-F antiserum to determine relative levels of CAS or CAS-CT present in each cell line (top and middle blots) or anti-SRC MAb 2-17 to determine the amount of
SRC in each cell line (bottom blot). The top two blots represent identical exposures of different regions of the same gel, allowing expression levels of CAS and CAS-CT
to be directly compared. (B and C) CAS and CAS-CT are tyrosine phosphorylated and associate with c-SRC in cells expressing high levels of these proteins. Proteins
from 1 mg of the indicated cell lysate were incubated with anti-Myc MAb 9E10 to selectively immunoprecipitate Myc-tagged CAS-FL or CAS-CT. Immune complexes
were divided in half, resolved by SDS–8% PAGE, transferred to nitrocellulose, and immunoblotted with anti-pTyr MAb 4G10 (B), CAS-F antiserum (C, top blots),
or anti-SRC MAb 2-17 (C, bottom blots). IP, immunoprecipitation; WB, Western blotting.
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c-SRC under the conditions of this assay. Differences in sub-
strate phosphorylation induced by CAS or CAS-CT were ob-
served under several different experimental conditions, sug-
gesting that this may be a real aspect of c-SRC regulation in
vivo. For example, when cotransfected with c-SRC alone,
FLAG-cortactin and FLAG-paxillin were not significantly ty-
rosine phosphorylated in either COS-1 or C3H10T1/2-5H cells.
Instead, phosphorylation required expression of CAS or
CAS-CT and the physical association of these molecules with
c-SRC. In both cell types, CAS-CT induced a more potent
pTyr signal than CAS-FL, which may reflect the fact that the
c-SRC–CAS-CT complex was more stable or active toward
these substrates than the c-SRC–CAS complex.

Unlike cortactin and paxillin, phosphorylation of FLAG-
FAK was greatly enhanced by overexpression of c-SRC alone,

and coexpression with CAS or CAS-CT had little additional
effect. There is considerable evidence that c-SRC plays an
important role in regulating FAK phosphorylation and func-
tion in vivo. This is perhaps most apparent in the context of
integrin-mediated signaling (11, 12, 22, 23, 27, 30, 37, 39, 43,
50, 58, 69, 82, 84), where integrin engagement results in acti-
vation of FAK and autophosphorylation of tyrosine residue
397 (Y397). Integrin-induced autophosphorylation of FAK is
observed in c-SRC-deficient fibroblasts but not in triple SRC-
Yes-Fyn knockout cells (26, 38, 68, 83), suggesting that SRC
family kinases play an important role in maintaining significant
pTyr levels on FAK. Phosphorylation of Y397 provides a dock-
ing site for the SRC SH2 domain, thus recruiting c-SRC to
focal adhesions (23, 69). The direct association of FAK with
c-SRC has also been shown to activate c-SRC (76). Thus, the

FIG. 8. Biological activities of the c-SRC–CAS complex. (A) Serum-independent growth. The percentages of cells exhibiting nuclear staining of BrdU at 24, 48, and
72 h after serum withdrawal are presented for the indicated cell lines. The results for 5H-RK5 are representative of the combined results for two vector control cell
lines. Values are averages (6 standard deviations) of results of four independent experiments, and asterisks indicate a P value of #0.01. (B) Anchorage-independent
growth. Colony number per 105 cells plated in soft agar is presented for each of the designated cell lines. Colonies were counted using EagleSight software, and the
results presented are the averages of results of three independent experiments.
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enhanced phosphorylation on FAK that was observed in the
presence of overexpressed c-SRC likely reflects both increased
phosphorylation of SRC-dependent phosphorylation sites and
the physical protection of phospho-Y397 from PTPases. The
finding that overexpression of CAS with c-SRC did not sub-
stantially increase phosphorylation of FAK above the levels
induced by c-SRC alone suggests that FAK may be maximally
phosphorylated under conditions of overexpressed c-SRC. Al-
ternatively, the c-SRC–CAS complex may have less specificity
for FAK than it has for cortactin or paxillin.

The biological activity of the c-SRC–CAS complex. The find-
ing that individual clones of C3H10T1/2-5H murine fibroblasts
overexpressing either CAS or CAS-CT demonstrated en-
hanced serum- and anchorage-independent growth suggests an
important biological role for the c-SRC–CAS protein complex.
Cells expressing v-SRC or constitutively activated variants of
c-SRC exhibit similar growth characteristics (54, 55, 77). An
essential role for CAS in src-mediated anchorage-independent
growth was demonstrated by Honda et al., who reported that
CAS2/2 fibroblasts expressing constitutively activated SRC
were unable to form colonies in soft agar (29). A related study
demonstrated that the transformed phenotype was unaffected
when v-SRC–CAS complexes were effectively reduced in src-
transformed cells and replaced by v-SRC–CAS-CT complexes
(9). Thus, modulation of c-SRC catalytic activity (and perhaps
substrate specificity) by its interaction with CAS or CAS-CT
may fulfill the requirement for CAS function in src-mediated
transformation.

The ability of individual C3H10T1/2-5H clones to grow in-
dependently of serum and ECM correlated with high expres-
sion of CAS or CAS-CT, tyrosine phosphorylation of these
proteins, and the establishment of c-SRC–CAS or c-SRC–
CAS-CT complexes. It is noteworthy that clones expressing
lower levels of CAS or CAS-CT did not show detectable dif-
ferences in growth regulation, as measured by serum- and
anchorage-independent growth. Overexpression of CAS in the
context of endogenous levels of c-SRC can activate signaling
pathways involved in cell migration (37), but it has yet to be
correlated with direct changes in cell growth. These results
suggest that an important facet of the modulation of the bio-
logical function of c-SRC by CAS is the stoichiometry of the
interaction between the two proteins. In physiological settings,
high local concentrations of cell surface proteins and associ-
ated signaling molecules (including SRC family members) oc-
cur at specialized regions of the cell, such as focal adhesions,
caveoli, cell-cell junctions, and lipid rafts (3, 8, 73, 75). CAS
localizes to focal adhesions following integrin ligation, and
tyrosine phosphorylation of CAS is observed in response to
activation of several types of cell surface receptors that medi-
ate their effects in part through SRC family kinases (13, 14, 24,
27, 50, 51, 62, 71, 84, 92). Additionally, the c-SRC negative
regulatory kinase Csk (C-terminal c-SRC kinase) is primarily
cytoplasmic but can be recruited to focal adhesions and to
detergent-insoluble membrane domains by FAK and the Csk-
binding protein Cbp (17, 34). Thus, the colocalization of CAS
with other molecules that can modulate c-SRC activity pro-
vides a putative mechanism for the regulation of SRC family
members within specific cellular microenvironments and in
response to specific extracellular stimuli.

The ability of C3H10T1/2-5H cells overexpressing high lev-
els of CAS and c-SRC to grow independently of serum for
prolonged periods of time is consistent with a model in which
the presence of c-SRC–CAS complexes partially circumvents
proliferative signals that are otherwise provided by serum.
The mechanisms that may be involved in serum-independent
growth include autocrine production of growth factors and/or

the direct activation of signaling components that function
downstream of growth factor receptors (1, 44, 54, 70, 77). In
this regard, Hakak and Martin showed that CAS functioned to
augment v-SRC-dependent transcriptional activation of a se-
rum response element reporter construct, suggesting that the
c-SRC–CAS complex may be involved in the regulation of
early-response genes (25). This function of CAS required the
presence of the CAS SH3 domain. Recent evidence also sug-
gests that CAS is involved in promoting cell survival by pro-
tecting cells from apoptosis (15). This activity required the
association of Crk with the substrate-binding YXXP domain of
CAS and subsequent activation of the small GTP-binding pro-
tein Rac. Thus, the serum-independent growth exhibited by the
C3H10T1/2-5H cells that express high levels of CAS-FL may
result from the concerted activity of multiple protein interac-
tion sites on CAS. The fact that CAS-CT is missing both the
SH3 and substrate-binding YXXP domains may account for
the lower biological activity of this molecule in promoting
serum-independent growth.

In summary, this study identifies a novel role for the c-SRC–
CAS protein complex in regulating aspects of cellular prolif-
eration and survival. Although c-SRC–CAS complexes were
generated in these studies through overexpression, we propose
that these complexes also play an important role in determin-
ing how a cell responds to regulatory input originating from
growth factors and the ECM under more physiological condi-
tions. This function may be achieved through the regulated
assembly of c-SRC–CAS complexes at specific microenviron-
ments within the cell or in cases where c-SRC and/or CAS is
naturally overexpressed. Recent reports indicate that CAS is
overexpressed in many breast tumors (81), and carcinomas of
the colon, breast, lung, and other tissues contain elevated c-
SRC activity that is frequently caused by overexpression of
c-SRC rather than oncogenic mutation (4, 5, 53). Because
overexpression of c-SRC in fibroblast model systems is not
sufficient to induce elevated PTK activity and cellular transfor-
mation (7, 44, 61, 88), we propose that additional factors are
required for enzymatic activation in the context of these can-
cers. We suggest that CAS, and perhaps other SRC-binding
proteins that function in a similar manner, may serve this
function. Future studies will address the potential contribution
of the c-SRC–CAS complex and its role in the process of
carcinogenesis.
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