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Final Report for W81XWH-04-1-0032
TITLE: MOLECULAR MECHANISMS OF HORMONE-REFRACTORY PROSTATE CANCER
1. Introduction

Prostate cancer begins as an androgen-dependent tumor that undergoes clinical
regression in response to surgical or pharmacological strategies that reduce testosterone levels.
A significant clinical problem in the treatment of prostate cancer is the conversion of androgen-
sensitive tumors to a hormone-refractory state following anti-androgen therapy. Consequently,
the majority of prostate cancer patients die of disseminated disease which is refractory to
conventional therapies.

The molecular basis for androgen independence is poorly understood. It is known that
anti-androgen therapies do not usually eliminate the expression of the androgen receptor (AR),
and androgen insensitivity is therefore thought to be caused via ligand-independent activation of
the AR (1). In support of this, it has been shown that a number of receptor tyrosine kinases can
activate the AR in an androgen-depleted environment (2-5). In addition to peptide growth
factors that bind to receptor tyrosine kinases, neuropeptides such as bombesin and neurotensin
have also been implicated in anti-androgen resistance. Importantly, advanced prostate cancers
often have increased numbers of neuroendocrine cells, and androgen independence is
correlated with elevated levels of neuroendocrine markers in serum (6,7). Neuropeptides have
been shown to induce androgen independence by activating the non-receptor tyrosine kinases
Bmx, Src and Focal Adhesion Kinase (FAK) (8). Most notably, activation of Bmx, expression of
which is known to be upregulated in advanced prostate carcinomas (9), was found to be a
significant requirement for neuropeptide-induced androgen independence.

The underlying premise in our application is that the various receptor and non-receptor
tyrosine kinases in prostate cancer cells likely converge on a common signaling molecule that
integrates the upstream signaling input and leads to AR activation in an androgen-independent
manner. Thus, we outlined a concept for our application that an ultimate common pathway
would plausibly explain how so many seemingly disparate sighals can contribute to androgen
independence. As a corollary, identification of the signal-integrating molecule(s) in the pathway
would provide a valuable therapeutic target for prostate cancer treatment. Based on several
different criteria outlined in the original application, we postulated that tyrosine phosphorylation
of the docking protein p130“* (Cas) has such a signal-integrating role in the development of
hormone-refractory prostate cancer. Among these criteria was our then-unpublished finding
that Cas is the main protein target for the kinase activity of Bmx. These studies have now been
published (10), and the paper is included in the Appendix. As such, our objective within the
Exploration-Hypothesis Development Award was to test the concept outlined above, and, at the
same time, acquire preliminary data needed to allow the formulation of the hypothesis that Cas
has a crucial and causal role in androgen independence in prostate cancer.

2. Body of the Report

In order to meet the objectives outlined above, two specific aims were set forth in our
application. In the first aim, our goal was to examine whether activation of Cas signaling
correlates with androgen independence in prostate cancer cells in vitro. If these studies were
encouraging, we would then proceed to aim 2 and examine whether activation of Cas signaling
is causal to androgen independence in prostate cancer cells in vitro, and also in vivo.
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During the first year of funding, we initially focused our efforts on the first aim of the
original application. Tasks that were to be accomplished as part of this aim were as follows:

Task 1. Examine Cas phosphorylation and Cas/Crk complex formation in neuropeptide-treated
prostate cancer cells in vitro (months 1-6). These studies will answer the question
whether activation of Cas signaling correlates with androgen independence in prostate
cancer cells in vitro.

a. Establish cell culture conditions for androgen-dependent LNCaP cells.

b. Examine the growth profile of androgen-depleted LNCaP cells upon stimulation with
the synthetic androgen R1881, the neuropeptide bombesin, and control vehicle by an
MTT assay.

c. Examine Cas and Crk expression levels and profiles in steady-state and
differentially stimulated LNCaP cells by an immunoblot analysis.

d. Examine dose- and time-dependency, and intensity of Cas tyrosine phosphorylation
in steady-state and differentially stimulated LNCaP cells by immunoprecipitating Cas
with anti-Cas antibodies followed by a quantitative immunoblot analysis with anti-
phosphotyrosine antibodies.

e. Examine dose- and time-dependency, and intensity of Cas/Crk interaction in steady-
state and differentially stimulated LNCaP cells by immunoprecipitating Cas with anti-
Cas antibodies followed by a quantitative immunoblot analysis with anti-Crk antibodies.
(f. Examine the same in other in vitro culture models of androgen independence).

All studies outlined in Task 1 were accomplished during the first 6 months of this grant
period. As such, we, for example, established a culture model for androgen-dependent and —
independent prostate cancer cells. While all experiments were technically successful, we
obtained scientifically negative results on two key experiments. First, while Cas is expressed in
LNCaP cells (as previously reported by us and others, see e.g. (11)), we failed to detect an
enhanced Cas phosphorylation in LNCaP cells upon stimulation. Second, and as a corollary,
we failed to see an enhanced Cas/Crk complex formation. Crk is an adapter protein that binds
through its SH2-domain to tyrosine-phosphorylated docking proteins, such as Cas (12). Thus,
the lack of enhanced Cas/Crk complex formation is explained by the lack of enhanced Cas
phosphorylation in stimulated LNCaP cells.

As noted above, Crk has the potential to interact with other tyrosine-phosphorylated
proteins than Cas. Thus, an interesting possibility was that not Cas, but another docking protein
(such as closely related Cas family members HEF-1/Cas-L or Sin/Efs, see (13)) could couple
upstream tyrosine kinases to Crk signaling pathways in prostate cancer cells. We therefore
subsequently extended our studies to examine this intriguing possibility (outside of the original
task). In these studies, LNCaP cells were plated in medium supplemented with 10% charcoal-
stripped FBS and with synthetic androgen R1881 (4 nM), with bombesin (200 nM), or with
DMSO (as a control). Cell lysates were subjected to immunoprecipitation experiments with anti-
Crk antibodies, as well as affinity isolation experiments with a GST-fusion protein containing the
sequences coding for the SH2-domain of Crk (see (14) for technical details). The precipitates
were then analyzed by SDS-PAGE followed by immunoblotting with anti-phosphotyrosine
antibodies to detect any tyrosine-phosphorylated proteins bound to Crk in a stimuli-dependent
(or —enhanced) manner. As shown in Figure 1 below, Crk became associated with tyrosine-
phosphorylated protein(s) around 110-130 kDa in molecular weight in stimulated prostate
cancer cells. While this corresponds to the molecular weight of Cas, immunoblotting with anti-
Cas antibodies confirmed our earlier finding of lack of enhanced Cas/Crk complex formation
upon stimulation of prostate cancer cells (not shown).
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Figure 1. LNCaP cells were stimulated as described in the text, and cell lysates were immunoprecipitated
with anti-Crk antibodies, followed by immunoblotting with anti-phosphotyrosine antibodies. Lane 1,
DMSO; lane 2, R1881; lane 3, bombesin.

Several known Crk-interacting molecules have a molecular weight in the range of 110-
130 kDa and are known to be phosphorylated upon various stimuli. These include such
signaling molecules as Cas-family member Hef-1/Cas-L, Gabl, Gab2, FAK, Cbl and C3G (see
e.g. (12)). Our next task was to determine, by reciprocal immunoprecipitation experiments,
which of these known binding partners might interact with Crk. To our surprise, we failed to
reliably detect an interaction between Crk any any of these proteins in prostate cancer cells. A
mass spectrometry/proteomics approach was subsequently undertaken to identify the protein(s)
by means of peptide microsequencing. After large-scale culture of the prostate cancer cells,
followed by sequential anti-Crk and anti-phosphotyrosine purification steps, gel filtration and
sample concentrations, we did receive C-terminal sequence information that corresponds to
Chl. It turns out, then, that only a small protein fraction of highly-phosphorylated Cbl associates
with Crk. We suspect that this interaction also takes place in specialized cellular compartments
(probably associated with the actin cytoskeleton), due to our incapability to efficiently elute the
protein complex from lysed cells.

In sum, we have successfully completed task 1 of our original proposal. While we were
correct in hypothesizing that there would be a correlation between Crk signaling and androgen
independence, we incorrectly predicted the docking molecule (Cas instead of Cbl) that Crk
would be interacting with. Thus, identification of this molecule, while it was feasible for us, took
altogether 4 months to accomplish. Going forward now, we will proceed to task 2 and beyond,
and seek additional funds for these studies. In our original application, aim 2 was outlined as to
“examine whether activation of Cas signaling is causal to androgen independence in prostate
cancer cells in vitro”. There will be no conceptual change to this Aim; rather, dominant-negative
and constitutively active constructs of Crk described in the application will be utilized now to
evaluate the functional (cause-effect) role of Crk in androgen independence. We also proposed
to utilize a form of Cas that lacks the tyrosine-phosphorylatable SD-domain and that is
incapable of interacting with Crk in these studies as an additional dominant-negative molecule.
Use of this construct will be replaced with the corresponding dominant-negative mutant of Cbl.
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Of note, we already have such construct at hand, which will allow us to proceed in an expedited
manner with these studies.

3. Key Research Accomplishments

» establishment of an in vitro prostate cancer model in the laboratory to examine
androgen-independent signaling and growth of prostate cancer cells

» exclusion of Cas as a significant intermediary docking molecule in androgen-
signaling pathways, at least in the LNCaP model system

» finding that the adapter protein Crk connects to additional upstream docking
molecules in stimulated LNCaP cells

» finding that the docking molecule upstream of Crk in these pathways is the proto-
oncogene Chl

4. Reportable Outcomes

* establishment of an in vitro prostate cancer model in the laboratory to examine
androgen-independent signaling and growth of prostate cancer cells

« Abassi, Y. A.,, Rehn, M., Ekman, N., Alitalo, K. & Vuori, K. (2003) p130“®* couples the
tyrosine kinase Bmx/Etk with regulation of the actin cytoskeleton and cell migration. J.
Biol. Chem. 278:35636-35643. This paper, published after the submission of the original
application, provides validation of some of the preliminary data presented in the
application.

5. Conclusions

Our data supports a role for a Crk-mediated signaling pathway in prostate cancer cells.

Our original hypothesis identified p130Cas as a candidate tyrosine-phosphorylated docking
protein that would connect upstream tyrosine kinases to the Crk pathway. Our studies
described above, however, suggest that another docking protein of similar molecular weight, the
proto-oncogene Cbl (probably in a cancer tissue-specific manner), likely functions as such a
signaling integrator. Future biological studies are required to fully dissect the functional role of
the Cbl/Crk complex in prostate cancer cells.
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Bmx/Etk, a member of the Tec/Btk family of nonrecep-
tor kinases, has recently been shown to mediate cell
motility in signaling pathways that become activated
upon integrin-mediated cell adhesion (Chen, R., Kim, O.,
Li, M., Xiong, X.,, Guan, J. L., Kung, H. J., Chen, H.,
Shimizu, Y., and Qiu, Y. (2001) Nat Cell Biol. 3, 439-444).
The molecular mechanisms of Bmx-induced cell motility
have so far remained unknown. Previous studies by us
and others have demonstrated that a complex formation
between the docking protein p130€*¢ (Cas) and the
adapter protein Crk is instrumental in connecting sev-
eral stimuli to the regulation of actin cytoskeleton and
cell motility. We demonstrate here that expression of
Bmx leads to an interaction between Bmx and Cas at
membrane ruffles, which are sites of active actin remod-
eling in motile cells. Expression of Bmx also enhances
tyrosine phosphorylation of Cas and Cas‘Crk complex
formation, and coexpression of Bmx with Cas results in
an enhanced membrane ruffling and haptotactic cell
migration. Importantly, a mutant form of Bmx that fails
to interact with Cas also fails to induce cell migration.
Furthermore, expression of a dominant-negative form of
Cas that is incapable of interacting with Crk inhibits
Bmx-induced membrane ruffling and cell migration.
These studies suggest that Bmx-Cas interaction, phos-
phorylation of Cas by Bmx, and subsequent Cas-Crk
complex formation functionally couple Bmx to the reg-
ulation of actin cytoskeleton and cell motility.

Cytoskeletal dynamics and cell migration are critical aspects
of normal development, wound healing, and inflammatory re-
sponse. Integrins, which are the major cell surface receptors
that interact with extracellular matrix components, generate
signals that regulate reorganization of actin cytoskeleton and
cell motility in coordination with signaling events stimulated
by receptors for soluble growth factors (1, 2). Focal adhesion
kinase (FAK)! has emerged as a crucial molecule in integrating

* This study was supported by grants from the National Institutes of
Health (to K. V.). The costs of publication of this article were defrayed
in part by the payment of page charges. This article must therefore be
hereby marked “advertisement” in accordance with 18 U.S.C. Section
1734 solely to indicate this fact.

§ Supported by a postdoctoral fellowship from the California Cancer
Research Program.

| To whom correspondence should be addressed: Cancer Research
Center, The Burnham Institute, 10901 N. Torrey Pines Rd., La Jolla,
CA 92037. Tel.: 858-646-3100; Fax: 858-646-3199; E-mail: kvuori@
burnham.org.

1 The abbreviations used are: FAK, focal adhesion kinase; SH, Src
homology; Cas, docking protein p130¢2%; SB, Src-binding; FN, fibronec-
tin; PLL, poly-L-lysine; PBS, phosphate-buffered saline; PAE, porcine
aortic endothelial; GST, glutathione S-transferase; HA, hemagglutinin;
WT, wild type; KD, kinase dead; SD, substrate domain; pY,
anti-phosphotyrosine.
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signals that lead to the regulation of cell motility (reviewed in
Refs. 3 and 4). Ligand binding of integrins results in catalytic
activation of FAK and in its autophosphorylation at Tyr-397,
which serves as a binding site for several Src homology 2 (SH2)
domain-containing proteins including Src kinases. The binding
of Src kinases to FAK leads to further phosphorylation of FAK
and also to phosphorylation and activation of a number of
cytoskeleton-linked proteins, which transduce integrin-gener-
ated signals to downstream signaling pathways (reviewed in
Refs. 3—6). The most compelling evidence regarding the role of
FAK in cell migration stems from the observation that FAK
knock-out cells are defective in both haptotactic and chemotac-
tic cell migration (7-11). Exogenous expression of FAK in turn
is known to enhance cell motility of various cell types, and a
number of groups have reported that FAK protein levels and/or
its activity are up-regulated in invasive cancer cells (see Ref. 12
and references therein).

FAK is thought to mediate cell migration by recruitment and
phosphorylation of the docking protein p130°2® (Cas). Thus, a
dominant-negative form of Cas has been shown to inhibit FAK-
mediated haptotactic cell migration (13). Cas contains multiple
protein-protein interaction domains, including an SH3 domain
at the N terminus, a Src-binding (SB) domain toward the C
terminus, and an interior substrate domain (SD) (see Fig. 3A)
(14). The SH3 domain of Cas is thought to regulate the tyrosine
phosphorylation status of Cas because it interacts with tyro-
sine kinases, such as FAK (15, 16) and its homologue Pyk2 (17,
18), and with tyrosine phosphatases such as PTP1B (19) and
PTP-PEST (20). The SB domain is a second region of Cas
interaction with tyrosine kinases and contains a proline-rich
motif that can interact with the SH3 domains of Src family
kinases and a tyrosine phosphorylation site that can bind to the
SH2 domains of Src kinases (21). Both FAK and PYK2 as well
as Src family kinases have been implicated in integrin-depend-
ent phosphorylation of Cas (22-28). The SD domain of Cas is
the major region of tyrosine phosphorylation and consists of 15
potential tyrosine phosphorylation sites (YXXP). When phos-
phorylated, the YXXP motif conforms to the binding consensus
for the Crk SH2 domain (29) and integrin-dependent tyrosine
phosphorylation of Cas is known to lead to recruitment of the
adapter protein c-CrkII (22). The Cas-Crk complex has been
shown to serve as a “molecular switch” for induction of cy-
toskeletal dynamics and cell migration. Thus, overexpression of
wild-type Cas alone or in combination with Crk leads to an
enhancement of membrane ruffling and haptotactic cell migra-
tion on extracellular matrix, whereas dominant-negative forms
of Cas and Crk that are unable to interact with each other block
stimuli-induced cell motility (30, 31). The most direct role for
Cas in regulating cytoskeletal dynamics comes from studies
done with fibroblasts derived from Cas—/— embryos. These
fibroblasts contain disorganized actin filaments, deficiency in
cell spreading, and decreased haptotaxis toward the integrin

This paper is available on line at http://www.jbc.org
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ligand fibronectin (FN), very similar to FAK and Src-deficient
fibroblasts (7, 27, 32—-36).

It was shown recently that integrins regulate the activity of
another tyrosine kinase, ETK/Bmx, which is a member of the
Tec/Btk family of tyrosine kinases (37). In addition to the SH2,
SH3, and kinase domains, the Tec family of tyrosine kinases
also contain an N-terminal pleckstrin homology domain (38,
39). Chen et al. (37) reported that adhesion of endothelial cells
on FN induced tyrosine phosphorylation of Bmx, which corre-
lated with its interaction with FAK. The interaction between
Bmx and FAK was found to occur via the pleckstrin homology
and FERM domains, respectively. Bmx mutants that failed to
interact with FAK were found to inhibit FAK- and FN-induced
cell migration, indicating that integrin-dependent Bmx-FAK
interaction is required for haptotactic cell motility by an un-
known mechanism.

In this report, we have investigated the possibility that Cas
would function as a downstream target for Bmx and mediate
Bmx-induced cell motility. We found that expression of Bmx
leads to a complex formation between Bmx and Cas at mem-
brane ruffles, which are sites of active actin remodeling in
motile cells. Our data also indicate that Bmx enhances tyrosine
phosphorylation of Cas and its interaction with Crk. Further-
more, Bmx and Cas were found to enhance membrane ruffling
and haptotactic cell migration and Bmx-induced membrane
ruffling and cell migration were found to take place in a Cas-
dependent manner. These studies suggest that phosphoryla-
tion of Cas by Bmx functionally couples Bmx to the regulation
of actin cytoskeleton and cell motility.

MATERIALS AND METHODS

Constructs and Reagents—The pClneo expression vectors for HA-
tagged forms of wild-type and kinase-dead Bmx have been described
previously (40, 41). The HA-tagged Bmx SH2 mutant (R322V) in
pClneo was generated by using the QuikChange site-directed mutagen-
esis kit (Stratagene). Wild-type Cas and its ASD and ASB mutant forms
in the pEBG mammalian expression vector have been described previ-
ously (30, 42). The pEBG-Cas SH3 mutant (W137A) was generated by
site-directed mutagenesis as described above. Expressed proteins in the
pEBG-vector contain an N-terminal GST tag. The GST-CasSD, GST-
CasSB, and GST-CasSH3 constructs in the pGEX-3X bacterial expres-
sion vector coding for the GST fusion proteins of the SD, SB, and SH3
domains of Cas, respectively (14), were obtained from Dr. Hisamaru
Hirai.

The anti-Cas, anti-Bmx, and anti-Crk monoclonal antibodies and the
horseradish peroxidase-conjugated anti-phosphotyrosine antibody
PY-20 were purchased from Transduction Laboratories. The anti-Cas
polyclonal (C-20 and N-17) and anti-HA monoclonal antibodies were
purchased from Santa Cruz Biotechnology. The anti-Src monoclonal
antibody 327 and the anti-GST polyclonal antibody were generous gifts
from Drs. Joan Brugge (Harvard Medical School) and Elena Pasquale
(The Burnham Institute), respectively. Rhodamine-phalloidin as well
as Alexa 458- and Alexa 546-labeled secondary antibodies were from
Molecular Probes.

Cell Culture and Transfections—COS-7 cells and 293T cells were
maintained in Dulbecco’s modified Eagle’s high glucose medium (Irvine
Scientific) containing 10% fetal bovine serum at 37 °C and 5% CO,.
Porcine aortic endothelial (PAE) cells were maintained in Ham’s F12
growth medium (Invitrogen) containing 10% fetal bovine serum. COS-7
and 293T cells were transfected with LipofectAMINE PLUS reagent
(Invitrogen) according to the manufacturer’s protocols.

Immaunoprecipitation, Immunoblotting, and Kinase Assays—COS-7
and 293T cells transfected with the various expression plasmids were
washed in PBS and lysed in lysis buffer (50 mm Tris, pH 7.5, 150 mm
NaCl, 5 mm EDTA, 1 mMm sodium vanadate, 1% Triton X-100, 10 pg/ml
leupeptin, 10 pg/ml aprotinin, and 1 mM phenylmethylsulfonyl fluo-
ride). The lysates were immunoprecipitated with anti-HA or anti-GST
antibodies, and the immunoprecipitates were captured with protein
A-Sepharose, washed, and eluted with 2X sample buffer. The immuno-
precipitates were loaded on 4-12% SDS-polyacrylamide gels (Novex)
and immunoblotted with the indicated antibodies. For coimmunopre-
cipitation of endogenous proteins, PAE cells were serum-starved for
16 h, detached, held in suspension for 2 h, and replated on FN-coated
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(10 pg/ml) or poly-L-lysine (PLL)-coated (20 ug/ml) plastic dishes for 30
min. The cells were washed in PBS and lysed in modified radioimmune
precipitation assay buffer as described in Chen et al. (37) and immu-
noprecipitated with anti-Bmx antibodies followed by immunoblotting
with anti-Cas antibodies.

In vitro immunocomplex kinase assays were carried out by immuno-
precipitating HA-tagged Bmx or c-Src from COS-7 cell lysates as de-
scribed above. The immunoprecipitates were washed twice with lysis
buffer and twice with kinase buffer (50 mm Hepes, pH 7.4, and 10 mMm
MgCl,). The immunoprecipitates were equally divided and resuspended
in 18 wl of kinase buffer with or without 1 puM Src inhibitor SU6656 in
the presence of either 2 pug of GST or 2 ug of GST-CasSD as a putative
substrate. After a 15-min incubation at 30 °C, the reactions were initi-
ated by the addition of 10 um ATP and 10 uCi of [*?PJATP (final
concentrations) and the reaction was allowed to proceed at 30 °C for an
additional 20 min. The reactions were terminated by the addition of 20
ul of 2X sample buffer, and the samples were heated at 95 °C for 5 min
and fractionated on an SDS-PAGE. The gel was washed, stained,
destained, dried, and subjected to autoradiography for 12 h.

GST Fusion Protein Expression—DHb5a cells harboring the various
GST-Cas constructs (see above) were grown overnight, diluted 5-fold
with fresh LB medium for 2 h, and induced with isopropyl-1-thio-g3-D-
galactopyranoside for an additional 2 h. The fusion proteins were pu-
rified as described previously (43). To obtain tyrosine-phosphorylated
GST-CasSD and GST-CasSB fusion proteins, the pGEX-CasSD and the
pGEX-CasSB plasmids were transformed into Epicurean Coli TKX1-
competent cells (Stratagene), which harbor a plasmid-encoded, induci-
ble tyrosine kinase gene. The cells were grown, induced, and lysed
according to the manufacturer’s protocols.

Cell Migration Assay—Haptotactic cell migration assays in COS-7
cells were performed as described previously (44). The underside of the
Transwell membranes was coated with 10 ug/ml FN for 2 h at 37 °C.
8.0 X 10° COS-7 cells in 10-cm dishes were transfected with 0.5 ug of
the indicated plasmids along with 0.5 ug of pEGFP plasmid as a marker
for the transfected cells. The cells were detached with trypsin-EDTA,
washed in serum-free medium, 0.5% bovine serum albumin, and
counted and adjusted to 108 cells/ml. 100 ul of the cell suspension were
placed in the Transwell membranes and allowed to migrate to the
underside for 3 h at 37 °C. The cells on the top chamber were removed
with a cotton swab, and the cells migrating to the underside of the filter
were fixed in 4% paraformaldehyde. The filters were cut and mounted
on a coverslip, and the green fluorescent protein-positive cells were
visualized and photographed using a Nikon immunofluorescence micro-
scope. As a control for transfection efficiency and cell spreading, 5.0 X
10° cells were allowed to spread on FN-coated chamber slides for 30 min
and then fixed and visualized under the microscope.

Immaunofluorescence Microscopy—PAE or COS-7 cells that had been
transfected with the indicated constructs were serum-starved for 16 h,
detached, and resuspended in serum-free medium containing 0.25%
bovine serum albumin. The cells were kept in suspension for 2 h and
then seeded on PLL- or FN-coated coverslips for 30 min. The cells were
washed in PBS, fixed in 4% paraformaldehyde, and permeabilized with
0.2% Triton X-100 in PBS. The cells were blocked with 0.5% bovine
serum albumin and 5% goat serum in PBS followed by incubation with
the indicated antibodies and rhodamine-phalloidin. The cells were vi-
sualized and photographed as described previously (44).

RESULTS

Bmux Induces Tyrosine Phosphorylation of Cas and Cas-Crk
Interaction—The tyrosine kinase Bmx is activated in response
to cell adhesion on FN and is required for cell migration on FN
(37). The docking protein Cas becomes tyrosine-phosphorylated
in an adhesion-dependent manner on FN and other extracellu-
lar matrix components and is involved in maintaining the
integrity of the actin cytoskeleton and regulating cell migration
by recruiting the adapter protein Crk (22, 30, 31, 45-48). To
investigate the putative role of Cas in Bmx-induced cell motil-
ity, we first sought to determine whether Bmx can induce
tyrosine phosphorylation of Cas and a subsequent interaction
between Cas and Crk. COS-7 cells were transfected with ex-
pression vectors coding for GST-tagged wild-type Cas alone or
together with HA-tagged wild-type Bmx (HA-Bmx WT) or with
HA-tagged kinase-dead Bmx (HA-Bmx KD). Forty-eight hours
after transfection, the cells were lysed, immunoprecipitated
with anti-GST antibodies, and immunoblotted with anti-phos-
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Fic. 1. Bmx induces tyrosine-phosphorylation of Cas and
Cas-Crk complex formation. A, cell lysates prepared from COS-7
cells transfected with empty vector (EV), HA-Bmx WT, or HA-Bmx KD
plasmids together with plasmids coding for GST-Cas WT were immu-
noprecipitated with anti-GST antibodies. The immunoprecipitates were
immunoblotted with anti-phosphotyrosine (pY) antibodies (upper pan-
el), and the membrane was subsequently stripped and reprobed with
anti-HA and anti-Cas antibodies as indicated. Total cell lysates were
probed with an anti-HA antibody to determine the expression levels of
the HA-Bmx WT and HA-Bmx KD proteins. B, similarly prepared
lysates were immunoprecipitated with anti-Crk antibodies followed by
immunoblotting with anti-Cas and anti-Crk antibodies. Total cell ly-
sates were probed with anti-GST antibodies to confirm equal levels of
Cas proteins in the lysates.

photyrosine antibodies. When expressed alone, GST-Cas was
only weakly tyrosine-phosphorylated (Fig. 1A). Coexpression of
HA-Bmx WT in turn led to a significant increase in Cas tyro-
sine phosphorylation. Expression of HA-Bmx KD had no effect
on Cas phosphorylation, indicating that the observed increase
in Cas tyrosine phosphorylation was dependent on a functional
kinase domain in Bmx.

To examine the possibility that Cas and Bmx interact in
cells, the anti-GST immunoprecipitates were probed with an-
ti-HA antibodies. As shown in Fig. 1A, HA-Bmx WT but not
HA-Bmx KD coimmunoprecipitated with GST-Cas, suggesting
that Bmx forms a complex with Cas in a manner that depends
on the kinase activity of Bmx and/or on the tyrosine phospho-
rylation status of Cas. The amount of Bmx interacting with Cas
was approximately 5—20% of the total amount of Bmx, slightly
varying from one experiment to another.

To determine whether Bmx modulates the interaction be-
tween Cas and Crk, the cellular lysates described above were
immunoprecipitated with anti-Crk antibodies followed by im-
munoblotting with anti-Cas antibodies. As shown in Fig. 1B,
coexpression of Cas with HA-Bmx WT but not with HA-Bmx
KD induced an interaction between Crk and Cas. Taken to-
gether, expression of Bmx leads to an interaction between Bmx
and Cas and to an enhanced tyrosine phosphorylation of Cas
and Cas*Crk complex formation.

Integrin-dependent Localization and Interaction of Endoge-
nous Bmx and Cas Proteins in Endothelial Cells—Integrin-
mediated cell adhesion and spreading lead to an increase in
Cas phosphorylation and localization of Cas to the cell periph-
ery in COS-7 cells (30). Bmx in turn has been shown to localize
to the perimeter of FN-plated endothelial cells (37). Therefore,
we examined the subcellular localization of endogenous Cas
and Bmx proteins in endothelial cells upon integrin ligand
binding and the capability of integrin ligation to modulate
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Fic. 2. Cas and Bmx localize to the cell periphery in endothe-
lial cells plated on FN and biochemically interact upon integrin-
mediated cell adhesion. A, PAE cells were serum-starved, detached,
and seeded on PLL or FN-coated coverslips for 30 min. The cells were
fixed in 4% paraformaldehyde, permeabilized, and stained with anti-
Bmx or anti-Cas primary antibodies followed by Alexa 458 secondary
antibody staining. The cells were costained with rhodamine-phalloidin
to visualize the actin cytoskeleton. B, serum-starved PAE cells were
detached and replated on PLL- or FN-coated dishes for 30 min. The cells
were lysed in RIPA buffer and immunoprecipitated with anti-Cas an-
tibodies (left panels) followed by immunoblotting with pY antibodies.
The blot was stripped and reprobed with anti-Cas antibodies to assess
the levels of the immunoprecipitated Cas. The lysates were also precip-
itated with anti-Bmx antibodies (right panels) followed by immunoblot-
ting with anti-Cas antibodies. The blot was stripped and reprobed with
anti-Bmx antibodies to confirm equal loading.

Cas-Bmx interaction. To this end, serum-starved PAE cells
were detached and replated on FN-coated coverslips for 30 min.
As a control, the cells were also plated on PLL to which they
adhered in an integrin-independent manner. The cells were
fixed and stained with monoclonal anti-Cas and anti-Bmx an-
tibodies as well as with rhodamine-phalloidin to visualize the
actin cytoskeleton. As shown in Fig. 2A, PAE cells failed to
spread on PLL-coated surfaces and exhibited a diffuse Cas and
Bmx staining on PLL. In contrast, Bmx and Cas localized to the
perimeter of the spreading cells on FN and this localization was
coincident with the staining of cortical actin by rhodamine-
phalloidin. This staining pattern was suggestive of colocaliza-
tion of Bmx and Cas in the cell periphery upon integrin-medi-
ated cell adhesion. Unfortunately, our efforts to study this
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further by coimmunostaining with anti-Cas and anti-Bmx an-
tibodies were hampered by the low sensitivity of polyclonal
anti-Cas antibodies in immunofluorescence and by unspecific
reactivity of the monoclonal anti-Bmx antibodies with second-
ary rabbit antibodies (data not shown). Biochemical means
were therefore used to examine whether endogenous Cas and
Bmx proteins physically interact in endothelial cells and
whether the interaction is modulated by integrin ligation. To
this end, serum-starved PAE cells were detached and plated on
PLL- or on FN-coated plates for 30 min. The cells were lysed
and immunoprecipitated with anti-Cas and anti-Bmx antibod-
ies. Immunoblot of Cas immunoprecipitates with anti-phospho-
tyrosine antibodies indicated that Cas tyrosine phosphoryla-
tion was significantly augmented, as expected, upon cell
adhesion on FN but not on PLL. Importantly, the enhanced
phosphorylation of Cas correlated with the interaction of Cas
with Bmx (Fig. 2B). These results indicate that integrin-medi-
ated cell adhesion leads to the localization of endogenous Cas
and Bmx proteins at the cell periphery and to an enhanced
interaction between the two proteins as assessed by coimmu-
noprecipitation studies.

Bmx Induces Tyrosine Phosphorylation of the Cas SD in Vivo
and in Vitro—To further investigate the molecular mecha-
nisms of Bmx-Cas interaction, HA-Bmx WT was coexpressed
with various mutant forms of GST-tagged Cas in COS-7 cells
and the tyrosine phosphorylation status of the expressed Cas
proteins and their interaction with Bmx were analyzed. When
expressed alone, wild-type GST-Cas and the various mutant
forms of Cas exhibited little tyrosine phosphorylation (Fig. 3B).
Upon coexpression with Bmx, wild-type Cas and a form of Cas
that lacked a functional SH3 domain became robustly tyrosine-
phosphorylated (Fig. 3B). These two forms of Cas also readily
interacted with Bmx (Fig. 3C). The Cas-SH3 mutant protein is
incapable of interacting with FAK (data not shown) (16), sug-
gesting that Cas interaction with and phosphorylation by Bmx
do not require a direct interaction between Cas and FAK.

A form of Cas in which the SD containing 15 potential tyro-
sine phosphorylation sites had been deleted (CasASD) failed to
demonstrate any tyrosine phosphorylation upon Bmx coexpres-
sion (Fig. 3B), despite the fact that this mutant interacted with
Bmx to the same extent as the wild-type form of Cas (Fig. 3C).
Therefore, these results suggest that the SD domain of Cas
may be a target for the kinase activity of Bmx. In support of
this, immunoprecipitated wild-type Bmx readily phosphoryl-
ated recombinantly expressed SD domain of Cas in an in vitro
immunocomplex kinase assay (Fig. 3D). Importantly, the Src
inhibitor SU6656 had no effect on Bmx-mediated phosphoryl-
ation of the SD domain in vitro, although it completely inhib-
ited phosphorylation of CasSD by immunoprecipitated Src ki-
nase. This finding suggests that the kinase activity of Bmx
itself, rather than that of a potentially coimmunoprecipitating
Src, is responsible for tyrosine phosphorylation of CasSD in
vitro and perhaps also in vivo (see “Discussion”). As mentioned
earlier, the SD domain of Cas when tyrosine-phosphorylated
binds to Crk and therefore this model is consistent with our
observation in Fig. 1 that Bmx enhances an interaction be-
tween Cas and Crk in vivo.

The SH2 Domain of Bmx Interacts with the SB Domain of
Cas in a Phosphorylation-dependent Manner and Is Required
for Integrin-induced Bmx-Cas Interaction—As shown in Fig. 3,
B and C, a form of Cas in which the SB domain had been
deleted (CasASB) demonstrated a slightly reduced tyrosine
phosphorylation and a greatly reduced interaction with Bmx
compared with wild-type Cas. This finding is consistent with a
model in which the SB domain of Cas is required for the bulk of
Cas-Bmzx interaction that can be observed under our lysis con-
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Fic. 3. Bmx induces phosphorylation of SD of Cas in vitro and
in vivo and interacts with the SB domain of Cas in vivo. A,
schematic presentation of the structure of Cas and the various con-
structs used in this study. The numbering of the amino acids corre-
sponds to the amino acid sequence of rat Cas described in Ref. 14. B,
COS-7 cells expressing GST-Cas WT, GST-Cas SH3m (W137A), GST-
CasASD or GST-CasASB without (left panels) or with coexpressed
HA-Bmx WT (right panels) were lysed and immunoprecipitated with
anti-GST antibodies. The immunoprecipitates were subsequently
immunoblotted with pY antibodies (upper panels). The membranes
were stripped and reprobed with anti-Cas antibodies (lower panels) to
confirm equal loading. C, cell lysates prepared from COS-7 cells ex-
pressing the various Cas-constructs described above together with HA-
Bmx WT were immunoprecipitated with anti-HA antibodies (left pan-
els) followed by immunoblotting with anti-Cas antibodies. The blot was
stripped and reprobed with an anti-HA antibody. In the right panels,
total cell lysates were immunoblotted with anti-Cas (upper panel) and
anti-HA (lower panel) antibodies. D, COS-7 cells expressing HA-Bmx
WT were lysed and immunoprecipitated with anti-HA antibodies. The
immunoprecipitates were subjected to an in vitro immunocomplex ki-
nase assay using purified GST-CasSD as the substrate in the presence
or absence of 1 uM Src inhibitor SU6656 (66). As a control, endogenous
Src was immunoprecipitated and subjected to an in vitro immunocom-
plex kinase assay in the presence or absence of the inhibitor. The kinase
reactions were carried out as described under “Materials and Methods.”
GST-CasSD loading in the kinase reaction was examined by Coomassie
Blue staining.

ditions. To further test this notion, in vitro pull-down experi-
ments were carried out using bacterially produced, unphospho-
rylated or phosphorylated GST fusion proteins of the SH3, SD,
or SB domains of Cas as bait. As shown in Fig. 44, unphospho-
rylated forms of these fusion proteins failed to interact with
HA-Bmx WT in COS-7 cell lysates. Phosphorylated form of the
SB domain but not of the SD domain of Cas in turn readily
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Fic. 4. The SH2 domain of Bmx interacts with the SB domain
of Cas in a tyrosine phosphorylation-dependent manner irn vitro
and mediates integrin-induced Bmx-Cas interaction in vivo. A,
COS-7 cells expressing HA-Bmx WT (left panels) or HA-Bmx SH2m
(R322V) (right panels) were lysed and subjected to a pull-down assay by
using GST-CasSH3, GST-CasSD, GST-CasSB, and GST-CasSD that
had been phosphorylated on tyrosine residues (pY-SD) (see “Materials
and Methods”) or GST-CasSB phosphorylated on tyrosine residues (pY-
SB) as a bait. The pull-down complexes were fractionated on SDS-
PAGE and immunoblotted with anti-HA antibodies to assess the extent
of Bmx WT and Bmx SH2m binding. The blots were stripped and
reprobed with anti-Src and anti-Crk antibodies to assess the binding of
Src and Crk to the various fusion proteins as a control. Ponceau S
staining of the blots revealed that equal amounts of GST fusion proteins
were used in the pull-down assays and anti-phosphotyrosine immuno-
blotting confirmed tyrosine phosphorylation of the pY-SD and pY-SB
proteins but not of the other fusion proteins (data not shown). The
bottom panel shows anti-HA immunoblot analysis of total cell lysates
(TCL) of COS-T7 cells expressing HA-Bmx WT and HA-Bmx SH2m. B,
COS-7 cells expressing HA-Bmx SH2m (R322V) and HA-Bmx WT to-
gether with GST-Cas WT were serum-starved, detached, and plated on
PLL- or FN-coated dishes for 30 min. The cells were washed with PBS,
lysed in lysis buffer, and immunoprecipitated with anti-GST antibodies.
The immunoprecipitates were fractionated on SDS-PAGE and immu-
noblotted with anti-HA antibodies (left panel). Anti-HA and anti-GST
immunoblotting of total cell lysates (right panels) were carried out to
confirm equal expression levels.

precipitated Bmx. These studies suggested that similar to Src
kinases, the SH2 domain of Bmx might recognize a tyrosine-
phosphorylated motif in the SB domain of Cas. Indeed, we
found that a form of Bmx in which the SH2 domain had been
inactivated by a point mutation (HA-Bmx SH2m) failed to
interact with phosphorylated SB domain of Cas. In control
experiments, phosphorylated GST-CasSD protein pulled-down
Crk and the phosphorylated GST-CasSB interacted with Src in
the cell lysates as expected. Thus, our findings suggest that the
SB domain of Cas, when phosphorylated, mediates the binding
of Cas to the SH2 domain of Bmx.

To determine whether the SH2 domain of Bmx is required for
integrin-induced Bmx-Cas interaction in vivo, COS-7 cells ex-
pressing GST-Cas together with HA-Bmx WT or HA-Bmx
SH2m were detached and plated on PLL- or FN-coated dishes
for 30 min. Cell lysates were subjected to immunoprecipitation
with anti-GST antibodies followed by immunoblotting with
anti-HA antibodies. As shown in Fig. 4B, wild-type Bmx readily
interacted with Cas in an integrin ligand binding-dependent
manner whereas Bmx SH2 mutant failed to do so. Taken to-
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gether, these results demonstrate that the SH2 domain of Bmx
binds to the tyrosine-phosphorylated CasSB domain in vitro
and that this interaction is required for integrin-induced Bmx-
Cas interaction in vivo.

Bmx Induces Actin Reorganization and Cell Migration in a
Cas-dependent Manner—Bmx has been shown to enhance hap-
totactic cell migration on FN (37). Likewise, Cas augments
haptotactic cell migration and induces membrane ruffling of
fibroblast spreading on FN (30). We next determined whether
Bmx also induces membrane ruffling of cells on FN and, if so,
whether this activity is dependent on Cas. Serum-starved
COS-7 cells expressing Bmx alone, Cas alone, Bmx with Cas, or
Bmx with CasASD (this form of Cas functions as a dominant-
negative with respect to Cas-dependent membrane ruffling and
cell motility as it uncouples Cas from Crk (30)) were detached
and replated on FN-coated coverslips for 30 min. The cells were
fixed and stained with anti-HA and anti-Cas antibodies and
with rhodamine-phalloidin as indicated in Fig. 5A. Expression
of Bmx was found to significantly enhance membrane ruffling
at the perimeter of the spreading cells as judged by phalloidin
staining. As shown previously (30, 31, 48), expression of Cas in
COS-7 cells also led to increased membrane ruffling. Further-
more, both Bmx and Cas localized to the sites of membrane
ruffles, as assessed by colocalization with the filamentous actin
at the cell periphery. Control-transfected cells displayed very
little membrane ruffling (Fig. 5A), and the bulk of filamentous
actin remained organized in stress fibers. Coexpression of Cas
with Bmx led to a colocalization of the two proteins at the
periphery of the cell and to an enhancement of lamellipodia
formation. Importantly, coexpression of CasASD with Bmx re-
sulted in a significant inhibition of Bmx-induced cell spreading
and membrane ruffling, suggesting an important functional
role for Cas in Bmx signaling.

Because coexpression of Cas and Bmx led to an enhanced
membrane ruffling that is suggestive of a migratory phenotype,
we next examined the effect of Bmx and Cas coexpression on
haptotactic cell migration on FN. As shown in Fig. 5B, expres-
sion of either Bmx or Cas alone led to an ~2-fold increase in cell
migration in COS-7 cells, whereas coexpression of Bmx with
Cas further increased cell migration by ~3-fold over the base
line. Coexpression of CasASD with Bmx inhibited Bmx-induced
cell migration, correlating with CasASD-mediated inhibition of
Bmx-induced membrane ruffling. Importantly, the SH2 mu-
tant form of Bmx that failed to interact with Cas (Fig. 4B)
failed to augment cell migration above background levels.
Taken together, these data indicate that Bmx induces mem-
brane ruffling, cell spreading, and haptotactic cell motility on
FN. Coexpression of Cas with Bmx enhances the Bmx-induced
membrane ruffling activity and cell migration, whereas a mu-
tant form of Cas, which uncouples Cas from Bmx-induced ty-
rosine phosphorylation and subsequent Crk interaction, inhib-
its these cellular functions. Likewise, a mutant form of Bmx
that fails to interact with Cas also fails to enhance haptotactic
cell migration, further supporting a functional significance for
Bmx-Cas interaction.

DISCUSSION

Increasing evidence suggest that Bmx and other members of
the Tec/Btk family of nonreceptor tyrosine kinases play central
but diverse modulatory roles in various signaling processes.
Both genetic and biochemical data have elucidated the role of
Tec kinases in the regulation of cell survival, growth, and
differentiation in signal transduction by a number of different
extracellular stimuli, which include activation of growth factor
receptors, cytokine receptors, and antigen receptors (49). An
emerging new role for Tec kinases and especially for Bmx is
cytoskeletal organization and cell motility. In contrast to the
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Fic. 5. Bmx and Cas enhance membrane ruffling and hapto-
tactic cell migration. A, serum-starved COS-7 cells expressing HA-
Bmx WT or GST-Cas WT or HA-Bmx WT together with GST-Cas WT or
GST-CasASD were detached and replated on FN-coated coverslips for
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hematopoietic cell-restricted expression of other members of
the Tec family, Bmx is expressed in various other cell types
with great migratory potential including endothelial cells, ep-
ithelial cells, and metastatic carcinoma cells (38, 50). Chen et
al. (37) recently established that Bmx is involved in signaling
downstream of integrins, which are key receptors regulating
actin cytoskeleton and cell motility. These authors further
demonstrated a causal relationship between Bmx expression
and cell motility by showing that antisense-induced reduction
of Bmx protein expression is associated with a significant in-
hibition of motility of prostate and breast carcinoma cells. Chen
et al. (37) also showed that the activation of Bmx by integrins
is mediated by FAK, a key mediator of integrin signaling
events leading to modulation of cell motility, and that Bmx is
essential for FAK-induced cell motility (37). The molecular
mechanisms as to how Bmx exerts its effects on the cytoskele-
ton and cell motility downstream of FAK and integrin signaling
pathways have remained unexplored. In this report, we iden-
tify the docking protein Cas as a target for Bmx activity and
demonstrate that Cas is a mediator of Bmx-induced cell spread-
ing and cell motility on FN. Therefore, our studies identify a
potential molecular mechanism as to how Bmx connects to the
regulation of actin cytoskeleton.

Our results demonstrate that integrin-mediated cell adhe-
sion regulates a complex formation between Bmx and Cas and
that this complex formation coincides with tyrosine phospho-
rylation of Cas and localization of Bmx and Cas in the edges of
the spreading cell. Our studies with various mutant forms of
Cas demonstrate that the complex formation is mediated by the
SB domain of Cas, and the in vitro affinity experiments suggest
that the SH2 domain of Bmx directly recognizes a phosphoryl-
ated tyrosine residue in CasSB. Thus, Bmx-Cas interaction
probably requires a prior phosphorylation of Cas, which could
be mediated by FAK and/or Src kinases in adherent cells (see
Introduction). It remains to be determined whether Bmx, indi-
rectly or directly, contributes to Cas phosphorylation at a site
recognized by the Bmx-SH2 domain. This possibility is sug-
gested by our finding that the kinase-dead form of Bmx fails to
interact with Cas in adherent cells under our experimental
conditions (see Fig. 1), although it is also possible that the SH2
domain of Bmx is unavailable for target binding in the context
of an inactive kinase due to steric hindrance (49). Also, we
cannot rule out the possibility that other direct or indirect
protein-protein binding events could contribute to the interac-
tion between Bmx and Cas. For example, FAK and Src kinases
could function in some situations as bridge molecules between
Bmzx and Cas as they bind to both of these molecules (15, 16, 21,
37, 51).

Expression of Bmx leads not only to a complex formation
between Bmx and Cas but also to an enhanced tyrosine phos-
phorylation of Cas in the SD domain. Previous studies have
identified this domain as a direct or indirect target for several
kinases including FAK, Src, and Abl that regulate cell motility

30 min. The cells were fixed, permeabilized, and stained with anti-HA
and/or anti-Cas antibodies as well as with rhodamine-phalloidin to
visualize the actin cytoskeleton. Sheep anti-mouse (Alexa 546) and goat
anti-rabbit secondary antibodies conjugated to fluorescein isothiocya-
nate were used to detect the binding of the primary antibodies. B,
COS-7 cells were transfected with the indicated plasmids together with
pEGFP vector to identify the transfected cells. The cells were serum-
starved, detached, and applied in triplicate to Transwells that had been
coated on the underside with 10 pg/ml FN and allowed to migrate for
3 hat 37 °C. The cells in the upper chamber were wiped off, and the cells
on the underside of the filter were fixed in 4% paraformaldehyde and
counted as described under “Materials and Methods.” Expression levels
of the transfected proteins are shown by immunoblot analysis in lower
panels.



35642

in various cellular models and downstream of a number of
different migratory stimuli (reviewed in Refs. 52 and 53). Thus,
enhanced tyrosine phosphorylation of the SD domain of Cas
appears to invariably coincide with cell motility, suggesting a
utility for anti-phospho-Cas antibodies as a putative clinical
marker for cell motility and invasiveness. Chen et al. (37) have
proposed a model in which the interaction between the pleck-
strin homology domain of Bmx and the FERM domain of FAK
will open up the “closed” conformation of the inactive Bmx and
allow it to be catalytically activated by phosphorylation at
Tyr-566 by the FAK-associated Src kinase. It is conceivable
that activated Bmx could then directly phosphorylate the SD
domain in the associated Cas molecule, a notion that is sup-
ported by our finding that active Bmx indeed phosphorylates
recombinant CasSD in vitro. However, we cannot rule out the
possibility that an active Src molecule, which is potentially
present in the Bmx-Cas complex, could be the kinase responsi-
ble for Cas phosphorylation in vivo. Studies on the exact mo-
lecular mechanisms that mediate Bmx-induced Cas phospho-
rylation in vivo are complicated because of the fact that Src
(and perhaps also FAK) could potentially act both upstream
and downstream of Bmx with respect to Cas phosphorylation.

Tyrosine phosphorylation of Cas in the SD region is known to
lead to its binding to the adapter Crk (14, 30), and we found
that to be the same here. Studies by us and others (30, 31, 48)
have demonstrated that the Cas:Crk complex formation is in-
strumental in regulating actin reorganization and cell motility
in a Rac-dependent manner. Rac, which is a member of the Rho
family of GTPases, is a critical mediator of cell migration by
inducing formation of lamellipodia extensions and membrane
ruffles (54). Crk binds to tyrosine-phosphorylated Cas through
its SH2 domain while its N-terminal SH3 domain is thought to
interact with molecules that connect the Cas-Crk complex to
the regulation of the Rac signaling pathways (reviewed in Ref.
55). Most notably, DOCK180 is a Crk-SH3-binding protein that
we and others have recently shown to function as a novel type
of guanine nucleotide exchange factor for Rac (56, 57). Crk also
interacts with Sos, which is known to function as a guanine
nucleotide exchange factor for Rac under some conditions and
also to induce Rac activation via Ras (58-60). Our recent
findings indicate that Crk also regulates Rac signaling inde-
pendent of the GTP loading of Rac by enhancing the capability
of active Rac to couple to its downstream effectors (44). We
have found, not so surprisingly, that a dominant-negative form
of Rac blocks Bmx-induced lamellipodia formation (data not
shown), and studies are currently underway to explore the
molecular connection between Bmx and Rac.

Activation of the Cas‘Crk pathway leads not only to cell
migration but also to regulation of the c-Jun N-terminal kinase
cascade and c-Jun-dependent gene transcription, cell survival,
and cell cycle progression (35, 48, 61, 62). Thus, the role of Cas
in mediating additional known cellular effects downstream of
Bmx in both integrin- and non-integrin signaling pathways
remains to be determined. Likewise, Bmx has been recently
reported to directly interact with and activate the serine/thre-
onine kinase PAK1 (63) and the small GTPase RhoA (64) and
both of these molecules are known to be integral components of
integrin signaling (reviewed in Ref. 65). Further studies are
therefore required to fully explore the significance of Bmx in
signaling pathways emanating from cell-extracellular matrix
interactions.
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