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Background
Cell migration is a fundamental cellular process that is
essential for embryonic development and many normal

Abstract

Background: Non-receptor tyrosine kinases (NTKs) regulate physiological processes such as cell
migration, differentiation, proliferation, and survival by interacting with and phosphorylating a large
number of substrates simultaneously. This makes it difficult to attribute a particular biological effect
to the phosphorylation of a particular substrate. We developed the Functional Interaction Trap
(FIT) method to phosphorylate specifically a single substrate of choice in living cells, thereby
allowing the biological effect(s) of that phosphorylation to be assessed. In this study we have used
FIT to investigate the effects of specific phosphorylation of pl30Cas, a protein implicated in cell
migration. We have also used this approach to address a controversy regarding whether it is Src
family kinases or focal adhesion kinase (FAK) that phosphorylates p130Cas in the trimolecular Src-
FAK-p130Cas complex.

Results: We show here that SYF cells (mouse fibroblasts lacking the NTKs Src, Yes and Fyn)
exhibit a low level of basal tyrosine phosphorylation at focal adhesions. FIT-mediated tyrosine
phosphorylation of NTK substrates p130Cas, paxillin and FAK and cortactin was observed at focal
adhesions, while FIT-mediated phosphorylation of cortactin was also seen at the cell periphery.
Phosphorylation of p130Cas in SYF cells led to activation of Racl and increased membrane ruffling
and lamellipodium formation, events associated with cell migration. We also found that the kinase
activity of Src and not FAK is essential for phosphorylation of pl130Cas when the three proteins
exist as a complex in focal adhesions.

Conclusion: These results demonstrate that tyrosine phosphorylation of p130Cas is sufficient for
its localization to focal adhesions and for activation of downstream signaling events associated with
cell migration. FIT provides a valuable tool to evaluate the contribution of individual components
of the response to signals with multiple outputs, such as activation of NTKs.

functions, such as wound healing and immunity. It also
plays a role in various disease processes including tumor
angiogenesis and metastasis [1,2]. Although our current
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understanding of cell migration is incomplete, research in
the past 15 years has shed light on this complex process
(see [2-7] for reviews and references).

Signaling cascades mediated by NTKs are believed to play
a central role in cell migration. Knock-out mutation in
mice of NTKs such as Src/Yes/Fyn [8], FAK [9] or Abl/Arg
[10], or NTK substrates such as p130Cas [11] or paxillin
[12], results in embryonic lethality, which has been specif-
ically attributed to the failure of cell migration. Integrin
receptor activation following adhesion to extracellular
matrix is believed to be the primary stimulus to activate
the signaling cascades mediated by NTKs. Following
integrin receptor activation, autophosphorylation of FAK
at tyrosine 397 [13-16] recruits Src [17] and p130Cas [18]
leading to the activation of two separate pathways work-
ing in conjunction with each other. The first pathway
involves activation of Erk via Grb2/SOS/Ras-MAPK path-
way as a result of FAK phosphorylation at tyrosine 925 by
Src [19,20] (but see [21]). Erk activates myosin light chain
kinase (MLCK), which phosphorylates myosin light chain
thereby promoting its interaction with actin, resulting in
the generation of force required for cell movement [22-
24]. MLCK activation also allows retrograde flow of actin
in the lamellipodia [25], which brings about "periodic
lamellipodial retractions" that bring activated signaling
molecules from the front to the back, where they act ([26],
see also [27]). The second pathway involves extensive
phosphorylation of p130Cas [16,21] that promotes Crk
binding [28], which in turn recruits DOCK 180 [24], lead-
ing to the activation of the Rho family GTPase Racl
[24,28-30]. Racl activation promotes membrane ruffling,
lamellipodium formation and actin reorganization [31]
by acting on the WASP/WAVE family of Arp2/3 complex
activators to stimulate actin polymerization [5,32,33].

In summary, it is now accepted that activation of Racl
promotes membrane ruffling, lamellipodial extensions
and actin reorganization, while Erk activation promotes
the interaction of actin and myosin to generate the force
for cell movement. Together, these actions generate cell
polarity, where the coordinated movement of actin and
myosin result in the formation of a leading edge and a
trailing edge necessary for cell migration (see [1-7] for
reviews).

NTKs such as Src are known to interact physically with a
large number of substrate proteins such as enzymes,
cytoskeletal proteins and adaptor molecules. Binding is
mediated by the Src homology 2 (SH2) and SH3 domains
of the kinases with phosphorylated tyrosine residues and
proline-rich sequences on the substrate. The Src-substrate
interaction induces the efficient phosphorylation of sub-
strates, which in turn serves to initiate downstream signal-
ing for cellular processes such as cell migration,
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differentiation, proliferation and survival [34-36]. How-
ever, due to the complexity of the network of protein
interactions, and the fact that many proteins are phospho-
rylated simultaneously upon NTK activation, it has been
difficult to determine which particular kinase-substrate
interactions play a critical role in cell migration (or other
effects).

p130Cas is one of the adaptor molecules that is known to
be a substrate of NTKs such as Src. It was first isolated as a
heavily tyrosine phosphorylated protein from v-Src- [37]
and v-Crk-transformed cells [38-40], and it has been
shown to play a role in cell transformation [41]. p130Cas
is also thought to play an important role in cell adhesion,
migration, growth factor stimulation, cytokine receptor
engagement and bacterial infection (see [11] for refer-
ences). However, determining which of these specific bio-
logical outputs occur as a direct result of the
phosphorylation of p130Cas has been difficult. Moreover,
there is an ongoing controversy over the mechanism of
phosphorylation of p130Cas. The substrate domain of
p130Cas is known to be tyrosine phosphorylated by Src
directly after interaction of the RPLPSPP motif of p130Cas
with the SH3 domain of Src [42]. However because
p130Cas exists at focal adhesions in a macromolecular
complex with FAK and Src [43], both of which possess
tyrosine kinase activity, the relative role of FAK and Src in
phosphorylating p130Cas is difficult to assess (see
[44,45]).

At least four different models have been postulated for the
phosphorylation of p130Cas in this complex [44]. Using
FAK mutants in in vitro kinase assays and antibody labe-
ling, Hanks and co-workers [44,46] have provided evi-
dence for a model in which FAK autophosphorylation at
Y397 results in recruitment of Src via its SH2 domain,
while interaction of the SH3 domain of p130Cas with
proline rich regions in FAK recruits p130Cas to FAK; Src
then phosphorylates p130Cas bound to FAK. A similar
conclusion has also been reached using Src mutations
[45]. Support for the idea that FAK kinase activity is dis-
pensable for phosphorylation of p130Cas was also pro-
vided by studies utilizing overexpression of FAK mutants
in CHO cells [16,21], and the observation that phosphor-
ylation of p130Cas is reduced in Src-/- cells [47,48].

In order to determine which particular effects are medi-
ated upon specific phosphorylation of p130Cas and to
address the relative roles of Src and FAK in phosphoryla-
tion of p130Cas, we have utilized a methodology called
the Functional Interaction Trap (FIT) [49-51]. Briefly, FIT
utilizes an artificial binding interface composed of two
leucine zipper coiled-coiled domains (ZipA and ZipB)
[50-52]. One coiled coil segment is present in a constitu-
tively active NTK lacking its SH2 and SH3 substrate bind-
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ing domains, and the second in a substrate of interest.
Expression of the modified kinase and substrate in a cell
induces a specific interaction between them, resulting in
the specific phosphorylation of only that substrate. Any
biological output observed can thus be directly attributed
to the phosphorylation of that particular substrate (Figure
1; see also [51]).

We have already shown that FIT can indeed promote a
physical and a physiological interaction between two pro-
teins of interest that can lead to a biological output by
mimicking endogenous signaling pathways [50]. Our ini-
tial observation that FIT-induced phosphorylation of
p130Cas induced in NIH 3T3 cells a bipolar shape with

domain

Figure |

—

Kinase-substrate association
Subsequent phosphorylation

Cell lacking endogenous kinase
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long, thin terminal processes [50] suggested that specific
phosphorylation of p130Cas might be sufficient to induce
actin cytoskeletal rearrangements. In this study, we have
utilized FIT to study the specific biological output(s)
mediated by the specific phosphorylation of p130Cas in
more detail. Additionally, we have used FIT to address the
controversy regarding the mechanism of p130Cas phos-
phorylation in focal adhesions.

Results

SYF and c-Src reconstituted cells as a biological system for
FIT

To use FIT to determine the normal functional (physio-
logical) consequences of tyrosine phosphorylation of spe-

No kinase-substrate association

!

No substrate phosphorylation

v

No downstream effects

— Downstream effect(s)

<
6,

®

Schematic representation of the FIT approach. Removal of the substrate binding domains (SH2 and SH3) of NTKs (denoted as
kinase domain) abolishes the association with and tyrosine phosphorylation of substrates (denoted as S1-S5). Transfection of
FIT-compatible kinase and a FIT-compatible substrate (possessing artificial binding interface; represented by wavy line) pro-
motes specific association between the kinase and substrate leading to its tyrosine phosphorylation (denoted by P) and hence
downstream effect(s).
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cific substrates by NTKs, a cellular system is needed that
lacks the NTK and as a result exhibits a defect in some
aspect of cellular functioning. In such a system, if expres-
sion of FIT-compatible kinase and substrate can rescue the
phenotype, this would provide strong evidence that phos-
phorylation of that particular substrate is essential for the
biological output under investigation. SYF cells are mouse
embryonic fibroblasts (MEFs) that lack the three Src fam-
ily kinases detectably expressed in fibroblastic cells (Src,
Yes and Fyn). These cells exhibit defects in cell migration
[8], and therefore could serve as an excellent system to
determine the biological consequences that result from
FIT-mediated tyrosine phosphorylation.

We first tested the feasibility of using the SYF cells as a cel-
lular system to study FIT-mediated responses. As reported
previously [8], we found that SYF cells and SYF cells recon-
stituted with ¢-Src show no obvious differences in the
organization of cytoskeleton and focal adhesions (Figure
2 and data not shown). However, as expected, the basal
level of tyrosine phosphorylation was significantly differ-
ent. Few, if any sites of tyrosine phosphorylation were
observed in SYF cells by immunofluorescence (Figure 2A),
which is in agreement with previous findings of reduced
phosphotyrosine content of FAK that can be immunopre-
cipitated from SYF cells [8] and failure to detect significant
tyrosine phosphorylation in SYF cells [53]. As expected,
the c-Src reconstituted cells showed significantly more
tyrosine phosphorylation, primarily at discrete punctuate
sites at the ends of actin stress fibers, consistent with focal
adhesions (Figure 2B). Transfection of v-Src in SYF cells
also led to extensive tyrosine phosphorylation at focal
adhesions (Figure 2C). In contrast, transfection of v-Src
lacking the substrate binding SH2 and SH3 domains, but
containing a coiled-coiled domain (ZipA) and an intact
membrane targeting sequence (hereafter referred to as
FIT-compatible Src), induced no significant increase in
tyrosine phosphorylation in SYF cells (Figure 2D). These
results demonstrate that SYF cells expressing FIT-compat-
ible Src have sufficiently low background to study the bio-
logical effects of FIT-mediated phosphorylation of specific
substrates.

FIT-mediated specific phosphorylation of Src substrates
increases tyrosine phosphorylation in SYF cells

Focal adhesions are macromolecular signaling complexes
that link the extracellular matrix to the intracellular actin
cytoskeleton [54,55]. The assembly and disassembly
(turnover) of focal adhesion components is important for
regulating cell adhesion and cell migration [9,16,54-57].
Many proteins believed to play a role in cell migration are
localized at focal adhesions, including FAK, Src, Csk, NTK
substrates such as p130Cas, paxillin and cortactin, MAPK,
Ras, Rho and Rac, and protein tyrosine phosphatases (see
[58,59], for references).

http://www.biomedcentral.com/1471-2121/9/50

In order to observe directly whether the FIT-mediated
phosphorylation of p130Cas promotes localization to
focal adhesions, we expressed FIT-compatible Src and FIT-
compatible p130Cas (p130Cas fused to ZipB, the coiled-
coil segment complementary to ZipA) in SYF cells. Co-
transfection of FIT-compatible Src and p130Cas resulted
in increased tyrosine phosphorylation at focal adhesion
sites (Figure 3A). Transfection of p130Cas alone (data not
shown) or p130Cas and v-Src lacking SH2 and SH3
domains, both lacking the artificial binding interface (Fig-
ure 3B), do not lead to increased tyrosine phosphoryla-
tion at focal adhesions, indicating the specificity of this
process. Moreover, tyrosine phosphorylation of p130Cas
is apparently sufficient to recruit p130Cas to focal adhe-
sions, since much more p130Cas is found at focal adhe-
sions when it is tyrosine phosphorylated by FIT (Figure
3A) as opposed to when it is not (Figure 3B).

We also used FIT to induce the specific tyrosine phospho-
rylation of several other substrates of Src in SYF cells. FIT-
mediated specific tyrosine phosphorylation of paxillin
(Figure 4A) and FAK (Figure 4B) also increased the tyro-
sine phosphorylation at focal adhesions, while that of
cortactin showed increased tyrosine phosphorylation at
the cortical membrane in addition to focal adhesions (Fig-
ure 4C). The specific phosphorylation of p130Cas (or
other substrates) by FIT could also be detected in NIH 3T3
or SYF cells by immunoprecipitation and western blot
studies (data not shown, but see [50]). These results con-
firm that specific phosphorylation of substrates such as
p130Cas by FIT occurs at discrete and specific sites within
the cell, consistent with the normal subcellular distribu-
tion of the substrate.

FIT-mediated specific phosphorylation of p130Cas results
in activation of Racl

Signals that activate cell migration are known to activate
Racl, and phosphorylation of p130Cas is thought to acti-
vate downstream signals that activate Racl [29,30]. Since
FIT relies on the assumption that appropriate downstream
signaling cascades can be activated as a result of phospho-
rylation of a single substrate, we tested whether the FIT-
mediated phosphorylation of p130Cas led to the activa-
tion of Racl. We used a Rac1 pull-down assay as described
previously [60] to test whether FIT-mediated p130Cas
phosphorylation increased overall levels of GTP-bound
(activated) Racl1 in cell lysates. As shown in figure 5, the
level of activated Racl was much higher in cells expressing
FIT-compatible Src and p130Cas than in controls, con-
firming that tyrosine phosphorylation of p130Cas (in the
absence of significant phosphorylation of other sub-
strates) is sufficient to lead to Racl activation.

Page 4 of 15

(page number not for citation purposes)



BMC Cell Biology 2008, 9:50 http://www.biomedcentral.com/1471-2121/9/50

GFP-actin

¢-Src reconstituted @

9]

)
it
>
+
.
=
(2]

SYF + FIT-compatible Src &

Figure 2

Tyrosine phosphorylation in SYF cells is increased by expressing c-Src or v-Src, but not by FIT-compatible Src. SYF cells were
transfected with plasmids expressing GFP-actin alone (A) or in combination with v-Src (C) or FIT-compatible Src (D) while c-
Src reconstituted cells were transfected with GFP-actin vector only (B). GFP-actin and anti-pTyr immunofluorescence were
observed by confocal microscopy of fixed, permeabilized cells. Merged image is presented on right. Scale bars represent 10
uM.
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Figure 3

FIT-mediated specific phosphorylation of pI30Cas in SYF cells leads to increased tyrosine phosphorylation of p130Cas at focal
adhesions. SYF cells were transfected either with vectors expressing GFP-actin, FIT-compatible Src and FIT-compatible
p130Cas (A) or with GFP-actin, ASrc (lacking substrate binding domains) and p130Cas, both lacking the artificial binding inter-
face. Tyrosine phosphorylation was visualized by anti-pTyr and rhodamine while p130Cas localization was visualized by anti-
Cas and Alexa-647. Merged image is presented on right. Scale bars represent 10 uM.
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Figure 4

FIT-mediated specific phosphorylation of paxillin, cortactin and FAK in SYF cells. SYF cells were transfected with GFP-actin and
FIT-compatible Src with FIT-compatible paxillin (A), FIT-compatible FAK (B) or FIT-compatible cortactin (C). GFP-actin and
tyrosine phosphorylation were visualized as in figures 2 and 3. Merged image is presented on right. Scale bars represent 10 uM.
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FIT-mediated specific phosphorylation of p130Cas leads to
activation of Racl. 293T cells were transfected with vectors
expressing Racl and other proteins as indicated. Cell lysates
were subjected to GST-PBD pull-down assay (top panel) or
immunoprecipitation (IP; middle panel) and analyzed by west-
ern blot. Membranes were probed with anti-Rac| (top panel)
or anti-pTyr (middle panel). Whole cell lysates (WCL) were
also probed by anti-Rac| to determine the total amount of
Racl expressed (bottom panel). FIT-mediated phosphoryla-
tion of pl30Cas and subsequent activation of Racl is pre-
dicted to occur only in cells co-expressing FIT-compatible
Src (ZipA-ASrc) and Myc-tagged FIT-compatible p130Cas
(Myc-ZipB-p130Cas). ASrc = v-Src lacking SH2 and SH3
domains. Approximate position of molecular weight markers
(kDa) is shown on left.

FIT-mediated specific phosphorylation of p130Cas results
in increased membrane ruffling and lamellipodium
formation

Activation of Racl is known to stimulate actin polymeri-
zation and membrane ruffling and is required for the pro-
trusion of lamellipodia [29-31,46], and dominant
negative Racl inhibits lamellipodium formation, mem-
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brane ruffling and cell migration [29,61,62]. In order to
determine whether the FIT-mediated specific phosphor-
ylation of p130Cas and the resulting activation of Racl
are sufficient to induce membrane ruffling and lamellipo-
dium formation, we observed SYF cells and c-Src reconsti-
tuted SYF cells under normal growth conditions.

We quantified membrane ruffling in fixed transfected cells
by confocal microscopy, summarized in Table 1, and also
monitored living cells by video microscopy. Observation
of the membrane dynamics of SYF cells shows a relatively
static membrane with few membrane ruffles and lamel-
lipodia (see additional file 1). In contrast, c-Src reconsti-
tuted cells showed a dynamic membrane with large
membrane ruffles and lamellipodia along with active
actin reorganization (see additional file 2), indicating that
Src is responsible for these effects. When FIT-compatible
Src and p130Cas were transfected in SYF cells, the mem-
brane dynamics approached that of c¢-Src reconstituted
cells, exhibiting extensive membrane ruffling, and lamel-
lipodium formation, and actin reorganization (see addi-
tional file 3). Transfection of FIT-compatible Src alone or
p130Cas alone in SYF cells did not lead to a significant
increase in membrane ruffling or lamellipodium forma-
tion (Table 1 and data not shown), indicating that it is
indeed the specific phosphorylation of p130Cas that leads
to these effects. Quantification of membrane ruffling in
fixed cells demonstrates that statistically significant
increase in membrane ruffling in SYF cells is observed
only when FIT-compatible Src and FIT-compatible
p130Cas are co-transfected (Table 1). Thus, we can con-
clude that the FIT-mediated specific phosphorylation of
p130Cas is sufficient to promote increased membrane
ruffling and lamellipodia.

The role of p130Cas as an important mediator of cell
migration was further corroborated by live cell imaging of
MEFs lacking p130Cas, which show similar membrane
dynamics as the SYF cells (static membrane with few
membrane ruffles or lamellipodia; see additional file 4),

Table I: Quantification of membrane ruffling in SYF cells following plasmid transfection

Treatment Percent cells showing membrane ruffling
Mock 21.9 £ 3.65
ASrc 31.4+£0.96
ZipA ASrc 287 +£2.72
ZipB p130Cas 25.6 £ 1.85
ZipB p130Cas + ASrc 328 +2.14
ZipB p130Cas + ZipA ASrc 56.9 £ 0.67*

SYF cells were transfected and fixed as described in Materials and Methods and membrane ruffling observed by confocal microscopy (a membrane
ruffle is defined as a narrow, actin-rich upward protrusion of the membrane). Data is expressed as percent mean * S.E.M. (standard error of mean)
of three independent observations and was analyzed by one-way ANOVA (analysis of variance), followed by Tukey's multiple comparison test. *
denotes p < 0.001 as compared to ZipA ASrc transfected group or ZipB p130Cas transfected group. ASrc = v-Src lacking SH2 and SH3 domains,
ZipA ASrc = ASrc containing a coiled-coiled domain (FIT-compatible Src), ZipB p130Cas = p130Cas containing a complimentary coiled-coiled

domain (FIT-compatible p130Cas).

Page 8 of 15

(page number not for citation purposes)



BMC Cell Biology 2008, 9:50

while MEFs from wild-type littermates show extensive
membrane ruffling, lamellipodium formation and actin
reorganization (see additional file 5). Taken together,
these results suggest that tyrosine phosphorylation of
p130Cas is both necessary and sufficient to induce mem-
brane ruffling in fibroblasts.

Mechanism of phosphorylation of p130Cas

Since p130Cas can exist in a macromolecular complex
with the two NTKs Src and FAK at focal adhesions, a
number of studies have been conducted to determine the
role of each of these components, i.e., who associates with
whom and how, and who phosphorylates whom. A
number of different models have been proposed (see [44]
for the models and references). Based on methodologies
such as in vitro kinase assays [44], antibody labeling [46]
or mutational analysis of Src [45] or FAK [16,21], and

Flag
Myc FAK (kd)
: +
W
domail
Flag
+

Myc FAK

Figure 6
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knockout studies [47,48], it has been proposed that FAK
acts as a scaffold to recruit both p130Cas and Sr¢; in this
complex, Src phosphorylates p130Cas (and other residues
on FAK).

In order to obtain direct evidence that it is indeed Src
kinase activity and not FAK activity that is responsible for
p130Cas phosphorylation, we approached this seemingly
complex problem with a very simple experiment utilizing
FIT. 293T cells were transfected with Flag-tagged p130Cas,
FIT-compatible Myc-tagged FAK, and FIT-compatible HA-
tagged Src (Figure 6). Using FIT to force interaction of Src
and FAK eliminates any need for kinase activity or phos-
phorylation to mediate this association. p130Cas was
then immunoprecipitated by anti-Flag antibody, and
blots probed by anti-pTyr antibody to monitor phospho-
rylation. As shown in Figure 7, tyrosine phosphorylation

?

Src unable to phosphorylate Cas

FIT as a tool to elucidate the role of kinases in a multi-molecular complex. FAK, Src and p130Cas are known to exist in multi-
molecular complexes. Since both FAK and Src possess kinase activity, either one (or both) could phosphorylate p130Cas. The
importance of Src or FAK as the kinase responsible for phosphorylating p130Cas can be easily studied by using kinase-dead
(kd) versions of each. From our results, we conclude that the Src kinase activity is responsible for phosphorylating p130Cas.
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Figure 7

Kinase activity of Src is primarily responsible for phosphorylating p130Cas in focal adhesion complexes with FAK. 293T cells
were transfected and subjected to immunoprecipitation and probing as shown. Phosphorylation of p130Cas was absent (A)
when Src lacked kinase activity (kd), but not (B) when FAK lacked kinase activity (kd), suggesting that the primary function of
FAK is to hold p130Cas and Src in proximity to allow p 130Cas phosphorylation by Src. Approximate position of the molecular
weight markers is shown on left (in kDa).
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of p130Cas was seen only when FAK was present and
when Src possessed kinase activity, but not when Src
lacked kinase activity (Figure 7A). In contrast, p130Cas
was still tyrosine phosphorylated when FAK lacked kinase
activity (Figure 7B). Thus we conclude that the primary
role of FAK in the complex is to serve as a scaffold to
recruit Src and p130Cas to focal adhesions, promoting
efficient phosphorylation of p130Cas by Src.

Discussion

Activated tyrosine kinases associate with and phosphor-
ylate multiple substrates, which can in turn associate with
other proteins. This multiplicity of substrates and interac-
tions makes it difficult to determine the exact role of an
individual substrate protein in mediating a particular bio-
logical process. In practical terms, it is often impossible to
study a binding or phosphorylation event in the absence
of many other confounding factors. FIT was designed to
overcome this limitation by promoting a specific associa-
tion between two proteins of interest, allowing the biolog-
ical effects to be assessed. This approach allows upstream
activating signals to be bypassed, greatly simplifying
experimental analysis by focusing analysis on a single
interaction or phosphorylation of a single substrate.

Adaptor and scaffold proteins such as p130Cas are of con-
siderable interest in signal transduction pathways since
they can associate with multiple proteins, serving as
points for signal convergence and divergence to regulate
multiple biological processes. p130Cas can bind to a
number of proteins via its SH3 domain, a proline rich
region, a substrate domain containing 15 YXXP motifs
(consensus sequences for tyrosine phosphorylation,
which if phosphorylated can bind to SH2 domain con-
taining proteins), a serine-rich region, and carboxyl termi-
nal domain (see [63] for review and references). p130Cas
has been found to be phosphorylated in v-Crk- [38-40]
and v-Src- [37] transformed cells. Since p130Cas is
expressed ubiquitously and is mainly localized in focal
adhesions [18,39,40,58], which regulate biological proc-
esses such as cell adhesion, migration, differentiation,
proliferation and survival, p130Cas aptly serves as a site of
convergence and divergence in cell signaling. For exam-
ple, mechanical forces (e.g. from tension on actin cables)
have been shown to induce a conformational change in
p130Cas, leading to its phosphorylation and the activa-
tion of downstream signaling [64,65].

Possibly the best evidence that p130Cas plays an impor-
tant role in cell migration comes from the fact that mice
lacking p130Cas were found to die in utero exhibiting sev-
eral severe developmental defects which were specifically
attributed to failure of cell migration [11]. Moreover,
fibroblasts derived from these mice had short, thin
peripheral actin fibers, as opposed to the long, thick fibers
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traversing the cell seen in wild type fibroblasts, and exhib-
ited defects in cell migration as well as cell transformation
[11,66]. Although the role of p130Cas in cell migration is
well documented, it was not known whether phosphor-
ylation of p130Cas is sufficient to initiate cell migration,
or if p130Cas is just one of many proteins whose simulta-
neous phosphorylation is required. In this study, we have
used FIT to induce the specific phosphorylation of
p130Cas, and show that this is sufficient to initiate down-
stream signaling and actin reorganization.

SYF cells are an ideal biological system to study FIT-medi-
ated biological responses, as these cells are known to have
defects in cell migration and they have a low background
level of tyrosine phosphorylation [8,53]. Furthermore,
reconstitution of these cells with wt c-Src provides an
excellent control for normal Src-initiated signals. This sys-
tem allows us to induce the phosphorylation of specific
substrate proteins by FIT and assess the results on rescue
of actin cytoskeletal defects.

Previously, we have shown that FIT-mediated phosphor-
ylation can activate downstream signaling from Stat3
using a luciferase reporter assay [50,51]. However,
because it involves elimination of normal upstream sig-
nals, it was possible that FIT-mediated phosphorylation of
p130Cas might either be insufficient to activate down-
stream signaling pathways, such as Rac1, or might activate
other pathways not normally activated under physiologi-
cal conditions (if, for example, phosphorylated p130Cas
were mislocalized in the cell). In our studies, we were able
to detect activated Racl after FIT-mediated phosphoryla-
tion of p130Cas (Figure 5), thereby suggesting that the
downstream signaling pathways normally activated upon
phosphorylation of p130Cas signaling are intact. Further-
more, we were unable to detect activation of Erk upon FIT-
mediated phosphorylation of p130Cas (data not shown)
consistent with other studies showing that Erk activation
is independent of phosphorylation of p130Cas
[21,24,67]. These results support the premise that FIT is a
valuable tool to elucidate the normal physiological
responses mediated by the specific phosphorylation of a
particular substrate.

Activation of Rac1 due to activation of signaling cascades
involving p130Cas phosphorylation is known to increase
membrane ruffling and lamellipodial extensions
[24,29,30]. The importance of Racl in mediating these
effects is further corroborated by other studies using dom-
inant negative forms of Rac1, which inhibited membrane
ruffling, lamellipodium formation and cell migration
[28,31,61,62]. Activation of Racl is not the sole determi-
nant of membrane ruffling, however, since Rac1-deficient
macrophages exhibit reduced but not absent membrane
ruffling [68]. It has been suggested that activation of Racl
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may be necessary primarily for membrane ruffling while
activation of Rac2 may be necessary primarily for cell
migration (see [68] and references therein).

A recent study has indicated even more complexity to the
role of Racl in cell migration, indicating that in the
absence of chemotactic signals, low levels of activated
Racl occurred when cells were in a three dimensional
matrix promoting a "directionally persistent" cell migra-
tion with reduced membrane ruffling and peripheral
lamellae, while higher levels of activated Racl occurred
when cells were in a two dimensional matrix promoting
random cell migration with increased membrane ruffling
and peripheral lamellae, as seen when cells are exploring
their local environments [69]. Furthermore, during chem-
otaxis, Racl may also potentiate the effect of growth fac-
tors to stimulate Erk, but Erk activity does not influence
Racl activity or membrane ruffling [67]. Our live cell
microscopy studies (additional files 1, 2, 3, 4, 5) are in
agreement with these observations, since FIT-mediated
specific phosphorylation of p130Cas (and subsequent
activation of Racl) stimulated the formation of mem-
brane ruffles and lamellipodia (like those exhibited by c-
Src reconstituted cells) in SYF cells, which are normally
devoid of these structures.

We recently showed that recruitment and subsequent
phosphorylation of p130Cas is important for membrane
ruffling and actin reorganization following PDGF stimu-
lation of fibroblasts [70]. While that study focused on the
role of Nck adaptors in transducing signals from p130Cas,
it is entirely consistent with our current data on the
importance of p130Cas tyrosine phosphorylation for
membrane ruffling and actin reorganization. We show
here that FIT-mediated tyrosine phosphorylation of
p130Cas is sufficient to bring about these effects, clearly
demonstrating the usefulness of the FIT approach for dis-
secting complex biological responses.

The FIT approach also allows us to test experimentally the
functional role of individual components of multimo-
lecular complexes, such as the FAK-Src-p130Cas complex
found in focal adhesions. Since both FAK and Src possess
tyrosine kinase activity, it has been difficult to say with
certainty which of the two kinases is responsible for phos-
phorylating p130Cas. We used a simple FIT experiment to
validate the model proposed by Hanks and colleagues
[44,46], in which FAK acts as a scaffold while Src is
responsible for p130Cas phosphorylation. By allowing us
to induce the specific association of Src and FAK, inde-
pendent of the activity or phosphorylation state of each,
FIT allowed us to isolate the importance of Src kinase
activity for p130Cas phosphorylation (Figure 7).
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In summary, our results strongly suggest that the phos-
phorylation of p130Cas alone is sufficient to initiate acti-
vation of Racl and actin reorganization including the
formation of membrane ruffles and lamellipodial exten-
sions. Of course, these results do not imply that other sub-
strates of NTKs such as paxillin or cortactin play no role in
cell migration; indeed, it is likely that many proteins
involved in adhesion and motility are at least partially
redundant, and in most cases fibroblasts lacking one or
more components are able to adhere and migrate, albeit
with decreased efficiency. However the availability of a
method to address the sufficiency of a protein phosphor-
ylation for a biological effect provides a valuable comple-
ment to knockout and knockdown methods, which can
only address whether a protein or its phosphorylation is
necessary. Although we cannot exclude the possibility that
other substrates that may physically associate with the Src-
p130Cas complex, such as FAK or paxillin, may be phos-
phorylated to some extent in our experiments, anti-pTyr
immunoblotting indicates that such phosphorylation, if
any, is minor. In any case, we can state with confidence
that the association between Src and p130Cas, and the
resulting phosphorylation of p130Cas, is the immediate
cause of the biological effects that we observe.

Conclusion

Taken together, we conclude that Src-p130Cas complex
formation and the resulting phosphorylation of p130Cas
is sufficient to induce events leading to membrane ruffling
and Rac activation in fibroblasts. We also conclude that
Src is primarily responsible for the tyrosine phosphoryla-
tion of p130Cas in complex with FAK at focal adhesions.

Methods

Cell lines, plasmids and antibodies

The SYF and c-Src reconstituted SYF MEFs were obtained
from ATCC, while MEFs lacking p130Cas (Cas-/-) and
wild type littermate control MEFs were obtained from Dr.
Amy H. Bouton (University of Virginia School of Medi-
cine). These cells were grown in DMEM supplemented
with 10% fetal bovine serum at 37°C and 10% CO, for
SYF and c¢-Src SYF, and 5% CO, for Cas-/- and wild type
cells. Expression plasmids with or without leucine zipper
segments were made as previously described [50]. Wild-
type FAK and K454R (kinase-dead) mutant FAK cDNAs
were obtained from Dr. Steven K. Hanks (Vanderbilt Uni-
versity School of Medicine) and were incorporated in
PEBB expression plasmids containing an N-terminal Myc
tag and Zip B leucine zipper segment. The Rac1 expression
plasmid and the Racl binding domain of Pak (PBD) in
pGEX bacterial expression vector were obtained from Dr.
Dianqing Wu (University of Connecticut Health Center,
presently at Yale University School of Medicine). The anti-
pTyr monoclonal antibody (pTyr 100) was purchased
from Cell Signaling Technology, anti-Myc monoclonal
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(9E10) and polyclonal antibodies and anti-Rac antibody
from Santa Cruz Biotechnology, anti-Flag (M2) polyclo-
nal antibody from Sigma and rhodamine-conjugated sec-
ondary antibody from Pierce Biotechnology. Monoclonal
and polyclonal anti-p130Cas antibodies were obtained
from Dr. Amy H. Bouton (University of Virginia School of
Medicine). Immunoprecipitation and western blotting
studies using antibodies were done as previously
described [50].

Confocal imaging of fixed and live cells

For visualizing fixed cells, a confluent monolayer plate of
cells was trypsinized and 1 x 10> cells were plated on
untreated glass coverslips contained in 6-well plates in 2
ml of complete growth medium and incubated overnight.
The next day, these cells were transfected with various
plasmids along with GFP-actin expression plasmid as a
marker, using lipofectamine and plus reagent (Gibco
BRL). 24 hours post-transfection, cells were washed with
phosphate buffered saline (PBS) and fixed with 4% para-
formaldehyde in cytoskeletal buffer [71] containing 1%
Triton-X for permeabilization. The coverslips were
blocked with 1% donor horse serum and 5% bovine
serum albumin for 30 minutes, incubated with pTyr anti-
body for 45 minutes, washed, incubated with rhodamine
conjugated secondary antibody for 45 minutes, washed
and mounted on glass slides in Fluoromount-G. The cells
were then observed under Zeiss 510 laser scanning confo-
cal microscope.

For visualizing live cells, cells were trypsinized, plated
directly in 6-well plates and transfected as outlined above.
Six hours post-transfection, cells were trypsinized and a
third of these cells were plated onto delta-T dishes (pur-
chased from Bioptechs Inc.) in regular growth medium.
The medium was changed to growth medium without
phenol red about 30 minutes before imaging. The cells
were observed live under Zeiss 510 confocal microscope
24 hours post transfection with a heated objective to
maintain the temperature of the medium at 37°C. Five to
six Z-slices each about 0.6 uM thick of a single cell were
imaged for about 20 minutes and these individual slices
were then combined using Imaris software.

Measurement of Racl activity

Racl activity was measured as described previously [60].
Briefly, 293T cells were co-transfected with Racl cDNA
with and other plasmids as indicated. Cell lysates were
incubated with GST-PBD (glutathione S-transferase
fusion with the Rac binding domain of Pakl) beads,
washed, boiled in SDS sample buffer, and separated by
SDS-polyacrylamide gel electrophoresis. Activated Racl
bound to GST-PBD was determined by Western blotting
using anti-Racl as a probe. Whole cell lysates were also
probed with anti-Racl to measure the total amount of
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Racl expressed after transfection. Concomitant tyrosine
phosphorylation of p130Cas was determined as described
previously [50].

Authors' contributions

AS designed and carried out all the experiments in this
study and prepared the manuscript. BJM conceived the FIT
methodology, acquired funding, participated in the
design and coordination of the study and helped in the
final editing of the manuscript. Both the authors have
read and approved the final manuscript.

Additional material

Additional file 1

Live cell microscopy of SYF cells transfected with GFP-actin.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2121-9-50-S1.mov]|

Additional file 2

Live cell microscopy of c-Src reconstituted cells transfected with GFP-
actin.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2121-9-50-S2.mov]|

Additional file 3

Live cell microscopy of SYF cells transfected with GFP-actin, FIT-compat-
ible p130Cas and FIT-compatible v-Src.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2121-9-50-S3.mov]|

Additional file 4

Live cell microscopy of p130Cas knockout mouse embryonic fibroblasts
transfected with GFP-actin.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2121-9-50-S4.mov]|

Additional file 5

Live cell microscopy of wild-type littermate mouse embryonic fibroblasts
transfected with GFP-actin.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2121-9-50-S5.mov]

Acknowledgements

We thank Amy H. Bouton (University of Virginia School of Medicine) for
providing the p130Cas antibodies and p130 knockout and wild type MEFs,
Steven K. Hanks (Vanderbilt University School of Medicine) for providing
the mutant constructs of FAK and members of Dianging Wu's lab (Univer-
sity of Connecticut Health Center, presently at Yale University School of
Medicine) for helping with the Racl pull-down assay to measure Rac| activ-
ity. This research was supported by National Institute of Health Grant CA
82258 to B.J.M.

Page 13 of 15

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1471-2121-9-50-S1.mov
http://www.biomedcentral.com/content/supplementary/1471-2121-9-50-S2.mov
http://www.biomedcentral.com/content/supplementary/1471-2121-9-50-S3.mov
http://www.biomedcentral.com/content/supplementary/1471-2121-9-50-S4.mov
http://www.biomedcentral.com/content/supplementary/1471-2121-9-50-S5.mov

BMC Cell Biology 2008, 9:50

References

l.
2.

20.

21.

22.

23.

24.

Lauffenburger DA, Horwitz AF: Cell migration: A physically inte-
grated molecular process. Cell 1996, 84:359-369.

Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, Borisy
G, Parsons JT, Horwitz AR: Cell migration: integrating signals
from front to back. Science 2003, 302:1704-1709.
Vicente-Manzanares M, Webb D), Horwitz AR: Cell migration at a
glance. | Cell Sci 2005, 118:4917-4919.

Even-Ram S, Yamada KM: Cell migration in 3D matrix. Curr Opin
Cell Biol 2005, 17:524-532.

Hall A: Rho GTPases and the control of cell behaviour. Bio-
chem Soc Trans 2005, 33:891-895.

Charest PG, Firtel RA: Big roles for small GTPases in the con-
trol of directed cell movement. Biochem | 2007, 401:377-390.
Wang YL: Flux at focal adhesions: slippage clutch, mechanical
gauge, or signal depot. Science STKE 2007, 377:10.

Klinghoffer RA, Sachsenmaier C, Cooper JA, Soriano P: Src family
kinases are required for integrin but not PDGFR signal trans-
duction. EMBO J 1999, 18:2459-2471.

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

Koleske AJ, Gifford AM, Scott ML, Nee M, Bronson RT, Miczek KA,
Baltimore D: Essential roles for the Abl and Arg tyrosine
kinases in neurulation. Neuron 1998, 21:1259-1272.

Honda H, Oda H, Nakamoto T, Honda Z, Sakai R, Suzuki T, Saito T,
Nakamura K, Nakao K, Ishikawa T, Katsuki M, Yazaki Y, Hirai H: Car-
diovascular anomaly, impaired actin bundling and resistance
to Src-induced transformation in mice lacking pI130Cas. Nat
Genet 1998, 19:361-365.

Hagel M, George EL, Kim A, Tamimi R, Opitz SL, Turner CE, Imamoto
A, Thomas SM: The adaptor protein paxillin is essential for
normal development in the mouse and is a critical trans-
ducer of fibronectin signaling. Mol Cell Biol 2002, 22:901-915.
Chan PY, Kanner SB, Whitney G, Aruffo A: A transmembrane-
anchored chimeric focal adhesion kinase is constitutively
activated and phosphorylated at tyrosine residues identical
to ppl25FAK, | Biol Chem 1994, 269:20567-20574.

Schaller MD, Hildebrand D, Shannon D, Fox JX, Vines RR, Parsons
JT: Autophosphorylation of the focal adhesion kinase,
pp |125FAK directs SH2-dependent binding of pp60sr<. Mol Cell
Biol 1994, 14:1680-1688.

Schwartz MA, Schaller MD, Ginsberg MH: Integrins: emerging
paradigms of signal transduction. Ann Rev Cell Dev Biol 1995,
11:549-599.

Cary LA, Chang JF, Guan JL: Stimulation of cell migration by
overexpression of focal adhesion kinase and its association
with Src and Fyn. | Cell Sci 1996, 109:1787-1794.

Cobb BS, Schaller MD, Leu TH, Parsons |T: Stable association of
pp60src and pp59fyn with the focal adhesion-associated pro-
tein tyrosine kinase, pp125FAK. Mol Cell Biol 1994, 14:147-155.
Polte TR, Hanks SK: Interaction between focal adhesion kinase
and Crk-associated tyrosine kinase substrate p130Cas. PNAS
USA 1995, 92:10678-10682.

Schlaepfer DD, Hanks SK, Hunter T, Geer P van der: Integrin-
mediated signal transduction linked to Ras pathway by GRB2
binding to focal adhesion kinase. Nature 1994, 372:786-791.
Schlaepfer DD, Broome MA, Hunter T: Fibronectin-stimulated
signaling from a focal adhesion kinase-c-Src complex:
involvement of the Grb2, p130¢<2s, and Nck adaptor proteins.
Mol Cell Biol 1997, 17:1702-1713.

Cary LA, Han DC, Polte TR, Hanks SK, Guan JL: Identification of
pl130Cas as a mediator of focal adhesion kinase-promoted
cell migration. | Cell Biol 1998, 140:211-221.

Klemke RL, Yebra M, Bayna EM, Cheresh DA: Receptor tyrosine
kinase signaling required for integrin avf5-directed cell
motility but not adhesion on vitronectin. | Cell Biol 1994,
127:859-866.

Klemke RL, Cai S, Giannini AL, Gallagher P}, Lanerolle P, Cheresh DA:
Regulation of cell motility by mitogen-activated protein
kinase. | Cell Biol 1997, 137:481-492.

Cheresh DA, Leng J, Klemke RL: Regulation of cell contraction
and membrane ruffling by distinct signals in migratory cells.
J Cell Biol 1999, 146:1107-1116.

25.
26.

27.
28.

29.

30.

31

32.

33.

34.
35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

http://www.biomedcentral.com/1471-2121/9/50

Welch MD, Mallavarapu A, Rosenblatt ], Mitchison TJ: Actin dynam-
ics in vivo. Curr Opin Cell Biol 1997, 9:54-61.

Giannone G, Dubin-Thaler BJ, Dobereiner HG, Kieffer N, Bresnick A,
Sheetz MP: Periodic lamellipodial contractions correlate with
rearward actin waves. Cell 2004, 116:431-443.

Ridley AJ: Pulling back to move forward. Cell 2004, 116:357-358.
Klemke RL, Leng ], Molander R, Brooks PC, Vuori K, Cheresh DA:
CASI/Crk coupling serves as a "molecular switch" for induc-
tion of cell migration. | Cell Biol 1998, 140:961-972.

Cho SY, Klemke RL: Extracellular-regulated kinase activation
and CAS/Crk coupling regulate cell migration and suppress
apoptosis during invasion of the extracellular matrix. | Cell
Biol 2000, 149:223-236.

Cho SY, Klemke RL: Purification of pseudopodia from polar-
ized cells reveals redistribution and activation of Rac
through assembly of a CAS/Crk scaffold. | Cell Biol 2002,
156:725-736.

Ridley AJ, Paterson HF, Johnstone CL, Diekmann D, Hall A: The
small GTP-binding protein Rac regulates growth factor-
induced membrane ruffling. Cell 1992, 70:401-410.

Miki H, Yamaguchi H, Suetsugu S, Takenawa T: IRSp53 is an essen-
tial intermediate between Rac and WAVE in the regulation
of membrane ruffling. Nature 2000, 408:732-735.

Eden S, Rohatgi R, Podtelejnikov AV, Mann M, Kirschner MW: Mech-
anism of regulation of WAVEI-induced actin nucleation by
Racl and Nck. Nature 2002, 418:790-793.

Brown MT, Cooper JA: Regulation, substrates and functions of
src. Biochim Biophys Acta 1996, 1287:121-149.

Thomas SM, Brugge JS: Cellular functions regulated by src fam-
ily kinases. Ann Rev Cell Dev Biol 1997, 13:513-609.

Schlessinger J: New roles for Src kinases in control of cell sur-
vival and angiogenesis. Cell 2000, 100:293-296.

Reynolds AB, Kanner SB, Wang HC, Parsons |T: Stable association
of activated pp60src with two tyrosine-phosphorylated cellu-
lar proteins. Mol Cell Biol 1989, 9:3951-3958.

Matsuda M, Mayer BJ, Fukui Y, Hanafusa H: Binding of transform-
ing protein, p47gag-crk, to a broad range of phosphotyro-
sine-containing proteins. Science 1990, 248:1537-1539.

Sakai R, Iwamatsu A, Hirano N, Ogawa S, Tanaka T, Nishida ], Yazaki
Y, Hirai H: Characterization, partial purification, and peptide
sequencing of pl130, the main phosphoprotein associated
with v-Crk oncoprotein. | Biol Chem 1994, 269:32740-32746.
Sakai R, lwamatsu A, Hirano N, Ogawa S, Tanaka T, Mano H, Yazaki
Y, Hirai H: A novel signaling molecule, p130, forms stable
complexes in vivo with v-Crk and v-Src in a tyrosine phos-
phorylation-dependent manner. EMBO | 1994, 13:3748-3756.
Auvinen M, Paasinen-Sohns A, Hirai H, Andersson LC, Holtta E:
Ornithine decarboxylase- and ras-induced cell transforma-
tions: reversal by protein tyrosine kinase inhibitors and role
of pp130CAS. Mol Cell Biol 1995, 15:6513-6525.

Nakamoto T, Sakai R, Ozawa K, Yazaki Y, Hirai H: Direct binding
of C-terminal region of pI30Cas to SH2 and SH3 domains of
Src kinase. | Biol Chem 1996, 271:8959-8965.

Petch LA, Bockholt SM, Bouton A, Parsons JT: Adhesion-induced
tyrosine phosphorylation of the p130 src substrate. | Cell Sci
1995, 108:1371-1379.

Ruest P}, Nah-Young S, Polte TR, Zhang X, Hanks SK: Mechanisms
of CAS substrate domain tyrosine phosphorylation by FAK
and Src. Mol Cell Biol 2001, 21:7641-7652.

Cary LA, Klinghoffer RA, Sachsenmaie C, Cooper JA: Src catalytic
but not scaffolding function is needed for integrin-regulated
tyrosine phosphorylation, cell migration and cell spreading.
Mol Cell Biol 2002, 22:2427-2440.

Fonseca PM, Nah-Young S, Brabek ], Ryzhova L, Wu |, Hanks SK:
Regulation and localization of CAS substrate domain tyro-
sine phosphorylation. Cell Signal 2004, 16:621-629.

Bockholt SM, Burridge K: An examination of focal adhesion for-
mation and tyrosine phosphorylation in fibroblasts isolated
from src (-), fyn (-) and yes (-) mice. Cell Adhes Commun 1995,
3:91-100.

Vuori K, Hirai H, Aizawa S, Ruoslahti E: Induction of pl130Cas sig-
naling complex formation upon integrin-mediated cell adhe-
sion: a role for Src family kinases. Mol Cell Biol 1996,
16:2606-2613.

Fujiwara K, Poikonen K, Aleman L, Valtavaara M, Saksela K, Mayer BJ:
A single-chain antibody/epitope system for functional analy-

Page 14 of 15

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8608589
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8608589
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14657486
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14657486
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16254237
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16254237
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16112853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16246005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17173542
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17173542
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10228160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10228160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10228160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7566154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7566154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7566154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9883720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9883720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9697697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9697697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9697697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11784865
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11784865
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11784865
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8051157
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7509446
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8832401
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8832401
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8832401
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7505391
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7505391
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7505391
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7479864
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7479864
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7997267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7997267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7997267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9032297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9425168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9425168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9425168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7525598
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7525598
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9128257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9128257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9128257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10477763
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10477763
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9013669
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9013669
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15016377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15016377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15016370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9472046
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9472046
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9472046
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10747099
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10747099
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10747099
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11839772
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11839772
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11839772
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1643658
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1643658
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1643658
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11130076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11130076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11130076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12181570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12181570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12181570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8672527
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8672527
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10676810
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10676810
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2476666
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2476666
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2476666
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1694307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1694307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1694307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7806494
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7806494
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7806494
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8070403
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8070403
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8070403
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8524216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8524216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8524216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8621540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8621540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8621540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7542255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7542255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11604500
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11604500
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11604500
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11909938
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11909938
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14751547
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14751547
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14751547
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7583009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7583009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7583009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8649368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8649368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8649368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12379115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12379115

BMC Cell Biology 2008, 9:50

50.

51

52.

53.

54.
55.

56.
57.

58.

59.
60.

6l.

62.

63.

64.
65.

66.

67.

68.

69.

70.

sis of protein-protein interactions.
41:12729-12738.

Sharma A, Antoku S, Fujiwara K, Mayer BJ: Functional Interaction
Trap: A strategy for validating the functional consequences
of tyrosine phosphorylation of specific substrates in vivo. Mol
Cell Proteomics 2003, 2:1217-1224.

Sharma A, Antoku S, Mayer BJ: The Functional Interaction Trap:
A novel strategy to study specific protein-protein interac-
tions. In Principles and Practice: Methods in Proteome and Protein Anal-
ysis Edited by: Kamp RM, Calvete JJ, Choli-Papadopoulou T. Springer-
Verlag Berlin Heidelberg; 2004:165-182.

Arndt KM, Pelletier JN, Miiller KM, Alber T, Michnick SWV, Pliickthun
A: A heterodimeric coiled-coil peptide pair selected in vivo
from a designed library-versus-library ensemble. | Mol Biol
2000, 295:627-639.

Machida K, Thompson CM, Dierck K, Jablonowski K, Karkkainen S,
Liu B, Zhang H, Nash PD, Newman DK, Nollau P, Pawson T,
Renkema GH, Saksela K, Schiller MR, Shin DG, Mayer BJ: High-
throughput phosphotyrosine profiling using SH2 domains.
Mol Cell 2007, 26:899-915.

Petit V, Thiery JP: Focal adhesions: structure and dynamics. Biol
Cell 2000, 92:477-494.

Sastry SK, Burridge K: Focal adhesions: A nexus for intracellular
signaling and cytoskeletal dynamics. Exp Cell Res 2000,
261:25-36.

Zamir E, Geiger B: Molecular complexity and dynamics of cell-
matrix adhesions. | Cell Sci 2001, 114:3583-3590.

Kaverina I, Krylyshkina O, Small V: Regulation of substrate adhe-
sion dynamics during cell motility. Int | Biochem Cell Biol 2002,
34:746-761.

Harte MT, Hildebrand D, Burnham MR, Bouton AH, Parsons |T:
p130Cas, a substrate associated with v-Src and v-Crk, local-
izes to focal adhesions and binds to focal adhesion kinase. |
Biol Chem 1996, 271:13649-13655.

Lo SH: Focal adhesions: what's new inside.
294:280-291.

Benard V, Bohl BP, Bokoch GM: Characterization of Rac and
Cdc42 activation in chemoattractant-stimulated human
neutrophils using a novel assay for active GTPases. | Biol Chem
1999, 274:13198-13204.

Allen WE, Jones GE, Pollard JW, Ridley A: Rho, Rac and Cdc42
regulate actin organization and cell adhesion in macro-
phages. | Cell Sci 1997, 110:707-720.

Cox D, Chang P, Zhang Q, Reddy PG, Bokoch GM, Greenberg S:
Requirements for both Racl and Cdc42 in membrane ruf-
fling and phagocytosis in leukocytes. | Exp Med 1997,
186:1487-1494.

Bouton AH, Riggins RB, Bruce-Staskal PJ: Functions of the adapter
protein Cas: signal convergence and the determination of
cellular responses. Oncogene 2001, 20:6448-6458.

Tamada M, Sheetz MP, Sawada Y: Activation of a signaling cas-
cade by cytoskeleton stretch. Dev Cell 2004, 7:709-718.

Sawada Y, Tamada M, Dubin-Thaler B), Cherniavskaya O, Sakai R,
Tanaka S, Sheetz MP: Force sensing by mechanical extension of
the Src family kinase substrate pl30Cas. Cell 2006,
127:1015-1026.

Honda H, Nakamoto T, Sakai R, Hirai H: pI30Cas, an assembling
molecule of actin filaments, promotes cell movement, cell
migration and cell spreading in fibroblasts. Biochem Biophys Res
Commun 1999, 262:25-30.

Leng J, Klemke RL, Reddy AC, Cheresh DA: Potentiation of cell
migration by adhesion-dependent cooperative signals from
the GTPase Rac and Raf kinase. | Biol Chem 1999,
274:37855-37861.

Wells CM, Walmsley M, Ooi S, Tybulewicz V, Ridley AJ: Racl-defi-
cient macrophages exhibit defects in cell spreading and
membrane ruffling but not migration. | Cell Sci 2004,
117:1259-1268.

Pankov R, Endo Y, Even-Ram S, Araki M, Clark K, Cukierman E, Mat-
sumoto K, Yamada KM: A Rac switch regulates random versus
directionally persistent cell migration. | Cell Biol 2005,
170:793-802.

Rivera GM, Antoku S, Gelkop S, Shin NY, Hanks SK, Pawson T, Mayer
BJ: Requirement of Nck adaptors for actin dynamics and cell
migration stimulated by platelet-derived growth factor B.
PNAS USA 2006, 103:9536-9541.

Biochemistry 2002,

Dev Biol 2006,

71.

http://www.biomedcentral.com/1471-2121/9/50

Rivera GM, Briceno CA, Takeshima F, Snapper SB, Mayer BJ: Induc-
ible clustering of membrane-targeted SH3 domains of the
adaptor protein Nck triggers localized actin polymerization.
Curr Biol 2004, 14:11-22.

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 15 of 15

(page number not for citation purposes)



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12379115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14519720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14519720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14519720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10623552
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10623552
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17588523
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17588523
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11229600
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11082272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11082272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11707510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11707510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11950592
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11950592
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8662921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8662921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8662921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16650401
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10224076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10224076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10224076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9099945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9099945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9099945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9348306
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9348306
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9348306
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11607844
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11607844
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11607844
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15525532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15525532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17129785
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17129785
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10448062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10448062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10448062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10608850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10608850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10608850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14996945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14996945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14996945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16129786
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16129786
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16769879
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16769879
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14711409
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14711409
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	SYF and c-Src reconstituted cells as a biological system for FIT
	FIT-mediated specific phosphorylation of Src substrates increases tyrosine phosphorylation in SYF cells
	FIT-mediated specific phosphorylation of p130Cas results in activation of Rac1
	FIT-mediated specific phosphorylation of p130Cas results in increased membrane ruffling and lamellipodium formation
	Mechanism of phosphorylation of p130Cas

	Discussion
	Conclusion
	Methods
	Cell lines, plasmids and antibodies
	Confocal imaging of fixed and live cells
	Measurement of Rac1 activity

	Authors' contributions
	Additional material
	Acknowledgements
	References

