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Reciprocal cooperative signaling by integrins and growth factor receptors at G1 phase during cell cycle progression is well
documented. By contrast, little is known about the cross-talk between integrin and transforming growth factor (TGF)-�
signaling. Here, we show that integrin signaling counteracts the inhibitory effects of TGF-� on cell growth and that this
effect is mediated by p130Cas (Crk-associated substrate, 130 kDa). Adhesion to fibronectin or laminin reduces TGF-�–
induced Smad3 phosphorylation and thus inhibits TGF-�–mediated growth arrest; loss of p130Cas abrogates these effects.
Loss and gain of function studies demonstrated that, once tyrosine-phosphorylated via integrin signaling, p130Cas binds
to Smad3 and reduces phosphorylation of Smad3. That in turn leads to inhibition of p15 and p21 expression and
facilitation of cell cycle progression. Thus, p130Cas-mediated control of TGF-�/Smad signaling may provide an additional
clue to the mechanism underlying resistance to TGF-�–induced growth inhibition.

INTRODUCTION

Transforming growth factor (TGF)-� is a multifunctional
cytokine that regulates a wide range of cellular functions,
including proliferation, apoptosis and differentiation (Ten
Dijke et al., 2002; Siegel and Massague, 2003). In most cell
types (e.g., normal epithelial, endothelial, and hematopoietic
cells and primary fibroblasts of embryonic origin), TGF-�
inhibits growth by causing arrest at G1 phase of the cell
cycle (Massague, 1990; Wolfraim et al., 2004). This anti-
proliferative effect of TGF-� is attributable to induction of
cyclin-dependent kinase (CDK) inhibitors such as p15 and
p21 and repression of growth-promoting transcription fac-
tors. Thus, induction of p15 and p21 represent key events in
TGF-�–induced growth arrest (Siegel and Massague, 2003).

TGF-� signals are mainly transduced by a cell surface
complex composed of TGF-� receptor type I (T�RI) and II
(T�RII) and Smad intracellular effector proteins. The binding
of a ligand to the T�RI/II complex activates the serine kinase
activity of T�RI, which then phosphorylates the C-terminal
serine residues (SXS) of the receptor-activated Smad pro-
teins (R-Smad) Smad2 and Smad3 (Shi and Massague, 2003).
Phosphorylation of Smad2/3 induces subsequent complex
formation with Smad4, after which this heteromeric Smad
complex translocates into the nucleus (Di Guglielmo et al.,
2003). Within the nucleus, the Smad complex regulates the
transcription of target genes by associating with DNA bind-
ing partners that act as transcriptional coactivators or core-
pressors (Feng and Derynck, 2005).

Because of its critical role in determining cell fate, the
intensity or duration of TGF-� signaling is tightly controlled
by a web of positive and negative regulator proteins. Neg-
ative regulation of TGF-� signaling is accomplished by the
rapid attenuation or even cancellation of T�RI/II and/or
Smad activities (Di Guglielmo et al., 2003; Feng and Derynck,
2005), which often occurs through a negative feedback loop.
An example of a molecule that down-regulates TGF-� sig-
naling through a negative feedback loop is Smad7, which
diminishes TGF-� signaling by competitively inhibiting the
binding of Smad3 to activated T�RI, and by targeting the
receptor for degradation. TGF-� and Smad3, themselves,
induce Smad7 expression, thereby mediating an inhibitory
feedback loop through Smad7 expression (Nakao et al., 1997;
Di Guglielmo et al., 2003).

TGF-� signaling is also regulated through cross-talk with
other signal transduction pathways. For example, it is now
known that signaling in the extracellular signal-regulated
kinase pathway can lead to direct phosphorylation of spe-
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cific serine residues in the linker domain of R-Smads, which
blocks their nuclear translocation and transcriptional output
(Hayashida et al., 2003). The c-Jun NH2-terminal kinase
pathway also inhibits Smad2-dependent transcription by
enhancing complex formation by Smad2 and its corepressor
protein TGIF (Seo et al., 2006). In addition, recent reports
suggest that integrin signaling also may be involved in
negatively regulating TGF-� signaling, because adhesion
reduces TGF-�-induced Smad2 phosphorylation and tran-
scriptional activity (Thannickal et al., 2003), and �1-integrin–
mediated adhesion to extracellular matrix (ECM) suppresses
TGF-�–induced apoptosis and growth inhibition (Zhang et
al., 2004).

Integrins are the major receptors that connect cells to the
ECM (Giancotti and Ruoslahti, 1999). Integrin-mediated ad-
hesion and the binding of growth factors to their receptors,
which are often receptor tyrosine kinases (RTKs), exert ef-
fects that synergistically promote cell cycle progression
(Comoglio et al., 2003; Giancotti and Tarone, 2003; Guo and
Giancotti, 2004). That is, during the cell cycle collaborative
signaling between integrins and RTKs induces the progres-
sion of G1 phase and the initiation of S phase through
activation of G1 cyclin-dependent kinases (CDKs) and the
down-regulation of CDK inhibitors (Schwartz and Ginsberg,
2002; Giancotti and Tarone, 2003). Moreover, both integrins
and RTKs share multiple cytoplasmic signaling pathways
that involve a variety of integrin-associated signaling pro-
teins, including p130Cas (Bouton et al., 2001; Defilippi et al.,
2006), which is extensively tyrosine phosphorylated in re-
sponse to ECM adhesion or growth factor stimulation. For
example, cross-talk between integrins and epidermal growth
factor receptors is crucially dependent on c-Src and p130Cas
(Moro et al., 2002); moreover, p130Cas plays a pivotal role in
signaling via other receptor systems, including G protein-
coupled receptors and vascular endothelial growth factor
receptors (Casamassima and Rozengurt, 1997; Avraham et
al., 2003; Defilippi et al., 2006).

p130Cas is an adapter protein that contains multiple pro-
tein–protein interaction domains, including an Src homol-
ogy 3 (SH3) domain, an Src-binding (SBD) domain, a large
“tyrosine kinase substrate“ (SD) domain, and a helix-loop-
helix domain (HLH). The SD domain is characterized by 15
tyrosine-Xaa-Xaa-proline (YXXP) motifs that are regarded as
the major site of p130Cas phosphorylation (Sakai et al., 1994;
Chodniewicz and Klemke, 2004). ECM-integrin coupling in-
duces phosphorylation of the p130Cas SD domain, after
which p130Cas is translocated from the cytosol to the mem-
brane, where it serves as a mediator for integrin signaling
mainly promoting cell migration, survival, and proliferation
(Cary et al., 1998; Shin et al., 2004).

Interestingly, human enhancer of filamentation 1 (HEF1),
which is an adaptor protein belonging to the p130Cas pro-
tein family, reportedly interacts with Smad3, thereby inhib-
iting Smad3-mediated gene expression (Liu et al., 2000).
Bearing that in mind, we wondered whether p130Cas also
plays a role in determining the cellular responsiveness to
TGF-� and focused on Smad3 as a possible target of inhibi-
tion by p130Cas. In this study, we show that, after tyrosine
phosphorylation of p130Cas mediated by integrin signaling,
the phosphorylated p130Cas is able to interact with phos-
phorylated Smad3 and in turn prevent transcriptional acti-
vation by Smad3. This inhibitory effect is mediated via a
pathway that is dependent upon the association of p130Cas
with Smad3, and it provides evidence for cross-talk between
the TGF-� and integrin pathways and for a mechanism by
which TGF-� signaling is silenced by p130Cas.

MATERIALS AND METHODS

DNA Constructs and Reagents
Myc-Smad2, Myc-Smad3 and the Smad3-responsive (CAGA)12-luc reporter
were gifts from Aristidis Moustakas (Ludwig Institute for Cancer Research,
Uppsala, Sweden). Flag-Smad3 was from J. Massagué (Sloan-Kettering Insti-
tute, New York). Myc-Smad3 deletion mutants were polymerase chain reac-
tion (PCR)-amplified from Myc-Smad3 and cloned into pcDNA3.0-6Myc vec-
tor. Myc-Smad3 phosphorylation mutants (S3A and S3D) were generated
from pcDNA3.0-6Myc-Smad3 by using a QuikChange site-directed mutagen-
esis kit (Stratagene, La Jolla, CA). Serine residues at positions 464, 465, and
467 of Smad3 (WT) were replaced with alanines (S3A) or aspartates (S3D).
After PCR amplification, Myc-p130Cas deletion mutants were cloned into
pcDNA3.0-6Myc vector. TGF-�1 was purchased from R&D Systems
(Minneapolis, MN). Human fibronectin (FN) and mouse laminin (LN) were
obtained from Invitrogen (Carlsbad, CA); synthetic poly-l-lysine (PLL) was
from Sigma-Aldrich (St. Louis, MO).

Cell Culture, Transfection, and Luciferase Assays
Smad3�/� mouse embryonic fibroblasts (MEFs), HaCaT human keratino-
cytes, and human embryonic kidney (HEK)293T cells were maintained in
DMEM supplemented with 10% fetal bovine serum (FBS) (Invitrogen).
Cas�/� and Cas�/� MEFs have been described previously (Honda et al.,
1998). Cas�/� MEFs engineered to stably express either wild-type p130Cas
(CasWT) or Cas15FxxP (Cas15F), in which all 15 YxxP tyrosines were replaced
with phenylalanine, have been described previously (Fonseca et al., 2004), and
they were cultured in DMEM supplemented with 10% FBS. Cell culture plates
were coated with 15 �g/ml LN, 15 �g/ml FN, or 75 �g/ml PLL. All trans-
fections were carried out using Lipofectamine Plus (Invitrogen) according to
the manufacturer’s instructions. HaCaT cell clones stably expressing p130Cas
were obtained by transfection with pcDNA3.0-p130Cas followed by selection
for 1–2 wk in Geneticin (G418; Invitrogen). After transfection, luciferase
activity was determined using a luciferase assay system (Promega, Madison,
WI) and normalized to �-galactosidase activity to correct for differences in
transfection efficiency. To analyze the interaction of endogenous p130Cas and
Smad3 during the cell cycle, HaCaT cells were synchronized at G0/G1 phase
by contact inhibition and serum starvation as described previously (Matsuura et
al., 2004). The cells were then detached and replated on culture dishes coated
with FN or PLL, and then they were incubated in fresh complete medium.

Generation of an Antibody against the N Terminus of
Smad3
To generate a corresponding antibody (Ab), a cDNA (Smad3N) encoding the
N terminus of Smad3 (amino acids 1–183) was amplified by PCR and sub-
cloned, in-frame, into pGEX4T vector for expression in a glutathione trans-
ferase (GST) fusion protein. The resultant GST-Smad3N fusion protein was
then overexpressed in bacteria and purified using glutathione-agarose 4B
beads, after which the purified protein was used as an immunogen for Ab
production. After the fourth injection into rabbits, the serum specificity was
tested by immunoprecipitation analysis.

In Vitro Protein–Protein Interaction Assays
GST or GST-Smad3 was expressed in Escherichia coli and purified through
adsorption onto glutathione-Sepharose 4B beads (GE Healthcare, Chalfont St.
Giles, United Kingdom). 35S-labeled p130Cas was generated by in vitro tran-
scription and translation using a TNT kit (Promega). The radiolabeled trans-
lation mixture was incubated with 10 �g of the bound GST or GST-Smad3 in
binding buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 0.1% Tween 20, 1 mM
EDTA, 2.5 mM EGTA, 10% glycerol, 1 mM dithiothreitol [DTT], 0.1 mM
NaVO4, 1 mM phenylmethylsulfonyl fluoride [PMSF], and protease inhibi-
tors), after which the beads were extensively washed in the same buffer, and
the adsorbed proteins were separated by SDS-polyacrylamide gel electro-
phoresis (PAGE) and visualized by autoradiography.

Immunoprecipitation and Immunoblotting
MEFs or HaCaT cells incubated with or without 2 ng/ml TGF-�1 were
initially lysed in modified radioimmunoprecipitation assay buffer (50 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, 10
mM NaF, 1 mM PMSF, 1 mM sodium ortho-vanadate, 10 �M leupeptin, 1.5
�M pepstatin, and 10 �g/ml aprotinin). For analysis of endogenous Smad3-
Smad4, Smad3-p130Cas, and p130Cas-T�RI interactions, the lysates were
immunoprecipitated with anti-Smad2/3 (Santa Cruz Biotechnology, Santa
Cruz, CA), anti-Smad3N or anti-T�RI Ab, followed by immunoblotting with
anti-Smad4 monoclonal antibody (mAb) (Santa Cruz Biotechnology) or anti-
p130Cas mAb (BD Biosciences, San Jose, CA). Tyrosine phosphorylation of
p130Cas was analyzed by immunoprecipitation with anti-Cas2 Ab (Sakai et
al., 1994), followed by immunoblotting with anti-phosphotyrosine mAb
(4G10; Upstate Biotechnology, Lake Placid, NY) or with anti-pY165-Cas Ab
(Cell Signaling Technology, Beverly, MA), which specifically recognizes phos-
phorylated YxxP tyrosines (Fonseca et al., 2004). For analysis of exogenous
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Smad3-p130Cas interactions, HEK293T cells were transfected with Flag-
Smad3, Myc-Smad2/3, or one of its substitution mutants, or Myc-p130Cas or
one of its deletion mutants. Cell lysates were subjected to immunoprecipita-
tion with anti-Cas2 Ab or anti-p130Cas mAb (BD Biosciences), followed by
immunoblotting with anti-Myc (9E10; Cell Signaling Technology) or anti-Flag
(Sigma-Aldrich) mAb. Immunoblotting was carried out using anti-Smad3 Ab
(Zymed Laboratories, South San Francisco, CA), anti-phospho-Smad3 Ab (a
kind gift of Edward B. Leof, Mayo Clinic Cancer Center, MN), anti-tubulin
mAb (Sigma-Aldrich), anti-T�RI Ab (Santa Cruz Biotechnology), anti-p15 Ab
(Santa Cruz Biotechnology), or anti-p21 mAb (BD Biosciences).

Immunofluorescence
To detect endogenous p130Cas, Smad2/3, phospho-Smad3, or p15 in MEFs,
the cells were treated as described in the figure legends, fixed, permeabilized,
blocked, incubated with the appropriate primary Ab, and stained with Alexa
Fluor-conjugated secondary Ab (Invitrogen). Immunohistochemical detection
of transfected proteins was carried out using green fluorescent protein (GFP)
or anti-Myc mAb (9E10; Cell Signaling Technology) as the primary Ab. Nuclei
were labeled with Hoechst dye 33258 (Sigma-Aldrich). Images were obtained
using a Leica fluorescence microscope (Leica Microsystems, Wetzlar, Ger-
many) and a CoolSNAPfx charge-coupled device camera driven by Meta-
Morph imaging software (Molecular Devices, Sunnyvale, CA). Fluorescence
intensities within nuclei were measured using MetaMorph 6.3r6 image anal-
ysis software (Molecular Devices).

Silencing Endogenous p130Cas by Using Small Interfering
RNA (siRNA)
HaCaT and MCF10A cells were depleted of p130Cas by using siRNA corre-
sponding to nucleotides 2366-2384 (CCCACAAGCUGGUGUUACU dT dT)
of human p130Cas (Bioneer, Daejeon, Korea). Cells were transiently trans-
fected with control (nonsilencing fluorescein-labeled siRNA duplex; Bioneer)
or anti-p130Cas siRNA in Opti-MEM I medium (Invitrogen) by using Lipo-
fectamine 2000 reagent (Invitrogen) following the manufacturer’s instruc-
tions. Six hours later, the Opti-MEM I medium was replaced with fresh
culture medium. Effects of down-regulating p130Cas were assessed 24–60 h
after transfection; TGF-� was added to the cultures 24–36 h after the trans-
fection. The transfection efficiency for the siRNAs, as analyzed with fluores-
cein-labeled siRNA duplex, was consistently �95%.

In Vitro Kinase Assays
HaCaT cells transfected with control or p130Cas siRNAs were incubated with
2 ng/ml TGF-�, lysed in lysis buffer (1% NP-40, 20 mM HEPES, pH 7.4, 135
mM NaCl, 5 mM EDTA, 10% glycerol, 0.5 mM NaVO4, and protease inhibi-
tors), and immunoprecipitated with anti-T�RI Ab. The resultant T�RI im-
mune complexes were washed three times with lysis buffer and once with
kinase buffer (20 mM HEPES, pH 7.4, 1 mM DTT, 20 mM MgCl2, 0.1 mM
NaVO4, 2 mM EGTA, and protease inhibitors), and then they were resus-
pended in kinase buffer containing 25 �M ATP and 5 �Ci of [�-32P]ATP. The
reaction mixtures were incubated with GST or GST-Smad3 (Santa Cruz Bio-
technology) for 30 min at 30°C, after which the reaction was terminated by
addition of SDS sample buffer. Samples were then analyzed by 10% SDS-
PAGE and autoradiography. The gels also were stained with Coomassie Blue
to detect levels of substrates before exposure to x-ray film. The levels of
p130Cas and T�RI in lysates were determined by immunoblotting with
anti-p130Cas mAb and anti-T�RI Ab.

[3H]Thymidine Incorporation Assays
MEFs or HaCaT cells were seeded to a density of 2 � 105 cells/well in six-well
plates coated as described in the figure legends and then incubated for 24 h
with or without TGF-�1; 4 �Ci of [3H]thymidine were added for the last 3 h
of the incubation. The cells were then fixed in 10% trichloroacetic acid and
lysed in 0.2 M NaOH. [3H]thymidine incorporation into the DNA was mea-
sured using a scintillation counter.

RESULTS

Identification of p130Cas as a Smad3-interacting Protein
Using coimmunoprecipitation assays to search for compo-
nents that may modulate Smad3 signaling, we readily iden-
tified p130Cas as a new partner that interacts with Smad3.
Further analysis with inclusion of Smad2 and Smad3 re-
vealed that p130Cas interacts with exogenous Smad3 and, to
a lesser extent, with Smad2 (Figure 1A). We then tested
whether the Smad3-p130Cas interaction was direct. Recom-
binant GST-Smad3 fusion protein was incubated with 35S-
labeled p130Cas generated by in vitro transcription and
translation. We found that GST-Smad3 can pull down

p130Cas from the in vitro translation mixture (Figure 1B). By
contrast, p130Cas did not bind to the GST protein, which is
indicative of a direct and specific interaction of p130Cas with
Smad3.

We next determined the p130Cas domains that mediate
the interaction with Smad3 by constructing a set of p130Cas
deletion mutants and assessing their abilities to interact with
Smad3 in coimmunoprecipitation assays coupled to immu-
noblotting (Supplemental Figure 1). As shown in Figure 1C,
both the CasN and Cas31 mutants retained the ability to
interact with Smad3. However, deletion of the N terminus
and HLH domains abolished the ability of p130Cas to inter-
act with Smad3, indicating that the Smad3–p130Cas interac-
tion is mediated by the N terminus and C-terminal HLH
domain of p130Cas. We also used coimmunoprecipitation
analysis to map the domains in Smad3 that interact with
p130Cas and found that p130Cas primarily bound to the C
terminus of Smad3, which contains a linker and Mad ho-
mology 2 domain (Figure 1C).

p130Cas Forms a Heteromeric Complex with Smad3 and
T�RI in the Presence of TGF-�

To study the interaction of Smad3 and p130Cas in vivo, we
cotransfected HEK293 cells with pCDNA-p130Cas and Flag-
Smad3, incubated the transfectants with or without TGF-�,
and then subjected the cell extracts to coimmunoprecipita-
tion coupled to immunoblotting. We found that, in the pres-
ence of TGF-�, immunoprecipitation of p130Cas by using
anti-Cas mAb also brought down Flag-tagged Smad3 (Fig-
ure 2A). This Smad3–p130Cas interaction occurred only
minimally in the absence of TGF-� stimulation. Using an
anti-Smad3N polyclonal Ab raised against the N terminus of
Smad3, we then tested whether endogenous Smad3–
p130Cas interactions are also regulated by TGF-�. We found
that endogenous p130Cas and Smad3 were significantly as-
sociated after 15 or 30 min of TGF-� treatment, but after 60
min the levels of Smad3-bound p130Cas began to decline
(Figure 2B). Simultaneously, TGF-� induced Smad3 phos-
phorylation that was well correlated with the Smad3–
p130Cas interaction.

Exposure to TGF-� rapidly induces receptor-mediated
Smad3 phosphorylation at C-terminal serine residues (Shi
and Massague, 2003). Given that the Smad3–p130Cas inter-
action is enhanced by TGF-�, we tested whether this inter-
action is positively regulated by TGF-�–induced Smad3
phosphorylation. Consistent with that idea, we found 1) that
a Smad3 mutant that mimics the structural and electrostatic
properties of phospho-Smad3 (S3D, S464SVS467-D464DVD467)
bound to p130Cas as well as, if not better than, wild-type
Smad3 (WT) (Figure 2C); 2) that a mutant lacking phosphor-
ylation sites (S3A, S464SVS467-A464AVA467) exhibited re-
duced binding to p130Cas (Figure 2C); and 3) that a sub-
stantial amount of phospho-Smad3 was present within the
exogenous Smad3–p130Cas complex in the presence of
TGF-� (Figure 2D). Together, these results suggest that the
p130Cas–Smad3 interaction is enhanced by Smad3 phosphor-
ylation mediated by TGF-� under physiological conditions.

TGF-� signaling through Smad3 is initiated when T�RI, acti-
vated by T�RII-mediated phosphorylation, directly phosphory-
lates the C-terminal serine residues of Smad3 (Shi and
Massague, 2003; Siegel and Massague, 2003). We therefore
tested whether p130Cas can interact with T�RI and whether
or not their binding is affected by TGF-� stimulation. Wild-
type p130cas (Cas�/�) MEFs were subjected to immuno-
precipitation with anti-T�RI Ab coupled to immunoblotting.
This analysis revealed that there is little or no association of
p130Cas with T�RI in the absence of TGF-� stimulation, but
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that this association is significantly increased by incubating
the cells with TGF-� for 15 or 30 min (Figure 2E). Smad3
phosphorylation in response to TGF-� was also well corre-
lated with the association of p130Cas and T�RI. Moreover,
this association was lost in Smad3-null (Smad3�/�) MEFs
(Figure 2F). That phosphorylation of Smad3 induced its
interaction with p130Cas (Figure 2, B–D) suggests p130Cas
interacts with T�RI through the intermediation of Smad3 in
the presence of TGF-�.

Integrin-mediated Tyrosine Phosphorylation of p130Cas
Increases Its Interaction with Smad3
p130Cas is extensively tyrosine phosphorylated in response
to integrin-mediated adhesion to ECM and to growth factor
stimulation (Sakai et al., 1994; Yamada and Even-Ram, 2002;
Defilippi et al., 2006). The hyperphosphorylated p130Cas is
active, and it provides multiple protein-interaction motifs,
enabling it to participate in a number of cellular processes
(Bouton et al., 2001; Kim et al., 2004; Shin et al., 2004). We
therefore tested whether the interaction of Smad3 and
p130Cas is also regulated by tyrosine phosphorylation of
p130Cas mediated by integrin signaling. The SD of p130Cas
is composed of 15 Tyr-Xaa-Xaa-Pro (YxxP) motifs, with the
YxxP tyrosines representing the major sites of p130Cas phos-

phorylation (Sakai et al., 1994; Shin et al., 2004). p130Cas-null
(Cas�/�) MEFs were engineered to stably express wild-
type p130Cas (CasWT cells) or a p130Cas mutant (Cas15F
cells) in which all of the tyrosine residues in the 15 YxxP
motifs in the SD were substituted with phenylalanine
(15FxxP) (Shin et al., 2004). After incubating these cell lines
with or without TGF-�, we subjected the cell extracts to
coimmunoprecipitation coupled to immunoblotting. As
shown in Figure 3A, wild-type p130Cas interacted with
Smad3, and this interaction was enhanced by TGF-� stimu-
lation. In contrast, SD mutations that blocked integrin-
mediated tyrosine phosphorylation weakened this interac-
tion, both in the absence and presence of TGF-�. In addition,
Cas15F cells showed higher levels of TGF-�–induced Smad3
phosphorylation than CasWT cells, suggesting that p130Cas
may reduce the level of phospho-Smad3.

To further confirm that the Smad3–p130Cas interaction is
directly regulated by integrin signaling, both CasWT and
Cas15F cells were plated on FN-coated dishes and then
subjected to immunoprecipitation analysis. Adhesion to FN
by CasWT cells induced phosphorylation of the p130Cas SD
and promoted endogenous interaction of Smad3 and
p130Cas, so that a significant amount of phospho-p130Cas
was detected within the Smad3–p130Cas complex (Figure

Figure 1. p130Cas interacts directly with
Smad3. (A) HEK293T cells were transfected
with the indicated plasmids, after which their
lysates were immunoprecipitated with anti-
p130Cas mAb and immunoblotted with anti-
Myc mAb. In this and all other experiments,
the expression of proteins was determined by
direct immunoblotting. (B) GST-Smad3 and
GST were tested for their ability to directly
interact with in vitro translated 35S-Met–
labeled p130Cas. Equal amounts of GST or
GST-Smad3 were used, as determined by
Coomassie Blue staining (bottom). (C) Sche-
matic representation of p130Cas and Smad3
deletion mutants, and the results of domain-
mapping studies: Cas WT, wild-type p130Cas;
Cas N, p130Cas N terminus; Cas 47, 47-kDa
fragment of p130Cas; Cas 31, 31-kDa fragment
p130Cas (Kook et al., 2000); Cas HLH, helix-
loop-helix domain (Kim et al., 2004); �SH3,
deletion of the SH3 domain; �SD, deletion of
the substrate domain; �SR, deletion of the
serine rich region; �SBD, deletion of the Src-
binding domain; �HLH, deletion of the helix-
loop-helix domain; dd1, deletion of the SD
and HLH domain; dd2, deletion of the SH3,
PR, and HLH domains; dd3, deletion of SH3,
PR, SD, and HLH domains; Smad3 N, Smad3
N terminus; Smad3 C, linker region and C
terminus of Smad3; � indicates a lack of de-
tectable interaction; ���� indicates a very
strong interaction.
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3B). In contrast, both the phosphorylation of p130Cas and its
interaction with Smad3 were eliminated in Cas15F cells
adhering to FN. Together, these data suggest that the
Smad3–p130Cas interaction is positively regulated by inte-
grin-mediated tyrosine phosphorylation of p130Cas.

p130Cas Reduces Both T�RI-mediated Phosphorylation
and Nuclear Translocation of Smad3
Given that the Smad3–p130Cas interaction is enhanced after
integrin activation or TGF-� stimulation, and Cas15F cells
showed higher levels of TGF-�–induced Smad3 phosphory-
lation than CasWT cells (Figure 3A), we set out to determine
the functional role of p130Cas in TGF-� signaling. We found
that p130Cas deficiency leads to increases in TGF-�-induced
Smad3 phosphorylation and Smad3–Smad4 association (Fig-
ure 4A). Conversely, stable overexpression of p130Cas in
HaCaT cells markedly reduced TGF-�–induced Smad3
phosphorylation (Figure 4B). To investigate the inhibitory
effect of p130Cas under physiological conditions, we ana-
lyzed HaCaT cells expressing siRNA targeting p130Cas. The
transfection efficiency for siRNAs, as analyzed with fluores-
cein-labeled siRNA duplex, was consistently �95%. We ob-
served that knocking down p130Cas by using siRNA, which
did not affect expression of �1 integrin or T�RI, led to increased
TGF-�–induced Smad3 phosphorylation (Figure 4C).

Because activated T�RI directly phosphorylates Smad3 on
its C-terminal serine residues, we tested whether p130Cas

interferes with the phosphorylation of Smad3 by T�RI. Us-
ing in vitro kinase assays with purified recombinant GST-
Smad3 and T�RI immune complexes, we found that Smad3
was phosphorylated by T�RI immune complexes obtained
from HaCaT cells (Figure 4D), which is consistent with
previous reports (Shi and Massague, 2003). Moreover, T�RI
immune complexes from p130Cas-knockdown HaCaT cells
induced a greater increase of Smad3 phosphorylation than
those from p130Cas-positive HaCaT cells (Figure 4D). This
suggests that, in response to TGF-�, p130Cas may form
Smad3-dependent complexes with T�RI and reduce the
amount of Smad3 phosphorylation mediated by T�RI in
intact cells.

Consistent with those results, Cas�/� MEFs showed a
much higher degree of nuclear translocation of phospho-
Smad3 than did Cas�/� MEFs, both in the absence and
presence of TGF-�, and introduction of Myc-p130Cas into
Cas�/� MEFs inhibited the nuclear translocation of phos-
pho-Smad3 (Figure 4E). That p130Cas inhibits nuclear trans-
location of Smad3 was also confirmed by immunofluores-
cence analysis of HaCaT cells transiently transfected with
GFP or GFP-p130Cas. Introduction of GFP-p130Cas into
HaCaT cells led to a 40% reduction in the nuclear translo-
cation of Smad3, compared with GFP-transfected cells (Fig-
ure 4F). Furthermore, using a set of p130Cas deletion mu-
tants, we determined that deletion of its SD or HLH domain
eliminated the ability of p130Cas to inhibit nuclear translo-

Figure 2. TGF-� induces Smad3-dependent as-
sociation of p130Cas and T�RI. (A) HEK293T
cells transfected with the indicated plasmids
were incubated with or without 2 ng/ml TGF-�,
after which their lysates were immunoprecipi-
tated with anti-p130Cas mAb and immunoblot-
ted with anti-Flag mAb. (B) HaCaT cells were
incubated with or without 2 ng/ml TGF-�, after
which their lysates were immunoprecipitated
with anti-Smad3N Ab and immunoblotted with
anti-p130Cas mAb. (C) HEK293T cells trans-
fected with Myc-Smad3 (WT) or a phosphoryla-
tion mutant (S3A or S3D), after which their ly-
sates were immunoprecipitated with anti-Cas2
Ab and immunoblotted with anti-Myc mAb. Rel-
ative band intensities quantified by densitometry
are indicated numerically below. (D) HEK293T
cells were transfected with Myc-Smad3 and in-
cubated with or without TGF-� for the indicated
times. Cell lysates were immunoprecipitated
with anti-Cas mAb and immunoblotted with anti-
phospho-Smad3 Ab to detect p130Cas-bound
phospho-Smad3. (E) Cas�/� MEFs were incu-
bated with or without 2 ng/ml TGF-�, after
which their lysates were immunoprecipitated
with anti-T�RI Ab and immunoblotted with anti-
p130Cas mAb. (F) Smad3�/� and Smad3�/�
MEFs treated with 2 ng/ml TGF-� were sub-
jected to immunoprecipitation as described in D.
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cation of phospho-Smad3 (Figure 5). The Myc-p130Cas-neg-
ative cells that served as internal controls in these assays
showed extensive nuclear phospho-Smad3 staining. We con-
clude from these experiments that p130Cas inhibits TGF-�-
induced nuclear accumulation of Smad3 by reducing both
its phosphorylation and its association with Smad4.

p130Cas Inhibits TGF-�–induced Transcriptional Activity
and Growth Arrest
That p130Cas inhibits nuclear translocation of phospho-
Smad3 prompted us to test its effect on TGF-�–induced
transcriptional activity. For this analysis, we carried out re-
porter gene assays by using a Smad3-responsive (CAGA)12-
luciferase reporter known to be activated by TGF-� through
direct binding of Smad3 to the CAGA sequences upstream
of the luciferase promoter. We found that this reporter
showed greater activity when transfected into Cas�/�
MEFs than when transfected into Cas�/� MEFs (Figure
6A). As shown previously, overexpression of Smad3 acti-
vated transcription both in the absence and presence of
TGF-�, and Cas�/� MEFs showed a higher degree of
Smad3-dependent transcriptional activity than Cas�/�
MEFs (Figure 6B). This was further confirmed by the finding
that overexpression of p130Cas in HEK293T cells dose-de-
pendently suppressed Smad3-dependent transcriptional ac-
tivation (Figure 6C). These results suggest that p130Cas may

selectively suppress Smad3-dependent transcriptional acti-
vation by TGF-� signaling.

It should be noted that one physiological function of
TGF-� is to induce growth arrest at G1 phase, whereas a
physiological function of integrin-coupled p130Cas is to pro-
mote cell cycle progression. In that context, we next asked
whether the antiproliferative activity of TGF-� is negatively
regulated by p130Cas. To address this question, we first
tested the effect of p130Cas on TGF-�-induced p15 and p21
expression and growth arrest. As shown in Figure 6D, stable
overexpression of p130Cas suppressed TGF-�-induced ex-
pression of both p15 and p21. Alternatively, silencing
p130Cas using siRNA in HaCaT cells led to elevated expres-
sion of both p15 and p21 (Figure 6E).

To examine the effect of p130Cas on TGF-�–induced inhi-
bition of cell proliferation, we carried out [3H]thymidine
incorporation assays in HaCaT cells and MEFs. We found
that HaCaT cells exhibited normal TGF-� dose-dependent
inhibition of growth ([3H]thymidine incorporation; Figure
6F), and stable overexpression of p130Cas suppressed the
TGF-�–induced growth inhibition. Consistent with these re-
sults, TGF-�–induced inhibition of growth was enhanced in
Cas�/� MEFs, compared with Cas�/� MEFs (Figure 6G).
Thus, p130Cas seems to inhibit the antiproliferative effects of
TGF-�.

Integrin Signaling Counteracts the Inhibitory Effects of
TGF-� on Cell Growth
Studies have shown that adhesion reduces TGF-�–induced
Smad2 phosphorylation and transcriptional activity (Thannickal
et al., 2003) and that �1-integrin–mediated adhesion to ECM
suppresses TGF-�–induced apoptosis and growth inhibition
(Zhang et al., 2004). Based on these findings, we hypothe-
sized that integrin signaling counteracts the inhibitory ef-
fects of TGF-� on growth by modulating the cellular respon-
siveness to TGF-�. To test that idea, we assessed the extent
to which activation of integrin signaling affects the TGF-�
signaling pathway leading to Smad3 phosphorylation. For
this analysis, HaCaT cells were attached to LN-, FN- or
PLL-coated plates, after which the effects of TGF-� on
Smad3 phosphorylation and Smad3-Smad4 association were
examined. We found that TGF-�–induced Smad3 phosphor-
ylation was markedly reduced in cells plated on FN or LN,
compared with PLL (Figure 7A), and that adhesion to FN
also reduced Smad3–Smad4 association (Figure 7B), sug-
gesting integrin-mediated adhesion to ECM may reduce the
intensity of TGF-� signaling.

Next, we examined whether p130Cas is essential for inte-
grin-specific control of TGF-�–induced Smad3 phosphory-
lation. To address this question, TGF-�–induced Smad3
phosphorylation and Smad3–Smad4 association were exam-
ined in Cas �/� and Cas�/� MEFs plated on FN or PLL.
In Cas�/� MEFs, TGF-�–induced Smad3 phosphorylation
and Smad3–Smad4 association were both attenuated to a
greater degree by adhesion to FN than to PLL, which is
consistent with the results summarized in Figure 7, A and B.
These effects were completely lost in Cas�/� MEFs (Figure
7C), so that levels of Smad3 phosphorylation and Smad3–
Smad4 association were substantially higher in Cas�/�
than Cas�/� MEFs. Tyrosine phosphorylation of p130Cas
in Cas�/� MEFs was strongly induced by adhesion to FN,
but not PLL, and it served as a marker of activation of
integrin signaling by FN.

We then tested more directly whether p130Cas mediates
the integrin-specific control of TGF-�–induced growth ar-
rest. For this analysis, [3H]thymidine incorporation was as-
sayed after allowing the cells to adhere to ECM and then

Figure 3. The interaction of Smad3 and p130Cas is enhanced by
tyrosine phosphorylation of p130Cas mediated by integrin signal-
ing. (A) Cas�/� MEFs stably expressing either wild-type p130Cas
(CasWT) or a p130Cas mutant in which all 15 YxxP tyrosines were
replaced with phenylalanines (Cas15F) were incubated with or
without 2 ng/ml TGF-�, after which immunoprecipitation was car-
ried out as described in Figure 2B. (B) Lysates from CasWT and
Cas15F cells plated on FN were immunoprecipitated with anti-
Smad3N Ab and immunoblotted with anti-p130Cas mAb. Levels of
p130Cas SD phosphorylation in lysates were determined by immu-
noblot analysis with anti-pY165-Cas Ab, which specifically recog-
nizes phosphorylated YxxP tyrosines.
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treating them with TGF-�. As shown in Figure 7D, TGF-�
functioned as a powerful inhibitor of [3H]thymidine incor-
poration (cell growth) in both Cas�/� and, to a greater
extent, Cas�/� MEFs plated on PLL, whereas the inhibitory
effect of TGF-� on growth was largely lost in Cas�/� MEFs,
but not Cas�/� MEFs, plated on FN or LN. Thus, in the
absence of p130Cas, TGF-� was capable of inhibiting
growth, even in cells adhering to FN or LN. These data
therefore suggest that adhesion to FN or LN reduces TGF-
�–induced Smad3 phosphorylation, which in turn inhibits
TGF-� growth arrest, and that p130Cas is an essential me-
diator of those effects.

The Cell Cycle Promotion by ECM–Integrin Coupling
Induces p130–Smad3 Interaction
Our findings indicate that integrin signaling counteracts the
inhibitory effects of TGF-� on cell cycle progression and that
this effect is mediated by p130Cas. In addition, p130Cas
reduced TGF-�–induced phosphorylation of Smad3 by di-
rect interaction and this interaction was regulated by ty-
rosine phosphorylation of p130Cas mediated by integrin
signaling. The cell cycle promotion by ECM–integrin cou-
pling induces and requires tyrosine phosphorylation of
p130Cas (Bouton et al., 2001; Chodniewicz and Klemke,
2004). Finally, therefore, we investigated whether the inte-
grin-mediated interaction of p130Cas and Smad3 occurs
during cell cycle progression from G1 to S phase. To address
this question, HaCaT cells were initially synchronized at
G0/G1 phase by contact inhibition and serum starvation,

after which they were released from growth arrest by plat-
ing on FN- or PLL-coated dishes containing complete me-
dium. At selected times thereafter, some cells were lysed
and immunoprecipitated with anti-Smad3N Ab to assess
Smad3-p130Cas interaction, whereas others were prepared
in parallel and analyzed by flow cytometry to determine the
cell cycle distribution at each time point. In cells plated on
FN, maximal levels of Smad3–p130Cas interaction and ty-
rosine phosphorylation of p130Cas were detected at the
G1/S junction (Figure 8A), whereas these phenomena were
completely absent in cells plated on PLL. It thus seems likely
that the Smad3–p130Cas interaction at G1/S phase is in-
volved in cell cycle progression.

DISCUSSION

We provide evidence that p130Cas can interact with Smad3,
a key mediator of TGF-� signaling, and as a consequence of
this interaction, integrin signaling counteracts the inhibitory
effects of TGF-� on cell growth. Using coimmunoprecipita-
tion and GST-pull down assays with lysates from p130Cas-
or Smad3-overexpressing cells, we examined the interaction
between p130Cas and Smad3. Although some endogenous
basal p130Cas–Smad3 interaction was detected, upon inte-
grin-ECM coupling or TGF-� stimulation, p130Cas or Smad3
was phosphorylated, and their interaction increased consider-
ably (Figures 2 and 3). Under conditions favorable for this
interaction, activation of Smad3 and its translocation into the
nucleus were inhibited, thereby reducing its transcriptional

Figure 4. p130Cas reduces TGF-�–induced
phosphorylation and nuclear translocation of
Smad3. (A) Cas�/� and Cas�/� MEFs were
treated with 2 ng/ml TGF-�, after which their
lysates were immunoprecipitated with anti-
Smad2/3 Ab and immunoblotted with anti-
Smad4 mAb and anti-Smad3 Ab. (B) HaCaT
cells stably transfected with empty vector
(HaCaT-vector) or p130Cas (HaCaT-p130Cas)
were treated with 2 ng/ml TGF-� for the
indicated time period, and then they were
subjected to immunoblot analysis with anti-
phospho-Smad3 Ab, anti-smad3 Ab, or anti-
p130Cas mAb. (C) HaCaT cells transfected
with control or p130Cas siRNA were treated
with 2 ng/ml TGF-�, and then they were sub-
jected to immunoblot analysis with anti-phos-
pho-Smad3 Ab and anti-p130Cas mAb. (D)
HaCaT cells transfected with control or
p130Cas siRNA were incubated with 2 ng/ml
TGF-�, after which their lysates were immu-
noprecipitated with anti-T�RI Ab. The precip-
itated immune complex was incubated with
GST or GST-Smad3, after which in vitro kinase
reactions were carried out using [�-32P]ATP.
The levels of p130Cas and T�RI in the lysates
were determined by immunoblot analysis
with anti-p130Cas mAb and anti-T�RI Ab.
Equal amounts of GST and GST-Smad3 were
used, as determined by Coomassie Blue stain-
ing (right). (E) Cas�/� and Cas�/� MEFs
were incubated with or without 2 ng/ml
TGF-�, fixed, and stained with anti-phospho-
Smad3 Ab. Fluorescence intensities within nu-
clei are indicated by the bar graph on the right. The data are means � SD (n � 50 different cells; *p � 0.01). Bottom, Cas�/� MEFs transfected
with Myc-p130Cas for 24 h were stained with anti-Myc mAb and anti-phospho-Smad3 Ab. Hoechst staining was used as a nuclear marker.
(F) HaCaT cells transfected with GFP or GFP-p130Cas for 24 h were incubated with or without 2 ng/ml TGF-�, fixed, and stained with
anti-Smad2/3 Ab. Quantification of the nuclear translocation of Smad2/3 is shown on the right. Data are means � SD (n � 5 transfected cells).
*p � 0.05 versus GFP-vector–transfected cells.
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activity. That in turn led to inhibition of p15 and p21 expres-
sion and facilitation of cell cycle progression from G1 to S
phase. The molecular mechanism by which p130Cas inhibits
the receptor-mediated phosphorylation of Smad3, its inter-
action with Smad4 and nuclear accumulation likely involves
the association of p130Cas with Smad3, suggesting Smad3
serves as a target of inhibition by p130Cas.

But how does p130Cas inhibit the TGF-�–dependent
phosphorylation of Smad3? One possible mechanism is il-
lustrated in Figure 8B. TGF-� signaling is initiated when a
ligand induces formation of a heteromeric complex of T�RII
and T�RI (Massague and Chen, 2000; Shi and Massague,
2003). After receptor activation, Smad3 is recruited to the
receptor complex, where T�RI phosphorylates its C-terminal
SXS motif. This causes a conformational change in and ac-
tivation of Smad3, as well as its dissociation from the com-
plex (Shi and Massague, 2003). We showed herein that
p130Cas can interact with T�RI through the mediation of
Smad3 and that both the Smad3-p130Cas and p130Cas–T�RI

interactions occurred in the presence of TGF-�, but it is not
yet clear whether these proteins constitute a trimer or se-
quential dimers. Based on these findings, we hypothesize
that p130Cas acts to block or attenuate the dissociation of
phospho-Smad3 from T�RI via the complex formation.
Through that action, p130Cas likely sets a threshold level for
TGF-�–mediated responses, which depends on the level of
expression or tyrosine-phosphorylation of p130Cas. Addi-
tional details of the molecular mechanism of p130Cas as a
regulatory component in the TGF-� signaling pathway
await further analysis.

We defined p130Cas as an inhibitor that functions at an
early step in the TGF-� signaling pathway, preventing re-
ceptor-dependent phosphorylation of Smad3, its subsequent
association with Smad4, and its nuclear accumulation. We
therefore suggest that p130Cas acts as a general inhibitor
of phospho-Smad3, as opposed to modulating subsets of
Smad3-mediated responses, such as growth inhibition or
transcription of target genes that include cell cycle regula-

Figure 5. Determination of the p130Cas regions re-
quired for their functionality. Cas�/� MEFs trans-
fected for 24 h with Myc-p130Cas or one of its mu-
tants were incubated with or without 2 ng/ml
TGF-�, fixed, stained with anti-Myc mAb and anti-
phospho-Smad3 Ab, and examined under a fluores-
cence microscope. Nuclei were stained with Hoechst
dye. The maximum intensity of nuclear phospho-
Smad3 fluorescence was set to 100% in each group.
The data are means � SD (n � 	100 different non-
transfected cells and 	15 transfected cells). *p � 0.01
versus nontransfected control.
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tors (p15 and p21). These conclusions are broadly consistent
with all of the transcriptional assays and [3H]thymidine
incorporation assays that we used to study activation of
Smad3 in response to TGF-� signaling. In Smad3-responsive
(CAGA)12-luciferase reporter assays, p130Cas dose-depen-
dently suppressed the (CAGA)12-luciferase transcriptional
response to TGF-�, in both MEFs and epithelial cells, sug-
gesting that p130Cas selectively and directly suppresses
Smad3-dependent transcriptional activation.

It is reasonable to suggest that integrin signaling might
counteract the inhibitory effects of TGF-� on cell growth and
that p130Cas is an essential mediator of this effect. In fact, we
observed 1) that the interaction of Smad3 and p130Cas is
positively regulated by tyrosine phosphorylation of p130Cas
mediated by integrin signaling; 2) that the integrin-mediated
interaction of p130Cas and Smad3 occurs during cell cycle
progression from G1 to S phase; 3) that integrin-mediated
adhesion to ECM such as FN and LN reduces phosphoryla-
tion of Smad3 and its association with Smad4, thereby in-
hibiting TGF-�-induced growth arrest in both MEFs and
HaCaT cells; and 4) that knocking out p130Cas in [3H]thy-
midine incorporation assays not only reduced the rate of
MEF proliferation but also attenuated the inhibitory effect of
ECM on TGF-� signaling. Our results thus establish p130Cas
as a negative modulator of the TGF-� signaling pathway

and provide novel insight into the negative regulation of
TGF-� signaling by the integrin signal pathway.

Members of the TGF-� superfamily are potent regulators
of the growth and differentiation of a wide range of cell
types (Massague, 1990). This makes spatial and temporal
control of their activity critical to normal development and
homeostasis (Siegel and Massague, 2003). A wide range of
mediators exist to control the activity of TGF-�, including
various intracellular antagonists such as C-Myc, Ras and
CDKs, which bind to TGF-� receptors, and Smads, which
prevent the receptors’ activation (Kretzschmar et al., 1999;
Massague and Chen, 2000; Feng and Derynck, 2005). Our
studies also define a novel intracellular mechanism that can
function to suppress TGF-� signaling. Perturbation of these
negative regulators of TGF-� signaling could be linked to
the pathogenesis of various clinical disorders, especially the
initiation and progression of tumors (Kretzschmar, 2000;
Pardali and Moustakas, 2007).

The loss of the antiproliferative function of TGF-�, some-
times as a result of mutations that directly inactivate com-
ponents of the TGF-�/Smad signaling pathway, is a hall-
mark of many cancers (Wakefield and Roberts, 2002).
Indeed, such mutations have been identified in various hu-
man cancers (e.g., breast cancer), making the cells refractory
to TGF-�–induced growth inhibition (Kretzschmar, 2000;

Figure 6. p130Cas inhibits TGF-�–mediated
transcription and growth arrest. (A) MEFs
transfected with the Smad3-responsive re-
porter (CAGA)12-luc were incubated with or
without 2 ng/ml TGF-�. Luciferase activity
was measured 36 h later and normalized to
the �-galactosidase activity. Luciferase activ-
ity is expressed as the mean � SD of triplicates
from a representative experiment performed
at least three times. *p � 0.01 versus Cas�/�
MEFs. (B) MEFs transfected with the indicated
plasmids were incubated with or without 2
ng/ml TGF-�, after which luciferase activity
was measured as described in A. Data are
representative of at least three independent
experiments, and they are expressed as the
mean � SD. *p � 0.01 versus Cas�/� MEFs.
(C) HEK293T cells were cotransfected with a
Smad3-responsive luciferase reporter, Smad3,
and/or p130Cas, as indicated, after which lu-
ciferase activity was measured as described in
A. Luciferase activity is expressed as the
mean � SD of triplicates from a representative
experiment performed at least three times.
*p � 0.05 and **p � 0.01. (D) HaCaT cells
treated with the indicated concentration of
TGF-� were subjected to immunoblot analysis
with anti-p21 mAb and anti-p15 Ab. (E) Ha-
CaT cells transfected with control or p130Cas
siRNA were treated with 2 ng/ml TGF-�, and
then they were subjected to immunoblot anal-
ysis with anti-p21 mAb and anti-p15 Ab. (F)
HaCaT cells, (G) Cas�/� and Cas�/� MEFs
were incubated with or without the indicated
concentration of TGF-�, after which [3H]thy-
midine incorporation was assayed as de-
scribed in Materials and Methods. [3H]thymi-
dine incorporation by cells incubated without
TGF-� was defined as 100%. Data are repre-
sentative of four independent experiments,
and they are expressed as means � SD. *p �
0.05 and **p � 0.01 versus HaCaT-vector or
Cas�/� MEFs.
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Siegel and Massague, 2003; Pardali and Moustakas, 2007). It
is therefore noteworthy that our findings suggest that over-
expression or hyperphosphorylation of p130Cas can en-
hance TGF-� resistance. In fact, we have early evidence that
p130Cas is often overexpressed or hyperphosphorylated in
human cancer cells, especially breast cancer and melanoma
cells (data not shown) and that this is essential for induction
of cell transformation and anchorage-independent growth
(Kook et al., 2000; Guo and Giancotti, 2004; Wei et al., 2004).
For example, although cells that have undergone neoplastic
transformation are much less dependent on ECM adhesion
for their survival, they often exhibit integrin expression that

is critical for the initiation of tumorigenesis and maintenance
of their proliferative capacity, but they tend to lose expres-
sion of integrins that exert an inhibitory effect on growth
(Giancotti and Ruoslahti, 1999; Owens et al., 2003; Guo and
Giancotti, 2004). Thus, integrin signaling via p130Cas may
provide an important clue to the mechanism underlying
the resistance to TGF-�–induced growth suppression seen
in some cancers, and it will be important in the future to
determine whether p130Cas-mediated control of TGF-�/
Smad signaling contributes to the initiation and progres-
sion of human cancers that harbor an active integrin
signal.

Figure 7. p130Cas is essential for integrin-specific control of TGF-
�–induced Smad3 phosphorylation and growth arrest. (A) HaCaT
cells were plated on PLL-, LN- or FN-coated dishes for 10 min, and
then they were incubated with 2 ng/ml TGF-� for up to 240 min,
after which they were subjected to immunoblot analysis with anti-
phospho-Smad3 Ab, anti-Smad3 Ab, or anti-tubulin mAb. The
graphical presentations show the levels of phospho-Smad3 quanti-
fied by densitometry. S, suspension. (B) Lysates of HaCaT cells
treated as described in A were immunoprecipitated with anti-
Smad2/3 Ab and immunoblotted with anti-Smad4 mAb. (C)
Cas�/� and Cas�/� MEFs growing on PLL- or FN-coated dishes
were incubated with 2 ng/ml TGF-� and immunoprecipitated with
anti-Smad2/3 Ab to assess levels of Smad3-bound Smad4 and phos-
phorylation of Smad3. Levels of p130Cas and pY-p130Cas were
determined by immunoprecipitation by using anti-Cas2 Ab, fol-
lowed by immunoblot analysis with anti-p130Cas mAb or anti-
phosphotyrosine Ab (4G10). The intensities of the bands correspond-
ing to the immunoprecipitated Smad4 and phosphorylated Smad3

were quantified using LAS-3000 (Fujifilm, Tokyo, Japan). S, suspension. The data are expressed as means � SD of triplicates. *p � 0.05
versus PLL-treated cells. (D) MEFs plated on PLL, LN, or FN were incubated for 24 h with or without TGF-� before labeling with
[3H]thymidine, after which they were harvested and [3H]thymidine incorporation was assayed. Data are expressed as means � SD of
triplicates from a representative experiment performed at least three times. *p � 0.05 and **p � 0.01 versus TGF-�–treated cells.
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