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Abstract
Here, we report the identification of a new tensin family

member, tensin3, and its role in epidermal growth factor

(EGF) signaling pathway. Human tensin3 cDNA encodes

a 1445 amino acid sequence that shares extensive

homology with tensin1, tensin2, and COOH-terminal

tensin-like protein. Tensin3 is expressed in various

tissues and in different cell types such as endothelia,

epithelia, and fibroblasts. The potential role of tensin3

in EGF-induced signaling pathway is explored.

EGF induces tyrosine phosphorylation of tensin3 in

MDA-MB-468 cells in a time- and dose-dependent

manner, but it is independent of an intact actin

cytoskeleton or phosphatidylinositol 3-kinase.

Activation of EGF receptor is necessary but not

sufficient for tyrosine phosphorylation of tensin3. It

also requires Src family kinase activities. Furthermore,

tensin3 forms a complex with focal adhesion kinase

and p130Cas in MDA-MB-468 cells. Addition of EGF to

the cells induces dephosphorylation of these two

molecules, leads to disassociation of the tensin3-focal

adhesion kinase-p130Cas complex, and enhances

the interaction between tensin3 and EGF receptor.

Our results demonstrate that tensin3 may function as

a platform for the disassembly of EGF-related signaling

complexes at focal adhesions. (Mol Cancer Res

2004;2(4):225–32)

Introduction
Epidermal growth factor (EGF) is implicated in many

normal and abnormal processes including development, cell

proliferation, and malignant transformation. Overexpression of

EGF receptor (EGFR) has been found in many human tumors,

including breast, prostate, lung, brain, ovarian, bladder, colon,

gliomas, and renal carcinoma, and has been correlated with an

advanced tumor stage (1, 2). Binding of EGF to its receptor

results in receptor dimerization, activation of the tyrosine kinase

activity, and phosphorylation of specific tyrosine residues on

the EGFR cytoplasmic tail as well as its downstream substrates

(3). The phosphorylated residues on EGFR in turn serve as

docking sites for Src homology 2 (SH2) domain-containing

proteins forming signaling complexes. Some substrates do not

appear to interact with the receptor itself, but they are activated

in a receptor-dependent manner. Formation of the signaling

complexes and induction of the substrate activities are both

essential for programming various biological processes stimu-

lated by growth factors. Therefore, identification of the

signaling complexes and the downstream substrates is of

importance in revealing EGF signaling pathways.

One group of EGFR substrates is localized to focal

adhesions, the transmembrane junctions between the extracel-

lular matrix and the actin cytoskeleton. These focal adhesion

molecules include focal adhesion kinase (Fak), paxillin, and

p130Cas (4–8). Increased tyrosine phosphorylation of Fak,

paxillin, and p130Cas was observed in cells treated with low

concentration of EGF (<10 ng/ml; Refs. 4, 6, 7). However,

stimulation with a high concentration of EGF (>50 ng/ml)

resulted in dephosphorylation of these molecules (4, 8),

suggesting that the downstream events of EGFR are also

regulated by the concentration of EGF.

Tensin1 is a focal adhesion molecule that plays roles in

mediating signal transduction and actin cytoskeleton organiza-

tion (9, 10). The NH2 terminus of tensin1 binds to actin

filaments, whereas the center region retards the G-actin

polymerization (11). The COOH terminus contains the SH2

and the phosphotyrosine (pTyr) binding (PTB) domain (12).

Furthermore, extracellular matrix, growth factors, or onco-

genes are known to induce tyrosine phosphorylation of tensin1

(12–16). Recent studies have shown that tensin1 regulates cell

migration (17). The data from analyzing tensin1 knockout mice

have demonstrated a critical role of tensin1 in renal function

and wound healing (18, 19).

Recently, we have identified the tensin-related molecules

tensin2 and COOH-terminal tensin-like protein (cten; Refs.

17, 20), indicating that tensin represents a new gene family. In

the present study, we report the identification of tensin3 and

its tyrosine phosphorylation induced by EGF. EGF induces

dephosphorylation of Fak and p130Cas, which leads to dis-

association of these two molecules from tensin3 in MDA-MB-

468 cells. Moreover, EGF promotes tyrosine phosphorylation

of the EGFR to enhance the interaction between tensin3 and

EGFR. Our results show that tensin3 is a previously unidentified

signaling component in EGF-mediated signaling pathway.

Results
Identification of Human Tensin3 cDNA Sequence

In our effort to isolate genes related to tensin1, we have

identified three homologues. Tensin2 and cten are reported
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previously, while this report focuses on tensin3. Human tensin3

cDNA contains 4415 bp encoding 1445 amino acid residues

(Genbank accession no. AF417489), with a predicted molecule

mass of 155,265 Da. The most conserved areas among tensin

molecules are at the NH2- and COOH-terminal regions (Fig. 1).

Because cten is a shorter polypeptide and lacks the NH2-terminal

regions found in other tensins, homology is restricted to the

COOH-terminal region, which contains the SH2 and PTB

FIGURE 1. Analysis of human tensin3 amino acid sequence. A. Alignments of tensin3 amino acid sequence with tensin1, tensin2, and cten. Shaded areas
in the boxes, identity. B. Domain structures of tensins. ABD I, actin binding domains 1a and 1b interact with actin filaments. The same region also contains
a FAB activity and the PTEN homologous sequence. ABD II retards G-actin polymerization rate. SH2 and PTB domains are two binding motifs that contain
a second FAB activity. C1, protein kinase C conserved region 1. The center regions of these genes show no sequence homology.
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domains. In addition, there are 32 tyrosine residues in tensin3 and

13 of them are potential phosphorylation sites predicted by the

Prediction Servers on the Center for Biological Sequence Anal-

ysis (http://www.cbs.dtu.dk). These tyrosine residues are 30, 49,

59, 159, 291, 312, 333, 354, 549, 780, 802, 855, and 1256.

Expression of Tensin3 in Various Tissues and Cell Types
To examine the expression of tensin3 in various tissues, we

have performed Northern blot analysis using a cDNA fragment

unique to tensin3 as a probe. A single bandf8 kb was detected

in some but not all tissues (Fig. 2A). In particular, the

expression was strong in mRNA isolated from the kidney and

the placenta. A low expression level was observed in heart,

skeletal muscle, spleen, liver, and lung. This expression pattern

is similar with tensin1 and tensin2 (17), whereas cten is

restricted to the prostate and the placenta (20).

After we had completed the cloning of tensin3, we found

that the amino acid sequence derived from tumor endothelial

marker-6 (Genbank accession no. AF378756) was identical to

our tensin3 sequence, although tumor endothelial marker-6

lacked the first 240 residues of tensin3. Tumor endothelial

marker-6 was originally identified by serial analysis of gene

expression as a tumor endothelia marker (21, 22), but no further

characterization of this molecule has been reported to date. We

raised antibodies against tensin3 to study its expression in

human umbilical vein endothelial cells (HUVEC), epithelia

cells (MDA-MB-468), and fibroblasts by immunoblotting

(Fig. 2B). Our results demonstrate that tensin3 is expressed as

a 180-kDa protein in all three cell types with higher expression

in MDA-MB-468, indicating that tensin3 is not endothelia

specific. The blot was stripped and reprobed with talin

antibodies and similar amount of talin was detected in HUVEC

and MDA-MB-468, whereas fibroblasts contained slightly

more talin (Fig. 2B). To examine the specificity of anti-tensin3

antibodies, tensin1 and tensin3 were immunoprecipitated from

MDA-MB-468 (tensin2 was not detected in MDA-MB-468)

and immunoblotted with either anti-tensin3 or tensin1 anti-

bodies. As shown in Fig. 2C, anti-tensin1 antibodies did not

cross-react with tensin3. However, anti-tensin3 antibodies were

able to recognize tensin1, but the signals were very weak and

inconsistent in samples from MDA-MB-468 presumably due to

very low expression of tensin1 in these cells (Fig. 2C, lane 1).

Because there was a significant difference in the molecular

masses between tensin1 (220 kDa) and tensin3 (180 kDa), we

were able to distinguish tensin1 from tensin3 on immunoblot-

ting (Fig. 2C, lane 4). The subcellular localization of tensin3

proteins was examined by immunofluorescence. Because anti-

tensin3 antibodies weakly cross-reacted with other tensins, we

used A549 cells for this study, which did not express detectable

tensin1 (Fig. 2D) or tensin2 (data not shown), to be

unequivocally certain that the labeling was on tensin3. As

expected, tensin3 is localized to focal adhesions (Fig. 2D),

demonstrating that focal adhesion localization is a common

feature of all tensin family proteins characterized to date.

FIGURE 2. Expression of tensin3. A. Northern blot analysis of tensin3 (upper ) in human tissues. The blots were stripped and probed with actin cDNA
probe (lower ). B. Equal amounts of cell lysates prepared from human fibroblasts, HUVEC, and MDA-MB-468 cells were separated on SDS-PAGE,
transferred to nitrocellulose, and immunoblotted with tensin3 antibodies. The membrane was stripped and probed with antibodies to talin for comparison.
C. MDA-MB-468 whole cell lysate (lane 1), MDA-MB-468 lysates immunoprecipitated with tensin1 (lane 2) or tensin3 (lane 3) antibodies, and hFOB
whole cell lysate (lane 4) were immunoblotted with tensin3 antibodies (upper) and reprobed with tensin1 antibodies (lower ). Arrow, weak tensin1 signals
detected by tensin3 antibodies. D. A549 cells grown on coverslips were fixed and labeled for tensin3, tensin1, and pTyr. Samples were viewed under LSM
510 laser scanning microscope. Arrowheads, focal adhesion staining. Note that tensin1 is not expressed in A549 cells.
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EGF Induces Tyrosine Phosphorylation of Tensin3 in
MDA-MB-468 Cells

Because tensin3 is highly expressed in MDA-MB-468 cells,

a human breast carcinoma overexpressing EGFR, we examined

whether tensin3 participated in EGF-mediated signal transduc-

tion pathways. Initially, we found that increased tyrosine phos-

phorylation of tensin3 was detected in EGF-treated cells. A

dose-response study was performed to determine what concen-

tration of EGF was required (Fig. 3A). In parallel, we also

examined the activation of the EGFR as judged by its tyro-

sine phosphorylation. Stimulation of the cells with 10 ng/ml

EGF was able to induce tyrosine phosphorylation of tensin3

and EGFR. EGF concentrations > 100 ng/ml did not further

increase the phosphorylation of either tensin3 or EGFR. The

time course for tensin3 tyrosine phosphorylation exposed to

100 ng/ml EGF was also analyzed (Fig. 3B). Our results

showed the tyrosine phosphorylation level of tensin3 peaked

at 30 min after exposure to EGF. These results demonstrate that

EGF induces tyrosine phosphorylation of tensin3 in a time- and

dose-dependent manner.

EGF-Induced Tyrosine Phosphorylation of Tensin3 Is
Independent of the Integrity of the Actin Cytoskeleton
or Phosphatidylinositol 3-Kinase Activity but Requires
EGFR and Src Family Kinase Activities

Because it has been shown by other researchers that tyro-

sine phosphorylation of focal adhesion molecules including Fak,

paxillin, and p130Cas by EGF stimulation required an intact

actin cytoskeleton (4, 8), we examined the potential role for

an intact actin cytoskeleton in the tyrosine phosphorylation of

tensin3 in response to EGF. The results showed that although

the actin cytoskeleton in MDA-MB-468 cells was completely

disrupted by 1 AM of the F-actin disrupting agent cytochalasin

D (Fig. 4A), the EGF-induced tyrosine phosphorylation of

tensin3 and EGFRwas not inhibited by cytochalasin D (Fig. 4B).

In addition to the actin cytoskeleton, it has also been de-

monstrated by other laboratories that the activation of phos-

phatidylinositol 3-kinase (PI3-kinase) is required for the

tyrosine phosphorylation of Fak, paxillin, and p130Cas (4, 5,

23–25). Therefore, we examined the effect of PI3-kinase

inhibitor, LY294002, on the EGF-induced tensin3 tyrosine

phosphorylation. As shown in Fig. 4C, incubation with

LY294002 had no effect on the EGF-induced tyrosine phos-

phorylation of tensin3.

To further confirm that the EGF-induced tyrosine phospho-

rylation of tensin3 was dependent on the autophosphorylation

of EGFR, we used the EGFR specific inhibitor, AG1478, to

block the phosphorylation of EGFR. As shown in Fig. 4D, the

tyrosine phosphorylation of EGFR was inhibited by AG1478.

Concomitantly, the tyrosine phosphorylation of tensin3 was

suppressed. In contrast, the kinase inhibitor specific for platelet-

derived growth factor receptor (AG1296) had no effect on

EGFR or tensin3 phosphorylation (data not shown). These data

demonstrated that the observed tyrosine phosphorylation

change of tensin3 induced by EGF was indeed dependent on

the EGFR pathway. Because activation of EGFR was shown to

activate Src tyrosine kinase (26, 27) and Src was able to

phosphorylate tensin1 (12), we examined whether EGF-induced

tensin3 tyrosine phosphorylation required the activation of Src

family kinase by using the Src family specific inhibitor PP2. As

shown in Fig. 4D, 5 AM PP2 was able to inhibit the tyrosine

phosphorylation of tensin3 but only had minimal effect on the

tyrosine phosphorylation of EGFR. These results suggest that

both EGFR and Src family kinase activations are required for

EGF-induced tyrosine phosphorylation of tensin3. To test

whether Src could phosphorylate tensin3, green fluorescent

protein (GFP)-tensin3 constructs were cotransfected with kinase

inactive (K295L) or active (Y529F) form of c-Src mutants into

HEK293 cells. As shown in Fig. 4E, cotransfection with Src

(Y529F), but not Src (K295L), was able to induce tyrosine

phosphorylation of GFP-tensin3, indicating that tensin3 could

be a direct substrate of Src kinase.

EGF Promotes the Interaction Between Tensin3 and
EGFR and Disrupts the Tensin3-Fak-p130Cas Complex
in MDA-MB-468 Cells

Because tensin3 contains the SH2 and PTB domains and

EGF treatment alters the pTyr level of several proteins, we

tested the effect of EGF treatment on the association of tensin3

and pTyr proteins. Interestingly, we detected more pTyr proteins

associated with tensin3 in non-EGF-treated cells than in EGF-

treated cells. As shown in Fig. 5A, pTyr proteins >200 kDa,
f200 kDa, and 120–130 kDa were coimmunoprecipitated

with tensin3 in non-EGF-treated cells and only 170–180 kDa

proteins were associated with tensin3 in EGF-treated cells.

Immunoblot analysis using tensin3 antibodies confirmed that

the 170–180 kDa band was tensin3. Because both pTyr levels

FIGURE 3. EGF stimulates tensin3 tyrosine phosphorylation in MDA-
MB-468 cells. Serum-starved MDA-MB-468 cells were treated with 0– 200
ng/ml EGF for 30 min (A) or treated with 100 ng/ml EGF for 0 –90 min
(B). The cells were lysed and immunoprecipitated with antibodies against
tensin3 or EGFR and analyzed by immunoblotting with tensin3 or EGFR
antibodies. The membrane was stripped and probed with anti-pTyr
antibodies.
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of tensin3 and EGFR were increased on EGF stimulation and

both molecular masses were f170–180 kDa, we speculated

that EGFR might associate with tensin3 after EGF treatment.

Indeed, EGFR was presented in tensin3 immunocomplexes

(Fig. 5A). To rule out the association was due to the weak

cross-reactivity of tensin3 antibodies to tensin1, we used EGFR

antibodies for coimmunoprecipitation and found that tensin3

was also detected in EGFR immunocomplexes (Fig. 5B). In

addition, tensin3 was coimmunoprecipitated with transfected

hemagglutinin (HA)-tagged EGFR after EGF stimulation in

Rat1 fibroblasts (Fig. 5C). These results demonstrated that

EGF not only induced the tyrosine phosphorylation of tensin3

and EGFR but also enhanced the interaction between EGFR

and tensin3.

Because Fak and p130Cas migrate f125–130 kDa, we

examined whether Fak and p130Cas interacted with tensin3.

Figure 5A showed that both Fak and p130Cas were coim-

munoprecipitated with tensin3 prior to EGF treatment. In ad-

dition, we examined whether the lack of interactions among

tensin3, Fak, and p130Cas were due to dephosphorylation of

Fak and p130Cas and found that pTyr levels of Fak and

p130Cas were significantly decreased on EGF stimulation (Fig.

5B), which is also consistent with other report (8). These results

demonstrated that tyrosine phosphorylation of Fak and p130Cas

might be critical for their interactions with tensin3. Finally, we

tested whether the COOH-terminal region of tensin3, which

contains the SH2 and PTB domains, was responsible for the

interaction with these pTyr proteins. GFP-tensin3 (1149–1445)

was transiently transfected into MDA-MB-468 cells, and the

recombinant proteins were immunoprecipitated with anti-GFP

antibodies and immunoblotted by anti-pTyr antibodies. As

shown in Fig. 5D, GFP-tensin3 (1149–1445) was able to

interact with similar pTyr proteins, which were confirmed to be

p130Cas, Fak, and EGFR by immunoblotting (Fig. 5D). These

data indicate that the SH2 and/or PTB domains of tensin3 are

responsible for the interaction of tensin3 with pTyr proteins.

Discussion
In this study, we have identified a new tensin family mem-

ber, tensin3. By use of in vitro binding assays, we have shown

previously that the NH2-terminal region of tensin1 binds to actin

filaments (11), whereas the SH2 domain, but not the PTB, at

the COOH-terminal end interacts with pTyr-containing proteins

(12, 28). In fact, the PTB domain of tensin3 binds to the

NPXY motifs in integrin h cytoplasmic tails in a non-tyrosine-

phosphorylated fashion (29). Given the high sequence similar-

ities of both regions among tensins, the actin binding, PTB,

and integrin binding activities likely are conserved in tensin3.

Despite the high sequence similarities at both ends of tensins,

the middle regions are highly divergent. Previously, others and

we have demonstrated that a fragment within the middle region

FIGURE 4. Tyrosine phosphorylation of tensin3 induced by EGF is independent of actin cytoskeleton network or PI3-kinase activity but requires EGFR
and Src family kinase activities. Serum-starved MDA-MB-468 cells treated with DMSO or 1 AM cytochalasin D for 1 h were either fixed for detection of actin
filaments by using fluorescently conjugated phalloidin (A) or stimulated with 100 ng/ml EGF for 30 min, immunoprecipitated with antibodies for tensin3 or
EGFR, and immunoblotted with indicated antibodies (B). C. Cells were treated with or without LY294002 followed by incubation with 100 ng/ml EGF for
30 min. Cell lysates were immunoprecipitated with tensin3 antibodies and immunoblotted with indicated antibodies. D. Cells were treated with or without
2.5 AM AG1478 or 5 AM PP2 for 15 min followed by incubation with 100 ng/ml EGF for 30 min. Cell lysates were immunoprecipitated with tensin3 or EGFR
antibodies and immunoblotted with the indicated antibodies. E. Cell lysates were prepared from HEK293 cells transiently cotransfected with GFP-tensin3 and
kinase-dead (KD ) c-Src (K295L) or kinase-active (KA) c-Src (Y529F) and immunoprecipitated with goat anti-GFP antibodies followed by immunoblotting
with antibodies against pTyr or GFP. Whole cell lysates prepared from HEK293 cells (control ) and above transfectants were immunoblotted with anti-Src
antibodies to show the expression levels of Src proteins. Bar, 10 Am.
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of tensin1 is able to retard the actin polymerization by binding to

the barbed end of actin (11, 30). The corresponding region of

tensin2 is very rich in proline residues, which may provide po-

tential binding sites for interacting modules, such as SH3 and

WW domains (31). Because the middle region of tensin3 does

not share sequence homology with any proteins or domains in

the databases, it is difficult to predict its function at present.

One common feature of tensin family members is the focal

adhesion localization. Analysis of the focal adhesion localiza-

tion of tensin1 has identified two focal adhesion binding (FAB)

sites within the molecule (28). Interestingly, one FAB site is in

the conserved NH2-terminal region, while the other is in the

conserved COOH terminus. Because the targeting sites are also

found at the same regions in tensin2, the FAB sites of tensin3

likely are also localized to these regions.

Our studies have demonstrated that EGF-induced tyrosine

phosphorylation of tensin3 appears to occur in a Src family

kinase-dependent manner because incubation of cells with the

Src specific inhibitor PP2 blocked phosphorylation of tensin3

but not of the EGFR. Although we cannot rule out the pos-

sibility that another PP2-sensitive kinase other than a Src family

kinase could phosphorylate tensin3, this possibility is remote,

because analysis of the crystal structure of a Src family member

Hck bound to PP2 indicates that the specificity of PP2 lies in

the binding of the chlorine group to a hydrophobic pocket that

is only found in Src family kinases (32). Furthermore, we de-

tected increased tyrosine phosphorylation of tensin3 in cells

transfected with constitutive active form of c-Src mutant but not

with kinase inactive mutant. These results suggest that Src, but

not EGFR, is the major kinase that directly phosphorylates

tensin3 in EGF-stimulated cells.

The role of tyrosine phosphorylation of tensin3 is currently

unknown. Apparently, tyrosine phosphorylation of tensin3 pro-

vides docking sites for other SH2/PTB domain-containing sig-

naling molecules. Alternatively, tyrosine phosphorylation may

induce conformation change of tensin3 and in turn alter

the binding activities of its actin binding, SH2, PTB, or FAB

domains. Among 13 potential tyrosine phosphorylation sites,

8 sites localize to the actin binding and FAB domains, while

one site is within the SH2 domain. It will require the iden-

tification of the specific phosphorylation sites to further eluci-

date these possibilities.

It has been shown that EGF promotes cell migration that is

mediated in a large part by dephosphorylation of Fak (8). Our

studies have shown that Fak not only is dephosphorylated but

also dissociated with tensin3 on EGF stimulation. Interestingly,

we have recently shown that both tensin1 and tensin2 are able

to promote fibronectin-stimulated cell migration (17). Further-

more, we have demonstrated that tensin1 mutants that do not

localize to focal adhesions retard cell migration, whereas the

mutant containing the SH2 domain deletion has no effect on

cell migration, suggesting that the subcellular localization and

binding to pTyr proteins are two important factors (28). Although

we have not yet shown that tensin3 shares the capacity, it is

FIGURE 5. EGF promotes the in-
teraction between tensin3 and EGFR,
reduces tyrosine phosphorylation of
Fak and p130Cas, and disrupts the
tensin3-Fak-p130Cas complexes.
Serum-starved MDA-MB-468 cells
stimulated with or without 100 ng/ml
EGF for 30 min were lysed and immu-
noprecipitated with antibodies against
tensin3 (A), EGFR, p130Cas, or Fak
(B) followed by immunoblotting with
indicated antibodies. C. Rat1 fibro-
blasts transiently transfected with
HA-EGFR were treated with or with-
out EGF for 30 min. Cells were lysed
and immunoprecipitated with anti-HA
antibodies followed by immunoblot-
ting with anti-tensin3 or HA antibod-
ies. D. MDA-MB-468 cells transiently
transfected with GFP-tensin3 (1149 –
1445) containing the SH2 and PTB
domains were serum starved and
treated with or without 100 ng/ml
EGF for 30 min. Cell lysates were
immunoprecipitated with anti-GFP
antibodies followed by immunoblot-
ting with antibodies against indicated
molecules.
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reasonable to speculate that tensin3 may also regulate cell

motility in a similar mechanism based on common sequence

motifs. If this is the case, tensin3 may regulate EGF-stimulated

cell migration by releasing Fak and p130Cas from the tensin3

signaling complex and recruiting the EGFR to the complex.

Materials and Methods
Cell Culture and Plasmids

HUVEC and human fibroblasts purchased from Clonetics

(Palo Alto, CA) were cultured in media recommended by the

company. MDA-MB-468, A549, HEK293, and hFOB cells

purchased from American Type Culture Collection (Manassas,

VA) were cultured in DMEM supplemented with 10% FCS.

Before treating with EGF, 70–80% confluent MDA-MB-468

cells in 100 mm dishes were washed thrice with PBS and

starved in serum-free medium overnight. The pLNCX vectors

containing kinase inactive (K295L) or active (Y529F) form of

c-Src mutants were kindly provided by Dr. Sheila Thomas

(Harvard Medical School, Boston, MA). pLXSN containing

human EGFR cDNA with HA-tag was a kind gift from Dr.

Albert Wong (Thomas Jefferson University, Philadelphia, PA).

Generation of Anti-Tensin3 Polyclonal Antibody
Purified glutathione S-transferase-tensin3 polypeptide (ami-

no acids 418–577) was used to immunize rabbits. The same

polypeptide, after removed from glutathione S-transferase by

factor Xa, was used to make affinity column for antibody

purification. Serum was loaded onto the preequilibrated column

and anti-tensin3 polyclonal antibody was eluted with 100 mM

glycine (pH 2.5) after washing with equilibration buffer [10 mM

Tris-HCl (pH 7.4)] followed by 0.5 N NaCl in the equilibration

buffer. Eluted antibody was immediately neutralized with 1 M

Tris-HCl (pH 8.0) and concentrated by using Centricon

(Millipore, Billerica, MA). Other antibodies used in this report

were mouse anti-pTyr antibodies (P-Tyr-100, Cell Signaling

Technology, Beverly, MA), mouse anti-EGFR (SC528, Santa

Cruz Biotechnology, Santa Cruz, CA, for immunoprecipita-

tion), rabbit anti-EGFR (SC1005, Santa Cruz Biotechnology,

for immunoblotting), mouse anti-HA (SC7392, Santa Cruz

Biotechnology), rabbit anti-GFP (SC8334, Santa Cruz Biotech-

nology, for immunoblotting), goat anti-GFP (600-101-215,

Rockland, Gilbertsville, PA, for immunoprecipitation), mouse

anti-Fak (BD610087, BD Biosciences, San Diego, CA), mouse

anti-paxillin (BD610619, BD Biosciences), mouse anti-talin

(T3287, Sigma Chemical Co., St. Louis, MO), mouse anti-v-Src

(Ab-1, Calbiochem, San Diego, CA), and rabbit anti-tensin1

(S. H. Lo).

EGF Induction, Preparation of Cell Lysates, and
Immunoprecipitation

Starved cells were incubated in 3 ml fetal bovine serum-free

medium containing 0–200 ng/ml EGF for indicated period of

time. Then, the cells were washed with ice-cold PBS

and solubilized in lysis buffer [0.1% Triton X-100, 50 mM

Tris-HCl (pH 8), 0.5 M NaCl, 0.2 mM EDTA, 1 Ag/ml aprotinin,

0.75 Ag/ml leupeptin, 1 Ag/ml pepstatin, 1 mM DTT, and 1 AM
phenylmethylsulfonyl fluoride]. For coimmunoprecipitation,

cells were lysed in coimmunoprecipitation buffer [0.02% Triton

X-100, 50 mM Tris-HCl (pH 8), 150 mM NaCl, 0.2 mM EDTA,

and protease inhibitor cocktail]. Cell lysates were clarified by

centrifugation at 14,000 rpm for 15 min at 4jC. Total protein
concentration was determined by Bio-Rad assay kit (Hercules,

CA) using BSA as a standard. Five hundred micrograms of cell

lysates were immunoprecipitated with 3 Ag anti-tensin3

polyclonal antibody by rotating at 4jC for 2 h (3 mg of cell

lysate proteins were used for coimmunoprecipitation assays)

followed by the addition of 20 Al of 50% protein A-Sepharose

slurry and rotating for 1 h. Protein A beads were collected and

washed with lysis buffer six times and boiled in 20 Al of protein
loading buffer for 5 min. Similarly, cell lysates were immuno-

precipitated with anti-EGFR monoclonal antibody. Samples

were subjected to 10% SDS-PAGE and transferred to Hybond

enhanced chemiluminescence nitrocellulose membrane (Amer-

sham, Piscataway, NJ) for immunoblotting.

References
1. Arteaga CL. The epidermal growth factor receptor: from mutant oncogene in
nonhuman cancers to therapeutic target in human neoplasia. J Clin Oncol 2001;
19:32–40S.

2. Salomon DS, Brandt R, Ciardiello F, Normanno N. Epidermal growth factor
related peptides and their receptors in human malignancies. Crit Rev Oncol
Hematol 1995;19:183–232.

3. Carraway KL III, Sweeney C. EGF receptor activation by heterologous
mechanisms. Cancer Cell 2002;1:405– 6.

4. Ojaniemi M, Vuori K. Epidermal growth factor modulates tyrosine
phosphorylation of p130Cas. Involvement of phosphatidylinositol 3V-kinase and
actin cytoskeleton. J Biol Chem 1997;272:25993–8.

5. Tapia JA, Camello C, Jensen RT, Garcia LJ. EGF stimulates tyrosine
phosphorylation of focal adhesion kinase (p125FAK) and paxillin in rat pancreatic
acini by a phospholipase C-independent process that depends on phosphatidy-
linositol 3-kinase, 15 the small GTP-binding protein, p21rho, and the integrity of
the actin cytoskeleton. Biochim Biophys Acta 1999;1448:486– 99.

6. Sieg DJ, Hauck CR, Ilic D, et al. FAK integrates growth-factor and integrin
signals to promote cell migration. Nat Cell Biol 2000;2:249 –56.

7. Hauck CR, Sieg DJ, Hsia DA, et al. Inhibition of focal adhesion kinase
expression or activity disrupts epidermal growth factor-stimulated signaling
promoting the migration of invasive human carcinoma cells. Cancer Res 2001;
61:7079–90.

8. Lu Z, Jiang G, Blume-Jensen P, Hunter T. Epidermal growth factor-induced
tumor cell invasion and metastasis initiated by dephosphorylation and down-
regulation of focal adhesion kinase. Mol Cell Biol 2001;21:4016– 31.

9. Lo SH, Weisberg E, Chen LB. Tensin: a potential link between the cyto-
skeleton and signal transduction. BioEssays 1994;16:817–23.

10. Lo SH, Chen LB. Focal adhesion as a signal transduction organelle. Cancer
Metastasis Rev 1994;13:9 –24.

11. Lo SH, Janmey PA, Hartwig JH, Chen LB. Interactions of tensin with actin
and identification of its three distinct actin-binding domains. J Cell Biol 1994;
125:1067–75.

12. Davis S, Lu ML, Lo SH, et al. Presence of an SH2 domain in the actin-
binding protein tensin. Science 1991;252:712–5.

13. Bockholt SM, Burridge K. Cell spreading on extracellular matrix proteins
induces tyrosine phosphorylation of tensin. J Biol Chem 1993;268:14565–7.

14. Jiang B, Yamamura S, Nelson PR, Mureebe L, Kent KC. Differential effects
of platelet-derived growth factor isotypes on human smooth muscle cell
proliferation and migration are mediated by distinct signaling pathways. Surgery
1996;120:427 –31.

15. Ishida T, Ishida M, Suero J, Takahashi M, Berk BC. Agonist-stimulated
cytoskeletal reorganization and signal transduction at focal adhesions in vascular
smooth muscle cells require c-Src. J Clin Invest 1999;103:789–97.

16. Salgia R, Brunkhorst B, Pisick E, et al. Increased tyrosine phosphorylation
of focal adhesion proteins in myeloid cell lines expressing p210BCR/ABL.
Oncogene 1995;11:1149 –55.

17. Chen H, Duncan IC, Bozorgchami H, Lo SH. Tensin1 and a previously
undocumented family member, tensin2, positively regulate cell migration. Proc
Natl Acad Sci USA 2002;99:733 –8.

Molecular Cancer Research 231



18. Lo SH, Yu QC, Degenstein L, Chen LB, Fuchs E. Progressive kidney
degeneration in mice lacking tensin. J Cell Biol 1997;136:1349–61.

19. Ishii A, Lo SH. A role of tensin in skeletal-muscle regeneration. Biochem J
2001;356:737–45.

20. Lo SH, Lo TB. Cten, a COOH-terminal tensin-like protein with prostate
restricted expression, is down-regulated in prostate cancer. Cancer Res 2002;62:
4217–21.

21. St Croix B, Rago C, Velculescu V, et al. Genes expressed in human tumor
endothelium. Science 2000;289:1197–202.

22. Carson-Walter EB, Watkins DN, Nanda A, Vogelstein B, Kinzler KW,
St Croix B. Cell surface tumor endothelial markers are conserved in mice and
humans. Cancer Res 2001;61:6649 –55.

23. Abedi H, Dawes KE, Zachary I. Differential effects of platelet-derived
growth factor BB on p125 focal adhesion kinase and paxillin tyrosine phos-
phorylation and on cell migration in rabbit aortic vascular smooth muscle cells
and Swiss 3T3 fibroblasts. J Biol Chem 1995;270:11367–76.

24. Casamassima A, Rozengurt E. Tyrosine phosphorylation of p130(cas) by
bombesin, lysophosphatidic acid, phorbol esters, and platelet-derived growth
factor. Signaling pathways and formation of a p130(cas)-Crk complex. J Biol
Chem 1997;272:9363– 70.

25. Casamassima A, Rozengurt E. Insulin-like growth factor I stimulates tyrosine
phosphorylation of p130(Cas), focal adhesion kinase, and paxillin. Role of
phosphatidylinositol 3V-kinase and formation of a p130(Cas).Crk complex. J Biol
Chem 1998;273:26149 –56.

26. Tice DA, Biscardi JS, Nickles AL, Parsons SJ. Mechanism of biological
synergy between cellular Src and epidermal growth factor receptor. Proc Natl
Acad Sci USA 1999;96:1415 –20.

27. Biscardi JS, Maa MC, Tice DA, Cox ME, Leu TH, Parsons SJ. c-Src-
mediated phosphorylation of the epidermal growth factor receptor on Tyr845 and
Tyr1101 is associated with modulation of receptor function. J Biol Chem
1999;274:8335–43.

28. Chen H, Lo SH. Regulation of tensin-promoted cell migration by its focal
adhesion localization and the SH2 domain. Biochem J 2003;370:1039– 45.

29. Calderwood DA, Fujioka Y, de Pereda JM, et al. Integrin h cytoplasmic
domain interactions with phosphotyrosine-binding domains: a structural pro-
totype for diversity in integrin signaling. Proc Natl Acad Sci USA 2003;100:
2272– 7.

30. Ruhnau K, Gaertner A, Wegner A. Kinetic evidence for insertion of
actin monomers between the barbed ends of actin filaments and barbed end-
bound insertin, a protein purified from smooth muscle. J Mol Biol 1989;
210:141–8.

31. Kay BK, Williamson MP, Sudol M. The importance of being proline: the
interaction of proline-rich motifs in signaling proteins with their cognate domains.
FASEB J 2000;14:231–41.

32. Schindler T, Sicheri F, Pico A, Gazit A, Levitzki A, Kuriyan J. Crystal
structure of Hck in complex with a Src family-selective tyrosine kinase inhibitor.
Mol Cell 1999;3:639–48.

EGF Induces Tyrosine Phosphorylation of Tensin3232


